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ABSTRACT

The experiments presented in this thesis use mutation analysis, and study of the cells of
mice with a deletion allele for the Trp53 gene, to explore both the regulation of p53, and
its downstream functions mediated by specific activation of target genes. Chapter 2
addresses the regulation of nuclear localization of the p53 protein. Previous reports in the
literature had suggested that the p53 negative regulator HDM2 was a nucleocytoplasmic
shuttling protein that binds and carries p53 from the nucleus of the cell to the cytoplasm
where it is destroyed by the proteasome. We determined that HDM2 with a mutated
nuclear export sequence was still able to able to alter p53’s cellular localization to a
cytoplasmic pattern. The nuclear export sequence in the pS3 C-terminus was required for
this activity, as was the ability of HDM2 to ubiquitinate p53. Further studies indicated
that ubiquitination of the p53 C-terminus was the basis for HDM2’s ability to remove it
from the nucleus and cause its efficient degradation. C-terminal ubiquitination causes the
p53 nuclear export sequence to be activated or made more accessible to the nuclear
export machinery of the cell. Chapter 3 summarizes cDNA microarray experiments in
which Trp53-/- and Trp53+/+ fibroblasts were treated with a panel of genotoxic agents,
and assayed for p53-dependent upregulation or downregulation of the approximately
15,000 gene sequences represented on the microarray. New candidate p53 target genes
were revealed, among them the DNA repair gene ErccS, which encodes the xeroderma
pigmentosum disease gene homolog Xpg, a participant in nucleotide excision repair and a
mediator of base excision repair of oxidative DNA damage. Further analysis of most of
the DNA repair genes in the mouse genome using real-time PCR indicated that a second
gene, Polk, encoding the translesion DNA polymerase kappa, is also a p53-induced gene.
Chapter 4 describes further characterizes the p53-dependent regulation of Ercc), and
shows that it is a directly-regulated p53 target gene with a p53-responsive site in its first
intron. Trp53-null cells show a modest reduction in the ability to repair an oxidatively-
damaged DNA construct, and this defect is rescued by exogenous expression of
retrovirally transduced XPG, indicating that the lower levels of this gene are likely
responsible for the defect.

Thesis Supervisor: Tyler Jacks
Title: Professor of Biology



Biographical Note

Scott Boyd was born in Winnipeg, Manitoba, Canada. He attended the University of
Manitoba, earning the degree of B.Sc. in Biochemistry in 1992, and receiving the
Governor General’s Medal for Undergraduate Science, the University Gold Medal, and a
Rhodes Scholarship. He pursued literary studies at the University of Oxford, where he
was granted the degree of B.A. in English Language and Literature in 1994, and was
recognized with the Thomas Jefferson award from St.Catherine’s College. His travels
next took him to Harvard University and the Massachusetts Institute of Technology,
where he entered the M.D./Ph.D. degree program in the Health Sciences and Technology
society. After initial research work in the lab of Arlene Sharpe at the Brigham and
Women’s Hospital, studying the CTLA-4 T cell inhibitory receptor, he joined the lab of
Tyler Jacks at MIT for his Ph.D., and began studies of the p53 tumor suppressor protein.

Acknowledgements

[ have had the good fortune of getting to know a number of wonderful and inspiring
individuals in the course of my studies and in the rest of my life.

To my parents and dear brother, I would like to express my gratitude for having been able
to spend my earliest days with such caring, clever, and fun-loving people. My first
exposures to the natural world, and the many worlds of books, came in our small happy
family. It has been easy to venture out and explore widely from that secure harbor. My
thanks also to my living grandparents, and to the two who left too soon, for their
guidance and their love.

Shilpa, I haven’t had an unhappy day since we met. Thank-you for making these years so
enjoyable, and for being a wonderful companion in every way. And thank-you to the MIT
Biology Admissions Committee of 1997 for considering our applications favorably. A
big shout-out to H. Schwartz for scientific, historical and political discussions.

I want to acknowledge my advisor, Tyler Jacks, for his unswerving support and sound
advice as | embarked on new kinds of investigations in the lab. The consistent exercise of
good judgement on his part has resulted in a lab environment where there is both freedom
of inquiry centered on important biomedical questions, and a lot of good company. T
consider myself fortunate to have worked in such surroundings. For help, advice, and
interesting discussions, [ sincerely thank the members of the Jacks lab, past and present.

My thesis committee of Graham Walker, Richard Hynes, Bob Weinberg, and Matthew
Meyerson gave me many useful suggestions in pursuing these studies, and [ would like to
express my appreciation for their efforts.

These studies were supported by a Predoctoral Fellowship from the Howard Hughes
Medical Institute. I would also like to thank the trustees of the Frank Knox fellowship at
Harvard University for their support during my initial years of medical study.



Chapter 1: Table of Contents

1. Historical Overview: Human Cancer, Tumor Suppressor Genes, and pS3.................... 5
a) Understanding Cancer as a Disease of Gene Mutations ............ccccceevrieiniiinneeeeneennnns 5
B) TUMOL SUPDIESSOL GENES .evvvvrviieecreeeeeestareeeiireeesaiaesesaasseessanreeesaseeessiassasosnnneeesses 9
¢) The p53 Tumor Suppressor— Inklings from Early Studies...........o.coooiiiiinncn 10
d) TP53 Gene Sequences: The Eventual Recognition of a New Tumor Suppressor.... 12

2. Clinical Data Supporting a Role for p53 in Human Cancer.............ccccconniviinnnininennenes 13
LN A= 14 T=A. O OO POP PP P 13
b) Prevalence and variety of p53 mutations in human Cancers ........cccovvveevinnnieeniirennnn 19

Li-Fraumeni SYNAIOINE . oooeeeeeee oo ee e eeeeeieeeeaietareeseeeeaaaseseeesemmsamaaaeaaeeeeecesasbasrtine 19
SIOTATIC TUMIOTS oeeeeeeeeeeereetsiesrereesessasasnsseeeeseaaeasssaseeessaesssanaeaneaaaaasnneantesssaearassaaes 21

3. p53 Mutants, and Mouse Models of Human Cancer .......cccceeivereieiiiiiicniiiniineen s 32
a) Cancer-related PhENOLYPES ...o.ieivioeeiiieeeeeeircitrire e e ere e s e icee e s s anras e s eeareee 32
b) Developmental and aging-related phenotypes........coccevvmmeriveerieiniiiin e 39

4, THE P53 DIOTCIM . .eeeeeeeeeeeeee e e eeeetee e seesaassaeeaestaeeasssaesseaesseassiasasasast assansannnrans 42
2) DOMAIN SEUCTUIC . oevveeeteeenr ettt e e e ee e b e e s e et r et 42
b) Transcription factor function vs. non-transcriptional functions ..............ccccceieeene. 47

5. Stimuli that induce p53 in mammalian cells .........coovvimriiiiii 51
a) DNA-damage inducing StMULL.....oveveeeeeeiiiiiiirier e e e envare e 51
b) Putative DNA-damage independent stimuli for pS3 induction ..........ccovvveviiecninennns 53

6. ReEGUIALION OF D53 o iieeieie oottt ar e e e aeesteeetaeeaasreeeeeseeeesiasss i s s aab bbb anaranars 54
a) Ubiquitin-mediated degradation ...........oocceeerimereineee e rrr e 54
b) Phosphory1ation 0 P53 .. .. eeiierre e e e e et s e e e e e e s ee e arb e aan 57
C) ACETYIAtION OF P53 curriiiiii ettt et e e ee et are s e eeesb b e e e ee s s e e e e e e s s rrae e e e e et eaeaaae 60
d) Physical Interactions with other Cellular Proteins............cccooviiiiniiiininnns 61
e) Nuclear Import and EXport Control ..........ccciemmiiemiiiniiimmineeeniiniee e 62
f) Minor Modes of p53 Regulation: Transcription and Translation ...........c.c..c..oeeene. 63

7. Transcriptional Targets of p53 and cellular consequences of pS3 expression............. 63
a) Auto-regulatory targets: Mdm2 ... s 65
b) Cell-cycle regulatory targets: p21 and 14-3-3 ..o 65
) Pro-apoptotic tAFZE SETIES .uvvvvereeeeieeerereeeeeeeeiernresssesessanmnneeeeeaassanrsssaeeesennrnaceessaaas 67
) REAOX TATZEL FEIMES ...eeeeeerirviirireeeeeaeturereeeeseaaasueneeeaesaaasteeeaeeesasibbntanneeenasnnsasasaaaaasens 69
£) DINA TEDAIT BEINES. .....ceeieiirurrrrrereeaarnrerreesssasiieraeeeesssastrarnsrsersiassberaeeaassssaneaeseesaasns 70
F) OthEr TArZEL GENES.....ccoiiiiieirrrreeeeaeinnereeeesaarreeseces e araetetsteesaarraaeaeaesesarreeeesensaas 72

8. FINdings 11 thiS TRESIS. . ee. eciveiiiiiieiiiieeieeeeeeeeeeeeeeeee s s s et bbb ns b rar s rerenenreaneaaaaaeaaannas 73

Table 1: Reported p53-TeSPONSIVE SEMES ....vvuiuriieeeeeeereeerrerersiressiiseriomisiaassssasssasssanssseneen 75

Table Le@ends.......coveveeemeeeciieiee e ettt e 88
1) [0 U OO UPPPOPPPPPIR 88



1. Historical Overview: Human Cancer, Tumor Suppressor Genes, and p353

a) Understanding Cancer as a Disease of Gene Mutations

The set of diseases referred to as cancer have been known to beleaguered physicians
since ancient times. The story of mankind’s growing understanding of the causes of
cancer closely parallels the development of biological science, for as new knowledge,
methods, and tools have been developed, investigators have been quick to subject cancer
to fresh scrutiny. Never has this been so apparent as in the past 50 years, following the
discovery of the structure of DNA, and the extremely useful technologies afforded by its
base-pairing mechanism. In these few initial decades of molecular discovery, the cellular
gene TP33 has emerged as perhaps the most essential of the human genes tasked with
preventing normal cells of the body from becoming cancerous. A survey of the roughly
28,000 scientific papers about p53 in the scientific literature shows that although much
has been learned about this protein’s roles in the cells of the body, and the main themes
of its activities are beginning to be agreed upon, many aspects of its functions are still
subject to debate. Key points are not yet resolved due to the limitations of current tools,
and possibly because of the diversity of cellular contexts in which p53°s function may be

required.

Variation is the hallmark of biological entities: the different species that successfully

populate the earth; the sub-populations of organisms of a given species; the distinct



individual cells in the tissues of multicellular organisms, each with its own unique life-
history; and, at the root of all these other differences, the nucleotide sequence variations
within the strands of DNA, inflicted by radiation and chemicals from the environment, or
generated by rare failures of the cellular DNA replicating machinery. This diversity, in
the form of gene mutations, is the key to understanding the causes of cancer, in which a
mutant cell can depart from the regulated behavior of its kind and embark on a Darwinian

rampage ending in the death of its host.

With an eye to themes that have emerged in the study of p53, a brief recounting of earlier
discoveries in cancer biology may be informative. Classical physicians and their
intellectual descendants through the medieval period recognized that the lesions known
as cancers behaved differently from other swellings and lumps that we now know to be
caused by infectious diseases, and they did not dictate the same sort of societal avoidance
of cancer sufferers as they did for victims of contagious diseases (Shimkin, 1977). The
word cancer, derived from the Greek karkinos, the crab, was used to designate lesions
with a hard swelling center and prominent veins, most clearly described in the breasts of
women (Demaitre, 1998). In the Hippocratic tradition, the cause of cancer was said to be
an excess of the black bile humor. The recommended therapy was cutting out the cancer,
if it wasn’t too large or deeply integrated into the surrounding tissues. Otherwise, there
was little hope for the patient, and palliative treatment was administered. Modern
understanding of the causes of cancer has advanced tremendously; sadly, with some

exceptions, the current treatment options are closer to those of medieval times, although



there are many more sophisticated ways of cutting a cancer out and a short list of drug

treatments that show efficacy.

To move rapidly over other important observations about cancer in early times, we will
note the rise of anatomical studies and dissection which revealed characteristic tumors in
many organs of the body in the 16" century, and the association of tumors with vessels of
the lymphatic system discovered by Aselli in the 17" century, foreshadowing metastatic
processes whose molecular bases remain largely mysterious (Shimkin, 1977). The
beginnings of cancer epidemiology appear in the 18™ century in observations of
characteristic cancers of the breast in celibate nuns, and Percival Pott’s description of
British chimney sweeps, who unlike their continental European counterparts, were rarely
allowed to wash the carcinogenic soot and tars from their bodies and developed scrotal
cancers (Shimkin, 1977). The 19" century brought the first clear recognition of
metastases, the application of the microscope to the study of pathological specimens, and
new theories about the embryonic cell layer origins of cancer cells. Further
epidemiological connections were established between cancers and the new molecules
such as aniline dyes generated by organic synthesis (Lee and Wright, 2000). In this same
period, experimental oncology can be said to have begun, with demonstrations of the
ability to transplant tumors from one animal to another (Shimkin, 1977). This
experimental method still finds much use today, although its conceptual descendant, the
transfer of a discase trait by transferring the putative genetic cause of the trait, is the

current state of the art in mouse transgenic experiments. Finally, the studies of Gregor



Mendel, when rediscovered in the 20" century, would provide the starting point for

modern understanding of heredity in diploid organisms.

In the early 20" century, the main ideas that bear on the story of p53 are Theodor
Boveri’s 1902 hypothesis that cancer might be due to abnormal chromosomes; a
countervailing view was put forward by Borrel in 1907, suggesting that cancer was
caused by the effects of filterable viruses infecting cells (Balmain, 2001; Shimkin, 1977).
In retrospect, both were correct: we are now aware that a subset of cancers are probably
triggered by oncogenic viruses, but that the majority of cancers are the result of somatic
mutations in cellular genes in the chromosomes. Consistent with its seemingly central
role in preventing unwanted cellular proliferation, p53 is the target of both of these
mechanisms of cancer causation, being inactivated by proteins of several oncogenic
viruses, as well as being altered by gene mutations caused by a variety of chemical

agents.

Other key findings in the 20" century leading up to the era of molecular biology in cancer
studies were the evidence from inbred mouse strains and human genetic analysis that
gene mutations could confer cancer susceptibility; clearer characterization of the
chemical agents that could contribute to cancer causation (later connected to their ability
to cause mutations in the DNA of cellular genes); and isolation of oncogenic viruses that
would provide the first clues, via the altered or truncated pieces of cellular genes that they
had accumulated in their genomes, of the genes that are mutated in sporadic human

cancers (Lee and Wright, 2000; Shimkin, 1977).



b) Tumor Suppressor Genes

The idea that mutations in endogenous genes could give rise to the transformed
phenotype of cancer cells suggested several possible categories for such gene mutations,
by analogy with classic genetic analysis of other traits in diploid organisms. There could
be “gain of function” mutations, where a cellular gene’s activity is enhanced or altered by
the mutation, so as to give the novel phenotype. Such mutations could, in theory, act in a
dominant fashion, and this possibility was explored in experimental strategies to clone

these “oncogenes” by introducing them into other celis (Shih and Weinberg, 1982).

The hypothetical counterpart to oncogenes were designated “tumor suppressor genes’.
These would be genes whose normal function prevents cells from assuming a
transformed phenotype, and whose mutations would act in a recessive manner since both
copies of the gene would have to be mutated to ablate wild-type function. Interestingly,
these basic concepts of gain of growth-enhancing, and loss of growth-inhibiting genetic
elements in cancer development were proposed to explain chromosomal changes by the
far-seeing Theodor Boveri at the very beginning of the 20™ century, prior to any real
understanding of the nature of genes (Balmain, 2001). Early evidence for such genes
came from somatic cell hybridization experiments, in which tumorigenic cancer cells
were physically fused with parental non-tumorigenic cells. The resultant fusion product
cells exhibited the phenotype of the non-tumorigenic fusion partner, indicating that genes

in this cell type were able to suppress loss-of-function mutations in the other fusion
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partner (Sager and Kovac, 1978; Smith and Sager, 1985; Stanbridge, 1989). Propagation
of these genomically unstable fusion product cells resulted in a variety of different hybrid
progeny due to errors in mitotic chromosome segregation, thus enabling investigators to
narrow down the genetic region responsible for suppressing the tumorigenic phenotype to
the level of the chromosome. These ideas and results were fully validated with the
molecular cloning of the Rb tumor suppressor gene, whose loss results in the formation of
retinoblastoma tumors in the affected individual (Friend et al., 1986). As was predicted
by the Knudson and DeMars hypothesis, individuals carrying one germline mutation in
the Rb gene were highly disposed to developing retinoblastoma tumors, as the somatic
cells in their retinas had only to suffer mutation of the remaining wild-type allele in order
to become nullizygous (Knudson et al., 1975). The loss of the second Rb allele on
chromosome 13 frequently occurred by deletion, resulting in loss of heterozygosity in
restriction-fragment polymorphism analysis; similar LOH patterns in other cancers had
been noticed by this time in the short arm of chromosome 17, but their significance was

as yet unclear (Mackay et al., 1988).

¢) The p53 Tumor Suppressor— Inklings from Early Studies

Between 1979 and 1981, five independent reports described a cellular phosphoprotein of
53 kDa apparent molecular weight expressed at unusually high levels in transformed cells
of humans and other mammals (Crawford et al., 1981; DeLeo et al., 1979; Dippold ¢t al.,
1981; Jay et al., 1981; Linzer et al., 1979). With the benefit of hindsight, one can discern

the germs of much subsequent research on p353 in these initial reports. While most of the
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cell lines examined showed high levels of p53 expression, the Hela line showed no
detectable expression; this observation would later point to mechanisms of degradation of
the p53 protein in cells expressing oncogenic human papillomavirus gene products
(Crawford et al., 1981). The serine and threonine phosphorylation of p53 described in
these initial reports would later be revealed to be a key to the protein’s activation for
normal functions in the cell (Jay et al., 1981). p53 was noted to be a nuclear protein,

giving a hint of its role as a transcription factor for gene regulation.

The increased expression of p53 in tumor cells led to the initial hypothesis that p53 might
be an oncogene possessing biological activities that could contribute to the successful
growth of such transformed cells (Jay et al., 1981). Partial proteolysis of p53 species
from different transformed cell sources showed that there were several distinct but related
varieties of the protein, which later discoveries would reveal to be different mutated p33
variants (Crawford et al., 1981). However, it was the odd cell line out, the HeLa cells
expressing diminished levels of p53, that gave the initial clue that loss of p53 function
might play an important role in cancer development, and that 7P53 was an example of a
tumor suppressor gene. In time it would be revealed that high levels of p53 in tumor cells
are typically the hallmark of mutated p53 that is inactive for its normal functions,
including regulation of its own degradation (Crawford et al., 1981; Momand et al., 2000).
Much of the p53 research contained in the roughly 28,000 journal articles in the 22 years
that followed the reports of 1981 can be regarded as an elaborate exposition of the details
accounting for these initial observations. At present, it is clear that many aspects of the

normal function of p53 in our cells, and the ways in which derangement of p53
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contributes to the development of malignancy, have yet to be revealed. Furthermore, our
current understanding of p53 has barely begun have a meaningful impact on the diagnosis
of human cancers and does not yet guide the treatment of these disorders. It is to be
hoped that the more powerful and comprehensive tools now available in biology will

alter this situation in the future, to the benefit of individual patients (Knowles, 2001).

d) TP53 Gene Sequences: The Eventual Recognition of a New Tumor Suppressor

Cloning and sequencing of a cDNA encoding the mouse p53 protein was first reported in
1983 (Oren et al., 1983; Oren and Levine, 1983). The human sequence was isolated and
sequenced in the following vear (Matlashewski et al., 1984). A period of some confusion
in the field followed, with several studies indicating that p53 exhibited the behavior of an
oncogene, and could immortalize cells and cooperate with other oncogenes in cellular
transformation (Eliyahu et al., 1984; Jenkins et al., 1984; Lane, 1984; Parada et al,,
1984). Although investigators were alert to the possibility that genetic deletions or
rearrangements in the vicinity of the gene could be the cause of the high levels of p53
expression in transformed cells, no such alterations were initially detected, and more

subtle point mutations were not initially sought (Crawford et al., 1984).

The first clue to the predominant form of p53 alteration in human tumors was detected in
1986. Noticing that there were two ¢lectrophoretically distinct forms of the pS3 protein in
a transformed human cell line, Harris ef al. sequenced the cDNAs for the gene, and found

that there were two alleles present, which differed only by a point mutation from arginine
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to proline (Harris et al., 1986). Ironically, this sequence variation proved to be a widely-
distributed polymorphism at codon 72 in genes encoding functional wild-type protein,
although there is currently a lively debate in the literature about possible functional
differences between the two alleles (Bergamaschi et al., 2003; Buchman et al., 1988,
Dokianakis and Spandidos, 2000; Marin et al., 2000; Rosenthal et al., 1998). In the
following year, other mutations were reported, and the distinctive epitopes and heat-
shock protein binding properties of mutant p53 protein compared to wild-type p53 were
described, with the implication that the structural integrity of the mutant protein might be

compromised (Chumakov, 1987; Sturzbecher et al., 1987).

By 1989, the current understanding of pS3 as a protein with growth-inhibitory properties
was coming into focus. The presence of point-mutated 7P53 genes in a variety of human
cancer cells was recognized, along with the tendency for tumors to lose portions of the
short arm of chromosome 17 in the vicinity of locus 17p13.1, where the TP33 gene is
found (Baker et al., 1989; Eliyahu et al., 1989; Finlay et al., 1989; Nigro et al., 1989;
Takahashi et al., 1989). The beginnings of understanding of the functional domains of
p53 were revealed by mutational “hot-spots” that mapped onto the regions of the gene

sequence that were best conserved between mammalian species (Nigro et al., 1989).

2. Clinical Data Supporting a Role for p53 in Human Cancer

a) Overview
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Sparked by the revelation that p53 was a possible tumor suppressor gene, a flood of
clinical studies of correlations between p53 gene status and tumor development began in
the 1990s. A key finding was the identification of germline mutations in 7P53 in families
with the rare autosomal dominant Li-Fraumeni syndrome, where affected members
develop mesenchymal and epithelial neoplasms at a high frequency, and with early onset
(Friend et al., 1986). Sequencing of the TP53 gene in sporadic human cancers revealed
frequent mutation of the gene, with a number of “hot-spots” within exons 5-8 that
appeared especially often, suggesting that their alteration was particularly common, or
particularly advantageous to a developing tumor cell. The data for a detailed molecular
epidemiology of the TP53 gene is now available in several databases on the internet
containing the accumulated data of over 6,000 publications describing nearly 15,000
sporadic 7P53 mutations, and 201 germline mutations (Beroud and Soussi, 2003). It has
become possible to discern patterns of particular p53 mutations that are found 1n different
kinds of tumors, and to relate these mutations to environmental exposures to chemicals or
radiation suffered by the tissue of origin. Over 70% of reported mutations are not at “hot-
spot” positions in the gene; of these, between 4 and 5% of mutations in the UMD-p53
database have only been reported once, possibly giving an indication of the level of the

contribution of sequencing errors to the total number (Beroud and Soussi, 2003).

The most striking feature of P53 mutation patterns is the preference for G:C to A:T
transitions, which accounts for 51% of currently reported mutations, and within these, the
preference for mutation at CpG nucleotide sites in the gene (making up 59% of the G:C

to A:T transitions) (Soussi and Beroud, 2003). The Cytosines in CpG nucleotide
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sequences are frequently methylated in mammalian cells, and it has been shown that this
is the case for the 42 CpG sites within TP53 in nomal tissues. 5-methylcytosine is
susceptible to deamination, which converts the nucleotide to a thymidine, resulting in a
T:G mismatch mutation that can be “fixed” if it persists long enough for cell division to
synthesize the complement to the erroneous DNA strand. This deamination hypothesis is
currently favored as the overall mechanism for many 7P53 mutations, but it has not been
proved conclusively, particularly with regard to whether or not the participation of other
reactive chemical species within the cell, or from exogenous sources, plays an important
role in the rate of deamination events; indeed, some alkylating agents may preferentially
promote mutations at CpG base sequences (Pfeifer, 2000). Also, the signatures of
environmental mutagens can be found in the tumors of different tissues that have
differing exposures to irradiation or reactive chemicals (Pfeifer and Denissenko, 1998).
Naturally, the susceptibility of individual bases within 7P53 to mutation is not revealed
by the tumor mutation databases, since the appearance of a given mutation is very likely
the consequence of its ability to promote the transformed phenotype of the cells of the

tumor.

Although deletions are frequently found in the region of 7P53 on chromosome 17, it
appears from the sequence databases that there is a strong selective advantage for tumor
cells expressing missense point mutants of the gene (Soussi and Beroud, 2001). This
observation is consistent with dominant gain of function behavior of the mutated gene
products. In light of the known tetrameric quaternary structure of the wild-type p53

protein, and a number of in vitro studies indicating that point mutant p53 proteins can
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interfere with the behavior of the wild-type protein, there is reason to credit the gain-of-
function or dominant negative hypotheses, although it is possible that p53 may exhibit
haploinsufficiency for some phenotypes that are important for preventing tumor cell
development. Also, the true rates of deletional events and point-mutational events at the
TP33 locus in normal cells subjected to normal environmental exposures are not clearly
known, and it may well be the case that point mutations are a more frequent sort of
genetic alteration in the gene. The loss of the wild-type allele by deletion in a tumor cell
containing a point-mutated allele would indicate that there is additional advantage to
losing the remaining wild-type protein, either because the dominant negative propertics
of the point-mutated p53 are only partially effective, or perhaps because the point-mutant
p53 has additional favorable gain-of-function behavior that is suppressed by the wild-
type protein. Alterations in the rate of unrepaired mutagenic events, or cell survival in the
context of mutagenic events, may also contribute to loss of the second allele once one
copy of p53 is inactivated or becomes dominant-negative in function (Beroud and Soussi,
2003). Alternatively, the rate of deletions versus point mutations could simply be higher
under all circumstances, with the phenotypic growth or survival advantage of point-
mutant heterozygosity compared to null allele heterozygosity accounting for the

difference in tumor production.

A minor topic of p53 sequence variation that has been the subject of recent dispute is the
polymorphism of codon 72, which has two major variants, one coding for an argine, the
other a proline (Soussi and Beroud, 2001). A variety of cancers from cervical carcinomas

to breast cancers are reported to have skewed representation of these alleles, indicating
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preferential interaction of one species with oncogenic viral proteins, or interactions of
other point mutant p53 proteins preferentially with the wild-type product of one allelic
form of the polymorphism within the 7P53 gene. Studies of other cancers, for example, a

series of colon tumors, have found no such connection.

It should be noted that the TP53 mutant sequence databases contain a significant bias as a
result of many investigators having chosen to sequence only exons 5-8 of the gene
sequence once it became known that these regions of the gene frequently contained
mutations. About 40% of the papers describing mutant 7P53 genes sequenced only these
exons (Soussi and Beroud, 2001). Within the entire database, 15% of the mutations fall
outside of exons 5-8, with examples from most kinds of cancer, indicating that a
substantial number of other mutants were likely missed in the exon 5-8 sequencing
studies. A higher frequency of frameshift mutations compared to missense mutations is
seen in exons 4, 9 and 10 than 1s the case for exons 5 to 8, for example. A second under-
appreciated source of p53 inactivation is intronic splice-site mutation, which were
recently shown to account for 17.5% of the mutations in a series of Li-Fraumeni families.
A further source of reporter bias in analysis of p53 gene sequences is the practice of
relying on immunohistochemical detection of high levels of p53 protein before deciding
to sequence the gene: only about 80% of mutated p53 alleles give rise to high protein
levels, and therefore there is likely to have been under-reporting of frame-shift,

truncating, and other less customary mutations (Soussi and Beroud, 2001).
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These difficulties or inadequate measurements of TP53 status in clinical studies have
probably contributed to the minor role that 7P53 status plays in current clinical decision
making. Disagreement in the literature about the prognostic value of knowing TP53
status has meant that this information is not commonly taken into account for therapeutic
decisions. There is some indication now that clinical studies where the entire TP53 gene
is sequenced show better correlations between 7P53 status and clinical outcomes,
suggesting that further thorough investigation may allow p53 to be more usefu] to the
oncologist in dealing with the real-world crisis that confronts an individual who learns
that they have cancer (Soussi and Beroud, 2001). A final issue in considering the
correlations between TP53 mutation status and human cancers is that several non-
mutational mechanisms of p53 inactivation have been discovered and partially
clucidated. Many cervical cancers arise from cells infected with papillomaviruses
expressing p53-inactivating gene products (Tommasino et al., 2003). Neuroblastomas and
some other cancers have been found to exclude wild-type p53 from the nucleus of the
cell, apparently via several different mechanisms (Stommel et al., 1999). Amplification
of the gene for the p53 negative regulator MDM2, is found in a variety of cancers, most
notably sarcomas, while other cancers inactivate the upstream potentiator of p53 activity,

p14*%F rather than the gene for p53 itself (Leach et al., 1993; Zhang and Xiong, 1999).

Another major aspect of tumor biology that P53 mutation studies have tried to
illuminate is the stepwise progression of less-malignant to more malignant lesions. The
earliest, and most influential example of this extension of the somatic mutation model of

cancer development was the result of a series of studies of progressively more advanced
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lesions of colon cancer, in which a fairly well-ordered series of gene mutations and
chromosomal abnormalities was found to correlate with the progression and biological
behavior of the tumors (Goldberg and Diamandis, 1993). It may be fairly said that for the
majority of human cancers, particularly those in less accessible tissues of the body, the
life-history and characteristics of progression of different malignant lesions have yet to be
puzzled out, and it is probably overly optimistic to suppose that there are not a number of
variant pathways of ordered gene mutations thé.t can lead to most kinds of cancer. For
example, a form of colonic adenoma has been detected with the use of magnifying
endoscopy that typically possesses 7P53 mutafions prior to APC or K-ras gene
mutations, reversing the order of the paradigmatic progression series (Baba, 1997).
However, current data do support the general idea that for some human cancers such as
soft tissue sarcomas, early TP53 mutations are essentially required, while for others, p53

functional loss contributes to later steps in the accumulation of more malignant behavior.

b) Prevalence and variety of p53 mutations in human cancers

Li-Fraumeni Syndrome

A series of cancer-prone families plagued with soft-tissue sarcomas, breast cancers, and
other neoplasms was reported by Li and Fraumeni in 1969, with the suggestion that this
might be an example of a dominant genetic disease trait (Li and Fraumeni, 1969). In

comparison to other familial cancer syndromes such as von Recklinghausen’s
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neurofibromatosis, or familial melanoma predisposition, the Li-Fraumeni syndrome was
unusual for the wide range of tissues it affected. The current definition of a Li-Fraumeni-
like (LFL) case is one family member proband having a childhood tumor or sarcoma,
adrenocortical tumor, or brain tumor under age 45, with a first or second-degree relative
having a Li-Fraumeni-associated tumor, and an additional first or second-degree relative
having any cancer under age 60 (Birch et al., 1994). In a recent compilation of studies
where much of the TP353 gene, including splice junctions, was sequenced, 77% of Li-
Fraumeni syndrome patients (23 of 30 total) had a germline mutation of some sort in their
TP53 gene (Varley, 2003). The same study found that 27% of the mutations were outside
the traditional exon 5 to 8 region, and a deletion, an insertion, and 7 different splice site
mutations were detected. Overall, the most common mutations in Li-Fraumeni patient
germlines follow the same patterns as those found in sporadic tumors, with codon 248,
273, 245, 175, and 282 missense mutations being most common, albeit in a different
order of ranking in the two cases (Varley, 2003). Families with core DNA-binding
domain mutations appear to have a more severe form of the disease, with earlier and
more numerous tumor development, compared to families with null alleles, or those
where the 7P53 gene has a wild-type sequence. An overview of cancers in families
known to possess TP53 mutations found that the tumors with the highest incidence in
these individuals were breast carcinomas (24%), osteosarcomas (12.6%), brain tumors
(12%), soft tissue sarcomas (11.6%), followed by ALL and Hodgkin’s lymphomas
(4.2%) and adrenocortical carcinomas (3.6%) (Kleihues et al., 1997). Li-Fraumeni
patients also show some tendency toward earlier than usual development of a wider range

of other cancers, for example, in the lung and gastrointestinal tract (Nichols et al., 2001).
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The closer to normal risk that Li-Fraumeni syndrome patients will develop lung, bowel,
bladder, ovary, or head and neck cancers compared to the general population, despite
carrying germline mutations that are the same as the most common 7P53 mutations
found in sporadic tumors at these sites, is quite interesting. This mystery may relate to
other rare mutational events that must take place first before a nascent tumor in these
sites can begin to grow—<clearly, the TP33 mutation is not a decisive first step, as it
appears to be in breast cancer and sarcomas. An additional intriguing insight has come
from children with adrenocortical carcinoma. It is reported that 80% of children
developing this disease have germline TP53 mutations, in the otherwise rarely mutated
codons 152, 158, or 337 (Latronico et al., 2001; Varley et al., 1999). The codon 337
mutations were found in a study of Brazilian children, but there appeared to be no
founder effect that could account for the prevalence of this mutation. The protein product
of the mutated codon 152 gene appears to be a fairly typical transactivation-deficient
mutant, but the product of the codon 337 mutation has an unusually pH-sensitive
tetramerization domain which may be the source of its phenotype (DiGiammarino et al.,

2002).

Sporadic tumors

Breast Cancer
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TP53 mutations are frequently found in breast cancers; the percentage of cancers showing
such mutations ranges from 8% to 71% in different studies, with the positive percentage
increasing with lymph-node positive tumors, larger tumors, more advanced progression,
and recurrence of tumors (Borresen-Dale, 2003). The prevalence of breast cancers in Li-
Fraumeni patients gives a clue that p53 inactivation can function as an efficient initiating
mutation for these cancers, but it is evident that a variety of paths can lead to breast
cancer. Notably, patients carrying germline mutations in the BRCAI or BRCA2 genes
appear to have a different spectrum of mutations in their 7P53 genes than do patients
with sporadic breast tumors, indicating that the role of these two gene products in the
maintenance of genome stability can contribute to the means of inactivating p53 (Gasco
et al., 2003). There is some positive evidence from mouse studies now to suggest that
increased levels of wild-type p53 protein can be caused by the rise in estrogen and
progesterone levels in pregnancy, and that this effect might at least partially explain the

protective effect of pregnancy with regard to this kind of cancer.

A recent survey of the prognostic value of measuring p53 overexpression by
immunohistochemistry in breast cancer cases gave marginal results. A subset of studies
reported so far give a stronger indication of the possible benefit of measuring p53 in these
cases, but it is not clear whether differences in various studies are attributable to
measurement methods, patient populations, particular 7P53 mutations, or other factors.
mRNA expression profiling studies of breast tumors indicated that mutant p53 tended to
be found in tumor subtypes that had poorer clinical prognosis (Borresen-Dale, 2003). In

addition, there is reason to hope that 7P53 status may contribute useful information in the
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future about responses of breast cancers to therapy, since a series of studies have now
shown that point mutants in the DNA binding domain of pS3 are associated with poorer

responses to several different therapeutic regimens.

Cervical Cancer

Cervical carcinomas present one of the clearest examples of the interaction between a
very specific environmental factor and p53 functional inactivation. The cells of more
than 90% of cervical cancers are found to be infected with human papillomaviruses. The
so-called “high risk” viral variants, HPV16 and HPV 18, express a version of the viral E6
protein that efficiently targets p53 for proteasomal degradation by coupling the small
protein ubiquitin to it with the help of the cellular E6-AP protein (Tommasino et al.,
2003). As with many p53-binding proteins, E6 has also been shown to directly interfere
with transactivation by p53, which may additionally impair p53 function. Low-risk HPV
strains express E6 proteins that have minimal ability to incite p53 degradation in cells. As
expected from the efficiency of this epigenetic viral mechanism, there is a low incidence
of TP53 mutations in cervical cancers (between 1% and 6.5%, depending on the study),
and only in the setting of HPV variants of intermediate virulence does 7P53 mutation

appear 1o play an important role in carcinogenesis (Tommasino et al., 2003).

Ovarian Cancer
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Ovarian cancer is one of the most poorly understood of cancers causing significant
mortality. TP53 mutations have been reported in roughly 50% of cases studied, with the
usual caveats about incomplete sequencing of the gene. Mutations have not been found in
benign cystadenoma tumors of the epithelium, and are rare in the cystadenomas of
borderline malignancy category of lesions. Regrettably, because of the anatomical
location of the ovaries and the lack of prominent symptoms early in disease progression,
many women present with malignant tumors that have spread throughout the peritoneum.
More than half of these cases of stage I1I or stage IV disease show TP53 mutations. There
is as yet no agreement in the literature about the prognostic value of information about

p53 for ovarian cancer patient outcomes (Schuijer and Berns, 2003).

Lung Cancer

TP53 is one of the most frequently mutated genes in lung cancer. Together, lung cancers
are the leading cause of cancer deaths worldwide, and perhaps the most preventable
variety. The influence of tobacco smoke leaves a unique mutagenic signature in the 7P53
gene, with an unusually high rate of G:C to T:A transversions, and with prevalent
mutations of bases that form adducts with polycyclic aromatic hydrocarbons such as
benzo-a-pyrene. Mutations at codons 157 and 158 are a hallmark of smoking-associated
lung cancers. Interestingly, it appears from the current p53 mutation database literature
that the overall statistical increase in G:C to T:A transversions in 7P53 of smokers’ lung
tumors is mainly attributable to differences between female smokers and female non-

smokers—for males, there was no significant difference in rates of these mutations
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between smokers and non-smokers. These data correlate well with other clinical findings
showing that women who smoke are at higher risk for developing all of the different
classes of lung cancer than are men who smoke a similar amount. Exposures to Radon-
222 gas and asbestos particles are also shown to increase lung cancer rates, but there is

little data as yet about p53 mutation spectra in these cases (Toyooka et al., 2003).

A recent study of the DNA repair abilities of p53 mutant and wild-type human fibroblasts
in response to damage caused by the polycyclic aromatic hydrocarbon Benzo(g)chrysene,
one of the major mutagens in tobacco smoke, showed that pS3 was essential for normal
global genomic repair of the DNA adducts (Lloyd and Hanawalt, 2002). The
concentrations of the mutagen used in these experiments was within the range
experienced by the cells in the lungs of a smoker, and the authors suggest that the
ultrasensitive assay system that they used in this study may have revealed the appropriate

context in which p53 plays a key role in protecting cells from environmental mutagens.

Prognostic value of TP53 mutation is the subject of controversy at the moment, with
different groups claiming negative, positive, or no association between patient outcomes
and p53 status in lung tumors of patients. This range of results probably has its roots in
the methodological concerns mentioned previously (Soussi and Beroud, 2001). Clinical
trials are currently testing the efficacy of delivering pS3 to lung tumor cells by

adenoviral gene therapy vectors (Swisher and Roth, 2002).

Gastric Cancer
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Both the intestinal and diffuse subtypes of gastric cancer are associated with Helicobacter
pylori infection, which has been proposed to contribute to carcinogenesis by attracting
leukocytes that damage the gastric cells with free radical species directed toward the
pathogen. A number of foods containing carcinogens such as N-nitroso compounds give
rise to increased rates of gastric cancer. At present, there is evidence in the p53 mutation
databases that mutational spectra for 7P53 in gastric cancer differ with geographical
location, perhaps pointing toward the role played by different foodstuffs, contaminants
such as aflatoxin, or other environmental factors. As the lesions of gastric cancer progress
from dysplasia to carcinoma, the frequency of cells with p53 immunopositivity and gene
mutations increases, although there is a wide variation in reported figures in the literature.

Similarly, prognostic use of 7P53 status has not been valuable to date.

Colon Cancer

The Vogelstein lab’s classic surveys of mutations in tumor suppressor gene and oncogene
loci in lesions of various stages in the development of colon adenocarcinomas indicated
that the development of 7P53 mutations or chromosome 17p loss was rather a late event
in the life history of these malignancies (Cho and Vogelstein, 1992; Vogelstein, 1990).
Perhaps as an indicator of diagnostic methods to come, one study by Dong et al, showed
that it is possible to isolate tumor-derived DNA from the stool of patients with primary
colon tumors, and to detect the mutations in the genes for RAS, TP53, and BAT26 in a

specific parallel assay (Dong et al., 2001).
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Liver Cancer

Although uncommon in Western countries, hepatocellular carcinoma (HCC) is a major
international killer, and is an endemic disease in the Far East and Sub-saharan Africa. A
variety of chemicals and viruses contribute to the development of HCC, and help to
explain its geographical distribution (Staib et al., 2003). The most important of these
factors is chronic infection of the liver by hepatitis B and C viruses, but ingestion of
Aflatoxin B1 from fungal contamination of grains, heavy ethanol use, and smoking also
increase risk, as do rarer causes such as iron or copper overload diseases. Aflatoxin Bl
has been clearly shown to cause codon 249 mutations in 7P53; and vinyl chloride, when
activated by microsomal oxidases to form the epoxide chloroethylene oxide, is highly
mutagenic. The metal overload diseases hemochromatosis and Wilson’s disease are
suspected to initiate 7P53 mutations in HCC by generating Fenton oxidants such as the
hydroxyl radical, which can then damage the DNA. A large body of evidence now
suggests that the protein product of the HBX gene of HBV can bind to the p53 protein
and prevent it from transactivating target genes. The mechanism for HCV viral
transformation of hepatocytes is not as clear, but may involve the HCV core protein.

TP53 status is not a useful indicator for patient prognosis at this time (Staib et al., 2003).

Skin Cancer
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About 50% of skin cancers that arise in the general population possess mutations in
TP53, suggesting that for the cells of these malignancies there can be an advantage to
losing the normal monitoring functions of p53 (Giglia-Mari and Sarasin, 2003). The
situation is more extreme for individuals with the xeroderma pigmentosum diseases who
possess germline mutations in one of a number of genes that encode key members of
DNA repair pathways. These patients develop skin cancers at a greatly elevated rate, and
TP53 is mutated in roughly 90% of these lesions. With a few exceptions, the mutational
“signature” in 7P53 reveals that the primary environmental cause of sporadic and XP
patient skin cancers is UVA and UVB ultraviolet radiation from the sun, which promotes
photocyclization of adjacent pyrimidine nucleotides to form cyclobutane pyrimidine
dimers (CPD) or 6:4 photoproducts (6-4PP), depending on which portions of the
pyrimidine rings are linked together in the reéction. When these crosslinked
photoproducts are in the strand of DNA that is being used as the template in DNA
replication, an adenine nucleotide will often be paired with a base in the lesion, leading to
the characteristic C to T transition mutations at the dipyrimidine site when the
erroneously synthesized strand is used as template in subsequent rounds of cell division,
Interestingly, in xeroderma pigmentosum patients, there is an elevated rate of tandem CC
to TT double transitions in TP53, which have been hypothesized to result from the long
half-life of pyrimidine dimers in such repair-deficient cells, which gives a greater
opportunity for spontaneous deamination of the cytosines to uracil (or thymine, if the
cytosine was methylated, which is common at CpG sites in the TP53 gene). When the
DNA strand containing the uracil or thymine residues is replicated, adenine will be paired

with the deaminated bases, thus fixing the dual mutation. Preferential selection due to a
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growth advantage conferred by the CC to TT mutant alleles is very unlikely, as most of
these result in the same missense amino acid incorporation as would the single mutation

(Giglia-Mari and Sarasin, 2003).

The most common human skin cancers can be divided into malignant melanoma and non-
melanoma skin cancers. The bulk of the latter category is made up of squamous cell
carcinomas and basal cell carcinomas. 7P53 mutation status varies significantly between
these lesions. Typically, the dangerously metastatic malignant melanomas do not appear
at increased rates in sun-exposed areas of the skin, except in the elderly people, and only
about 1 in 10 of malignant melanomas carries mutated 7P53. It should be noted,
however, that melanomas frequently carry mutations in the /NK4a locus, which encodes
both the p16 cell cycle inhibitor, and the p1-4 ARF upstream regulator of p53, which may
indicate that ablation of the p53 pathway is partially accomplished by this alternative
mechanism. Further data have suggested that melanomas can carry mutations of the p53
transcriptional target gene APAF! , an effector of the apoptosis program whose loss may
remove an important component of p53 activity in these cells. In contrast, xeroderma
pigmentosum patients do develop more melanomas on sun-exposed skin, and show about
60% rate of TP53 mutation, often with the UV-induced dipyrimidine mutation signature.
Melanoma TP53 mutations in non-XP patients often occur in unusual regions of the gene,
with hot-spots at codons 104, 213, 286, 290, and 296. Of these, only the codon 213
mutation is common in other kinds of cancers. Compared to the basal cell and squamous

kinds of skin cancer, the mutations in melanomas are more frequently A:T to G:C
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transitions, which indicates a different etiology from crosslinking of nucleotides by UV

irradiation.

Within non-melanoma skin cancers, basal cell carcinomas show frequent mutation of
TP53, with mutational hot-spots reported at codons 177, 196, and 245. The codon 177
mutation is not often found in other malignancies, but the reasons for its preferential
appearance in basal cell carcinomas, whether because of selective growth advantage
provided by this allele in the basal cell type, or unique susceptibility for developing this
lesion in these cells, remain unclear. Squamous cell carcinomas are another sun-exposed
skin lesion, less common than basal cell carcinoma, but more prone to metastasis. They
show mutations with the UV-damage signature, and appear to have a characteristic hot-
spot at codon 278. As with the basal cell carcinomas, the reasons for the hot-spot are still

unresolved.

Brain Cancer

The vast majority of tumors in the central nervous system are derived from the glial cell
lineages that support the functions of neurons in normal brain tissue, and which, in
contrast to neurons, maintain some proliferative potential throughout the life of the
individual. Of these gliomas, about 60% are astrocytomas that result from mutations in
astrocyte cells or astrocyte developmental precursor cells. Studies of the 7P53 mutation
status of astrocytomas in each of the four World Health Organization malignancy grade

categories has shown that almost two-thirds of these lesions of all grades carry TP53



31

mutations (Zhu and Parada, 2002). In addition, astrocytomas are one of the tumor types
that Li-Fraumeni patients are prone to develop. These data indicate that loss of p53
functions can provide a selective advantage for the growth of an astrocytoma; however, it
would appear that other mutations, which do not occur at a high enough frequency to
generate astrocytomas in all Li-Fraumeni patients, must be necessary for the formation of
these tumors. The most ominous astrocytoma lineage tumors, given the WHO grade 1V,
are also known as glioblastoma multiforme (GBM), and are thought to either progress
from lower-grade lesions (in which case they are known as secondary GBM) or else to
arise rapidly without passing through lower-grade phenotype, in which case they are
termed primary GBM. Both primary and secondary GBM show loss of p53 function, but
via distinct pathways. Secondary GBM show a greater than 60% incidence of TP53 gene
mutation, whereas primary GBM have been found to have a much lower incidence of
such mutations, on the order of 10% (Zhu and Parada, 2002). Instead, the primary GBM
developmental pathway appears to select for amplification of the p53 negative regulator
MDAM? gene, or inactivation of the p53 upstream pathway regulatory locus /NK4a which
encodes p14”™*" as well as the Rb pathway p16 proteins. These mechanisms, although
inactivating or at least decreasing the activity of p53, are likely to be somewhat different
in their cellular consequences from mutation of the 7P53 gene: for example, the
combined p53 and Rb regulatory pathway loss that results from JNK4a mutation may
partially account for the rapid progression of the primary glioblastoma multiforme
lesions; in addition, mouse studies indicate that overexpression of MDM?2 has eftects on

cells beyond inactivation of p53.
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Hematological Cancers

Mutations in 7P53 are less common in leukemias and lymphomas than in solid tumors,
appearing in 10-20% of these lesions (Peller and Rotter, 2003). Acute lymphocytic
leukemia in infants exhibits only about a 5% incidence of TP53 mutations. In patients
with acute myeloid leukemia or myelodysplastic syndrome, 7P53 mutations are found in
less than 10% of cases, and correlate with abnormal karyotype and poor patient
prognosis. When lesions in ALL or MDS patients who have been previously treated with
alkylating chemotherapeutic agents were examined, the 7P53 mutation rate jumped to
27% in one study. In contrast to the acute leukemias, the chronic leukemias such as
chronic myelogenous leukemia, chronic lymphocytic leukemia, and hairy cell leukemia
show higher rates of mutation in 7P53. For example, 7P53-mutant CLL has been shown
to correlate with aggressive disease course, and the normally treatment-responsive,
slowly progressing hairy cell leukemias show poorer patient outcomes if TP53 is
mutated. In lymphomas, the overall picture is similar, with poorer prognosis for patients
with 7P53 mutations in both Hodgkin’s and non-Hodgkin’s lymphomas (Peller and

Rotter, 2003).

3. p53 Mutants, and Mouse Models of Human Cancer

a) Cancer-related phenotypes
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Detailed experimental manipulation of the p53 pathway in animals and their cells has
largely depended on studies in transgenic and knockout mice. An tnitial attempt to model
the biological effects of mutated 7P53 genes in the mouse was reported in 1989, when
the tumor suppressor nature of p53 had just been recognized. In these experiments, a
transgene expressing the temperature-sensitive V135A mutant of the murine Trp53 gene
was introduced into mice, and roughly 20% of them developed tumors including lung
adenocarcinomas, osteosarcomas, and lymphomas. This study, although bedeviled by the
possibility that the multiple copies of the integrated transgene in the genome might
behave differently than a single point-mutated copy, gave the first in vivo evidence for
dominant interfering effects of a mutated p53 species on the wild-type protein (Lavigueur

et al., 1989).

A more recent transgenic mouse overexpressing wild-type p53 in the cells of the ureteric
bud was shown to cause increased levels of cellular apoptosis in the developing kidney,
and alter the differentiation of cells to tubular epithelia, resulting in final organs with
decreased numbers of nephrons and smaller size (Godley et al., 1996). Similarly, a p53
transgenic mouse expressing the protein in the optic lens develops micropthalmia due to a
defect in lens fiber formation (Nakamura et al., 1995). Finally, a series of transgenic
mice expressing p53 in postmeiotic cells of the male germline exhibit spermatogenesis
defects ranging from apoptosis to altered differentiation of spermatids, depending on the

level of p53 expressed (Allemand et al., 1999).
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A number of early transgenic mouse studies relating to p53 involved expression of the
SV40 viral large T antigen as a transgene under the control of regulatory sequences that
are active in different tissues. Expression of large T antigen in pancreatic beta cells,
choroid plexus, hepatocytes, enterocytes of the intestine, and mammary epithelium, to
name a few examples, resulted in a variety of dysplasias and eventual tumors in the
affected tissues, although usually with a latency period indicating that other genetic
changes were likely required to manifest the full tumor phenotype (Butel et al., 1990,
Efrat et al., 1987; Kim et al., 1994; Marks et al., 1988; Sepulveda et al., 1989).
Importantly, the most frequently mutated 7rp353 gene exons were sequenced in tumors in
several of these mouse strains, and were found to be unmutated, indicating that the
presence of SV40 large T antigen promoted tumor formation by inactivating p53 function
(Moore et al., 1992). However, a difficulty in the overall interpretation of these large T
antigen-expressing mice is that the large T antigen also binds to, and alters the function
of, a number of other important cellular proteins, for example, Rb, p300, PP2A, and the
roles of loss or alteration of these other proteins’ functions may contribute to tumor
formation in the mice. As proof of this, some strains made with mutant variants of the
large T antigen that are unable to bind p53 develop tumors nonetheless (Bennoun et al.,

1998).

The introduction of methods for making germline modifications to the mouse genome
gave rise to opportunities for more subtle investigations of the phenotype of mice
carrying mutant 7rp53 alleles. The first reports of this kind described mice with

homozygous or heterozygous disruption of the 7#p53 gene by recombination with
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constructs containing drug-resistance marker genes (Donehower et al., 1992; Jacks et al.,
1994). Although these mutant strains, with their complete inactivation of one or both
alleles of the Trp53 gene, differ from the typical p53 status of human cancers, where
missense mutations are the most common abnormality, they nonetheless recapitulate
several important features of known human tumor biology. Similar to Li-Fraumeni
syndrome patients, Trp353 heterozygous or null mice are prone to developing lymphomas,
sarcomas, and, in some genetic backgrounds, other cancers. The influence of the genetic
background of the inbred mouse strain carrying the inactive Trp53 allele on the
development of particular kinds of tumor is striking: for example, on the BALB/c
background, Trp33-/- mice develop hemangiosarcomas at a significant rate, and also
develop mammary tumors when irradiated, while the 129/Sv background predisposes
male mice to malignant germ cell tumor formation, for which a genetic modifier locus
has been mapped to the murine chromosome 13 (Backlund et al., 2001; Donehower et
al., 1995; Muller et al., 2000a). It is interesting to note that the cancers to which Trp33-
null mice are prone, lymphomas and sarcomas, are similar to a subset of those that
develop most commonly in human children; this might be interpreted as evidence for the
kinds of tumor suppression that p53 has been actively selected for in evolution (Leroi et
al., 2003). The other high-frequency cancers in children, brain tumors, have been
suggested to be a possible result of the rapid change of genes affecting the brain in human
evolution, with the underlying notion that cellular growth controls might take some time
to catch up to other genetic changes that have been selected for different selected

advantages in the orgamism (Leroi et al., 2003). In this case, the failure of p53-mutant
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mice to develop brain tumors at a high frequency would be consistent with the absence of

the human-specific gene activity or regulation changes.

If modifier genes play an important role in the tumor spectrum of inbred p53-mutant
mouse straimns, we might expect that the far greater number of genetic variations between
mice and humans could result in very substantial differences of biological outcomes in
response to impaired p53 gene product activity. However, the similarities between Trp53
mutant mice and human Li-Fraumeni patients are more striking than the differences,
given the dissimilar development time, life-span, and other biological distinctions
between the two species. Perhaps the most notable difference between human and mouse
biology in this regard is the high incidence of lymphomas (mainly of thymic origin, but
with some B-cell derived lesions as well) in Trp53+/- and Trp53-/- mice. The reasons for
this difference, which may relate to the relative rate of other mutational events, or the
comparative growth and survival advantages obtained by human and mouse lymphocytes
with impaired p53 pathways, remain unclear, but further studies of the other mutations in

these tumors may shed light on the matter.

The outstanding question of the true in vivo behavior of missense p53 mutants was
initially approached by crossing a Trp33 null strain with the Lavigeur et al. V135A
transgene mutant p53 strain (Harvey et al., 1995). Consistent with the idea that missense
mutants of p53 could suppress the activities of the wild-type p53 protein, mice
heterozygous for Trp53 inactivation and also carrying the missense transgene displayed

an accelerated rate of tumor development, and novel tumor types compared to the
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heterozygous inactivated p53 mice. In contrast, the presence of the missense transgene
array in a Trp53 null background showed no change in tumor development, indicating
that for this missense allele at least, there was no additional gain of function that
manifested itself at the level of tumor formation rate or tumor spectrum (Harvey et al.,
1995). Similar results were obtained with Trp353+/- or null primary neuroectodermal cells
retrovirally-transduced with a brain tumor-associated human codon 236 deletion TP53
gene and transplanted into recipient mouse brains; the Trp53 heterozygote cells were
augmented in their tumorigenic potential by the putative dominant negative allele

expression, while the 7rp53 null cells were unaffected (Hegi et al., 2000).

Attempts to generate germline single-copy missense 7rp353 mutant mice have been
underway for several years now, and initial results have begun to emerge. Heterozygotes
of one strain carrying one wild-type Trp53 allele and one allele with an R172H mutation
plus an unintended splice site mutation developed more carcinomas and somewhat fewer
lymphomas than mice heterozygous for wild-type and null 7rp53 alleles. The tumors of
these mice were also more prone to metastasize, indicating a potential gain of function
phenotype above and beyond the interference with wild-type p53 function resulting from
this allele (Liu et al., 2000). A second study looked at the effects of the missense alleles
Trp53°27% and Trp53™7°°, corresponding to the mutations at human codons 273 and 278
respectively, and found that ES cells and thymocytes heterozygous for these alleles
suppressed the wild-type p53 allele-dependent apoptosis in response to doxorubicin
treatment, again supporting the idea that these p53 missense allele proteins possess

dominant-negative activity (de Vries et al., 2002).
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A final set of point-mutant 7rp53 allele mice address questions of the importance of
p53’s activities as a transcription factor, by introducing the double codon mutations
L25Q and W26S that together render the N-terminal transactivation domain of the protein
inactive (Chao et al., 2000; Jimenez et al., 2000). ES cells and mouse embryo fibroblasts
homozygous for this double point mutant allele behave identically to the corresponding
cells homozygous for null alleles in assays measuring the ability of p53 to arrest the cell
cycle or initiate apoptotic cell death, indicating that transactivation activity (or, arguably,
another activity of p53 that is ablated by the two amino acid alterations) is essential for

these phenotypic outcomes.

The question of the relationship between normal p53 “dose” in the cells of the body and
their resistance to malignant transformation was recently addressed by the generation of a
mouse strain carrying an extra Trp53 gene, complete with upstream and downstream
regulatory regions, as a single-copy or duplex transgene in a wild-type p53 genetic
background. The phenotype of these mice revealed that they were less cancer-prone than
wild-type mice of the same genetic background, suggesting that the possession of three or
four copies of Trp53, perhaps by further reducing the chances of a single cell achieving
mutational inactivation of all copies of p53, was a successful halt to cancer development.
An alternative possibility for the phenotypic outcome is that the increased expression of
p53 target genes caused by the increased p53 protein expression was more effective than

the usual dose in responding to cellular stresses. As mentioned below, there have recently



39

been claims that p33 dose can play a role in mammalian organismal aging, but these mice

seemingly disprove this idea, at least within the range of p53 expression that they exhibit.

b) Developmental and aging-related phenotypes

Additional insights into the normal role for p53 in the development of mammalian
embryos were derived when it was discovered that a subset of female, and, much more
rarely, male Trp53-/- embryos exhibit an exencephalic phenotype due to failure of the
neural tube to close completely (Sah et al., 1995). The basis for this incompletely
penetrant phenotype and its gender bias has not yet been elucidated but the cells at the
margins of the closing neural tube are highly sensitive to a variety of environmental
insults and may unmask a protective role of p53 in the response to low frequency
mutagenic events or other developmental accidents. Notably, irradiation of Trp53-/- male
mice causes a higher incidence of exencephaly in their female 7rp53-/- progeny, but not
heterozygote progeny, indicating that DNA-damaged p53 null spermatocytes carry an
exencephaly-promoting factor that is revealed in a p53-null embryo; the most likely
explanations would perhaps be that in the absence of p53, the damage to the male-derived
chromosomes is inadequately repaired, or the consequences of mutant gene expression
are handled inappropriately (Shimura et al., 2002). Further subtle developmental
phenotypic variations in p53-null mice have been described. For example, craniofacial
abnormalities such as fused upper incisors, absence of the hyoid bone, retinal dysplasia,

adhesion of the ocular lens to the cornea, and, in one reported case, polydactyly of the
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hind limbs are manifested in 7rp33-/- embryos (Armstrong et al., 1995; Ohyama et al.,
1997). In addition, the conduct of meiosis in the male germline appears to be partially
dependent on p53. Trp53-/- male mice show defective spermatogenesis and
accumulation of multinucleate giant cells, perhaps originating in the tetraploid pachytene
stage when p53 is expressed, and when directed DNA breakage events occur in the
normal course of meiotic recombination (Rotter et al., 1993). When specialists in the
biology of other tissues have closely examined the Trp53-/- mouse, they have found other
unusual phenotypes. For example, one group found that although hepatic development in
embryogenesis and early life is apparently normal in the absence of p53, adult livers in
Trp53-/- mice are composed of hepatocytes that have proliferative indices roughly twice
those of wild-type mice. The portal regions of Trp33-/- livers also possess clusters of
hepatic blast cells similar in phenotype to those found early in liver development
(Dumble et al., 2001). These investigators attribute these blast cells to arrested maturation
of liver stem cell progeny, but they do not assess the possibility that these cells might be
premalignant lesions derived from mature or partially differentiated hepatocytes or biliary
epithelial cells (Dumble et al., 2002). Close investigation of the spleens of Trp33-/- mice
indicated that they have increased numbers of immature B cells, and that these cells had
altered responses to extracellular signals (Shick et al., 1997). Another group examined
renal development in TrpJ33-/- embryos and pups and discovered previously unrecognized
abnormalities, including poor separation of the nephrogenic zone from the differentiated
zone of the developing kidney, and aberrant morphology, expansion and hyperplasia of
the renal tubular epithelium leading to the development of cysts with abnormal apical

localization of Na'/K'-ATPase pumps (Saifudeen et al., 2002).
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A recent provocative connection between p53 and aging has been proposed, based on the
phenotype of mice with a germline deletion covering the N-terminal half of p53, as well
as an undefined genetic region further upstream; these mice are less tumor-prone than
wild-type mice, but, surprisingly, they also show several biological traits such as
osteoporosis, thinning of the adipose layer of the skin, atrophy of a variety of organs, and
decreased ability to respond to stress, that are reminiscent of normal mammalian aging.
In the same paper, these investigators reveal that the V135A p53 transgenic line shows
many of the same phenotypes (Tyner et al., 2002). An alternative possibility for
explaining these findings, is that these mouse strains may show a phenotype which results
from impairment of normal p53 function; such a phenotype would not have been detected
in the Trp53 null strains due to their rapid development of tumors and subsequent early
deaths. It must also be said that the underlying causes of organismal aging are still the
subject of lively debate and widely divergent mechanistic explanations, ranging from the
accumulation of somatic gene mutations in differentiated cells resulting in inadequate
new protein synthesis, to the depletion of tissue stem cell lineages based on genetic
damage to these cells, to accumulated physical damage to long-lived biomolecules of all
kinds by reactive oxygen species produced in cellular metabolism. Consistent with the
“p53-impairment” hypothesis above, it has been noted that mice and humans with
mutations in the 4¢m upstream activator kinase of the p53 pathway have also been shown
to have an early aging component to their phenotype; however, this phenotype could also
be the result of the loss of ATM-dependent activities that operate independently of p53

(Boder, 1985; Gage et al., 2001).
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4. The p53 protein

a) Domain structure

A great deal of detailed molecular and structural analysis of the p53 protein has now
accumulated in the literature, but as with many areas of p53 biology, important questions
still remain unanswered. A schematic diagram of key features of the p53 protein is shown
in Figure 1. The human and mouse p53 proteins are composed of 393 and 390 amino acid
residues respectively, share roughly 80% homology, and have an actual molecular weight
of around 44 kDa (Harlow et al., 1985; Oren et al., 1983; Pennica et al., 1984, Zakut-
Houri et al., 1985). The first 28 N-terminal amino acid residues contain an acidic
transactivation domain two-beta-turn structure, as was illuminated by an NMR solution
structure of this region of the protein (Botuyan et al., 1997). Several serine and threonine
residues in this region of the protein have been shown to be important target sites for
kinases that activate p53 in response to damage to the cell. In addition, useful mutations
such as the dual mutation of codons 22 and 23 (L22Q,W235) in this domain have been
shown to destabilize the structure of the domain and permit experiments testing the
requirement for transactivation function for various p53-dependent phenotypic outcomes
(Botuyan et al., 1997). A proline-rich region, from about residue 60 to 94 is next in the
p53 primary sequence. This portion of the molecule has been proposed to influence the

efficiency of transactivation, and possibly to maintain the protein in an inactive “latent”
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state by binding to the C-terminal-most 30 residues of the protein’s tail (Ruaro et al.,

1997, Venot et al., 1998; Walker and Levine, 1996).

Transactivation = DNA-Binding
1 28 102 292 Tetramerization

323 355
Regulatory

365 393

Figure I Domain Structure of p53: A schematic diagram of tetramerized p53 is shown. Major domains of
the protein are indicated with the black bars, with amino acid numbering from the human p33 sequence.
Important targets of protein phosphorylation are indicated in yellow ellipses, while residues frequently

mutated in human cancers are indicated in red ellipses.

The central region of the p53 protein, from residues 102 to 292, is the DNA binding
domain that confers sequence-specific interaction with the DNA double helix. The Cho et
al. protein-DNA co-crystal structure of this domain, although it only showed one of three
binding domains in the unit cell of the crystal interacting in the predicted way with the
known binding site DNA, was extremely informative, for it showed that the known “hot-

spot” mutation codons in the p53 DNA-binding domain had a direct relationship to the
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structural binding requirements (Cho et al., 1994). The structure of the DNA binding
domain was found to be a beta-sandwich supporting a loop-sheet-helix motif and two
large loops stabilized by tetrahedral coordination of a divalent Zinc ion (Cho et al., 1994).
The loop-sheet-helix, fitting into the major groove, and the L3 loop in the minor groove,
form the DNA contacting regions of the domain, and contain the “hot-spot” tumor mutant
amino acid residues encoded by codons 249, and 273, and 282 (Cho et al., 1994). Other
“hot-spot” codon amino acid residues such as residue 175 were found to be buried in the
domain, and their mutation was thus predicted to destabilize the domain structure, a
finding that was consistent with known novel antibody epitopes present in these p53
mutant proteins, but not in the DNA-contact base mutants or the wild-type protein. The
strong selection bias for point-mutant missense mutations in the DNA binding domain in
human tumor development led researchers to suggest that such mutant proteins, by
oligomerizing via their intact tetramerization domain with wild-type p53 from the
unmutated allele in a mutated cell, could act as dominant-negative proteins, and prevent
the wild-type protein from fully exerting its usual tumor-suppressive activity (Srivastava
ct al., 1993). Recently, small molecule pharmaceutical candidates have been generated
that are claimed to stabilize mutationally destabilized p53 DNA binding domains, and

thereby restore their function (Bykov et al., 2002; Friedler et al., 2002).

Toward the C-terminus of the protein, the oligomerization domain known to confer
tetramerization of the protein is found within residues 323 to 355 (Clore et al., 1994,
Jeffrey et al., 1995; Waterman et al., 1995). The NMR and X-ray crystal structures of this

isolated domain shows that each p53 monomer contributes a beta-strand and an alpha
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helix; each beta-strand and alpha helix interacts with an antiparallel strand and helix from
a second monomer, and the tetrameric structure is a perpendicularly opposed dimer of
these dimers (Clore et al., 1994; Jeffrey et al., 1995). Interestingly, the lysine amino acid
residues known to be involved in several different aspects of p53 regulation appear to
cluster around either end of the tetramerization domain, with implications for the
regulation of the molecule’s stability. A series of detailed physical biochemical studies of
the p53 tetramerization domain, and the related oligomerization domains from the p53
family proteins p63 and p73, indicate that the different family members do not form
stable hetero-oligomers, suggesting that any interactions between these proteins, to the
extent that they occur, must involve additional protein complex members, or rely on

interactions between other regions of the molecules (Mateu and Fersht, 1999).

The extreme C-terminal region of p53 has been shown to have some non-sequence
specific DNA-binding activity, and to potentially influence the relative positions of the
other domains of the protein. This topic is still unresolved, but a number of observations
indicate that p53 can exist in more than one conformational orientation, and that this can
influence the ability of the protein to bind to DNA. For example, p53 protein produced by
overexpression in bacteria has long been known to require some binding interaction with
its C-terminus, whether by an antibody specific for this region of the protein, by binding
to some other protein, or by covalent modification, in order to be “activated” for
sequence-specific DNA binding (Hupp and Lane, 1994; Hupp et al., 1995). However,
recent NMR solution structure data generated with a dimeric mutant of p53 are most

consistent with a model in which the C-terminal DNA-binding activity competes with the
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central DNA binding domain for access to the DNA, rather than inhibiting sequence

specific DNA binding by directly interacting with the central domain (Ayed et al., 2001).

It has been difficult to bring the same clarity of analysis to the structure of the intact p53
protein as has been possible with each of its domains in isolation, because there are as yet
no crystallographic data available for the entire protein, or any assays that directly
measure the spatial relations of all parts of the intact tetrameric protein, although a start
has been made with the aforementioned NMR spectrometry studies (Ayed et al., 2001).
Most desirable of all would be a structure of the p53 tetramer bound to its complete
double-palindromic binding site, with the disposition of tetramerization domains relative
to transactivation domains visible, and the influence of C-terminal binding interactions
for the overall quaternary structure the complex apparent. The weight of less direct
evidence using DNA binding as a readout supports the main theme that binding
interactions at the C-terminus of p53 can have important consequences for the ability of
the DNA-binding domains to assume the proper positions to bind their specific target
DNA sequences. However, recent structural data from NMR studies of a dimeric p53
mutant indicate that the presence or absence of the C-terminal domain does not affect the
conformation of the other domains of the protein, arguing that the long-invoked allosteric
model of p53 auto-inhibition of DNA binding may be mistaken (Ayed et al., 2001). As
for the structural state of wild-type tetrameric p53 in unstressed cells compared to cells
where the DNA-damage response pathways have been alerted, further studies, and

perhaps new tools, will be required to obtain definitive answers.
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A number of viral and cellular proteins have been shown to bind to p53. The earliest
example of this was the association between p53 and the SV40 large T antigen, which
involved the DNA-binding domain (Li and Fields, 1993). Other viral proteins, such as the
papillomavirus E6 protein, and the hepatitis B HBX protein bind to the DNA-binding
domain and the C-terminus of p53, respectively (Elmore et al., 1997; Mansur et al,,

1995).

b) Transcription factor function vs. non-transcriptional functions

As a nuclear protein found in association with the SV40 large T antigen, suspicions were
raised early on that p53 might be involved in the regulation of transcription. Initially,
fusion proteins of the GAL4 DNA-binding domain with p53 established the presence of
a transactivation domain (Fields and Jang, 1990; O'Rourke et al., 1990; Raycroft et al.,
1990; Reich and Levine, 1982; Steinmeyer and Deppert, 1988). At the same time, non-
specific DNA-binding activity was identified in the C-terminal 47 amino acids of p53,
and, more importantly, a sequence-specific DNA-binding activity inactivated by the “hot-
spot” mutations in the central regions of the protein was discovered (Bargonetti et al.,

1991; Foord et al., 1991; Kern et al., 1991).

Very rapid progress in this topic took place in the 1990s, with the identification of a
preferred DNA-binding site for p53 from the analysis of genomic DNA fragments that
immunoprecipitated with p53 (el-Deiry et al., 1992). It was found from these 1nitial 18

genomic p53-binding sites that the p53 protein recognized the following sequence motif:
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RRRCWWGYYY (0-13 bp spacer) RRRCWWGYYY (el-Deiry et al., 1992). Like many
transcription factor binding sites, the p53-binding site displayed palindromicity of each of
the two half-sites, and, consistent with the tetrameric oligomerization state of the protein,
the complete binding site is made up of two pairs of half -sites. p53 has been found to
recruit the basal transcription factors TFIIA, TFIIB, and TFIID to the genes where it is
bound, which would seem sufficient explanation for its transactivation ability. However,
there is currently some debate in the literature about which componenfs of the

transcriptional machinery are bound by p53 (Liu and Berk, 1995; Xing et al., 2001).

A number of different subtractive hybridization studies followed the p53 binding site
elucidation, and led to the identification of the first known p53 transcriptional target

WAF  which was found to be

genes. The first published effort described a gene called p21
able to prevent the proliferation of a variety of different cultured cancer cells (el-Deiry et
al., 1993). The transcript from this gene had been previously found to be upregulated in
senescent cells, and its protein product was soon shown to be an inhibitor of the cell cycle
protein kinase machinery (Harper et al., 1993; Rubelj and Pereira-Smith, 1994). A DNA
binding site sufficient to confer pS3-responsiveness to a reporter gene, and fitting the
previously defined consensus was found 2.4 kb upstream of the start site of the gene (el-
Deiry et al., 1993). A second p53 transcriptional target gene, MDM2, was discovered by
investigators investigating the regulation of a novel p53-binding protein, then termed p95
(Barak et al., 1993). They found that the levels of the transcript from the gene were

dependent on the presence of p53, and that this effect was not prevented by inhibiting

protein synthesis, suggesting that a direct transcriptional activation was the most likely
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explanation. Indeed, a pair of p53-binding sites separated by 17 base pairs was identified
in the first intron of the mouse Mdm2 gene, and found to be conserved in the human
homolog; these sites gave strong p53-dependent activation, although the sequences of the
individual sites were not in perfect agreement with the initial consensus site described
above (Kaku et al., 2001; Zauberman et al., 1995). Intronic regulatory sites in other p53
target genes have subsequently been found to be quite common. [nterestingly, the protein
product of the Mdm2 gene was found to be a negative regulator of p53, consistent with
the observation that its genetic locus, 12q13-14, is frequently amplified in sarcomas, and
therefore the identification of Mdm?2 as a p53-regulated gene revealed a direct negative

feedback loop for controlling p53 activity in the cell (Zauberman et al., 1995).

As various new technologies for examining gene expression differences were developed
in the 1990s, a host of other p53-regulated target genes were identified, the functions of
some of which are still quite mysterious, while others fitted easily into the paradigms of
p53 regulation of the cell cycle, cell death, and genomic stability. These genes are

discussed more fully in section 7.

With the availability of the human and mouse genomic sequences in the past two years, it
has become possible to try to make use of the known characteristics of the p53 binding
site to try to predict new target genes. Two initial reports of such efforts reveal that, in
fact, knowledge of the factors that determine whether p53 will make use of a site similar
to the el-Deiry et al. consensus binding sequence is still too limited to make such

searching efforts specific and successful (Hoh et al., 2002). The combination of the
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relatively generous degeneracy of the p53 binding site motif, and the large range of
separations from the start site of transactivated genes (up to several kb away) ensures that
over one-third of all genes in the human genome have a site fitting the p53 binding motif
at least as well as some confirmed target genes (S. Boyd, personal observation) (Hoh et
al., 2002; Wang et al., 2001). For example, the MDM?2 binding site is sufficiently
different from the “consensus” binding motif not to be detected by current methods,
unless the stringency of the site search is relaxed to the point where specificity is greatly
compromised. Evidently, the cell, its transcription factors, and the basal transcription
machinery have other sources of information about the suitability of interacting with a
particular region of DNA, perhaps as a result of the local chromatin environment, or the
presence of other DNA binding proteins in the vicinity. In this regard, the ASPP1 and
ASPP2 proteins have been proposed to increase p53 DNA-binding tendency when they
are present at a subset of promoters, and p53 interaction with the transcriptional
coactivators CBP and p300 is described as enhancing transcription from target genes

(Grossman, 2001; Samuels-Lev et al., 2001).

There have also been reports of transcription-independent activities of p53 in the
literature, suggesting that phenotypic effects of p53 expression, particularly the initiation
of apoptosis, need not derive solely from the increased levels of expression of
transcriptional target genes (Mihara et al., 2003; Schuler and Green, 2001). For example,
Mihara et al. present data that a fraction of p53 protein localizes to the mitochondria and
directly increases release of cytochrome ¢, probably via interactions with Bcl-X;.. These

results, while intriguing, are likely to reflect a process that occurs in parallel with the
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obvious and abundantly documented transcriptional upregulation of pro-apoptotic Bel-2
family members by p53 for the execution of the apoptotic program (Mihara et al., 2003;

Schuler and Green, 2001).

5. Stimuli that induce p53 in mammalian cells

a) DNA-damage inducing stimuli

The responsiveness of wild-type p53 protein levels to DNA-damaging stimuli was
noticed shortly after the tumor suppressor identity of p53 became clear (Kastan et al.,
1991). Many sorts of irradiation and drugs that cause various different lesions in the
DNA have been shown to be efficient inducers of p53, and the cellular detection systems
for some of these lesions are exquisitely sensitive. Even a single DNA strand break in the
cell can be sufficient for p53 induction (Huang et al., 1996). In the case of the double-
stranded DNA breaks produced by the intense oxidative pulses generated by photons of
gamma irradiation entering the cell, the pathways responding to the insult have been
fairly clearly mapped out, but the true identity of the proteins necessary for recognizing
that damage has occurred to the cell has been slower to emerge. An intriguing possibility
is that the DNA-damage repair systems are an integral part of the damage-sensing
mechanisms of the cell. Some data supportive of this hypothesis have begun to emerge,
for example, documenting the failure of cells to respond to cisplatin treatment if a

mismatch-repair component of the cell’s DNA repair machinery is missing (Brown et al.,

2003; Gong et al., 1999).
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A second category of p53-inducing agents consis‘;s of those drugs or forms of irradiation
that cause bulky adducts or crosslinking of the strands of the DNA. Well-known
examples of such agents include the crosslinking drugs cisplatin and psoralen, and
ultraviolet irradiation, which, in addition to causing some oxidative damage to the DNA,
catalyzes the formation of intra- and inter-strand pyrimidine dimers. It has been proposed
that these agents cause their effects by establishing a situation where the DNA replicative
machinery, stalling at the lesion or cross-link, causes strand breakage by trying to
replicate through the covalently joined blockage point. Insofar as this is the case, these
agents may give rise to a more indirect form of strand breakage, and are likely to make
use of the same induction machinery as the direct strand-breaking mechanisms. A similar
argument is made for topoisomerase inhibitors such as etoposide, based on the
observation that they cause DNA strand breakage at the replication fork by increasing the

stability of topoisomerase-DNA complexes (Ferguson and Baguley, 1996).

The question of what happens to the cell’s DNA when a drug- or irradiation-induced
lesion is encountered by the RNA polymerase complex is similarly complicated. One
might expect that the movement of the RNA polymerase over active gene regions would
be a rather efficient sort of damage-sensing system for the most useful portions of the
genome, and that it would be surprising if the cell had no provision to make use of these
circumstances. There are data that indicate that this scenario is operative in some cell

types (Ljungman et al., 2001).
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A similar indirect mechanism of action may account for the activity of drugs that activate
p53 by depleting cellular pools of nucleotides needed to synthesize new DNA. In the
absence of the appropriate building blocks, cells may find themselves with partially
completed strands of DNA that alert the strand-breakage detection systems in the cell.
However, it has been reported that some nucleotide-depletion protocols induce p53

without causing measurable DNA breakage (Linke et al., 1996).

b) Putative DNA-damage independent stimuli for p53 induction

There are several documented circumstances where p53 levels increase in response to
stimuli that apparently have little connection to DNA-damaging mechanisms. One case is
the induction of p53 by the hypoxia-induced factor (HIF-1o) protein. In this case,
protein-protein interactions are thought to be responsible for the increase in p53 levels by
preventing ubiquitylation; however, it has been demonstrated that the presence of high
levels of HIF-1a alone are insufficient to induce p53 protein. Therefore, it is likely that
other cellular events induced by hypoxic conditions may be required for this pathway of

p53 upregulation (An et al., 1998; Wenger et al., 1998).

Other examples are less obvious, or at least have been thrown into some question, for
example, the induction of p53 by expression of oncogenes. One pathway of this kind
proposes that activated Ras causes the induction of E2F1, which induces the p53
upstream regulator pl4 ARF, which induces p53. However, recent data suggest that at

least some oncogenes can induce the expression of oxidative species in the cell, via
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unknown mechanisms, and that these reactive species could in fact be causing direct

damage to the DNA (Vafa et al., 2002).

6. Regulation of p53

a) Ubiquitin-mediated degradation

A key insight into the main mode of p53 protein level regulation was provided by studies
of the E6 protein encoded by the oncogenic human papillomavirus types 16 and 18
(Huibregtse et al., 1991). The E6 protein is required for HPV immortalization of
keratinocytes. E6 was shown to bind to p53 and to cause it to undergo ubiquitin-mediated
degradation (Huibregtse et al., 1991). This oncogenic viral protein was eventually shown
to make use of a cellular partner protein, E6-AP, to recruit the same underlying ubiquitin-
dependent proteasomal degradation machinery that the MDM2 protein uses to keep p53
protein levels low in unstressed cells (Hubbert et al., 1992; Huibregtse et al., 1993;
Scheffner et al., 1993). This mechanism is apparently quite efficient—the half-life of p53
in a resting cell is measured in minutes, but it climbs to over half an hour after irradiation
(Maki et al., 1996; Maltzman and Czyzyk, 1984; Reich et al., 1983). The post-
translational regulation of p53 has been retained in evolution despite what might appear
to be its “wasteful” futile cycling of synthesizing and degrading the p53 protein. This
observation indicates that either the metabolic cost of regenerating p53 protein is not

much of a burden to the cell, or that the rapid induction of protein levels made possible
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by merely having to prevent degradation, has been set at a premium in evolution. This is
logical, if p53 activating events have the potential to inactivate the cell’s normal
mechanisms for maintaining and repairing its structure— there may be no time to waste,
if the cell is to survive the immediate damage, or alternately, if the cell is to successfully
execute programmed cell death, and thus achieve an outcome that is optimal for the
organism whose offspring must derive from a healthy parent to carry their germline

genetic material to the next generation.

The ubiquitin protein, true to its name, is one of the most highly conserved proteins in
eukaryotes, and has clearly been optimized through evolution for its function of signaling
that the protein to which it is linked must be destroyed by the multimeric proteasome
enzyme complex. Ubiquitin becomes attached to proteins destined for degradation via an
isoamide linkage between the carboxyl group of its C-terminal glycine, and a lysine
residue of the modified protein. A complicated series of cellular enzymes specialize in
attaching ubiquitin to its substrate proteins, in response to a variety of different
circumstances, for example, if the protein is incorrectly folded, or, as in the case of p53,
if the protein has not been specially modified to protect it from the degradation system.
The ubiquitylation machinery was originally described as consisting of El, E2, and E3
proteins. The E1 enzyme “charges” the ubiquitin subunit by forming a bond with the C-
terminal glycine carboxyl group, and hands it off by forming a thioester bond between
the glycine carboxyl group and the cysteine side-chain of an E2 enzyme. This enzyme
then catalyzes the formation of an isopeptide bond with the target protein’s lysine

residue, with or without the help of an additional “specificity factor” E3 enzyme which
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can either facilitate the bond formation or can carry the ubiquitin itself in a final transfer

step before attachment to the target protein (VanDemark and Hill, 2002).

In the case of p53 in an unstressed cell, the MDM2 protein plays the part of the E3
enzyme; the identity of the E2 enzyme in this case is still unknown. MDM2 binds to the
N-terminal transactivation region of the protein and, in addition to preventing this portion
of p53 from interacting with the transcriptional machinery of the cell, MDM?2 directs the
coupling of ubiquitin to the C-terminal lysines of p53 (Honda et al., 1997). Thereafter,
exactly what happens is not clear, except that p53 is efficiently degraded in a proteasome-
dependent fashion. There are some data from in vitro experiments to suggest that MDM2-
mediated ubiquitylation of p53 can only attach single ubiquitin moieties to each lysine of
p53, and if full polyubiquitin chains consisting of lysine 48-ubiquitinated ubiquitin
proteins are to be assembled, that another enzyme must be involved. Surprisingly, the
p300 coactivator protein has been shown to be a candidate for this role, as it possesses a
ubiqutin ligase activity able to couple ubiquitin to a growing chain, and cellular
manipulations that inactivate p300, such as expression of the E1A oncoprotein, result in

the generation, and accumulation, of monoubiquitinated p53 (Grossman et al., 2003).

Another recent new twist on the story of p53 protein degradation control was provided by
a report of a protein deubiquitinase enzyme, HAUSP, which has the activity of removing
ubquitin from cellular proteins (Li et al., 2002). Increased levels of HAUSP were able to

prevent MDM2 from decreasing the steady-state amount of p53 present in cells. Whether
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this activity is truly p53-specific, or is part of a less-specific cellular system for regulating

the levels of a variety of ubiquitinated proteins, remains to be seen.

Finally, a number of additional small ubiquitin-like proteins have recently been
discovered and found to alter the localization, activity, and conformation of their targets,
One of these, SUMO-1, apparently becomes coupled to different lysine residues of the
p53 C-terminus than does ubiquitin, and this modification can increase the transcriptional

activity of p53 (Muller et al., 2000b; Rodriguez et al., 1999).

b) Phosphorylation of p53

The rate of ubiquitylation of p53 in the cell is governed by a second set of enzymes that
couple p53 regulation to the damage-sensing systems of the cell and catalyze a different
covalent modification—phosphorylation. A number of serine and threonine residues of
p53 have been shown to be phosphorylated in vivo under various circumstances; the most
elegant of these studies being Abraham et @l.’s mass spectrometry analysis of p53 from
untreated and irradiated cells (Abraham et al., 2000). Attention has chiefly focused on
several amino acid residues in the N-terminal transactivation domain of p53 because 1t
appears that phosphorylation of serine 13, serine 20, and perhaps threonine 18 can disrupt
MDM?2 binding to this part of p53. There has been considerable debate about the
importance of individual residues, however, beginning with claims that DNA-PK
phosphorylation of serine 15 of p53 decreased its interaction with MDM2 and prevented

p53 degradation (Shieh et al., 1997). Subsequent studies of serine 20 mutants of p53
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indicated that this residue was also important for the ability of p53 to be stabilized in
response to irradiation (Unger et al., 1999). Results from the simplest experimental
system, using purified MDM?2 protein and various purified p53 N-terminal peptides with
the desired phosphorylations, found a third result: that only threonine 18 phosphorylaton

affected the affinity of the p53-N terminal peptide for MDM2 (Schon et al., 2002).

As with the modification, so with the modifiers: a set of different kinases have been
implicated as the enzymes that add the phosphates to the p53 N-terminus in times of
stress. Foremost among these is the ATM phosphoinositide kinase-related kinase, the
homolog of the Mec kinase that responds to similar stresses in the budding yeast. ATM is
the product of the gene mutated in Ataxia Telangiectasia, an illness characterized by
sensitivity to a variety of environmental stresses like radiation, and susceptibility to
developing cancers at a young age. ATM was ‘implicated in the regulation of p53 when it
was found that AT patient cells failed to show p53 protein level increases in response to
irradiation (Kastan et al., 1992). ATM has proved to be one of the key responders to
DNA damage in the cell, and recent data indicate that it may be directly activated by
intermolecular autophosphorylation of dimeric inactive ATM following interaction with
chromatin containing damaged DN A (Bakkenist and Kastan, 2003). ATM preferentially
phosphorylates serine 15 of p53, and appears to be responsible for the first wave of serine
15 phosphorylation in response to gamma irradiation (Brown and Baltimore, 2003). A
curious secondary finding has been that p53 in irradiated cells is dephosphorylated at
serine 376 in an ATM-dependent manner (Waterman et al., 1998). This is likely to be an

indirect effect, but the dephosphorylation of this residue is claimed to reveal a binding
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site for a 14-3-3 protein, whose interaction with the C-terminus of p53 activates its DNA

binding ability (Waterman et al., 1998).

The ATM and Rad3-related kinase, ATR has also been shown to have a role in p53
phosphorylation (Tibbetts et al., 1999). Experiments using phospho-p53-specific
antibodies indicate that ATR can phosphorylate p53 at serine 15 and serine 37 in the N-
terminus, and that interfering with ATR activity by gene ablation or expression of
dominant-negative constructs prevents a late phase of serine 15 phosphorylation

in response to gamma irradiation, and prevents all phosphorylation in response to
ultraviolet irradiation (Brown and Baltimore, 2003; Tibbetts et al., 1999). ATR is
particularly interesting because it seems to respond to S-phase replication blockage
events, such as may be caused by a variety of different DNA-damaging drugs or
irradiation treatments that leave bulky adducts in the DNA, or other replication-arresting
conditions such as topoisomerase inhibition (Cliby et al., 2002). The kinase is recruited to
regions of single-stranded DNA by the single-stranded DNA-binding protein RPA, and

once recruited, is activated (Zou and Elledge, 2003).

A third exciting candidate kinase for the p53 N-terminus, CHK2, was identified as the
homolog of the budding yeast Rad53, a checkpoint kinase that can halt the cell cycle in
times of stress (Chaturvedi et al., 1999; Matsuoka et al., 1998; Tominaga et al., 1999).
The CHK2 kinase is activated by ATM, but evidence from Chk2-/- mice indicated that
Chk2 could also mediate p53-dependent apoptosis of irradiated thymocytes in an ATM-

independent manner (Hirao et al., 2002). Further support for the idea that Chk2 and p53
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were in the same pathway was provided by genetic data showing that some families with
Li-Fraumeni-like cancer predisposition were carriers of germline mutations in the CHK?2
gene (Lee et al.,, 2001). However, recent studies in human cells where CHK?2 levels were
decreased by RNA interference, or by homologous recombination disruption of the gene
indicate that p53 can be activated by gamma irradiation in the complete absence of
CHK2,_ suggesting that there may be species-specific variations between mice and
humans in the importance of this kinase for the pS3 pathway (Ahn et al., 2003; Jallepalli
et al., 2003). These results were anticipated in part because there are human tumors that
carry mutations in both 7P33 and CHK?2, suggesting that the genes may act in parallel or

at least partially redundant pathways (Jallepalli et al., 2003).

A panoply of other cellular kinases are also reported to be able to phosphorylate p53.
These include Casein kinases [ and II, PKC, MAPK, JNK, and Raf (Lakin and Jackson,
1999). However, convincing in vivo evidence for the importance of most of these
modifications has yet to be shown. To further complicate the issue, a recent paper
describing p53 mutants with alteration of all known phosphorylation residues indicated
that p53 was still able to be stabilized in response to cellular stresses (Ashcroft et al.,
1999). Perhaps these findings reflect a contribution of the less well known translational

control mechanisms mentioned below.

¢) Acetylation of p53
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Interactions between the p53 N-terminus and p300, CBP or P/CAF histone
acetyltransferase proteins correlate with activation of p53 transactivation activity
(Avantaggiati et al., 1997; Gu et al., 1997; Scolnick et al., 1997). These proteins have
been shown to be able to acetylate p53 at lysines 320, 373, and 382, with the expected
enhancement of p53 transactivation activity, and they are also implicated in histone
acetylation at p53-regulated promoter sites, thus contributing to a chromatin environment

amenable to active p53 target gene transcription.

d) Physical Interactions with other Cellular Proteins

The pl9ARF-encoding alternate reading frame transcript of the murine /nk4a locus, and
the human homolog p14ARF have a significant role to play in p53 regulation in response
to stimuli such as overexpression of the MYC oncogene (Zindy et al., 1998). ARF
appears to regulate p53 by affecting the function of the MDM2 negative regulator of pS53
in several ways: it can inhibit the ubiquitin ligase activity of MDM?2, and can, under some
conditions, cause MDM2 to become sequestered in the nucleoli (Honda and Yasuda,
1999; Weber et al., 1999). Very recently it has been shown that N-terminal residues 2 to
14 of ARF are able to prevent ribosomal RNA maturation from occurring in the nucleoli,
possibly explaining the ability of ARF to arrest the growth of even Trp53-/-;Mdm2-/-

cells (Korgaonkar et al., 2002; Llanos et al., 2001; Sugimoto et al., 2003)
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e) Nuclear Import and Export Control

The main functions of p53 take place in the nucleus, and it is no surprise that evolution,
both at the level of the healthy organism, and in the pathological development of cancers,
has seized upon the fundamental compartmentalization of the eukaryotic cell to add other
layers of regulation or, in the case of the cancer cell, misregulation, to the control of p53
activity. Like many transcription factors, p53 is subject to active energy-dependent
processes of nuclear import and export; this has been studied in permeabilized cell
systems (Middeler et al., 1997). Nuclear import is mediated by three positively-charged
nuclear localization signal sequences in the C-terminus of the protein and a pair of
positively charged residues upstream of the tetramerization domain; these elements have
been shown to bind to the nuclear import receptor importin a (Shaulsky et al., 1990;

Shaulsky et al., 1991).

The story of nuclear export control of p53 localization is more complicated. Initially, one
group reported that HDM2 (the human Mdm?2 homolog) possessed a nuclear export
signal similar to that of the HIV Rev protein, an archetypal “nucleo-cytoplasmic shuttling
protein” that constantly moves in and out of the nucleus of the cell (Freedman and
Levine, 1998; Roth et al., 1998). It was shown that HDM2 also had this shuttling
property as a result of its nuclear export sequence (NES), and then it was proposed that
HDM2 acted as a shuttle protein to carry p53 to the cytoplasm, where it would be
degraded by cytoplasmic proteasomes (Freedman and Levine, 1998). At this time,

another study demonstrated that p53 itself had a functional NES sequence in the region of
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its tetramerization domain, and could apparently act as a shuttling protein on its own

(Stommel et al., 1999).

At this point, the studies outlined in Chapter 2 of this thesis were undertaken; their

discussion, and subsequent developments in the field will be discussed there.

f) Minor Modes of p53 Regulation. Transcription and Translation

[t has also been reported that in some cell types, for example, lymphoma cells, protein
translation rate can play a major role in regulating the levels of p53 protein in the cell in
response to stress signals (Fu et al., 1996). Regions within the 5° and 3” ends of the
human p53 transcript have been mapped that appear to carry the information for this level
of regulation (Fu et al., 1996). Transcriptional regulation of p53 has not been shown to

play a prominent role in the regulation of its biological activities.

7. Transcriptional Targets of p53 and cellular consequences of p53 expression

A number of transcriptional profiling studies of cells expressing different levels, or
different sequence variants of p53 have been published in the past decade, (Aldaz et al,,
2002, Attardi et al., 2000; Madden et al., 1997; Maxwell and Davis, 2000; Polyak et al.,
1997, Yu et al., 1999; Zhao et al., 2000). These studies, and lower-throughput

experimental approaches, have revealed over 300 transcripts whose level of expression is
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affected by, or appears to be affected by, p53. These genes, grouped by functional
categories, are listed in Table 1. A brief overview of the known celtular functions of the
most prominent p53 direct target genes is presented below and summarized in Figure 2.
Some of the reported p53 target genes in the literature are unlikely to be true direct
targets, for the many substantial effects of pS3 expression on the behavior of cells would
be expected to give rise to indirect changes in gene expression, for example, as a result of

altering cell cycle behavior.
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Figure 2 Major Inducers and Transcriptional Targets of p53: Inducing stresses are indicated at the top in
purple, with the genes whose products transmit the stress signals to p53 noted beside the arrows. Direct
transcriptional targets of p53 are listed in the lower half of the figure, with functional outcomes from p53-

induced genes marked in red.
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a) Auto-regulatory targets: Mdm?2

Early investigations of the Mdm2 gene focused on the fact that it was frequently found to
be amplified in double-minute chromosomes in murine transformed cells, indicating that
it could have an oncogenic role in the development of tumors. As previously mentioned,
Mdm2 was subsequently found to bind to p53 and govern the levels of its target protein
in the cell by acting as an E3 enzyme for pS3 ubiquitylation, thereby forming a negative
feedback loop to control p53 activity. In vivo evidence of the importance of this mode of
p53 regulation came from mice carrying a disrupted Mdm2 gene: in the absence of
MDM2, embryos die in utero around the time of implantation (Jones et al., 1995; Montes
de Oca Luna et al., 1995). This lethal phenotype is, however, completely rescued if the
Trp53 gene is also mutated in the mouse, showing that any disruptive consequences of
lack of Mdm2 expression are dependent upon p53. The most likely explanation for these
findings is that in the absence of Mdm2 p53 levels in the early embryo are unnaturally
high, and as a result, the embryonic cells die by apoptosis (Jones et al., 1995; Montes de
Oca Luna et al., 1995). Of course, it is also possible that prolonged growth arrest at an
inappropriate stage of cell maturation, or other p53-mediated effects could also lead to

the same final lethal outcome for the cells.

b) Cell-cycle regulatory targets: p21 and 14-3-3

The discovery of p21 as a p53-transactivated gene came just as the function of the protein

was elucidated, making for a moment of exciting convergence of genetic and biochemical
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understanding of the nascent p53 pathway (Dulic et al., 1994; el-Deiry et al., 1993;
Harper et al., 1993). p21 is able to bind and inhibit the G1/S cell cycle phase cyclin-
dependent kinase CDK2 in association with cyclin A or cyclin E, and by so doing,
prevent cells from entering a new round of cell division (Harper et al., 1993). As
understanding of the dynamics of the different cell cycle inhibitors has evolved, it has
become clear that p21“"* and the similar “broad spectrum” CDK inhibitor p27°" are
actually required for the normal assembly and function of the cyclin D-dependent CDK4
and CDK6 enzymes with their cyclin partners, and that when cyclin D levels rise in the
cell in response to mitogenic signals, p21°'"" and p27%" are titrated away from CDK2
complexes, releasing them from inhibition and permitting the initiation of the cell cycle
(Sherr and Roberts, 1999). Therefore, p53-mediated induction of p21 can be seen to act
in opposition to the effects of increased cyclin D induced by mitogenic stimuli. The
phenotype of cells and mice deficient in p21<" supports the unique importance of this
CDK inhibitor for causing the G1/S-phase cell cycle arrest in DNA-damaged cells
(Brugarolas et al., 1995). However, the organismal consequences of loss of p21" on
tumor development are relatively modest: p2/-null mice show increases in tumor
development only very late in life, and fail to show increased tumors following
irradiation; in fact, they are protected from irradiation-induced tumors (Martin-Caballero
et al., 2001). These findings highlight the complexity of the overall phenotype of tumor
development in vivo, where, strictly speaking, the initiating mutations, their causes, their
detailed effects on cells, and the selection pressures in response to which they give

growth or survival advantages, are currently guessed at, but not known with certainty.
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The 14-3-3 sigma gene was cloned on the basis of the protein’s ability to bind CDK2; it
was shortly thereafter found by the Vogelstein lab to be a p53-induced gene (Hermeking
et al., 1997; Laronga et al., 2000). When overexpressed in cells, it causes them to arrest in
the G2 phase of the cell cycle via an unknown mechanism. The Efp transcriptional target
gene of the estrogen receptor has been found to encode an ubiquitin ligase E3 protein for
14-3-3 sigma; overexpression of this Efp protein in breast cancer cells promotes their
growth (Urano et al., 2002). As further supporting evidence, although not confirmation,
that 14-3-3 sigma may have a growth-suppressive effect in the context of tumor
development, mutations in the gene have been found in a subset of lung tumors (Osada et
al.; 2002). Interestingly, /4-3-3 sigma appears to be one of the few p53 target genes that
is also dependent on BRCALI for its expression, at least according to a recent paper using

microarray methods to study Breal-null embryonic stem cells (Aprelikova et al., 2001).

Some experimental data have been presented that appear to show a role for the p53-
induced genes Reprimo, B99, and Mcgl0 in the regulation of the G2/M checkpoint,

however mechanistic details are scant so far (Taylor and Stark, 2001).

c) Pro-apoptotic target genes

A tremendous amount of interest was generated by initial findings that p53 could induce
cells to execute the program of apoptotic cell death in response to genotoxic and other
potentially damaging stimuli (Lotem and Sachs, 1993; Lowe et al., 1993; Yonish-Rouach

et al., 1993). Examination of p53-induced transcripts soon yielded several appealing
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candidates for mediating this response, beginning with the gene for the pro-apoptotic
Bcl2-family member Bax (Miyashita et al., 1994; Miyashita and Reed, 1995; Zhan et al.,
1994). Several other Bcl-2 family proteins that are likely contributors to the
mitochondrial cytochrome c-releasing apoptotic cell death pathway have subsequently
been found to be encoded by p53 target genes, including NOXA and PUMA (Oda et al.,
2000; Schuler and Green, 2001; Yu et al., 2003; Yu et al., 2001). PUMA has been shown
to bind to BCL-XL and to promote Bax multimerization, while NOXA can bind Bcl-2,
Bcl-XL. and Mcl-1 (Oda et al., 2000; Yu et al., 2003; Yu et al., 2001). The mitochondrial
pathway of cell death is known to make use of cytochrome C release from the
mitochondrial membrane to activate Apaf-1, a cytosolic Ced-4 homolog that promotes
the cleavage activation of Caspase 9 (Wang, 2001). APAF-1 was belatedly discovered to
be transcriptionally regulated by p53 as well (Fortin et al., 2001; Kannan et al., 2001b;

Robles et al., 2001).

The relevance of the p53-regulated expression of these genes to spontaneous or induced
cancer development is not yet clear, however. For example, in the case of the most fully
substantiated pro-apoptotic p53 target gene, Bax, knockout mice for this gene show no
increased tendency toward tumor development, and transgenic expression of Bax in T
cells of p53-deficient mice actually increases tumorigenesis (Knudson et al., 2001).
However, contradictory data come from a lymphoma model where Myc is overexpressed
in B cells. In this setting, Bax deficiency accelerates tumor formation, and removes the

selection pressure for loss of p53 (Eischen et al., 2001).
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A similar story is found with the Apaf-/ gene: mice homozygous for a null allele show
increased rates of exencephaly and craniofacial deformities, along with overproliferation
of neurons in the developing central nervous system, but the null mice that survive to
adulthood have not been reported to have a tumor-prone phenotype (Honarpour et al.,
2000; Yoshida et al., 1998). Clearly, impaired Apaf-1 function in Trp53-/- mice is a
candidate for the low incidence exencephaly of female embryos. In addition, loss of
either Bax or Apaf-1 can cause testicular developmental abnormalities, apparently due to
initial overproliferation of spermatocyte progenitor cells (Honarpour et al., 2000; Russell

et al., 2002). These findings may partly explain the testicular phenotype of Trp53-/- mice.

Other apoptotic pathways appear to be influenced by p53 upregulation of different target
genes. The membrane receptor-activated cell death pathway is triggered by the TNF-
receptor family member KILLER, which is under p53 transcriptional control (Takimoto
and El-Deiry, 2000). So too is the “executioner” Caspase 6, which is a downstream
caspase that carries out cleavage of other cellular proteins in the course of the apoptotic
program (MacLachlan and El-Deiry, 2002). Downregulation of some anti-apoptotic
genes, for example, BCL-2 and BCL-X; by p53 has been described, however, these

studies have not been widely taken up or replicated in the literature (Wu et al., 2001).

d) Redox target genes

With the arrival of methods of measuring cellular transcript levels for thousands of genes

at a time came the surprising observation that p53 regulates many genes that are likely to
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have roles in adjusting the redox balance of the cell (Polyak et al., 1997). A speculative
model proposed at the time was that p53 might induce apoptosis by upregulating
transcripts for genes whose products would generate reactive oxygen species, thereby
damaging cellular components and triggering cell death. Some data in support of this idea
came from measurements of the oxidation state of cells expressing inducible p53, where,
indeed, increased levels of oxidative species were observed when high levels of p53 were
induced (Polyak et al., 1997). Subsequent studies in other labs, however, have indicated
that expressing high levels of a variety of other genes, for example, p21, can also cause
increased levels of oxidative species, and therefore the validity of the model is uncertain
(Macip et al., 2002). At this point, there is little in the way of functional data supporting

the role of these genes in preventing tumor development in animals.

e) DNA repair genes

Armed with the foreknowledge that cancer is a disease of acquired somatic mutations,
many investigators have been curious to see whether p53 can regulate genes involved in
the maintenance of the integrity of cellular DNA. A few DNA repair genes have in fact
proved to have p53-inducible transcripts, and there is growing evidence that loss of p53

control of some of these may play significant roles in the development of cancers.

One example is the direct dealkylating enzyme O°-Methylguanine-DNA-
methyltransferase (MGMT), which removes methy! or other short alkyl groups from

guanine nucleotide bases before they can induce mutations in the cellular DNA
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(Grombacher et al., 1998). Researchers studying this enzyme discovered that it was
induced in a p53-dependent manner (Grombacher et al., 1998; Rafferty et al., 1996). This
enzyme is of general interest in part because it appears to be a candidate gene for the
resistance of tumors to some kinds of chemotherapy, and because transgenic
overexpression of the enzyme has proved to be able to protect 7rp53+/- heterozygous
mice from developing lymphomas after treatment with alkylating agents (Reese et al.,
2001; Russell et al., 1995). Further, Trp33-/- cells have been reported to be more

sensitive to the effects of alkylating agents than are wild-type cells (Seo et al., 2002).

Two genes involved in the nucleotide-excision repair (NER) pathway of DNA repair
have also been reported to be pS3 target genes. The XPC gene, which encodes one of the
enzymes involved in the early steps of assembly of the NER complex, is induced in a
p53-dependent manner, as is p48 XPE (DDB2), an NER complex component important
for global genomic repair (Adimoolam and Ford, 2002; Amundson et al., 2002; Kannan
et al., 2001a; Tan and Chu, 2002). According to current reports, the DDB2 regulation is
species-specific, for no difference was seen in its expression between wild-type and p53-

null mice (Tan and Chu, 2002).

Much work has been done to try to figure out the function of the GADD45¢ and
GADDA45y proteins, which are encoded by p53-responsive genes. GADD45a binds to

PCNA, and has been shown to increase the rate of excision repair of DNA in vitro, and to
arrest the cell cycle in G1 phase when it is expressed; but the details of its functions are

still unclear (Smith et al., 1994). It appears from the phenotype of GADD45 « mice,
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however, that the gene is needed for maintaining genomic stability, for the cells of these
mice develop chromosomal abnormalities at a high rate, and the mice develop cancers
when exposed to radiation (Hollander et al., 1999). Recent results in vitro show that
GADDA45a. is able to inhibit the mitotic cyclin-dependent kinase CDC2, this activity

could account for the G2 arrest caused by expression of the protein (Jin et al., 2000).

Another novel p53 target gene whose function is related to DNA repair is the inducible
ribonucleotide reductase 2 gene, which generates deoxyribonucleotides for use in DNA
synthesis and is important for the viability of cells faced with genotoxic stress (Nakano et

al., 2000; Tanaka et al., 2000).

) Other target genes

Perhaps the best known of the remaining p53-responsive genes are related to the topic of
cellular interactions with the extracellular network. Several target genes, including Matrix
Metalloproteinase 2, Thrombospondin, and Cathepsin D may play either positive or
negative roles in the potential of primary tumors to grow and to metastasize (Sun et al.,
1999). Testing of the effects of loss of Thrombospondin on the tumor phenotype of Trp53
null and heterozygous mice indicated that the mice died sooner, and also were better
hosts for tumor implants, which grew more rapidly and developed denser vasculature

(Lawler et al., 2001).
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8. Findings in this Thesis

The experiments presented in subsequent chapters use mutation analysis, and study of the
cells of mice with a deletion allele for the Trp53 gene, to explore both the regulation of

p53, and its downstream functions mediated by specific activation of target genes.

Chapter 2 is a study of the control of nuclear localization of the p53 protein. Previous
reports in the literature suggested that the p53 ¢egatix'e regulator HDM?2 was a
nucleocytoplasmic shuttling protein that was able to bind and carry p53 from the nucleus
of the cell to the cytoplasm where it is destroyed by the protasome. I found that the
HDM?2 nuclear export sequence was not requir{ed for it to be able to alter p53’s cellular
localization to the cytoplasm. Rather, the p53 duclear export sequence was required for
this activity, as was the ability of HDM2 to ubiguitinate p53. Further studies indicated
that ubiquitylation of the p53 C-terminus was the basis for HDM2’s ability to remove it
from the nucleus and cause its efficient degradition. It is suggested that this may be
because C-terminal ubiquitylation causes the p£3 nuclear export sequence to be activated

or made more accessible to the nuclear export machinery of the cell.

Chapter 3 presents the results of cDNA microarray experiments in which Trp53-/- and
Trp53+/+ fibroblasts were treated with a panel of genotoxic agents and then assayed for
p33-dependent upregulation or downregulation'of any of the roughly 15,000 gene

sequences on the micrarray. A number of new candidate p53 target genes were revealed,
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including the DNA repair gene Ercc5, which encodes the DNA repair protein Xpg, a
participant in nucleotide excision repair and a mediator of base excision repair of
oxidative DNA damage. Further analysis of most of the DNA repair genes in the mouse
genome using real-time PCR indicated that a second gene, Polk, encoding the translesion

DNA polymerase kappa, is also a p53-induced gene.

Chapter 4 further characterizes the p53-dependent regulation of the Xpg-encoding DNA
repair gene Ercc5, and shows that it is a directly-regulated p53 target gene with a p53-
responsive site in its first intron. Trp53-/~ cells show a modest reduction in the ability to
repair damage to an oxidatively-damaged DNA construct, and this defect is brescued by
exogenous expression of retrovirally transduced XPG, indicating that the lower levels of

this gene are likely responsible for the defect.
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Table Legends

Table !

A summary of genes reported in the literature to respond to p53. Accession numbers are
typically those of the human gene, although in some cases, the sequence identity in the
original reference is only described in terms of homology to a gene in some other species,
for example, in the case of BLAST analyses of unknown gene clones.

Upregulation of the gene is indicated by “+”, while downregulation is indicated with “-.
In cases where the report was equivocal, or two different groups reported different
results, the symbols “+/-* or “?” are used. “mut p53” indicates that the investigators claim
that the gene is specifically induced by mutated p53. "- (P21-dep)" indicates that the
researchers found the gene to be altered in expression in response to p21°* levels. “(+++)
p73” indicates that the gene was found to be more responsive to the p73 homolog of p53.

Direct targets are those for which some sort of promoter analysis was done. The
abbreviations chip, rp, gs, and fp stand for chromatin immunoprecipitation, reporter
assay, gel-shift, and footprint analysis, respectively.

A representative literature reference for each of the genes is given in the final column, but
it is not intended to document all reports of p53 regulation of the gene.



89

References

Abraham, J., Kelly, J., Thibault, P., and Benchimol, S. (2000). Post-translational
modification of p53 protein in response to ionizing radiation analyzed by mass
spectrometry. J Mol Biol 295, 853-864.

Adimoolam, S., and Ford, J. M. (2002). p53 and DNA damage-inducible expression of
the xeroderma pigmentosum group C gene. Proc Natl Acad SciU S A 99, 12985-12990.
Ahn, 1., Urist, M., and Prives, C. (2003). Questioning the Role of Checkpoint Kinase 2 in
the p53 DNA Damage Response. ] Biol Chem 278, 20480-20489.

Aldaz, C. M., Hu, Y., Daniel, R., Gaddis, S., Kittrell, F., and Medina, D. (2002). Serial
analysis of gene expression in normal p53 null mammary epithelium. Oncogene 2/,
6366-6376.

Allemand, 1., Anglo, A., Jeantet, A. Y., Cerutti, I., and May, E. (1999). Testicular wild-
type p53 expression in transgenic mice induces spermiogenesis alterations ranging from
differentiation defects to apoptosis. Oncogene 18, 6521-6530.

Amundson, S. A., Patterson, A., Do, K. T., and Fornace, A. I., Jr. (2002). A nucleotide
excision repair master-switch: p53 regulated coordinate induction of global genomic
repair genes. Cancer Biol Ther 7, 145-149.

An, W. G., Kanekal, M., Simon, M. C., Maltepe, E., Blagosklonny, M. V., and Neckers,
L. M. (1998). Stabilization of wild-type p53 by hypoxia-inducible factor 1alpha. Nature
392, 405-408.

Aprelikova, O., Pace, A. J., Fang, B., Koller, B. H., and Liu, E. T. (2001). BRCAl 1s a
selective co-activator of 14-3-3 sigma gene transcription in mouse embryonic stem cells.
J Biol Chem 276, 25647-25650.

Armstrong, J. F., Kaufman, M. H., Harrison, D. J., and Clarke, A. R. (1995). High-
frequency developmental abnormalities in p53-deficient mice. Curr Biol 5, 931-936.
Ashcroft, M., Kubbutat, M. H., and Vousden, K. H. (1999). Regulation of p53 function
and stability by phosphorylation. Mol Cell Biol 79, 1751-1758.

Attardi, L. D., Reczek, E. E., Cosmas, C., Demicco, E. G., McCurrach, M. E., Lowe, S.
W., and Jacks, T. (2000). PERP, an apoptosis-associated target of p53, is a novel member
of the PMP-22/gas3 family. Genes Dev /4, 704-718.

Avantaggiati, M. L., Ogryzko, V., Gardner, K., Giordano, A., Levine, A. S, and Kelly,
K. (1997). Recruitment of p300/CBP in p53-dependent signal pathways. Cell 89, 1175-
1184.

Ayed, A., Mulder, F. A., Yi, G. S, Lu, Y., Kay, L. E., and Arrowsmith, C. H. (2001).
Latent and active p53 are identical in conformation. Nat Struct Biol 8, 756-760.

Baba, S. (1997). Recent advances in molecular genetics of colorectal cancer. World J
Surg 2/, 678-687. :

Backlund, M. G., Trasti, S. L., Backlund, D. C., Cressman, V. L., Godfrey, V., and
Koller, B. H. (2001). Impact of ionizing radiation and genetic background on mammary
tumorigenesis in p53-deficient mice. Cancer Res 6/, 6577-6582.



90

Baker, S. J.,, Fearon, E. R., Nigro, J. M., Hamilton, S. R., Preisinger, A. C., Jessup, J. M.,
vanTuinen, P., Ledbetter, D. H., Barker, D. F., Nakamura, Y., and et al. (1989).
Chromosome 17 deletions and p53 gene mutations in colorectal carcinomas. Science 244,
217-221.

Bakkenist, C. J., and Kastan, M. B. (2003). DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature 421, 499-506.
Balmain, A. (2001). Cancer genetics: from Boveri and Mendel to microarrays. Nat Rev
Cancer I, 77-82.

Barak, Y., Juven, T., Haffner, R., and Oren, M. (1993). mdm2 expression is induced by
wild type p53 activity. Embo J 12, 461-468.

Bargonetti, J., Friedman, P. N., Kern, S. E., Vogelstein, B., and Prives, C. (1991). Wild-
type but not mutant p53 immunopurified proteins bind to sequences adjacent to the SV40
origin of replication. Cell 65, 1083-1091.

Bennoun, M., Grimber, G., Couton, D., Seye, A., Molina, T., Briand, P., and Joulin, V.
(1998). The amino-terminal region of SV40 large T antigen is sufficient to induce hepatic
tumours in mice. Oncogene /7, 1253-1259.

Bergamaschi, D., Gasco, M., Hiller, L., Sullivan, A., Syed, N., Trigiante, G., Yulug, 1.,
Merlano, M., Numico, G., Comino, A., et al. (2003). p53 polymorphism influences
response in cancer chemotherapy via modulation of p73-dependent apoptosis. Cancer
Cell 3, 387-402.

Beroud, C., and Soussi, T. (2003). The UMD-p53 database: new mutations and analysis
tools. Hum Mutat 2/, 176-181.

Birch, J. M., Hartley, A. L., Tricker, K. ., Prosser, J., Condie, A., Kelsey, A. M., Harris,
M., Jones, P. H., Binchy, A., Crowther, D., and et al. (1994). Prevalence and diversity of
constitutional mutations in the p53 gene among 21 Li-Fraumeni families. Cancer Res 54,
1298-1304.

Boder, E. (1985). Ataxia-telangicctasia: an overview. Kroc Found Ser 19, 1-63.
Borresen-Dale, A. L. (2003). TP53 and breast cancer. Hum Mutat 2/, 292-300.

Botuyan, M. V., Momand, J., and Chen, Y. (1997). Solution conformation of an essential
region of the p53 transactivation domain. Fold Des 2, 331-342.

Brown, E. J., and Baltimore, D. (2003). Essential and dispensable roles of ATR in cell
cycle arrest and genome maintenance. Genes Dev /7, 615-628.

Brown, K. D., Rathi, A., Kamath, R., Beardsley, D. 1., Zhan, Q., Mannino, J. L., and
Baskaran, R. (2003). The mismatch repair system is required for S-phase checkpoint
activation. Nat Genet 33, 80-84.

Brugarolas, J., Chandrasekaran, C., Gordon, J. I, Beach, D., Jacks, T., and Hannon, G. J.
(1995). Radiation-induced cell cycle arrest compromised by p21 deficiency. Nature 377,
552-557.

Buchman, V. L., Chumakov, P. M., Ninkina, N. N., Samarina, O. P., and Georgiev, G. P.
(1988). A variation in the structure of the protein-coding region of the human p53 gene.
Gene 70, 245-252.

Butel, J. S., Sepulveda, A. R., Finegold, M. J., and Woo, S. L. (1990). SV40 large T
antigen directed by regulatory elements of the human alpha-1-antitrypsin gene. A
transgenic mouse system that exhibits stages in liver carcinogenesis. [ntervirology 3/, 85-
100.



91

Bykov, V. J., Issaeva, N., Shilov, A., Hultcrantz, M., Pugacheva, E., Chumakov, P.,
Bergman, J., Wiman, K. G., and Selivanova, G. (2002). Restoration of the tumor
suppressor function to mutant p53 by a low-molecular-weight compound. Nat Med &,
282-288.

Chao, C., Saito, S., Kang, J., Anderson, C. W., Appella, E., and Xu, Y. (2000). p53
transcriptional activity is essential for p53-dependent apoptosis following DNA damage.
Embo J 19, 4967-4975.

Chaturvedi, P., Eng, W. K., Zhu, Y., Mattern, M. R., Mishra, R., Hurle, M. R., Zhang, X,
Annan, R. S., Lu, Q., Faucette, L. F., et al. (1999). Mammalian Chk2 is a downstream
effector of the ATM-dependent DNA damage checkpoint pathway. Oncogene /8, 4047-
4054.

Cho, K. R., and Vogelstein, B. (1992). Genetic alterations in the adenoma--carcinoma
sequence. Cancer 70, 1727-1731.

Cho, Y., Gorina, S., Jeffrey, P. D., and Pavletich, N. P. (1994). Crystal structure of a p53
tumor suppressor-DNA complex: understanding tumorigenic mutations. Science 265,
346-355.

Chumakov, P. M. (1987). [Primary structure of DNA complementary to mRNA of
murine oncoprotein p53]. Bioorg Khim 13, 1691-1694.

Cliby, W. A., Lewis, K. A, Lilly, K. K., and Kaufmann, S. H. (2002). S phase and G2
arrests induced by topoisomerase [ poisons are dependent on ATR kinase function. J Biol
Chem 277, 1599-1606.

Clore, G. M., Omichinski, J. G., Sakaguchi, K., Zambrano, N., Sakamoto, H., Appella,
E., and Gronenborn, A. M. (1994). High-resolution structure of the oligomerization
domain of p53 by multidimensional NMR. Science 263, 386-391.

Crawford, L. V., Pim, D. C., Gurney, E. G., Goodfellow, P., and Taylor-Papadimitriou, J.
(1981). Detection of a common feature in several human tumor cell lines--a 53,000-
dalton protein. Proc Natl Acad Sci U S A 78, 41-45.

Crawford, L. V., Pim, D. C., and Lamb, P. (1984). The cellular protein p53 in human
tumours. Mol Biol Med 2, 261-272.

de Vries, A., Flores, E. R., Miranda, B., Hsieh, H. M., van Qostrom, C. T., Sage, J., and
Jacks, T. (2002). Targeted point mutations of p53 lead to dominant-negative inhibition of
wild-type p53 function. Proc Natl Acad Sci U S A 99, 2948-2953.

DeLeo, A. B., Jay, G., Appella, E., Dubois, G. C., Law, L. W, and Old, L. J. (1979).
Detection of a transformation-related antigen in chemically induced sarcomas and other
transformed cells of the mouse. Proc Natl Acad SciU S A 76, 2420-2424.

Demaitre, L. (1998). Medieval Notions of Cancer: Malignancy and Metaphor. Bulletin of
the History of Medicine 72, 609-637.

DiGiammarino, E. L., Lee, A. S., Cadwell, C., Zhang, W., Bothner, B., Ribeiro, R. C,,
Zambetti, G., and Kriwacki, R. W. (2002). A novel mechanism of tumorigenesis
involving pH-dependent destabilization of a mutant p53 tetramer. Nat Struct Biol 9, 12-
16.

Dippold, W. G., Jay, G., Del.eo, A. B, Khoury, G., and Old, L. J. (1981). p53
transformation-related protein: detection by monoclonal antibody in mouse and human
cells. Proc Natl Acad SciU S A 78, 1695-1699.



92

Dokianakis, D. N., and Spandidos, D. A. (2000). P53 codon 72 polymorphism as a risk
factor in the development of HPV-associated cervical cancer. Mol Cell Biol Res
Commun 3, 111-114.

Donehower, L. A, Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A., Jr.,
Butel, J. S., and Bradley, A. (1992). Mice deficient for p53 are developmentaily normal
but susceptible to spontaneous tumours. Nature 356, 215-221.

Donehower, L. A., Harvey, M., Vogel, H., McArthur, M. J., Montgomery, C. A., Jr.,
Park, S. H., Thompson, T., Ford, R. J., and Bradley, A. (1995). Effects of genetic
background on tumorigenesis in p53-deficient mice. Mol Carcinog /4, 16-22.

Dong, S. M., Traverso, G., Johnson, C., Geng, L., Favis, R., Boynton, K., Hibi, K.,
Goodman, S. N, D'Allessio, M., Paty, P., et al. (2001). Detecting colorectal cancer in
stool with the use of multiple genetic targets. J Natl Cancer Inst 93, 858-865.

Dulic, V., Kaufmann, W. K., Wilson, S. J,, Tlsty, T. D., Lees, E., Harper, J. W., Elledge,
S. J, and Reed, S. L. (1994). pS3-dependent inhibition of cyclin-dependent kinase
activities in human fibroblasts during radiation-induced G1 arrest. Cell 76, 1013-1023.
Dumble, M. L., Croager, E. J., Yeoh, G. C., and Quail, E. A. (2002). Generation and
characterization of p53 null transformed hepatic progenitor cells: oval cells give rise to
hepatocellular carcinoma. Carcinogenesis 23, 435-445.

Dumble, M. L., Knight, B., Quail, E. A, and Yeoh, G. C. (2001). Hepatoblast-like cells
populate the adult p53 knockout mouse liver: evidence for a hyperproliferative
maturation-arrested stem cell compartment. Cell Growth Differ 12, 223-231.

Eftat, S., Backkeskov, S., Lane, D., and Hanahan, D. (1987). Coordinate expression of
the endogenous p53 gene in beta cells of transgenic mice expressing hybrid insulin-SV40
T antigen genes. Embo J 6, 2699-2704.

Eischen, C. M., Roussel, M. F., Korsmeyer, S. J., and Cleveland, J. L. (2001). Bax loss
impairs Myc-induced apoptosis and circumvents the selection of p53 mutations during
Myc-mediated lymphomagenesis. Mol Cell Biol 21, 7653-7662.

el-Deiry, W. S., Kern, S. E., Pietenpol, J. A, Kinzler, K. W., and Vogelstein, B. (1992).
Definition of a consensus binding site for p53. Nat Genet 7, 45-49.

el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J]. M,, Lin,
D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. (1993). WAF1, a potential
mediator of p53 tumor suppression. Cell 75, 817-825.

Eliyahu, D., Michalovitz, D., Eliyahu, S., Pinhasi-Kimhi, O., and Oren, M. (1989). Wild-
type p53 can inhibit oncogene-mediated focus formation. Proc Natl Acad Sci U S A 86,
8763-8767.

Eliyahu, D., Raz, A., Gruss, P., Givol, D., and Oren, M. (1984). Participation of p53
cellular tumour antigen in transformation of normal embryonic cells. Nature 372, 646-
649.

Elmore, L. W., Hancock, A. R., Chang, S. F., Wang, X. W_, Chang, S., Callahan, C. P,
Geller, D. A., Will, H., and Harris, C. C. (1997). Hepatitis B virus X protein and p53
tumor suppressor interactions in the modulation of apoptosis. Proc Natl Acad SciU S A
94,14707-14712.

Ferguson, L. R., and Baguley, B. C. (1996). Mutagenicity of anticancer drugs that inhibit
topoisomerase enzymes. Mutat Res 355, 91-101.

Fields, S., and Jang, S. K. (1990). Presence of a potent transcription activating sequence
in the p53 protein. Science 249, 1046-1049.



93

Finlay, C. A., Hinds, P. W., and Levine, A. J. (1989). The p33 proto-oncogene can act as
a suppressor of transformation. Cell 57, 1083-1093.

Foord, O. S., Bhattacharya, P., Reich, Z., and Rotter, V. (1991). A DNA binding domain
is contained in the C-terminus of wild type p53 protein. Nucleic Acids Res 79, 5191-
5198.

Fortin, A., Cregan, S. P., MacLaurin, J. G., Kushwaha, N., Hickman, E. S., Thompson, C.
S., Hakim, A., Albert, P. R., Cecconi, F., Helin, K., et al. (2001). APAF1 is a key
transcriptional target for p53 in the regulation of neuronal cell death. J Cell Biol 155,
207-216.

Freedman, D. A., and Levine, A. J. (1998). Nuclear export is required for degradation of
endogenous p53 by MDM2 and human papillomavirus E6. Mol Cell Biol 18, 7288-7293.
Friedler, A., Hansson, L. O., Veprintsev, D. B., Freund, S. M., Rippin, T. M., Nikolova,
P. V., Proctor, M. R, Rudiger, S., and Fersht, A. R. (2002). A peptide that binds and
stabilizes p53 core domain: chaperone strategy for rescue of oncogenic mutants. Proc
Natl Acad Sci U S A 99, 937-942.

Friend, S. H., Bernards, R., Rogelj, S., Weinberg, R. A, Rapaport, J. M., Albert, D. M.,
and Dryja, T. P. (1986). A human DNA segment with properties of the gene that
predisposes to retinoblastoma and osteosarcoma. Nature 323, 643-646.

Fu, L., Minden, M. D., and Benchimol, S. (1996). Translational regulation of human p53
gene expression. Embo J /5, 4392-440].

Gage, B. M., Alroy, D., Shin, C. Y., Ponomarejva, O. N,, Dhar, S., Sharma, G. G.,
Pandita, T. K., Thayer, M. J., and Turker, M. S| (2001). Spontaneously immortalized cell
lines obtained from adult Atm null mice retain sensitivity to ionizing radiation and
exhibit a mutational pattern suggestive of oxidative stress. Oncogene 20, 4291-4297.
Gasco, M., Yulug, I. G., and Crook, T. (2003). 'TP53 mutations in familial breast cancer:
functional aspects. Hum Mutat 2/, 301-306.

Giglia-Mari, G., and Sarasin, A. (2003). TP53 mutations in human skin cancers. Hum
Mutat 27, 217-228.

Godley, L. A., Kopp, J. B., Eckhaus, M., Paglino, J. J., Owens, J., and Varmus, H. E.
(1996). Wild-type p53 transgenic mice exhibit altered differentiation of the ureteric bud
and possess small kidneys. Genes Dev 10, 8364850,

Goldberg, D. M., and Diamandis, E. P. (1993).'Models of neoplasia and their diagnostic
implications: a historical perspective. Clin Chem 39, 2360-2374.

Gong, J. G., Costanzo, A., Yang, H. Q., Melino, G., Kaelin, W. G, Jr., Levrero, M., and
Wang, J. Y. (1999). The tyrosine kinase c-Abl regulates p73 in apoptotic response to
cisplatin-induced DNA damage. Nature 399, 806-809.

Grombacher, T., Eichhorn, U., and Kaina, B. (1998). p53 is involved in regulation of the
DNA repair gene O6-methylguanine-DNA methyltransferase (MGMT) by DNA
damaging agents. Oncogene 17, 845-851.

Grossman, S. R. (2001). p300/CBP/p53 interaction and regulation of the p53 response.
Eur J Biochem 268, 2773-2778.

Grossman, S. R., Deato, M. E., Brignone, C., Chan, H. M., Kung, A. L., Tagami, H.,
Nakatani, Y., and Livingston, D. M. (2003). Polyubiquitination of p53 by a ubiquitin
ligase activity of p300. Science 300, 342-344.

Gu, W., Shi, X. L., and Roeder, R. G. (1997). Synergistic activation of transcription by
CBP and p53. Nature 387, 819-823.



94

Harlow, E., Williamson, N. M., Ralston, R., Helfman, D. M., and Adams, T. E. (1985).
Molecular cloning and in vitro expression of a cDNA clone for human cellular tumor
antigen p53. Mol Cell Biol 5, 1601-1610.

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge, S. J. (1993). The p21
Cdk-interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent kinases. Cell
75, 805-816.

Harris, N., Brill, E., Shohat, O., Prokocimer, M., Wolf, D., Arai, N., and Rotter, V.
(1986). Molecular basis for heterogeneity of the human p53 protein. Mol Cell Biol 6,
4650-4656.

Harvey, M., Vogel, H., Morris, D., Bradley, A., Bernstein, A., and Donehower, L. A.
(1995). A mutant p53 transgene accelerates tumour development in heterozygous but not
nullizygous p53-deficient mice. Nat Genet 9, 305-311.

Hegi, M. E., Klein, M. A., Ruedi, D., Chene, P., Hamou, M. F., and Aguzzi, A. (2000).
p53 transdominance but no gain of function in mouse brain tumor model. Cancer Res 60,
3019-3024.

Hermeking, H., Lengauer, C., Polyak, K., He, T. C., Zhang, L., Thiagalingam, S.,
Kinzler, K. W., and Vogelstein, B. (1997). 14-3-3 sigma is a p53-regulated inhibitor of
G2/M progression. Mol Cell /, 3-11.

Hirao, A., Cheung, A., Duncan, G., Girard, P. M,, Elia, A. J., Wakeham, A., Okada, H.,
Sarkissian, T., Wong, J. A., Sakai, T., ef al. (2002). Chk2 is a tumor suppressor that
regulates apoptosis in both an ataxia telangiectasia mutated (ATM)-dependent and an
ATM-independent manner. Mol Cell Biol 22, 6521-6532.

Hoh, J., Jin, S., Parrado, T., Edington, J., Levine, A. J., and Ott, J. (2002). The pS3MH
algorithm and its application in detecting p53-responsive genes. Proc Natl Acad Sci U S
A 99, 8467-8472.

Hollander, M. C., Sheikh, M. S., Bulavin, D. V., Lundgren, K., Augeri-Henmueller, L.,
Shehee, R., Molinaro, T. A., Kim, K. E., Tolosa, E., Ashwell, J. D., et al. (1999).
Genomic instability in Gadd45a-deficient mice. Nat Genet 23, 176-184.

Honarpour, N., Du, C., Richardson, J. A., Hammer, R. E., Wang, X., and Herz, J. (2000).
Adult Apaf-1-deficient mice exhibit male infertility. Dev Biol 218, 248-258.

Honda, R., Tanaka, H., and Yasuda, H. (1997). Oncoprotein MDM2 is a ubiquitin ligase
E3 for tumor suppressor p53. FEBS Lett 420, 25-27.

Honda, R., and Yasuda, H. (1999). Association of p1 9(ARF) with Mdm?2 inhibits
ubiquitin ligase activity of Mdm2 for tumor suppressor p53. Embo J 18, 22-27.

Huang, L. C., Clarkin, K. C., and Wahl, G. M. (1996). Sensitivity and selectivity of the
DNA damage sensor responsible for activating p53-dependent G1 arrest. Proc Natl Acad
SciU S A 93, 4827-4832.

Hubbert, N. L., Sedman, S. A., and Schiller, J. T. (1992). Human papillomavirus type 16
E6 increases the degradation rate of p53 in human keratinocytes. J Virol 66, 6237-6241.
Huibregtse, J. M., Scheffner, M., and Howley, P. M. (1991). A cellular protein mediates
association of p53 with the E6 oncoprotein of human papillomavirus types 16 or 13.
Embo J 10, 4129-4135.

Huibregtse, J. M., Scheffner, M., and Howley, P. M. (1993). Cloning and expression of
the cDNA for E6-AP, a protein that mediates the interaction of the human papillomavirus
E6 oncoprotein with p53. Mol Cell Biol 13, 775-784.



95

Hupp, T. R., and Lane, D. P. (1994). Allosteric activation of latent p53 tetramers. Curr
Biol 4, 865-875.

Hupp, T. R, Sparks, A., and Lane, D. P. (1995). Small peptides activate the latent
sequence- spemﬁc DNA binding function of p53. Cell 83, 237-245.

Jacks, T., Remington, L., Williams, B. O., Schmitt, E. M., Halachmi, S., Bronson, R. T,,
and Weinberg, R. A. (1994). Tumor spectrum analysis in p53-rnutant mice. Curr Biol 4,
1-7.

Jallepalli, P. V., Lengauer, C., Vogelstein, B., and Bunz, F. (2003). The Chk2 Tumor
Suppressor Is Not Required for p53 Responses in Human Cancer Cells. J Biol Chem 278,
20475-20479.

Jay, G., Khoury, G., DeLeo, A. B., Dippold, W. G., and Old, L. J. (1981). p53
transformation-related protein: detection of an associated phosphotransferase activity.
Proc Natl Acad Sci U S A 78, 2932-2936.

Jeffrey, P. D., Gorina, S., and Pavletich, N. P. C1995) Crystal structure of the
tetramerization domain of the p53 tumor suppr¢ssor at 1.7 angstroms. Science 267, 1498-
1502.

Jenkins, J. R., Rudge, K., and Currie, G. A. (1984). Cellular immortalization by a cDNA
clone encoding the transformation-associated phosphoprotein p53. Nature 372, 651-654.
Jimenez, G. S., Nister, M., Stommel, J. M., Be¢che, M., Barcarse, E. A., Zhang, X. Q.,
O'Gorman, S., and Wahl, G. M. (2000). A transactivation-deficient mouse model
provides insights into Trp53 regulation and ﬁmptlon Nat Genet 26, 37-43.

Jin, S., Antinore, M. J., Lung, F. D., Dong, X., Zhao, H., Fan, F., Colchagie, A. B.,
Blancl( P., Roller, P. P., Fornace, A. J., Jr,, and Zhan, Q (2000). The GADDA45
inhibition of Cdc2 kmase correlates w1th GADD45 mediated growth suppression. J Biol
Chem 275, 16602-16608.

Jones, S. N, Roe, A. E., Donehower, L. A. andl Bradley, A. (1995). Rescue of embryonic
lethality in Mdm2 deﬁc1ent mice by absence of p53. Nature 378, 206-208.

Kaku, S., Iwahashi, Y., Kuraishi, A., Albor, A., Yamagishi, T., Nakaike, S., and Kulesz-
Martin, M. (2001). Binding to the naturally occurring double p53 binding site of the
Mdm2 promoter alleviates the requirement for p53 C-terminal activation. Nucleic Acids
Res 29, 1989-1993.

Kannan, K., Amariglio, N., Rechavi, G., Jakob+Hirsch, J., Kela, I., Kaminski, N., Getz,
G., Domany, E., and Givol, D. (2001a). DNA microarrays identification of primary and
secondary target genes regulated by p53. Oncogene 20, 2225-2234.

Kannan, K., Kaminski, N., Rechavi, G., Jakob-Hirsch, J., Amariglio, N., and Givol, D.
(2001b). DNA microarray analysis of genes involved in p53 mediated apoptosis:
activation of Apaf-1. Oncogene 20, 3449-3455,

Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstem B., and Craig, R. W. (1991).
Participation of pS53 protein in the cellular requ)nse to DNA damage Cancer Res 51,
6304-6311.

Kastan, M. B., Zhan, Q., el-Deiry, W. S., Carrier, F., Jacks, T., Walsh, W. V., Plunkett,
B. S., Vogelstein, B., and Fornace, A. J., Jr. (1992). A mammalian cell cycle checkpoint
pathway utilizing p53 and GADD45 is defectlwe in ataxia-telangiectasia. Cell 77, 587-
597.



96

Kern, S. E., Kinzler, K. W., Bruskin, A., Jarosz, D., Friedman, P., Prives, C., and
Vogelstein, B. (1991). Identification of p53 as a sequence-specific DN A-binding protein.
Science 252, 1708-1711.

Kim, S. H,, Roth, K. A., Coopersmith, C. M., Pipas, J. M., and Gordon, J. I. (1994).
Expression of wild-type and mutant simian virus 40 large tumor antigens in villus-
associated enterocytes of transgenic mice. Proc Natl Acad SciU S A 9/, 6914-6918.
Kleihues, P., Schauble, B., zur Hausen, A., Esteve, J., and Ohgaki, H. (1997). Tumors
associated with p53 germline mutations: a synopsis of 91 families. Am J Pathol 150, 1-
13.

Knowles, M. A. (2001). What we could do now: molecular pathology of bladder cancer.
Mol Pathol 54, 215-221.

Knudson, A. G., Jr., Hethcote, H. W., and Brown, B. W. (1975). Mutation and childhood
cancer: a probabilistic model for the incidence of retinoblastoma. Proc Natl Acad Sci U S
A 72,5116-5120.

Knudson, C. M., Johnson, G. M., Lin, Y., and Korsmeyer, S. J. (2001). Bax accelerates
tumorigenesis in p53-deficient mice. Cancer Res 67, 659-665.

Korgaonkar, C., Zhao, L., Modestou, M., and Quelle, D. E. (2002). ARF function does
not require pS3 stabilization or Mdm2 relocalization. Mol Cell Biol 22, 196-206.

Lakin, N. D., and Jackson, S. P. (1999). Regulation of p53 in response to DNA damage.
Oncogene /8, 7644-7655.

Lane, D. P. (1984). Cell immortalization and transformation by the p53 gene. Nature 372,
596-597.

Laronga, C., Yang, H. Y., Neal, C., and Lee, M. H. (2000). Association of the cyclin-
dependent kinases and 14-3-3 sigma negatively regulates cell cycle progression. J Biol
Chem 275, 23106-23112.

Latronico, A. C., Pinto, E. M., Domenice, S., Fragoso, M. C., Martin, R. M., Zerbini, M.
C., Lucon, A. M., and Mendonca, B. B. (2001). An inherited mutation outside the highly
conserved DNA-binding domain of the p53 tumor suppressor protein in children and
adults with sporadic adrenocortical tumors. J Clin Endocrinol Metab 86, 4970-4973.
Lavigueur, A., Maltby, V., Mock, D., Rossant, J., Pawson, T., and Bernstein, A. (1989).
High incidence of lung, bone, and lymphoid tumors in transgenic mice overexpressing
mutant alleles of the p53 oncogene. Mol Cell Biol 9, 3982-3991.

Lawler, J., Miao, W. M., Duquette, M., Bouck, N., Bronson, R. T., and Hynes, R. O.
(2001). Thrombospondin-1 gene expression affects survival and tumor spectrum of p53-
deficient mice. Am J Pathol /59, 1949-1956.

Leach, F. S., Tokino, T., Meltzer, P., Burrell, M., Oliner, J. D., Smith, S., Hill, D. E.,
Sidransky, D., Kinzler, K. W., and Vogelstein, B. (1993). p53 Mutation and MDM2
amplification in human soft tissue sarcomas. Cancer Res 53, 223 1-2234.

Lee, H. S. E., and Wright, J. (2000). Dates in Oncology: A Chronological Record of
Progress in Oncology over the Last Millennium. 124.

Lee, S. B., Kim, S. H., Bell, D. W., Wahrer, D. C., Schiripo, T. A., Jorczak, M. M., Sgroi,
D. C., Garber, J. E., Li, F. P, Nichols, K. E., et al. (2001). Destabilization of CHK2 by a
missense mutation associated with Li-Fraumeni Syndrome. Cancer Res 61, 8062-8067.
Leroi, A. M., Koufopanou, V., and Burt, A. (2003). Cancer selection. Nat Rev Cancer 3,
226-231.



97

Li, B., and Fields, S. (1993). Identification of mutations in p53 that affect its binding to
SV40 large T antigen by using the yeast two-hybrid system. Faseb J 7, 957-963.

Li, F. P., and Fraumeni, J. F., Jr. (1969). Soft-tissue sarcomas, breast cancer, and other
neoplasms. A familial syndrome? Ann Intern Med 7/, 747-752.

Li, M., Chen, D., Shiloh, A., Luo, J., Nikolaev, A. Y., Qin, J., and Gu, W. (2002).
Deubiquitination of p53 by HAUSP is an important pathway for p53 stabilization. Nature
416, 648-653.

Linke, S. P., Clarkin, K. C., Di Leonardo, A., Tsou, A., and Wahl, G. M. (1996). A
reversible, p53-dependent GO/G1 cell cycle arrest induced by ribonucleotide depletion in
the absence of detectable DNA damage. Genes Dev 10, 934-947.

Linzer, D. [., Maltzman, W., and Levine, A. J. (1979). The SV40 A gene product is
required for the production of a 54,000 MW cellular tumor antigen. Virology 98, 308-
318.

Liu, G., McDonnell, T. J., Montes de Oca Luna, R., Kapoor, M., Mims, B., El-Naggar, A.
K., and Lozano, G. (2000). High metastatic potential in mice inheriting a targeted p53
missense mutation. Proc Natl Acad Sci U S A 97, 4174-4179.

Liu, X., and Berk, A. J. (1995). Reversal of in vitro p53 squelching by both TFIIB and
TFIID. Mol Cell Bio! 15, 6474-6478.

Ljungman, M., O'Hagan, H. M., and Paulsen, M. T. (2001). Induction of ser15 and
lys382 modifications of p53 by blockage of transcription elongation. Oncogene 20, 5964-
5971.

Llanos, S., Clark, P. A., Rowe, J., and Peters, G. (2001). Stabilization of p53 by pl4ARF
without relocation of MDM?2 to the nucleolus. Nat Cell Biol 3, 445-452.

Lloyd, D. R., and Hanawalt, P. C. (2002). p53 controls global nucleotide excision repair
of low levels of structurally diverse benzo(g)cl'ﬁysene-DNA adducts in human
fibroblasts. Cancer Res 62, 5288-5294. '

Lotem, J., and Sachs, L. (1993). Hematopoictic cells from mice deficient in wild-type
p53 are more resistant to induction of apoptosis by some agents. Blood 82, 1092-1096.
Lowe, S. W., Schmitt, E. M., Smith, S. W., Osborne, B. A., and Jacks, T. (1993). p53 is
required for radiation-induced apoptosis in mouse thymocytes. Nature 362, 847-849.
Macip, S., [garashi, M., Fang, L., Chen, A, Pan, Z. Q., Lee, S. W., and Aaronson, S. A.
(2002). Inhibition of p21- medlated ROS accurﬂulatlon can rescue p21-induced
senegscence. Embo J 27, 2180-2188.

Mackay, J., Steel, C. M., Elder, P. A., Forrest, A. P., and Evans, H. J. (1988). Allele loss
on short arm of chromosome 17 in breast cancers. Lancet 2, 1384-1385.

MacLachlan, T. K., and El-Deiry, W. S. (2002). Apoptotic threshold is lowered by p53
transactivation of caspase-6. Proc Natl Acad Sci U S A 99, 9492-9497,

Madden, S. L., Galella, E. A., Zhu, J., Bertelsen, A. H., and Beaudry, G. A. (1997).
SAGE transcnpt profiles for p53 dependent grd)wth regulation. Oncogene /5, 1079-1085.
Maki, C. G., Huibregtse, J. M., and Howley, P. M. (1996). In vivo ubiquitination and
proteasome- medlated degradatlon of p53(1). Cancer Res 56, 2649-2654.

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

Mansur, C. P., Marcus, B., Dalal, S., and Androphy, E. J. (1995). The domain of p53
required for bmdmg HPV 16 E6 is separable fr m the degradation domain. Oncogene 10,
457-465. ‘



98

Marin, M. C,, Jost, C. A., Brooks, L. A., Irwin, M. S., O'Nions, J., Tidy, J. A., James, N.,
McGregor, J. M., Harwood, C. A, Yulug, I. G, et al. (2000). A common polymorphism
acts as an intragenic modifier of mutant p53 behaviour. Nat Genet 25, 47-54.

Marks, J., Lin, J., Miller, D., Lozano, G., Herbert, J., and Levine, A. J. (1988). The
expression of viral and cellular genes in papillomas of the choroid plexus induced in
transgenic mice. Prog Clin Biol Res 284, 163-186.

Martin-Caballero, J., Flores, J. M., Garcia-Palencia, P., and Serrano, M. (2001). Tumor
susceptibility of p21(Waf1/Cip1)-deficient mice. Cancer Res 67, 6234-6238.

Mateu, M. G., and Fersht, A. R. (1999). Mutually compensatory mutations during
evolution of the tetramerization domain of tumor suppressor p53 lead to impaired hetero-
oligomerization. Proc Natl Acad SciU S A 96, 3595-3599.

Matlashewski, G., Lamb, P., Pim, D., Peacock, I., Crawford, L., and Benchimol, S.
(1984). Isolation and characterization of a human p53 cDNA clone: expression of the
human p53 gene. Embo J 3, 3257-3262.

Matsuoka, S., Huang, M., and Elledge, S. J. (1998). Linkage of ATM to cell cycle
regulation by the Chk2 protein kinase. Science 282, 1893-1897.

Maxwell, S. A., and Davis, G. E. (2000). Differential gene expression in p53-mediated
apoptosis-resistant vs. apoptosis-sensitive tumor cell lines. Proc Natl Acad SciU S A 97,
13009-13014.

Middeler, G., Zerf, K., Jenovai, S., Thulig, A., Tschodrich-Rotter, M., Kubitscheck, U.,
and Peters, R. (1997). The tumor suppressor p53 is subject to both nuclear import and
export, and both are fast, energy-dependent and lectin-inhibited. Oncogene /4, 1407-
1417.

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P., and Moll, U.
M. (2003). p53 has a direct apoptogenic role at the mitochondria. Mol Cell /7, 577-590.
Miyashita, T., Krajewski, S., Krajewska, M., Wang, H. G., Lin, H. K., Liebermann, D.
A., Hoffman, B., and Reed, I. C. (1994). Tumor suppressor p53 is a regulator of bel-2
and bax gene expression in vitro and in vivo. Oncogene 9, 1799-1805.

Miyashita, T., and Reed, J. C. (1995). Tumor suppressor p53 is a direct transcriptional
activator of the human bax gene. Cell 80, 293-299.

Momand, J., Wu, H. H., and Dasgupta, G. (2000). MDM2--master regulator of the p53
tumor suppressor protein. Gene 242, 15-29.

Montes de Oca Luna, R., Wagner, D. S., and Lozano, G. (1995). Rescue of early
embryonic lethality in mdm?2-deficient mice by deletion of p53. Nature 378, 203-206.
Moore, M., Teresky, A. K., Levine, A. J., and Seiberg, M. (1992). p53 mutations are not
selected for in simian virus 40 T-antigen-induced tumors from transgenic mice. J Virol
66, 641-649.

Muller, A. J., Teresky, A. K., and Levine, A. J. (2000a). A male germ cell tumor-
susceptibility-determining locus, pgctl, identified on murine chromosome 13. Proc Natl
Acad SciU S A 97, 8421-8426.

Muller, S., Berger, M., Lehembre, F., Seeler, J. S., Haupt, Y., and Dejean, A. (2000b). c-
Jun and p53 activity is modulated by SUMO-1 modification. J Biol Chem 275, 13321-
13329.

Nakamura, T., Pichel, J. G., Williams-Simons, L., and Westphal, H. (1995). An apoptotic
defect in lens differentiation caused by human p53 is rescued by a mutant allele. Proc
Natl Acad SciU S A 92, 6142-6146.



99

Nakano, K., Balint, E., Ashcroft, M., and Vousden, K. H. (2000). A ribonucleotide
reductase gene is a transcriptional target of p53:and p73. Oncogene /9, 4283-4289.
Nichols, K. E., Malkin, D., Garber, JI. E., Fraumeni, J. F., Jr., and Li, F. P. (2001). Germ-
line pS3 mutations predispose to a wide spectrum of early-onset cancers. Cancer
Epidemiol Biomarkers Prev 10, 83-87. |

Nigro, J. M., Baker, S. J., Preisinger, A. C., Jessup, J. M., Hostetter, R., Cleary, K.,
Bigner, S. H., Davidson, N., Baylin, S., Devilee, P., and et al. (1989). Mutations in the
p53 gene occur in diverse human tumour types. Nature 342, 705-708.

Oda, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita, T., Tokino, T.,
Taniguchi, T., and Tanaka, N. (2000). Noxa, a BH3-only member of the Bcl-2 family and
candidate mediator of p53-induced apoptosis. Science 288, 1053-1058.

Ohyama, K., Chung, C. H., Chen, E., Gibson, ¢. W., Misof, K., Fratzl, P., and Shapiro, I.
M. (1997). p53 influences mice skeletal develo ment. J Cramofac Genet Dev Biol 17,
161-171.

Oren, M., Bienz, B., Givol, D., Rechavi, G., and Zakut, R. (1983). Analysis of
recombinant DNA clones spec1ﬁc for the mur1rre p53 cellular tumor antigen. Embo J 2,
1633-1639.

Oren, M., and Levine, A. J. (1983). Molecular ¢10n1ng of a cDNA specific for the murine
p53 cellular tumor antigen. Proc Natl Acad ScilU S A 80, 56-59.

O'Rourke, R. W., Miller, C. W., Kato, G. J., Simon, K. J., Chen, D. L., Dang, C. V., and
Koeffler, H. P. (1990) A potentlal transcr1pt10 | activation element in the p53 protein.
Oncogene 3, 1829-1832.

Osada, H., Tatematsu, Y., Yatabe, Y. Nakaga a, T., Konishi, H., Harano, T., Tezel, E.,
Takada, M., and Takahashi, T. (2002). Frequent and h1stolog1cal type spemﬁc
inactivation of 14-3-3sigma in human lung cancers. Oncogene 2/, 2418-2424.

Parada, L. F., Land, H., Weinberg, R. A., Wolf] D., and Rotter, V. (1984). Cooperation
between gene encodmg p53 tumour antlgen and ras in cellular transformation. Nature
312, 649-651.

Peller, S., and Rotter, V. (2003). TP53 in hemaiologlcal cancer: low incidence of
mutations with significant clinical relevance. Hum Mutat 21, 277-284.

Pennica, D., Goeddel, D. V., Hayflick, J. S., Reich, N. C., Anderson, C. W., and Levine,
AL (1984) The amino amd sequence of mur1 e p53 determmed from a c-DNA clone.
Virology 134, 477-482.

Pfeifer, G. P. (2000). p53 mutational spectra ar#d the role of methylated CpG sequences.
Mutat Res 450, 155-166.

Pfeifer, G. P., and Denissenko, M. F. (1998). Fbrmatlon and repair of DNA lesions in the
p53 gene: relatlon to cancer mutations? Environ Mol Mutagen 3/, 197-205.

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W., and Vogelstein, B. (1997). A model for
p53- 1nduced apopt051s Nature 389 300-305.

Rafferty, J. A., Clarke, A. R., Sellappan, D., K$ref M. S., Frayling, I. M., and Margison,
G. P. (1996). Induction of murine O6-alkylguanine-DNA- alkyltransferase in response to
ionising radiation is p53 gene dose dependent. Oncogene 12, 693-697.

Raycroft, L., Wu, H. Y., and Lozano, G. (1990). Transcriptional activation by wild-type
but not transforming mutants of the p53 anti-oncogene. Science 249, 1049-1051.



100

Reese, J. S., Allay, E., and Gerson, S. L. (2001). Overexpression of human O6-
alkylguanine DNA alkyltransferase (AGT) prevents MNU induced lymphomas in
heterozygous p53 deficient mice. Oncogene 20, 5258-5263.

Reich, N. C., and Levine, A. J. (1982). Specific interaction of the SV40 T antigen-cellular
p53 protein complex with SV40 DNA. Virology 117, 286-290.

Reich, N. C., Oren, M., and Levine, A. J. (1983). Two distinct mechanisms regulate the
levels of a cellular tumor antigen, p53. Mol Cell Biol 3, 2143-2150.

Robles, A. 1., Bemmels, N. A., Foraker, A. B., and Harris, C. C. (2001). APAF-1isa
transcriptional target of p53 in DN A damage-induced apoptosis. Cancer Res 67, 6660-
6664.

Rodriguez, M. S., Desterro, J. M., Lain, S., Midgley, C. A., Lane, D. P., and Hay, R. T.
(1999). SUMO-1 modification activates the transcriptional response of p53. Embo J I8,
6455-6461.

Rosenthal, A. N., Ryan, A., Al-Jehani, R. M., Storey, A., Harwood, C. A., and Jacobs, 1.
J. (1998). p53 codon 72 polymorphism and risk of cervical cancer in UK. Lancet 352,
871-872.

Roth, J., Dobbelstein, M., Freedman, D. A., Shenk, T., and Levine, A. J. (1998). Nucleo-
cytoplasmic shuttling of the hdm2 oncoprotein regulates the levels of the p53 protein via
a pathway used by the human immunodeficiency virus rev protein. Embo J 17, 554-564.
Rotter, V., Schwartz, D., Almon, E., Goldfinger, N., Kapon, A., Meshorer, A.,
Donechower, L. A., and Levine, A. J. (1993). Mice with reduced levels of p53 protein
exhibit the testicular giant-cell degenerative syndrome. Proc Natl Acad SciU S A 90,
9075-9079.

Ruaro, E. M., Collavin, L., Del Sal, G., Haffner, R., Oren, M., Levine, A. J., and
Schneider, C. (1997). A proline-rich motif in p53 is required for transactivation-
independent growth arrest as induced by Gasl. Proc Natl Acad Sci U S A 94, 4675-4680.
Rubelj, 1., and Pereira-Smith, O. M. (1994). SV40-transformed human cells in crisis
exhibit changes that occur in normal cellular senescence. Exp Cell Res 217, 82-89.
Russell, L. D., Chiarini-Garcia, H., Korsmeyer, S. J., and Knudson, C. M. (2002). Bax-
dependent spermatogonia apoptosis is required for testicular development and
spermatogenesis. Biol Reprod 66, 950-958.

Russell, S. I, Ye, Y. W., Waber, P. G., Shuford, M., Schold, S. C., Jr., and Nisen, P. D.
(1995). p53 mutations, O6-alkylguanine DNA alkyltransferase activity, and sensitivity to
procarbazine in human brain tumors. Cancer 75, 1339-1342.

Sager, R., and Kovac, P. E. (1978). Genetic analysis of tumorigenesis: I. Expression of
tumor-forming ability in hamster hybrid cell lines. Somatic Cell Genet 4, 375-392.

Sah, V. P, Attardi, L. D., Mulligan, G. J., Williams, B. O., Bronson, R. T., and Jacks, T.
(1995). A subset of p53-deficient embryos exhibit exencephaly. Nat Genet 10, 175-180.
Saifudeen, Z., Dipp, S., and El-Dahr, S. S. (2002). A role for p53 in terminal epithelial
cell differentiation. J Clin Invest 709, 1021-1030.

Samuels-Lev, Y., O'Connor, D. J., Bergamaschi, D., Trigiante, G., Hsieh, J. K., Zhong,
S., Campargue, 1., Naumovski, L., Crook, T., and Lu, X. (2001). ASPP proteins
specifically stimulate the apoptotic function of p53. Mol Cell 8, 781-794.

Scheffner, M., Huibregtse, J. M., Vierstra, R. D., and Howley, P. M. (1993). The HPV-16
E6 and E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitination of
p53. Cell 75, 495-505.



101

Schon, O., Friedler, A., Bycroft, M., Freund, S. M., and Fersht, A. R. (2002). Molecular
mechanism of the interaction between MDM2 and p53. J Mol Biol 323, 491-501.
Schuijer, M., and Berns, E. M. (2003). TP53 aqd ovarian cancer. Hum Mutat 27, 285-
291.

Schuler, M., and Green, D. R. (2001). Mechaméms of p53-dependent apoptosis. Biochem
Soc Trans 29 684-688.

Scolnick, D. M., Chehab, N. H., Stavridi, E. S., Lien, M. C,, Caruso, L., Moran, E.,
Berger, S. L., and Halazonetis, T. D. (1997). CREB binding protein and p300/CBP-
associated factor are transcriptional coactlvators of the p53 tumor suppressor protein.
Cancer Res 57, 3693-3696.

Seo, Y. R,, Fishel, M. L., Amundson, S., Kelle M. R., and Smith, M. L. (2002).
Implication of p53 in base excision DNA repair: in vivo evidence. Oncogene 2/, 731-
737. \

Sepulveda, A. R., Finegold, M. J., Smith, B. siagle B. L., DeMayo, J. L., Shen, R. F.,
Woo, S. L., and Butel I.S. (1989) Developmetnt of a transgenic mouse system for the
analysis of stages in liver carcinogenesis using tlssue specific expression of SV40 large
T-antigen controlled by regulatory elements of the human alpha-1-antitrypsin gene.
Cancer Res 49, 6108-6117.

Shaulsky, G., Goldfinger, N., Ben-Ze'ev, A. aqd Rotter, V. (1990). Nuclear accumulation
of p53 protein is mediated by several nuclear localization signals and plays a role in
tumorigenesis. Mol Cell Biol 10, 6565-6577. |

Shaulsky, G., Goldfinger, N., Tosky, M. S., Levine, A. I., and Rotter, V. (1991). Nuclear
localization is essential for the activity of p53 protein. Oncogene 6, 2055-2065.

Sherr, C. J.,, and Roberts, J. M. (1999). CDK i%nibitors: positive and negative regulators
of G1-phase progression. Genes Dev 13, 1501-1512.

Shick, L., Carman, J. H., Choi, J. K., Somasundaram, K., Burrell, M., Hill, D. E., Zeng,
Y. X., Wang, Y., Wiman, K. G., Salhany, K., EJ al. (1997). Decreased immunoglobulin
deposition in tumors and increased immature B cells in p53-null mice. Cell Growth
Differ 8, 121-131.
Shieh, S. Y., Ikeda, M., Taya, Y., and Prives, C. (1997). DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cell 91, 325-334.

Shih, C., and Weinberg, R. A. (1982). Isolation of a transforming sequence from a human
bladder carcinoma cell line. Cell 29, 161-169. |

Shimkin, m. (1977). Contrary to Nature. 498.

Shimura, T., Toyoshima, M., Taga, M., Shlrausi-n K., Uematsu, N., [noue, M., and Niwa,
0. (2002). The novel surveillance mechamsm f the Trp53 dependent s- phase checkpoint
ensures chromosome damage repair and preimplantation-stage development of mouse
embryos fertilized with x-irradiated sperm. Radiat Res 158, 735-742.

Smith, B. L., and Sager, R. (1985). Genetic analysis of tumorigenesis: XXI. Suppressor
genes in CHEF cells. Somat Cell Mol Genet /1, 25-34.

Smith, M. L., Chen, I. T., Zhan, Q., Bae, 1., Chen, C. Y., Gilmer, T. M., Kastan, M. B.,
O'Connor, P. M., and Fornace, A. J., Jr. (1994), Interaction of the p53-regulated protein
Gadd45 with proliferating cell nuclear antigen.|Science 266, 1376-1380.

Soussi, T., and Beroud, C. (2001). Assessing TP53 status in human tumours to evaluate
clinical outcome. Nat Rev Cancer 7, 233-240. |



102

Soussi, T., and Beroud, C. (2003). Significance of TP53 mutations in human cancer: a
critical analysis of mutations at CpG dinucleotides. Hum Mutat 27, 192-200.

Srivastava, S., Wang, S., Tong, Y. A., Hao, Z. M., and Chang, E. H. (1993). Dominant
negative effect of a germ-line mutant p53: a step fostering tumorigenesis. Cancer Res 53,
4452-4455.

Staib, F., Hussain, S. P., Hofseth, L. J., Wang, X. W., and Harris, C. C. (2003). TP53 and
liver carcinogenesis. Hum Mutat 2/, 201-216.

Stanbridge, E. J. (1989). The evidence for human tumor suppressor genes. Princess
Takamatsu Symp 20, 3-13.

Steinmeyer, K., and Deppert, W. (1988). DNA binding properties of murine p53.
Oncogene 3, 501-507.

Stommel, J. M., Marchenko, N. D., Jimenez, G. S., Moll, U. M., Hope, T. J., and Wahl,
G. M. (1999). A leucine-rich nuclear export signal in the p53 tetramerization domain:
regulation of subcellular localization and p53 activity by NES masking. Embo J /8,
1660-1672.

Sturzbecher, H. W., Chumakov, P., Welch, W. J., and Jenkins, J. R. (1987). Mutant p53
proteins bind hsp 72/73 cellular heat shock-related proteins in SV40-transformed monkey
cells. Oncogene 7, 201-211.

Sugimoto, M., Kuo, M. L., Roussel, M. F., and Sherr, C. I. (2003). Nucleolar Arf tumor
suppressor inhibits ribosomal RNA processing. Mol Cell /1, 415-424.

Sun, Y., Wicha, M., and Leopold, W. R. (1999). Regulation of metastasis-related gene
expression by p53: a potential clinical implication. Mol Carcinog 24, 25-28.

Swisher, S. G., and Roth, J. A. (2002). Clinical update of Ad-p53 gene therapy for lung
cancer. Surg Oncol Clin N Am /17, 521-535.

Takahashi, T., Nau, M. M., Chiba, I., Birrer, M. J., Rosenberg, R. K., Vinocour, M.,
Levitt, M., Pass, H., Gazdar, A. F., and Minna, J. D. (1989). p53: a frequent target for
genetic abnormalities in lung cancer. Science 246, 491-494.

Takimoto, R., and El-Deiry, W. S. (2000). Wild-type p53 transactivates the
KILLER/DRS5 gene through an intronic sequence-specific DNA-binding site. Oncogene
19, 1735-1743.

Tan, T., and Chu, G. (2002). p53 Binds and activates the xeroderma pigmentosum DDB2
gene in humans but not mice. Mol Cell Biol 22, 3247-3254.

Tanaka, ., Arakawa, H., Yamaguchi, T., Shiraishi, K., Fukuda, S., Matsui, K., Takel,
Y., and Nakamura, Y. (2000). A ribonucleotide reductase gene involved in a p53-
dependent cell-cycle checkpoint for DNA damage. Nature 404, 42-49.

Taylor, W. R., and Stark, G. R. (2001). Regulation of the G2/M transition by p53.
Oncogene 20, 1803-1815.

Tibbetts, R. S., Brumbaugh, K. M., Williams, J. M., Sarkaria, J. N., Cliby, W. A, Shieh,
S. Y., Taya, Y., Prives, C., and Abraham, R. T. (1999). A role for ATR in the DNA
damage-induced phosphorylation of p53. Genes Dev 13, 152-157.

Tominaga, K., Morisaki, H., Kaneko, Y., Fujimoto, A., Tanaka, T., Ohtsubo, M., Hirai,
M., Okayama, H., Ikeda, K., and Nakanishi, M. (1999). Role of human Cds1 (Chk2)
kinase in DNA damage checkpoint and its regulation by p53. J Biol Chem 274, 31463-
31467.

Tommasino, M., Accardi, R., Caldeira, S., Dong, W., Malanchi, I., Smet, A, and Zehbe,
1. (2003). The role of TP53 in Cervical carcinogenesis. Hum Mutat 2/, 307-312.



103

Toyooka, S., Tsuda, T., and Gazdar, A. F. (2003). The TP53 gene, tobacco exposure, and
lung cancer. Hum Mutat 21, 229-239.

Tyner, S. D., Venkatachalam, S., Cho, J., Jone% S., Ghebranious, N_, Igelmann, H., Lu,
X., Soron, G., Cooper, B., Brayton, C., ef al. (2002). p53 mutant mice that display early
ageing-associated phenotypes Nature 475, 45-53.

Unger, T., Juven-Gershon, T., Moallem, E., Berger, M., Vogt Sionov, R., Lozano, G.,
Oren, M., and Haupt, Y. (1999). Critical role for Ser20 of human p53 in the negative
regulation of p53 by Mdm2. Embo J /&, 1805-1814.

Urano, T., Saito, T., Tsukui, T., Fujita, M., Hosoi, T., Muramatsu, M., Ouchi, Y., and
Inoue, S. (2002). Efp targets 14-3-3 sigma for proteolysis and promotes breast tumour
growth. Nature 477, 871-875.

Vafa, O., Wade, M., Kern, S., Beeche, M., Pandita, T. K., Hampton, G. M., and Wahl, G.
M. (2002). ¢-Myc can induce DNA damage, 'mtrease reactive oxygen species, and
mitigate p53 function: a mechanism for oncoge e-induced genetic instability. Mol Cell 9,
1031-1044.

VanDemark, A. P., and Hill, C. P. (2002). Stru¢tural basis of ubiquitylation. Curr Opin
Struct Biol 12, 822 830.

Varley, J. M. (2003). Germline TP53 mutatlond and Li-Fraumeni syndrome. Hum Mutat
21,313-320.

Varley, J. M., McGown, G., Thorncroft, M. .Ta es, L. A., Margison, G. P., Forster, G.,
Evans, D. G., Harris, M., Kelsey, A. M., and Birch, J. M. (1999). Are there low-
penetrance TP53 Alleles‘? evidence frorn childhood adrenocortical tumors. Am J Hum
Genet 65, 995-1006.

Venot, C., Maratrat, M., Dureuil, C., Conseiller, E., Bracco, L., and Debussche, L.
(1998). The requirement for the p53 proline-rich functional domain for mediation of
apoptosis is correlated with specific PIG3 gene 'transactivation and with transcriptional
repression. Embo J /7, 4668-4679.

Vogelstein, B. (1990). Cancer. A deadly inheritance. Nature 348, 681-682.

Walker, K. K., and Levine, A. J. (1996). Identlﬁcatlon of a novel p53 functional domain
that is necessary for efficient growth suppressnon Proc Natl Acad Sci U S A 93, 15335-
15340.

Wang, L., Wu, Q., Qiu, P., Mirza, A., MCGU].I‘kl M., Kirschmeier, P., Greene, J. R.,
Wang, Y., Pickett, C. B. and Liu, S. (2001). Ahalyses of p53 target genes in the human
genome by blomformatlc and microarray apprdaches J Biol Chem 276, 43604-43610.
Wang, X. (2001). The expanding role of m1tocﬂ10ndr1a in apoptosis. Genes Dev 135, 2922-
2933,

Waterman, J. L., Shenk, J. L., and Halazonetis, T. D. (1995). The dihedral symmetry of
the p53 tetramerization domain mandates a conformational switch upon DNA binding.
Embo J 74, 512-519.

Waterman, M. J., Stavridi, E. S., Waterman, J. ]L and Halazonetis, T. D. (1998). ATM-
dependent activation of p53 mvolves dephosphbrylatlon and association with 14-3-3
proteins. Nat Genet /9, 175-178.

Weber, J. D., Taylor, L. J., Roussel, M. F., Shetr C. J.,, and Bar-Sagi, D. (1999).
Nucleolar Arf sequesters Mdm2 and activates p53 Nat Cell Biol /7, 20-26.



104

Wenger, R. H., Camenisch, G., Desbaillets, 1., Chilov, D., and Gassmann, M. (1998). Up-
regulation of hypoxia-inducible factor-1alpha is not sufficient for hypoxic/anoxic p53
induction. Cancer Res 58, 5678-5680.

Wu, Y., Mehew, J. W., Heckman, C. A., Arcinas, M., and Boxer, L. M. (2001). Negative
regulation of bcl-2 expression by p53 in hematopoietic cells. Oncogene 20, 240-251.
Xing, J., Sheppard, H. M., Corneillie, S. [., and Liu, X. (2001). pS3 Stimulates TFIID-
TFIIA-promoter complex assembly, and p53-T antigen complex inhibits TATA binding
protein-TATA interaction. Mol Cell Biol 27, 3652-3661.

Yonish-Rouach, E., Grunwald, D., Wilder, S., Kimchi, A., May, E., Lawrence, J. J., May,
P., and Oren, M. (1993). p53-mediated cell death: relationship to cell cycle control. Mol
Cell Biol 13, 1415-1423.

Yoshida, H., Kong, Y. Y., Yoshida, R., Elia, A. J., Hakem, A., Hakem, R., Penninger, J.
M., and Mak, T. W. (1998). Apafl is required for mitochondrial pathways of apoptosis
and brain development. Cell 94, 739-750.

Yu, J., Wang, Z., Kinzler, K. W., Vogelstein, B., and Zhang, L. (2003). PUMA mediates
the apoptotic response to p53 in colorectal cancer cells. Proc Natl Acad SciU S A 100,
1931-1936.

Yu, J., Zhang, L., Hwang, P. M., Kinzler, K. W., and Vogelstein, B. (2001). PUMA
induces the rapid apoptosis of colorectal cancer cells. Mol Cell 7, 673-682.

Yu, J., Zhang, L., Hwang, P. M., Rago, C., Kinzler, K. W., and Vogelstein, B. (1999).
Identification and classification of p53-regulated genes. Proc Natl Acad Sci U S A 96,
14517-14522.

Zakut-Houri, R., Bienz-Tadmor, B., Givol, D., and Oren, M. (1985). Human p53 cellular
tumor antigen: cDNA sequence and expression in COS cells. Embo J 4, 1251-1255.
Zauberman, A., Flusberg, D., Haupt, Y., Barak, Y., and Oren, M. (1995). A functional
pS3-responsive intronic promoter is contained within the human mdm?2 gene. Nucleic
Acids Res 23, 2584-2592.

Zhan, Q., Fan, S., Bae, L., Guillouf, C., Liebermann, D. A., O'Connor, P. M., and
Fornace, A. 1., Jr. (1994). Induction of bax by genotoxic stress in human cells correlates
with normal p53 status and apoptosis. Oncogene 9, 3743-3751.

Zhang, Y., and Xiong, Y. (1999). Mutations in human ARF exon 2 disrupt its nucleolar
localization and impair its ability to block nuclear export of MDM2 and p53. Mol Cell 3,
579-591.

Zhao, R., Gish, K., Murphy, M., Yin, Y., Notterman, D., Hoffman, W. H., Tom, E.,
Mack, D. H., and Levine, A. J. (2000). Analysis of p53-regulated gene expression
patterns using oligonucleotide arrays. Genes Dev /4, 981-993.

Zhu, Y., and Parada, L. F. (2002). The molecular and genetic basis of neurological
tumours. Nat Rev Cancer 2, 616-626.

Zindy, F., Eischen, C. M., Randle, D. H., Kamijo, T., Cleveland, J. L., Sherr, C. J., and
Roussel, M. F. (1998). Mye signaling via the ARF tumor suppressor regulates p53-
dependent apoptosis and immortalization. Genes Dev /2, 2424-2433.

Zou, L., and Elledge, S. J. (2003). Sensing DNA damage through ATRIP recognition of
RPA-ssDNA complexes. Science 300, 1542-1548.



105

Chapter 2: An Intact HDM2 RING Finger is Required for p53 Nuclear Exclusion
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Abstract

The p53 tumor suppressor protein is negatively regulated by HDM2. Recent reports
indicate that the leucine-rich nuclear export sequence (NES) of HDM2 enables it to
shuttle to the cytoplasm, and that this activity is required for p53 degradation. However,

it is unclear whether HDM2 is involved in nuclear export of p53, in part because p53 has
been shown to contain a functional nuclear export sequence within its tetramerization
domain. We show that coexpression of HDM2 with GFP-tagged p53 causes redistribution
of p53 from the nucleus to the cytoplasm of the cell. This activity is dependent on
binding of p53 to HDM2 and requires an intact p53 NES but is independent of the HDM2
NES. A mutant of the HDM2 RING finger domain that is unable to ubiquitinate p53 does
not cause relocalization of p53, suggesting that ubiquitin ligation or other activities of this
region of HDM2 are necessary for its regulation of p53 localization.
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Introduction

The p53 protein is a transcription factor that acts as a tumor suppressor by causing
growth arrest or apoptosis in response to DNA @amage and other forms of cellular stress

(Levine, 1997). The regulation of p53 activity 1&5 largely due to post-translational events,
including direct binding and occlusion of the transactivation domain, ubiquitination
followed by degradation in proteasomes, and control of subcellular localization. The
MDM2 protein has been implicated in all three jof these processes, most recently as a
mediator of export of p53 from the nucleus (Honda et al., 1997b; Lin et al., 1994b; Roth
et al.,, 1998; Tao and Levine, 1999). At present, the data for this activity of MDM2, or the
human homolog HDM2, are indirect. HDM2 proteins with mutations in their leucine-rich
nuclear export scquence (NES) are unable to shuttle between nucleus and cytoplasm, as
assessed in heterokaryon assays, and are incapable of decreasing p53 protein levels (Roth
et al., 1998). Even when nucleus-confined HDM2 NES mutants are coexpressed with

cytoplasm-confined HDM2 proteins mutated in their nuclear localization sequence, they

are unable to promote p53 degradation (Tao and Levine, 1999). Similarly, the compound
Leptomycin B, which inhibits nuclear export pathways requiring the CRM1 receptor for
leucine-rich NES sequences, causes accumulati‘k)n of p53 in the nucleus of the cell, and
increased levels of p53 protein (Fornerod et al.,i 1997; Freedman and Levine, 1998,

\

Fukuda et al., 1997; Ossarch-Nazari et al., 1997).

These observations have led to a model in which HDM2 shuttles rapidly between nucleus

and cytoplasm, carrying p53 out of the nucleus so that it can be degraded by proteasomes

in the cytoplasm. Other recent observations conflict with this interpretation, however.
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The p53 protein contains its own leucine-rich NES sequence, which can act as a

functional nuclear export signal when attached to a reporter protein. The putative p53
NES has been implicated in p53 nuclear shuttling in heterokaryon assays. Notably, a
shuttling activity can be detected even for a pS3 mutant that is unable to bind HDM2

(Stommel et al., 1999).

Here we describe experiments that dissect the regions of HDM2 and p53 required for
regulation of p53 subcellular localization when the two proteins are expressed in the
same cell. Localization properties of NES mutants of pS3 and HDM2, and mutation of
the HDM2 C-terminal RING finger indicate that HDM2 does not act as a simple nuclear
export shuttle for p53, but rather activates the signal for p53 nuclear export, likely via

ubiquitination of p53 (Stommel et al., 1999).

Materials and Methods

Plasmids

Human wild type p53 and p53(1.22Q,W23S) were cloned upstream of EGFP in the
pEGFP/N1 vector (Clontech) by PCR amplification using primers encoding Pstl and
BamHI endonuclease sites. HDM2 expressed from the pCMVS5 plasmid was obtained
from Jim Xiao (Boston University). The HDM2NES (L205A, 1208A), HDM2C464A,
and p53NESGFP (1.348A, L.350A) clones were generated using the QuikChange method
(Stratagene). Constructs made with PCR were sequenced to ensure that no errors were

introduced by the Pfu polymerase. HDM2 and the panel of mutant pS3GFP inserts were
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subcloned nto pCDNA3 (Invitrogen) for in vitro translation experiments. pSG-E1
plasmid containing wild-type E1 was obtained from Dr. A. Schwartz (Washington

University School of Medicine).

Transfection assays ‘

1
NIH/3T3, U2 OS (ATCC), ts20 and HCT116 46115 were grown in DMEM supplemented
with 10% calf serum and antibiotics. Cells were plated on coverslips and transfected 24
hours later using Lipofectamine Plus reagents (bibco) according to the manufacturer's
directions. 0.5 pg of p53GFP plasmids, and 2 pg of HDM2 plasmids per 6-well plate well
were transfected. Total DNA was normalized 1ﬁ each lipofection with either pBluescript
(Stratagene) or an empty yeast 2-hybrid screening vector. Cells were harvested between

20 and 24 hours after transfection. For temperaiure shift experiments, cells were grown at

35°C and moved to a 39°C incubator for the last 6 hours prior to harvest.

Immunofluorescence

Transfected cells were fixed in 4% paraformaldehyde in PBS, permeabilized at -20°C in
methanol, and rehydrated in PBS. Following 30 minute incubation in blocking solution
(1% goat serum in PBS), cells were stained witrﬂ :500 each of anti-Mdm?2 (SMP14;
Pharmingen) in blocking solution for 2 hrs at room temperature. Cells were washed twice

with blocking solution for10 minutes each, thex{l incubated with secondary antibody

Texas-Red-X anti-mouse IgG (Molecular Prob%s) in blocking solution for 2 hrs at room
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temperature. Finally, cells were washed in PBS and mounted on slides. Between 100 and
200 cells were counted for quantification of each assay condition. Cells with non-
nucleoplasmic HDM2 were excluded from the quantitation. Endogenous p53 was
detected in paraformaldehyde-fixed HCT116 cells by permeabilization with 0.1% Triton
X-100 and incubation with anti-p53 Ab-7 (Calbiochem), followed by washing and
incubation with Rhodamine Red-X-conjugated anti-sheep antibodies (Jackson
ImmunoResearch laboratories), while HDM2 was detected using SMP14 anti-Mdm2
followed by FITC-conjugated anti-mouse antibodies (Jackson ImmunoResearch

laboratories).

In vitro translation and immunoprecipitation

RNA was generated using the T7 RNA polymerase (Promega) and translated in vitro
using reticulocyte lysates (Promega). pPCDNA3 plasmids containing the indicated inserts

were used as templates. Coupled transcription-translation reactions were incubated for 90

minutes at 30°C. For immunoprecipitations, lysates containing [355]-methionine-labe1ed
proteins were mixed and incubated for 30 minutes at 30°C, then diluted with 250 pL of
IP buffer (100 mM Tris pH 8.0, 100 mM NaCl, 1% Nonidet P-40), precleared with
Protein G Sepharose beads (Pierce) at 4°C for 30 minutes, then incubated at 4°C with 0.2
ng of the anti-p53 antibody PAb 421 (Oncogene Research Products) for 2 hours. Protein
G Sepharose beads were then added for 30 minutes, and immunoprecipitates were
washed 4 times with IP buffer prior to separation by SDS-PAGE. Analysis of phosphor
screen autoradiographs was conducted using ImageQuant software (Molecular

Dynamics).
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Immunoprecipitation and Western blotting

|
Cells for pS3GFP protein level measurements vi'ere plated in 10 ¢cm dishes, transfected 24
hours later with 1.5 pg of pS3GFP plasmids andj 3 pg of either HDM2 plasmids or empty
vector plasmids, and harvested 24 hours post-trlmsfection. Cell lysates were prepared in
ice-cold NP-40 lysis buffer (50mM Tris pH 7.5: 150mM NaCl, 5SmM EDTA, 0.5%
Nonidet P-40, and protease inhibitors), cleared of cell debris by centrifugation, and
precleared by 30 minute incubation at 400C with Protein G Sepharose beads (Pierce). p53
was immunoprecipitated by incubation of lysates with the PAb421 anti-p53 antibody
(Oncogene Research Products) for 2 hours at 41C followed by addition of Protein G
Sepharose beads for a final 30 minute incubation at 4°C. Beads were washed four times
with lysis buffer, and precipitated proteins were separated by SDS-PAGE. p53GFP was
detected on Western blots using Ab-7 anti-p53|antisera (Calbiochem) and
chemiluminescence. Coimmunoprecipitation of HDM2 with pS3GFP was demonstrated
by immunoprecipitation from transfected U208 cell lysates with anti-GFP antibodies

(Molecular Probes) and Protein G Sepharose beads, followed by Western blotting and

detection of HDM2 using SMP14 anti-Mdm?2 antibodies and chemiluminescence.
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Results

HDM?2 increases cytosolic localization of p53

HDM?2 and its murine homolog MDM2 have been characterized as mediators of p53
degradation (Haupt et al., 1997; Kubbutat et al., 1997). Recent data suggest that transit of
HDM?2 from nucleus to cytoplasm is required for this activity(Freedman and Levine,
1998; Roth et al., 1998; Tao and Levine, 1999). To test the hypothesis that HDM?2
regulates nuclear export of p53, we conducted experiments to assess whether subcellular
localization of p53 could be altered by coexpression of HDM2. NIH/3T3 cells were
transfected with a plasmid encoding GFP-tagged human p53 (pS3GFP). In the absence of
exogenous HDM?2, pS3GFP was predominantly localized to the nucleus (Fig. 1, Fig.2 G).
For quantitation of the assay, cells were categorized as having GFP fluorescence that was
either greater in nucleus than in cytoplasm, equal in nucleus and cytoplasm, or greater in
cytoplasm than nucleus. Between 100 and 200 cells were counted for each experimental
condition. When HDM2 was cotransfected with pS3GFP and visualized by indirect
immunofluorescence, a substantial increase in the cytoplasmic pS3GFP and decrease in
nuclear pS3GFP was observed in cells expressing both proteins (Fig. 1, Fig.2 G). HDM2
was localized to the nucleus in essentially all cells observed. We obtained similar results

in the U20S cell line (Fig.1 F-G).
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To test whether the effect on p53 localization w

as mediated by direct interaction with

HDM?2, we generated a GFP fusion of the well-characterized p53(L22Q,W23S) mutant,

which is unable to bind to HDM2 (Lin et al., 1994a). Cells transfected with the

p53(22,23)GFP-fusion protein showed sharply {ieﬁned nuclear fluorescence with

negligible cytoplasmic fluorescence (Fig.2). ImFortantly, the exclusively nuclear

localization of the p53(22,23)GFP protein was Tot affected by cotransfection with

HDM?2, indicating that export of p53 from the rucleus of the cell requires binding to

HDM?2 (Fig.2 C, E).

Mutation of the p53 NES prevents nuclear expo

Several models for the effects of HDM2 on p53
study has shown that the putative NES of p53 is

of p53GFP from one nucleus to a second nuclet

1999). Other investigations using a similar hete
shuttling activity for HDM2, and have supporte
able to transport p53 out of the nucleus (Roth e
characteristics of a GFP fusion of the p53 L348
(Stommel et al., 1999), in response to cotransfe
mutant was predominantly nuclear in its localiz
HDM?2 was unable to alter the localization of p

consistent with a requirement for the p5S3 NES

rt by HDM?2

localization have been proposed. One
s required for MDM2-independent transit
1s in heterokaryons (Stommel et al.,
rokaryon system have observed a
d arole for HDM2 as a carrier protein
t al., 1998). We tested the localization
A, L350A NES mutant (pS3NESGFP)
cted HDM2. We found that the pS3NES
ation (Fig.2). Strikingly, cotransfected
53NESGFP (Fig.2 D, F). This result is

for transit of p53 out of the nucleus, as
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suggested by the earlier heterokaryon studies of this mutant, but in addition it shows that

disruption of this sequence prevents HDM?2-mediated relocalization of p53.

A trivial explanation for this finding could be that HDM?2 is unable to bind to NES
mutant p53. Earlier studies of a series of deletion mutants of the p53 C-terminus showed
that truncated proteins lacking the p53 C-terminal portion containing the NES and the
tetramerization domain could not bind to HDM2, leading to the suggestion that HDM2
may preferentially bind tetrameric p53 (Marston et al., 1995). The initial characterization
of the pS3NES mutant, whose mutations lie in the tetramerization domain, provided some
evidence that the protein might be impaired in oligomerization, as assessed by in vitro
cross-linking of tetramerization domain peptides (Stommel et al., 1999). We tested the
hypothesis that failure to bind to HDM2 would explain the localization properties of the
pS3NES mutant by conducting co-immunoprecipitation experiments with HDM2 and the
wild-type or mutant p53 fusion proteins. In vitro translated proteins were mixed and
immunoprecipitated with the PAb 421 antibody against p53. As expected, wild-type p53
fusion protein coprecipitated HDM2, while the p53(22,23) mutant was unable to do so
(Fig.2 H). The p53NES fusion protein was able to immunoprecipitate HDM?2 with an
efficiency comparable to wild-type p53, indicating that its inability to be relocalized by
HDM?2 was not the result of lack of binding between the two proteins (Fig.2 H).
Quantitation of the intensity of the HDMZ2 band normalized to the intensity of the
pS3GFP band indicated that the p53NES fusion protein coprecipitated 84% as much
HDM2 as did the wild-type pS3GFP. We tested further the ability of GFP-p53(NES-) to

bind to HDM2 by immunoprecipitating lysates of transfected U20S cells with an anti-
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GFP antibody (Fig. 2I). Wild-type p53—GFP and GFP-p53(NES-) co-precipitated with

HDM2, whereas GFP—p53(L22Q,W235) did nqt (Fig. 2I). These results indicate that

HDM?2 binding to NES-mutated p53 is largely intact, and that the inability of HDM2 to

relocalize this mutant to the cytoplasm is related to impairment of some other functional

interaction between the proteins, or reflects the

dependent on the p53 NES sequence.

loss of a nuclear export activity directly

The NES of HDM?2 is not required for nuclear export of p53

Having found that alterations in the NES of p53 prevented its relocalization, we next

tested whether the NES of HDM2 is required for its effects on p53. The available data on

the importance of both the p53 NES and the HIDM2 NES suggested a model in which

both sequences might be necessary for alteratio

for HDM2 as a shuttle protein is predicted to be

We used the HDM2 L205A, 1208 A mutant (HL

shown to be unable to shuttle in heterokaryon al

ns in p53 localization. In any case, a role
dependent on the HDM2 NES sequence.
)M2NES) which has been previously

ssays (Roth et al., 1998). Surprisingly, the

HDM2NES mutant was comparable to wild-tyg

e HDM2 in its ability to increase the

amount of cytoplasmic p5S3GFP in transfected cells (Fig.3). We examined cells by

indirect immunofluorescence, and found that b$th wild-type and NES mutant HDM?2

were expressed at comparable levels and had nﬂlcleoplasmic staining patterns that were

indistinguishable from each other (Fig.3).
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An intact HDM?2 RING finger, and ubiquitin ligation activity are required for p53

nuclear exclusion

The unexpected ability of the HDM2NES mutant to cause p53 nuclear export led us to
hypothesize that other portions of HDM2 may be required for its effects on p53
localization. The C-terminal RING finger is a candidate for this role, as it has been
proposed to mediate the attachment of ubiquitin to p53, to bind specifically to RNA, and,
most recently, to bind to the homologous MDMX protein (Elenbaas et al., 1996; Honda
et al., 1997a; Tanimura et al., 1999). We generated a mutant of the RING finger domain,
HDM2 C464A, that inactivates the ability of HDM2 to promote ubiquitination of p53 in
in vitro assays (Fang et al., 2000; Honda et al., 1997a). This mutant was tested for its
ability to delocalize pS3 from the nucleus in a variety of cell lines, and was found to be
completely inactive despite expression and subcellular localization comparable to wild
type HDM2 (Fig.4 A, B). This experiment indicates that at least one of the activities
imputed to this domain of HDM2 is required for the pathway leading to p53 nuclear

exclusion.

We also measured the effect of HDM2, HDM2NES, and HDM2C464 A expression on the
levels of cotransfected p53GFP protein, to see whether there was a correlation between
the ability of HDM2 mutants to cause relocalization of p5S3GFP to the cytoplasm, and to
cause its degradation. Coexpression of HDM2 or HDM2NES with pS3GFP in U20S
cells resulted in a substantial decrease in protein levels, while the HDM2G464 A mutant

did not affect pS3GFP levels (Fig.4 D). Levels of the pS3(22,23)GFP and pS3NESGFP
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mutants were not affected by coexpressed HDM2, further supporting a correlation
between cytoplasmic relocalization of p53 and its degradation (Fig.4 D). The ability of
HDM?2 mutants to cause degradation of endogenous p53 was evaluated in the colorectal
cancer cell line HCT116, which expresses wild-type pS3 at levels sufficient for detection
by indirect immunofluorescence (Waldman et al., 1995). Transfection of HDM2 or the
HDM2NES mutant reduced the amount of endogenous p53 detected in these cells to near

background levels, while the HDM2C464 A mutant had no such effect (Fig.4 E-J).

|
I

on
I

One explanation for our data concerning the re ‘uirement for the p53 NES and the HDM2

RING finger for p53 relocalization is that ubiquitination of p53 by HDM2 may activate

|
or expose the p53 NES and trigger nuclear export of the protein. Because several

activities have been attributed to the HIDM2 RING finger, and the structure of the RING
finger would be predicted to be disrupted by mutation of one of its metal ion-coordinating
residues, we sought an independent way of testing whether ubiquitin ligase activity by
HDM2 was required for its effects on p53 localization. For this purpose, we made use of
the 520 murine fibroblast cell line, which contains a temperature sensitive mutation in
the E1 ubiquitin charging enzyme. At the restrictive temperature, ubiquitin conjugating
pathways in these cells are inactivated due to the depletion of charged ubiquitin
(Chowdary et al., 1994). We coexpressed pS3GFP and HDM? in these cells, and assessed
whether HDM?2 was able to alter p53 localization at the permissive and restrictive
temperatures. We found that the ability of HDM2 to relocalize p53 in £520 cells that were
shifted to 39°C for 6 hours was abrogated, whereas 520 cells grown at the permissive

temperature throughout the experiment supported HDM2 relocalization of p53 (Fig.5 A).
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Control fibroblasts showed no effect of temperature on HDM2 activity (Fig. 5 A). To
ensure that the effect of increased temperature at the restrictive condition was due to
inactivation of the temperature-sensitive E1 enzyme, we introduced wild-type E1 enzyme
to the £s20 cells at the restrictive temperature by transfection and observed that HDM2
relocalization of p53 was restored (Fig.5 B). These data lend further support to the idea

that ubiquitination of p53 by HDM2 is required for relocalization of p53 in the cell.

Conclusions

We have examined the roles of several candidate regulatory regions of HDM2 and p53
for their ability to control the subcellular localization of p53. First, we show that
expression of HDM? shifts the usual nuclear localization of p53 to a more cytoplasmic
pattern (Fig. 1). This effect requires direct binding between the two proteins, and relies
on an intact p53 NES. The p53 NES is located in the tetramerization domain of the
protein, and previous studies using large deletion series of the p53 C-terminus have
implicated tetramerization of p53 in HDM2 binding (Marston et al., 1995). However, we
find that the double point mutant pS3NES fusion protein is comparable to wild type p53
in HDM2 binding, ruling out this possible explanation for the mability of HDM2 to
relocalize NES mutant p53 (Fig. 2). At this point, we cannot exclude the possibility that
other effects of altering the tetramerization domain may contribute to the behavior of this
mutant. Previous work with heterokaryons has suggested that p53 is able to leave the
nucleus without any interaction with MDM2 or HDM2 (Stommel et al., 1999); however,

our data clearly show that the amount of HDM2 protein in the cell has a decisive
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influence over whether p53 will be nuclear or cytoplasmic, and provide evidence for an
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finger domain (W. Tao and A. Levine, personal communication). It is also possible that
previous reports of the inability of HDM2NES to decrease p53 protein levels may reflect
cell or tissue variability in components of the ubiquitination, proteosomal degradation, or
nuclear export pathways. Our findings are consistent with the idea that p53 must reach
the cytoplasm to be degraded; however, the possibility remains that other activitics of the
HDM2 RING finger may be involved in its effects on p53. One possibility in this
direction is that the RN A-binding activity of the RING finger may act in conjunction with
HDM?2 binding to the ribosomal L5 protein (Marechal et al., 1994), enabling association
with ribosomal subunits during their export from the nucleus, as a mechanism for altering
HDM2’s, and perhaps p53’s, subcellular localization. A recent study of the small
ribosomal subunit nuclear export pathway in yeast has indicated that absence of the Crml
nuclear export receptor impedes ribosomal subunit export from the nucleus (Moy and
Silver, 1999). It is not yet known whether this is a direct effect, but this observation
offers a possible explanation for the ability of Leptomycin B to impair HDM2-dependent
proteasomal degradation of p53, even if the simple model of p53 or HDM2-p53
complexes acting as substrates for CRM1 is not accurate. In addition, this yeast study
underlines the need for caution when interpreting the cellular effects of inhibition of a
nuclear export receptor that is likely to have many substrates. However, our present data
are consistent with the hypothesis that the p53 NES may be a direct substrate for CRM1-

mediated nuclear export (Stommel et al., 1999).

If the degradation of ubiquitinated proteins occurs primarily in cytoplasmic proteasomes,

then it is appealing to hypothesize that ubiquitination of a nuclear protein intended for
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degradation may be closely coupled to the nucléar export of that target protein. Current
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yeast and mammalian cells, in which ubiquitin tag itself serves as a signal for altering
protein localization while targeting the protein for lysosomal or proteasomal degradation
(Hicke, 1997; Terrell et al., 1998). In addition, two recent papers have shown that the
ubiquitin-like protein SUMO-1 can be covalently linked to p53 in cells, causing increased
p53 activity (Gostissa et al., 1999; Rodriguez et al., 1999). These interesting findings
point towards a model in which both positive and negative regulation of p53 can rely on

covalent modification with ubiquitin or related small proteins.

In the period of time since the data presented here were published in the journal Nature
Cell Biology (Boyd et al., 2000), several other relevant findings have appeared in the
literature. Lohrum et al. demonstrated that mutation of the p53 C-terminal Lysine
residues prevents Mdm?2 from relocalizing p53 into the cytoplasm (Lohrum et al., 2001).
The Lohrum et al. paper also showed that increased levels of Crm1 protein increase
Mdm2-dependent export of p53 (Lohrum et al., 2001). Another group demonstrated that
there is an independent NES signal in the N-terminus of p53 that can be inactivated by
DNA-damage induced phosphorylation, thus providing an additive method of increasing
p53 nuclear residence in times of genotoxic stress (Zhang and Xiong, 2001). Shirangt et
al. studied the relationship between enforced p53 localization in the nucleus and its
degradation by proteasomes (Shirangi et al., 2002). They found that such nuclear-
restricted p53 was not degraded at the same rate after the induction of increased p53
levels as it would be in nuclear export-competent cells, but some degradation did occur,
indicating that either the nuclear export block was incomplete, or else that some

proteasomal degradation can occur in the nucleus. (Shirangi et al., 2002). Perhaps most
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interestingly, a mechanism similar to the one posed here, coupling ubiquitination and

nuclear export of a protein, has also been detected in the regulation of HIF-1a by the von

Hippel-1.indau tumor suppressor protein, whickJ is part of a Cullin-related ubiqutin ligase

|
complex (Fabbro and Henderson, 2003). It app%ars that HIF-1a export from the nucleus
!

of the cell is similarly dependent on its ubiquitihation state (Fabbro and Henderson,

2003).
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inactivating the protein during tumorigenesis, and, thereby, may serve as targets for p53

reactivation in cancer therapy.
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Figure Legends

Figure 1 Cotransfection of p5S3GFP and HDM?2 in NIH/3T3 fibroblasts and U20S
osteosarcoma cells. Cells were transfected with a plasmid expressing p53GFP alone
(4,D) or plasmids expressing pS3GFP and HDM2 (B, C,E). 24 hours later, cells were
fixed, stained for HDM2 expression by indirect immunofluorescence using Texas Red-X,
and visualized. Cells were examined for pattefh's of p5S3GFP fluorescence (4,B), Texas
Red-X fluorescence (C), and morphology by phase contrast (D, E). U20S cells (F-H)
expressing p53GFP alone (F) or both p53GFP (G) and HDM2 (H) were examined in a

similar fashion.

Figure 2 Cotransfection of p53(22,23)GFP and pS3NESGFP with HDM2. NTH 3T3 cells
were transfected with the indicated pS3GFP mutant protein alone (4, B), or mutant
p53GFP with HDM2 (C-F). Transfected cells were stained for HDM2 with Texas Red-X
indirect immunofluorescence and visualized. Fluorescence from pS3GFP (4-D) and
Texas Red-X (E,F) was observed, and cells were scored as having fluorescence that was
stronger in the nucleus (N), equal in nucleus and cytoplasm (N+C), or stronger in the
cytoplasm (C). 100-200 cells for each condition in two independent experiments were

quantitated, and means and standard deviations were calculated (G). (/) Binding of

HDM2 to mutant p53GFP proteins. 3SS-labelled proteins were generated by in vitro
translation, mixed, and immunoprecipitated with the PAb 421 anti-p53 antibody. 25% of
the input pS3GFP proteins in the assay are shown for comparison. (I) Co-
immunoprecipitation of HDM2 species with wild-type or mutant pS3—GFP proteins.

Upper panel, lysates from U20S cells transfected with the indicated constructs were
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treated with anti-GFP antibody and protein G béads. Immunoprecipitates were analysed
by western blotting using anti-HDM2 antibody., Lower panel, equal HDM2 transfection
efficiencies were confirmed by western blotting of lysate samples using anti-HDM2

antibody.

Figure 3 Coexpression of HDM2NES mutant with pS3GFP. NIH 3T3 cells were
transfected with plasmids expressing wild type pS3GFP and either HDM2 (4, C) or
HDM?2NES mutant (8,D). Cells were processed as in Figure 1 and fluorescence from

p53GFP (4,B) and Texas Red-X-stained HDM2 (C) or HDM2NES (D) was visualized.

Figure 4 Coexpression of HDM2C464 A with wild type p53GFP. NIH 3T3 cells
transfected with plasmids expressing wild type p53GFP and HDM2C464A (4, B) were
processed as in Figure 1. Fluorescence from p53GFP (4) and Texas Red-X-stained
HDMC464A (B) was observed. (C) 100-200 cells for each condition of two independent
experiments using the HDM2 mutants shown in Figures 3 and 4 were quantitated, and
means and standard deviations were calculated, (D) Changes in levels of pS3GFP,
p53(22,23)GFP, and p53NESGFP protein in response to coexpression with HDM2,
HDM2NES, or HDM2C464A. pS3GFP was immunoprecipitated from lysates of U208
cells 24 hours post-transfection and detected by Western blotting. (£-J) Detection of
endogenous p33 and transfected wild-type or mutant HDM2 in HCT116 cells. Cells were
transfected with wild-type HDM2 (E,H), HDM2NES (F,I), or HDM2C464A (G,J). p53
was visualized with anti-p53 Ab-7 and Rhodamine Red-X-conjugated secondary

antibodies (E,F, G), while HDM?2 was detected with SMP 14 anti-Mdm?2 followed by
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FITC-conjugated secondary antibodies (H,1,J); note that images have been false colored

in analysis so that p53 is indicated in green and HDM?2 in red.

Figure 5 Ability of HDM2 to relocalize pS3GFP in £520 cells with a temperature sensitive
E1 ubiquitin charging enzyme. (4) Mutant £5s20 cells or control NIH/3T3 cells were
cultured at 35°C and transfected with plasmids encoding pS3GFP alone, or pS3GFP and
HDM2. One set of duplicate transfection cultures was maintained at 35°C for 24 hours
post-transfection, while a second set was shifted to a 39°C incubator 6 hours prior to
harvesting cells. Cells were processed as in Figure 1, and scored for their pattern of
p53GFP fluorescence. 100-200 cells were quantitated for each condition in two
independent experiments, and means and standard deviations were calculated. (B)
Restoration of E1 activity in 1520 cells at the restrictive temperature by cotransfection of

wild-type E1 with pS3GFP and HDMZ2. Experiments were otherwise performed as in (4).
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Chapter 3: Survey for New p53 Target Genes in the Mouse, and Analysis of DNA Repair Gene
Expression
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Abstract

The transcriptional responses of Trp53-/- and Trp53+/+ primary murine fibroblasts in response
to a panel of DNA-damaging treatments were measured with cDNA microarrays. The results of
these experiments reveal that the p53-dependent gene expression in untransformed murine cells
does not greatly vary with the drug used for treatment, although drugs that act by related
mechanisms gave rise to the most similar transcriptional responses. The data presented here also
suggest that the inhibition of ribosomal RNA synthesis by cisplatin may be affected by p53
status. A number of novel putative p53 target genes were discovered, most notably, the DNA
repair enzyme gene Erce5, which encodes the Xeroderma pigmentosum group G gene product
Xpg, a key player in nucleotide excision repair and base excision DNA repair pathways. Follow-
up experiments using real-time PCR measurements revealed a second new p53-regulated DNA
repair gene, Polk, which encodes the translesion DNA polymerase kappa enzyme, a DNA-
damage inducible gene whose regulatory response is conserved from bacteria to mammals. Both
Xpg and DNA polymerase kappa appear to play a role in either the repair or the error-free bypass
of oxidative lesions in DNA. Thus, it appears that p53 regulates a highly conserved inducible set
of downstream DNA repair enzymes that may be particularly important for the response to DNA

damage by oxidizing species.
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Introduction

The p53 tumor suppressor protein appears to be oné of the crucial signaling nodes in the
mammalian cell’s response to DNA damage and other stressful events (Vogelstein et al., 2000).
Several different types of cellular responses are known to be coordinated by the upregulation of
target gene transcripts in response to p53 binding at their promoters or within intronic sequences.
The best known branches of the p53-dependent cellular response are the arrest of the cell cycle

CIP/WAR cvclin-dependent kinase inhibitor, and the

at the G1/S boundary by induction of the p21
induction of programmed cell death in severely daniaged cells, most likely via the upregulation
of an assembly of small Bcl-2 related proteins such as Bax, Noxa, and Puma, and other pro-
apoptotic factors such as the Ced-4 homolog Apaf-1, and the Fas transmembrane receptor.
However, it is clear that the p53-dependent transcriptional response is heterogeneous among
different cell types in the tissues of mammalian organs, and definitive in vivo evidence to support
the unique importance of any single p53 target gene for tumor suppression is lacking (Fei et al.,
2002). For example, p21-dependent cell-cycle arrest is apparently not absolutely required to
prevent most spontaneous tumors from developing, as p2/-null mice live nearly as long as wild-
type mice, and only develop tumors late in life (Martin-Caballero et al., 2001). Further, in a
number of chemically-induced carcinogenesis modej{ls, p21-deficiency does not dramatically
affect the tumor development (Philipp et al., 1999; ‘iVeinberg et al., 1997). Similarly, the

1
development of tumors in mice mutant for the pro-%poptotic Bax gene would be expected if

Bax-dependent apoptosis were a critical event requi#ed for p53 tumor suppression activity
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(Knudson et al., 2001). The currently known p53 target genes most likely play partially
redundant roles to account for p53-dependent suppression of tumor development. Rigorous
testing of this hypothesis would require inactivation of the p53-dependent component of the

expression of different combinatorial sets of its target genes.

With the advent of highly parallel assay methods in biology, a global approach to measuring the
cellular consequences of expression of a particular protein has become possible. Experiments
whose goal is the detection of transcriptional targets of p53 have probably detected only a
portion of the total number of true target genes; even with the use of new “genomic”
technologies like DNA microarrays and proteomic profiling, the transcriptional or proteomic
programs of most primary cell types in the body are still well hidden due to the difficulty of
obtaining pure samples of such cells in sufficient quantities to perform the necessary
experiments. Indeed, many of the p53-related experiments in the current literature making use of
DNA microarrays rely on transformed cells of uncertain genotype, and inducible p53-expression
constructs whose levels of expression are not guaranteed to be within normal physiological
bounds (Wang et al., 2001; Zhao et al., 2000). Therefore, it may be that important p53
transcriptional targets are still to be discovered. Also, the question of whether the same p53
targets are equally important in all the different tissues and cell types of the body is only
beginning to be addressed. It would not be surprising, for example, to learn that different p53
target genes played important roles in male meiosis, which involves a coordinated, intricate, and
still poorly understood management of a physiological kind of DNA strand breakage, in contrast
to the accidental breakage events that p53 is more typically thought to respond to in other cells of

the body.
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Although the pursuit of biological targets for improyed human cancer therapies looms large in
the minds of medical researchers studying p53, thexJﬁ are strong arguments to be made for
understanding the detailed differences in different j ammals’ p53 pathways: on the one hand,
because non-human mammals are the current best j;perimental setting for rigorously testing new
therapeutic candidates prior to exposing human patients to possible risks, and secondly, because
the history of biological investigations has shown tlTat the peculiarities of different organisms can
highlight biological properties that are broadly shar%d and may be of key importance to human
disease. A more extreme example of the latter case ﬁs the ciliate protist Tetrahymena , which,
with the 200-300 subchromosomal fragments of its macronucleus, provided an initial insight into
the existence of telomeres, specialized DNA seque%ees at the ends of eukaryotic chromosomes,

whose erosion or damage in human cancer cells pla&s arole in genomic stability and cancer

progression (Maser and DePinho, 2002; Prescott, 1994).

For these reasons, a better understanding of the gen&s regulated by p53 in the mouse is a
desirable goal. Trp53-mutant and wild-type mice pﬂovide optimal reagents for studying the
genomic effects of p53 expression in primary cells of otherwise unaltered genetic background.
As the cellular activities of p53 are quite complicatejbd, it is essential to control for the effects of
known p53 target genes that have potent effects on $he state of the cell, for example, the G1/§
checkpoint arrest mediated by p21“", if additional p‘ﬁrimary effects of p53 are to be uncovered.
The experiments presented here reveal that several llifferent genotoxic or chemotherapeutic drug
treatments induce an overall similar p53-dependent transcriptional response in murine embryonic

fibroblasts, with, however, an interesting cisplatin-specific effect on ribosomal RNA levels.
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Among the p53-upregulated genes detected in these microarray experiments are many of the
previously identified transcriptional targets of p53, as well as a number of genes that are
candidate novel primary targets of p53 transcriptional regulation. Because one of these genes,
Ercc5, encodes a protein that is a prominent member of the two main pathways of DNA repair in
eukaryotic cells, a detailed follow-up study was conducted using real-time PCR to assess the
p53-responsiveness of all DNA-repair genes available in the current annotation of the mouse
genome. A second p53-responsive gene, Polk, encoding the translesion DNA polymerase DNA
polymerase kappa, was discovered in this survey, and several previously reported p53 target
genes were found to actually be responsive to p21-dependent effects, most likely via changes in

the cell cycle status of the cells.

Materials and Methods

Cell Culture

Murine embryonic fibroblasts (MEFs) from wild-type, p53-null, and p21-null mice on the
129S84/SvJae background were isolated from day 13.5 embryos, and were cultured in DME
media supplemented with 10% inactivated fetal calf serum, SmM glutamine, and penicillin and
streptomycin (Sigma), in humidified incubators with a 5% CO atmosphere (Brugarolas et al.,
1995: Lowe et al., 1993). Cells were used between passages 2 and 7. Four million MEFs were
plated per 15 cm tissue culture plate, and treatment of cells commenced within 36 hours of

plating.
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Drug and irradiation treatment of cells

Gamma-irradiation of cells was carried out in a GaJnmacell irradiator at a rate of 72 rad/second.
UV irradiation was administered with a Stratalinker. Cisplatin, doxorubicin, and vinblastine

(Sigma) were dissolved in PBS prior to addition to {j:ells. Untreated cell controls were mock-

|
treated with PBS.

Harvest of RNA |

For cultured MEF samples, media was aspirated frdm cells, and 10 mL of Trizol reagent (Gibco-
BRL) was added per 15 cm plate. Cells were scraped into Trizol, and pipetted several times to
lyse. The manufacturer’s protocol of chloroform extraction, isopropanol precipitation, and 70%
ethanol washing was then followed, and RNA was redissolved in RN Ase-free water after
precipitation. Mouse tissue samples were harvested rapidly, added to Trizol, and homogenized
immediately using a Polytron dissociator for 30 seconds on setting 19. After letting homogenate
sit at room temperature 5 minutes, the manufacturer’s protocol was followed for aqueous

extraction and isopropanol precipitation of RNA.

For real-time PCR analysis, RNA was further purified using RNeasy micro spin columns

(Qiagen), and on-column RNase-free DNAse digesﬂion was performed to ensure that any

contaminating genomic DNA was removed. For mﬁcroarray hybridizations, RNeasy Midi

columns were used to clean up RNA after Trizol pu#iﬁcation.
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Microarray hybridizations and analysis

Microarrays were fabricated with PCR amplified inserts of the 15,247 clones of the National
Institute of Aging’s Mouse 15K arrayed library of cDNAs from pre- and periimplantation
embryos, E12.5 female gonad/mesonephros, and newborn ovary, using universal primers within
the pSPORT 1 vector. PCR products were analyzed by agarose gel electrophoresis, purified from
residual nucleotides using 96-well plate Montage filter plates (Millipore), rearrayed in 384-well
plates, dried down under vacuum, resuspended in 3X saline sodium citrate solution containing
1.5M Betaine (Sigma), and spotted onto poly-L-lysine-coated microscope slides with a robotic

split-pin array spotter (Diehl et al., 2001; Schena et al., 1995).

Aminoallyl-labeled cDNA was prepared from 100 pg total RNA according to the ARES labeling
kit protocol (Molecular Probes). Coupling of Alexa-555 or Alexa-647 dyes to the aminoallyl
¢DNA was conducted for 1 hour at room temperature in weak bicarbonate buffer as per the
manufacturer’s recommendation. Excess dye was removed by Qiaquick columns (Qiagen), and
the eluted Alexa-555 and Alexa-647-labeled cDNA populations were combined, mixed with
non-specific blocking nucleic acids (2 pg each of yeast RNA and oligo-dTis) briefly heated to
70°C, diluted in 50% formamide hybridization buffer, added to arrays pre-hybridized with the
same buffer, and incubated at 42°C for up to 12 hours prior to washing and scanning. Scan data
were analyzed with the ArraywoRx software package supplied with the scanner, with exclusion
of obvious array defects and spots with poor morphology. Local background subtraction, and

global intensity normalization were used in the calculation of spot intensities and ratios.
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Unsupervised clustering analysis of fluorescence intensity ratios was carried out with the Cluster
program written by Michael Eisen, Lawrence Berkley National Labs. Array spot intensity ratio
data were log-transformed, arrays were median-centered, and hierarchical clustering was

|

conducted with the average linkage method. Data were formatted for display with the Treeview

program (M. Eisen).

Real-time PCR

5 micrograms of purified total RNA was converted to cDNA in a reaction volume of 100
microliters, using Superscript II enzyme and the commercial protocol. The template RNA was
then hydrolyzed with RNase A. cDNA templates for real-time PCR were diluted in sterile water
prior to addition to thermocycling plate. Primers and SYBR-green-containing reaction mixture
were added, and reactions were carried out for 50 cycles, with automatic gradient denaturation
testing at the end of the run to ensure that single products were obtained. Samples were assayed

in triplicate in independent reactions.

Primers used for amplifying regions of p53 target genes and DNA repair genes are listed in Table
5. They were designed to generate intron-spanning melicons of 90-150 bp size, with a Tm of

60°C using the software provided with the ABT instrument.

Results !
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cDNA microarray analysis of DNA-damaged Trp53 wild-type and mutant MEFs

In initial experiments, unsynchronized low-passage MEF cells were treated with a panel of
DNA damaging agents for 6 or 12 hours, and then harvested for RNA isolation. The conditions
of treatment and the experimental design for microarray hybridizations are presented in Table 1.
A simple pairing of wild-type and Trp53-null MEFs for microarray analysis of each treatment
condition was used in order to achieve the maximum sensitivity for detecting p53-induced or
inhibited genes (Smyth et al., 2003). This experimental strategy has the limitation that the overall
patterns of p53-independent gene alterations are not obtainable from the data set, as would be
possible if samples were hybridized to a common reference sample; however, the experimental
design is optimal for detecting p53-dependent changes, and will screen out other changes that
could obscure these effects in cells (Kai and Wang, 2003). The drugs chosen for these
experiments interact with cellular components in somewhat different ways: doxorubicin is
chiefly a DNA intercalating compound, but is thought to interfere with Topoisomerase II activity
in replication; cisplatin generates DNA strand cross-links, etoposide inhibits Topoisomerase 11
directly, and vinblastine is known to disrupt the mitotic spindle by interfering with tubulin
polymerization, although it is possible that any of these drugs may also affect cells in currently
unknown manners (Bose, 2002; Hortobagyi, 1997; Nitiss, 2002; Zhou and Rahmani, 1992). The
doses of drugs used in these experiments do not cause significant levels of apoptosis in MEF

cells by 12 hours (data not shown).

Analysis of the RNA transcript levels in the panel of cells was carried out by comparative cDNA

hybridization on microarrays, followed by log-transforming, median-centering ratio data within
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each array. Filtering of the data set to exclude geneé that were not measured in at least 80% of
samples, and genes that did not show at least a 1.5-1%01d up- or downregulation in one sample,
was followed by unsupervised hierarchical clusterir#g of the filtered data using the average
linkage clustering algorithm (Eisen et al., 1998). TlJe results of the clustering of the MEF

samples, based on their p53-dependent gene expression differences are shown in Figure 1.
|

Several observations can be made from the hierarc%ical tree clustering of the MEF samples in
Figure 1. The samples treated with doxorubicin clu%ter together, independent of the time-point of
treatment, and next closest to them in the tree are th%: etoposide-treated samples. Although these
two drugs interact with different components of the cell, their mechanisms of action are thought
to converge on the disruption of normal topoisomerase 11 function. It may be that this common
mechanistic element is the underlying reason for the close clustering of these treated samples.
The ability to identify common mechanistic pathwalys of drug action by examining global
mRNA expression profiles has in fact been one of the most exciting prospects to arise from this
new technology (Ulrich and Friend, 2002). Of course, one may need to assess the cellular effects
of a drug over a range of concentrations in order to be certain that apparent differences in drug
action are not merely differences in delivery of acti;/e drug to the biological site of action, or

differences of affinity of interaction with a common cellular target.

Two of the three cisplatin-treated samples cluster next to the doxorubicin and etoposide-treated
samples, and then next further away are the untreated sample, followed by the remaining

cisplatin sample and the vinblastine sample.
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Close examination of the clustered data, however, indicates that most of the distinguishing
features of the expression profiles for MEFs treated with different drugs, as well as the
differences between the drug-treated DNA-damaged cells and the untreated cells, are mainly
differences of degree rather than entirely new gene expression patterns. This is most obvious
with the rows for the cyclin G gene, which form the bright, almost uniform band across the
center of the upregulated gene cluster. Almost all of the genes that are strongly upregulated in
the drug-treated samples are at least modestly upregulated in the untreated cells (Figures 1 and
2). This observation is in keeping with measurements of the previously known p53 target genes
made with more sensitive real-time PCR, or Northern blotting methods. (For example, see
(Attardi et al., 2000)). The fact that unstressed cells show some p53-dependent gene expression
may be a reflection of the tissue culture environment, where cells are exposed to higher oxygen
levels, artificial growth stimuli, and a lower cellular density, compared to the tissue environment

where they would ordinarily live (Karanjawala et al., 2002).

Cisplatin treatment of MEFs may induce p53-dependent alterations in ribosomal RNA

Of the upregulated genes shown in Figures 1 and 2, one patch appears to be the main
distinguishing feature of 2 of the 3 examples of cells treated with cisplatin. This cluster of genes
is presented in Figure 3. This gene grouping is mostly composed of different ribosomal RNA
sequences. Oligo-dT priming used for generating cDNA in a reverse transcriptase reaction can
also generate substantial amounts of rDNA by priming at adenine-rich regions of the different
rRNA transcripts (Gonzalez and Sylvester, 1997). Non-specific hybridization to the microarrays

is supposed to be prevented by the use of blocking oligo dT and yeast RNA; however, if there
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were differences in the levels of an endogenous TRNA levels between samples, it is conceivable
that one could still see a differential fluorescent signal. Some recent studies into the cellular
activities of cisplatin add interest to this expression result. Several different groups of researchers
have found that cisplatin treatment preferentially inﬁibits the synthesis of TRNA even more
rapidly than it affects DNA synthesis, and that this drug brings about a fairly rapid

mislocalization of key rRNA transcription complex components, including the upstream binding

factor UBF, TBP, RNA polymerase I, and TAFI (Jordan and Carmo-Fonseca, 1998).

Furthermore, when primary neurons are treated with cisplatin, their nucleoli undergo dose- and
|
time-dependent shrinkage that only occurs in the pr#sence of the clinically-effective cisplatin

isomer (McKeage et al., 2001).

Further studies will be required to resolve the point, particularly given the fact that the third
cisplatin-treated sample, which is admittedly an outlier that clustered furthest away from all the
other samples, did not show this effect, but it will be very intriguing if, as the microarray data
presented here seem to hint, Trp53-/- cells are particularly vulnerable to the action of cisplatin on
ribosomal RNA synthesis or nucleolar function. Such a mechanism might then suggest possible
strategies for clinical treatment of pS3-mutant cancers. For example, one could attempt the
combination of cisplatin with other agents that attack the cell’s rRNA machinery. In any case,
this result is precisely the kind of unexpected finding that can result from the empirical

|

measurement of many cellular components at once bnd demonstrates the potential for these new

assay methods to give rise to interesting hypotheses that can then be further tested.
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Known targets of p53 are upregulated in DNA-damaged MEFs

Reassuringly, the array data show many well characterized p53-inducible genes to be expressed
at higher levels in the wild-type cells compared to the mutants. As the data in Table 2 show, most
of the well-known p53 target genes are represented on the array, either as positive control cDNA
spots added to the NIA Mouse 15K clone set, or else within the clone set itself. Multiple spots
representing the same gene are presented to give an indication of the spot-to-spot variability in

expression ratio values.

Naturally, the cDNA for p53 shows a positive signal in these experiments, as the mutant locus
represents a substantial deletion of the gene (Jacks et al., 1994). The cyclin G gene is the most
easily detectable overexpressed known p53 target gene on these arrays, but the several Mdm?2
spots also are readily observed. The p27 gene’s p53-dependent expression is seemingly under-
represented by the single spot on these arrays, given the many-fold increases in its expression
typically detected by Northern blotting or real-time PCR under conditions similar to those here.
This observation merely underlines the fact that cDNA arrays, made up of DNA clones whose
performance in binding their complementary strands has never been tested, are not capable of
measuring absolute ratios of cDNA population members and will likely exhibit a spot-to-spot

variation in the dynamic range of the measured fluorescence ratios.

In these experiments, Noxa and Cathepsin D were the only pro-apoptotic genes found to be

induced. This is not terribly surprising, as the pro-apoptotic p53 target genes are typically less
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inducible than, for example, p2/ and Mdm2, and under the conditions of treatment in these

experiments, little apoptosis occurs.

The other known p53 target genes found in these experiments include some members of the

oxidation-reduction control group, matrix metalloproteinases, the putative cell cycle control gene

Btg2, and a number of previously-reported genes whose functions are currently unknown.
Another strongly overexpressed gene that has received little attention thus far is the Tel

oncogene, which is frequently found as a fusion partner in leukemias.

Potentially novel p53 target genes upregulated in response to DNA damage

Perhaps the most interesting new possible p53 target gene to appear in these experiments is the
DNA repair gene, Ercc5, encoding the Xpg protein which is mutated in a rare sub-group of
xeroderma pigmentosum (XP) patients that can either show the typical XP syndrome of sun-
sensitivity and cancer development, or else much more severe, rapidly degenerative neurological
symptoms, depending on how severely ablated the ERCC5 gene is in the individual. In recent
years, careful characterization of this protein has demonstrated that in addition to being the
required 3’ endonuclease involved in nucleotide excision repair (NER), Xpg is part of the
cellular machinery of base excision repair (BER) sﬂecialized to deal with oxidative lesions such
as 8-0xo0dG, or thymine glycol at the DNA. Notably, the BER functions of XPG do not require
an active endonuclease site in the protein, indicating that the BER activities of XPG are likely to
be carried out by binding to and cooperating with oﬂiher proteins. XPG has received new attention
in recent years because of its demonstrated role in the transcription-coupled repair of oxidative
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lesions in the transcribed DNA strand, a process involving the products of the CSA and CSB
genes whose function is impaired in patients with the debilitating DNA repair disorder Cockayne
syndrome (Cooper et al., 1997). Chapter 4 describes further experiments to characterize p53

regulation of the Ercc5 gene.

Other putative novel p53 target genes to note in this experiment are the redox-regulatory genes
GsttL, and Gss, both involved in the glutathione pathway which regulates the level of
intracellular oxidative species. These observations are in keeping with the early Vogelstein lab
study that revealed a role for p53 in control of the redox state of the cell (Polyak et al., 1997).
TEL, a transcription factor implicated in several chromosomal translocation breakpoints, is

another gene clearly upregulated under the experimental conditions (Odero et al., 2002).

Another gene of possible interest in the Fam, or fat facets homolog; this gene behaves as an
ubiquitin C-terminal lyase in vitro, and could potentially have a role to play in regulating the
ubiquitination state of p53, Mdm2, or other cellular proteins in the p53 pathway. One such gene,
HAUSP, has already been identified and appears to have some importance in regulating p33

levels (Li et al., 2002).

Also noticeable in the upregulated dataset are several genes containing the LIM protein
interaction domain. Other proteins possessing these domains, for example the Fhl protein, appear
to have functions in cytoskeletal regulation and possible coactivation of transcription (Morlon

and Sassone-Corsi, 2003).
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There are also hints in the upregulated gene expression profile of a known developmental
program that some murine fibroblast lines can undertake if stressed in tissue culture, namely,
adipogenesis (Tang et al., 2003). The upregulation ¢f ADRP, an adipose differentiation-related
protein, as well as the milk fat globule-EGF factor 8 protein (Mfge8), may indicate that MEFs

stressed in culture under the conditions of these expreriments activate part of the same cellular

program that becomes active when cells have been starved in culture.

A larger than expected number of the p53-upregulated genes appear to be members of the
secretory pathways in the cell; the meaning of this is unclear. One biological phenomenon that
might provide an ingress for examination of this aspect of the DNA damaged cells’
transcriptional phenotype is the bystander effect reﬂorted in populations of cells where some
cells are irradiated, and other nearby cells are damaéed via unknown mechanisms (Nagasawa et
al., 2003). Soluble factors from the irradiated cells have been suspected in these circumstances.

Perhaps an upregulated secretory pathway can contribute to this effect.

In addition to these genes and the others listed by name in Table 3, a number of so far
unidentified EST clones showed p53-dependent upregulation in these experiments. Further
characterization of these clones in the array, now that both human and mouse genome sequence

projects are approaching finished status, may shed dew light on further candidate p53

transcriptional targets.

p53-downregulated genes are chiefly cell-cycle regljflated genes
|
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A survey of the genes listed in Table 4 clearly shows the predominance of genes for cell cycle
components, particularly genes from S-phase and G2/M, as well as the Chk1 checkpoint kinase
homolog. Given the tendency for wild-type MEFs to arrest in G1/S in a p53-dependent manner

when subjected to genotoxic stress, these findings are predictable.

A few down-regulated transcripts do raise interesting questions. For example, given the data in
Chapter 2 of this thesis, it is intriguing that the mouse Xpol homolog of the yeast crml nuclear
export adaptor should be down-regulated by DNA-damaging stimuli in a p53-dependent manner.
However, there are reports of cell-cycle regulation of the Xpol transcript, with peak expression

G2/M, so again, the cell cycle explanation may account for the observations (Kudo et al., 1997).

Real-time PCR analysis of reported p53 target genes and DNA repair genes: p53 vs. p21

dependence of expression changes

The microarray experiments described above showed p53-dependent upregulation of Ercc5 in
DNA-damaged MEFs. The literature on the topic of p53 and DNA repair is full of seemingly
contradictory reports and a lack of consensus about p53’s importance in regulating DNA repair
efficiency, and the mechanism of its action. This situation suggested the need for a detailed
follow-up study examining DNA repair protein transcript regulation in Trp53 null and wild-type
cells. A clean genetic system where the gene expression profile contributions of the p53-

CIP

inducible cell cycle regulator p21°" could be separated from other potentially direct

transactivation regulation of genes by p53 was selected. A second important consideration in
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these experiments was that DNA microarrays are less sensitive than other methods, such as real-
time PCR (RTPCR), and would be likely to miss transcripts expressed at very low levels, as is
the case for many DNA repair genes. A third reasom; for undertaking these experiments was to
shed light on the degree of evolutionary conservatio;n of the inducible regulation of DNA repair
proteins. Relatively recent {indings in the p53 literature, for example, the regulation of 53R2
small inducible ribonucleoside reductase by p53, arl at least suggestive of the hypothesis that

p53 in mammals may play the role of a global coorJinator of a subset of DNA repair or DNA
|
damage response cellular programs, similar to the SbS response in bacteria or the inducible

|
expression of some DNA repair genes in the buddin% yeast (Xue et al., 2003).

The current state of annotation of the murine genome makes it straightforward to design intron-
spanning PCR amplicons to test the expressionon of a subset of genes like the DNA repair genes,
using the highly sensitive and reproducible real-tim¢ PCR (RTPCR) method. Primers were
designed for those genes for which intron and exon information was available, along with a
number of positive control known p53 target genes, and a set of unconfirmed p53 target genes.
In order to efficiently survey the relatively large number of genes involved in this experiment,
and making use of the insights gained from the micﬂoarray experiments which indicated that
most p33-responsive genes are not specific to a particular drug or modality of damage, but rather
are differentially expressed to some degree even in untreated cells in culture, simplified sample
conditions were adopted. Wild-type, Trp53-/- and pb] “*_/- MEFs were cultured and treated with

10 Gy of gamma irradiation, and RNA was harvestd;d from them at 6h post-treatment. Reverse
\

transcription and RTPCR analysis of the product g%ve the results in Figures 5 to 8.
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The question of the p21-dependence of changes in the expression of some putative p53 target
genes was approached in the experiments presented in Figures 5 through 7. As can be seen, a
number of these are either highly variable in expression, or were affected as much by p21-
deficiency as they were by p53-deficiency, indicating that they are likely to be responding to a

secondary or tertiary consequence of p53 expression, rather than being true direct targets of p53.

The nearly global survey of DNA repair transcripts in the mouse genome also gave some
illuminating results. The great majority of these genes did not appear to be responsive to p53 in
gamma-irradiated fibroblasts, or else were expressed at very low levels, causing the error in the

data to be large relative to the magnitude of the changes observed.

In contrast to reports in the literature, based largely on studies in human cells, the Xpc gene did
not appear to be p53-inducible under these conditions. Species-specific differences in repair gene
expression have been described before, for example, the mouse-specific methylation of the
promoter of the Ddb2 gene that encodes the p48 component of XPE apparently prevents it from

responding to p53 as it does in human cells (Hanawalt, 2001).

In contrast, a few genes did appear to be responsive to p53, and not merely because of p21-
mediated effects. One, O°-methyl guanine-DNA-methyltransferase, (Figure 6) has been known
for several years, and is a candidate gene for medically-relevant phenotypes such as drug

resistance in tumors (Middleton and Margison, 2003).
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Most excitingly, a novel putative p53 target gene, DNA polymerase kappa (Polk, indicated as
“kappa” in Figure 7C) was revealed in these experi‘rnents. Figure 8 shows the p53-responsive
induction of this gene observed after treating MEFSI with a panel of genotoxic treatments. The
DNA polymerase kappa gene (Polk) encodes one of the “translesion polymerase” enzymes that
are able to extend the polymerization of DNA acroﬂis regions distorted by the presence of adducts
on the opposite strand. These polymerases are the basis for irradiation-induced mutagenesis in
bacteria; for example, the homolog of Polk, DinB, tends to generate small deletions at the site of
the bypassed lesion (Wang, 2001). Particularly for djingle-cellcd organisms, it is thought that
there may be an important survival trade-off betweej‘n freeing an arrested replication complex,
and experiencing a briefly increased mutagenesis rate, which may also be helpful for the survival
of a population of organisms living under stressful conditions. DinB and Polk appear to be
particularly suited to placing the correct base (A) opposite a thymine that has been chemically
damaged by an oxidizing agent to give thymine glycol. Thus, the finding that this gene is a

putative p53-regulated gene suggests further investigation of the role of p53 in the response to

oxidative stress.

Conclusions

Microarray experiments

The microarray data presented here are of sufficient/quality, and are measurements of a

sufficiently clean genetic experimental system, to sl‘red new light on several aspects of the p53-

dependent responses of primary murine cells to gen%)toxic stimuli.
|
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The overall conclusion is that in these cells, p53 regulates a common set of target genes that are
not particularly specific to the identity or mechanism of action of the drug used. Indeed, even in
untreated cells, a detectable small upregulation of most of the genes that are strongly induced in
response to genotoxic damage is observed. Therefore, if there are p53 target genes in the genome
that are specifically responsive to mitotic spindle-damaging agents, for example, they are likely
to be few in number, or may require experimental conditions beyond those tested here, to be
revealed. Naturally, the cellular response to any pharmacological agent is expected to follow a
time-course and characteristics that will be partially specified by the details of the interaction of
the drug with the cell: how quickly it can access the cellular target structures, whether it is active
initially or needs to be metabolized by the cell, its stability, and its affinity and specificity for the
target structures. Thus, it is difficult to find a single set of conditions for fairly testing diverse
drugs in controlled experiments, without doing extensive dose- and time-course tests for each
substance evaluated. The experiments here are a first approach to evaluating the genomic p53-
dependent responses of primary fibroblasts. The conditions used here should favor the detection
of novel primary p53-regulated target genes, since relatively early time-points were measured.
This approach has the disadvantage that such time-points might not be optimal for detecting the
overall effects of the spindle poison drug vinblastine, which might be expected to require a time-

course on the scale of the full cell cycle to cause its effects in all cells treated.

The most noticeable drug-specific effect in these experiments was the effect of cisplatin to cause
Trp53 wild-type cells to contain higher detectable levels of some rRNA transcripts than Trp53

null cells. Although these data should be treated with caution before they are confirmed in
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further experiments, this finding, which initially evoked skepticism in the investigator, turned out
to have a plausible link to newly reported biological activities of cisplatin specifically targeting
the rRNA synthesis pathways (Jordan and Carmo-Fonseca, 1998; McKeage et al., 2001). If it
turns out to be the case that p33-mutant cells are vulnerable to cisplatin treatment for this
mechanistic reason, it will be an interesting cxampléi: of an analogy between cancer
chemotherapy and the many antibacterial drugs thag target differences in prokaryotic and
cukaryotic ribosomes. Another avenue that would rrFerit further exploration if these findings are
validated would be any connections between the funLctions of the known p53 upstream regulator
protein, p14**F, which is associated with the nucleolus of the cell, and has recently been shown

to be able to alter ribosomal RNA synthesis pathwaﬂrs (Sugimoto et al., 2003).

p33-downregulated genes

Consistent with the known effects of p53 in stopping the cell cycle at the G1/S and G2/M
boundaries under appropriate conditions, the great majority of the genes found to be expressed at
lower levels in the Trp53-/- cells in these experiments were cell-cycle associated genes involved
in control of the cycle, replication, and other essential processes for coordinated cell division
(Table 4). This is no surprise, for many of these genks have long been documented to be
transcriptionally regulated in eukaryotes (Spellman et al., 1998). As convincing data for a direct
role of p53 in repressing gene expression are scant ip the huge literature about this gene, most of

. . 1 .
the expression changes observed here are likely to be secondary, tertiary, and further removed

effects from the primary regulation of genes in the éenome by p53.
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p53-induced genes

The previously known p53-induced genes listed in Table 2 show that the array experiments were
sensitive enough to detect a variety of confirmed p53-regulated genes, and that most duplicate
spots for a given target gene measured similar levels of induction. It is also apparent in surveying
this list that the p53-induced genes whose function is still unknown outnumber the genes of
known function. This observation, coupled with the history of the study of even the best
understood p53 target genes like p21", suggests that there are likely to be many surprises ahead
in the unraveling of the details of actual p53 functions in the cells of mice and humans. For
example, the simple paradigm of p21 as a cyclin-dependent kinase inhibitor has had to be
revised, following studies that showed that in fact it also functions as an essential stabilizer of

cyclin-D associated CDK complexes (Sherr and Roberts, 1999).

Surveying the list of confirmed upregulated p53 target genes, the previously reported role of p53
in pro-apoptotic, DNA repair, redox-control, other stress response, and some extracellular
functional pathways is confirmed. When these data are combined with the putative novel

upregulated genes in Table 3, some additional experimental hypotheses can be proposed.

The upregulation of microsomal epoxide hydrolase, as well as a glutathione S-transferase
homolog and glutathione synthetase, suggests that part of the p53-dependent response may be
explicitly geared toward responding to xenobiotic compounds, which would comprise most of

the genotoxic substances encountered by animals evolving in a pre-technological age. These
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known drug-metabolizing enzymes are thought to play important roles in the effectiveness of a
variety of different drug treatments in outbred huszn populations, and it would be consistent
with p53’s known role in responding to the conschences of genotoxic damage, if it were also
able to assist the cell in metabolizing and breaking c;lown compounds that can damage the DNA

(Orphanides, 2003).

Another notable difference in the gene expression p#oﬁles of cells differing in their p53 status

|
was the p53-dependent increased expression of gené;s of the protein secretory pathways in the
cell. Other examples of differentially expressed gen}Las fall into many different functional areas of

cell biology, including some protein kinases, and a qyrosine phosphatase, as well as a number of

sequences whose functions are totally unknown at present.

Perhaps the most notable gene that was found to be induced in a p53-dependent manner in these
experiments was Ercc5, which encodes the xeroderrjrna pigmentosum disease gene product Xpg, a
key member of the nucleotide excision repair compiex, and a newly-recognized mediator of base
excision repair of oxidative damage to the DNA. Further experiments and discussion dealing

with Xpg are presented in Chapter 4.

The finding that the DNA polymerase kappa gene Polk is a new p53-responsive target in the cell
is also striking, for several reasons. Although eukar*otic cells and prokaryotic cells have many

!
differences in their DNA metabolism and genomic ngulation strategies, it is becoming apparent

that there 1s recognizable conservation of at least sm{ne of the components of the DNA repair
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network in the cell that are transcriptionally induced in response to genotoxic damage.
Surprisingly, p53 appears to have become responsible in eukaryotic evolution for the induction
of a number of DNA repair genes whose homologs in bacteria are not all controlled by a single
regulator. For example, the p53-regulated Mgmt demethylation direct repair enzyme gene is the
homolog of the E. coli gene ada+ gene. The Ada protein in E. coli is trancriptionally induced in
response to methylating agents, and the gene product actually has two functions, one as a
transcription factor that regulates its own gene upon activation by being methylated, and the
second function is as a direct repair enzyme for alkylated DNA. The induction of Ada is
responsible for the adaptive response that bacteria exhibit if they are pre-treated with an
alkylating agent (Friedberg et al., 1995). p53 now appears to be responsible for a comparable

induction of the homologous enzyme in mammalian cells.

Similarly, the well-studied SOS response to DNA damage in bacteria involves the inactivation of
the LexA repressor protein by proteolytic cleavage mediated by activated RecA protease. One of
the more than 20 genes released from repression by this mechanism is DinB. As a side-note,
analysis of the genome of the most highly-DNA-damage-resistant organism so far observed, the
bacterium Deinococcus radiodurans reveals that the most prominent expanded gene family is the
DinB-related polymerase group, consistent with an important role for this family in surviving

DNA damaging treatment (Friedberg et al., 1995).

The broader biological conservation of the induction of Pol kappa in response to genotoxic stress
is highlighted by recent results in yeast, where it was found that the yeast DinB homolog is also a

DNA-damage induced gene, whose activation depends on intact checkpoint pathways including
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the Cdsl kinase that is homologous to the CHK2 kinase implicated in p53 activation (Kai and

Wang, 2003). Taken together with the observations that the Ercc5 gene homolog, Rad2, and the
p53R2 ribonucleotide reductase gene homolog RNR2 are also DNA-damage-inducible genes in
the yeast, these findings sketch out a remarkable cohservation of DNA-damage inducible genes

whose control has become dependent on p53 in mammals.

The functional importance of Pol kappa in mammalian cells is highlighted by some initial results
from mouse knockout studies. Polk-null ES cells are extremely sensitive to the mutagen benzo-a-

pyrene compared to wild-type cells; however, they are only somewhat sensitive to UV and X-

irradiation (Ogi et al., 2002). Better understanding of the specificity of the enzyme is beginning
to arise from in vitro studies as well. It appears that ?Pol kappa is particularly well-suited to
placing an adenine base opposite the oxidative DNA thymine glycol type of lesion, so that it
could be responsible for error-free replication of this sort of common DNA adduct (Fischhaber et
al., 2002). On undamaged DNA, however, the enzyme shows poor fidelity, which may account
for the observation that its homolog in bacteria has been known for years to be responsible for a
pathway of error-prone bypass replication (Friedberg et al., 2002). This link to the repair of
oxidatively damaged DNA is particularly interesting in light of the discovery of p53-dependent
regulation of Ercc5 in the same data set. A theme of the p53-coordinated response to oxidative
DNA damage is suggested by these data. Such a res#aonse would make eminent sense if, as has
been suggested, damage to the DNA by endogenoué production of oxidizing chemical species,
for example, in mitochondrial metabolism, is one of the most common harmful events in the
lifetime of the cell (Tsutakawa and Cooper, 2000). Impaired p353 responses to oxidative DNA

damage could help to account for some currently mysterious aspects of the Trp53-/- mouse
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phenotype, for example, the decreased fertility of null male mice. In humans, male-factor
infertility has been clearly linked to decreased resistance to oxidative stress in the developing
germ cells (Agarwal et al., 2003; Sikka, 2001). This is in contrast to the overproliferative
phenotype followed by atrophy which occurs in the male germ cells of mice mutant for Apaf-1

or Bax (Honarpour et al., 2000; Russell et al., 2002).

Other DNA damage repair transcripts

The remainder of the RTPCR survey of p53-dependence of DNA repair gene transcripts showed
that most of these genes are apparently not subjected to p53 control, at least within the error of

the measurements in this experiment.
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Figure Legends

Figure 1

|
The results of unsupervised hierarchical clustering (Jthe transcriptional profiles of MEFs treated
with various chemotherapeutic drugs is shown. Drugs used for treatment were cisplatin (Cis) at
40 uM, doxorubicin (Dox) at 200 ng/mL, etoposide (Etop) at 20 uM, and vinblastine (Vin) at 10
puM, and RNA samples were harvested at the indicated times in hours after the start of treatment.
Untreated (noTx) MEFs were treated with PBS. Standard methods for purification of RNA,
reverse transcription reactions with aminoallyl-dUTP nucleotides, cDNA cleanup, coupling of
ARES fluorescent dyes to the aminoallyl-cDNA, excess dye removal, and hybridization to the
microarrays were used, and are described in the MetHods section. In the clustering diagram, red
indicates genes where Trp53+/+ cells expressed higher levels of the transcript than did Trp53-/-
cells, and green indicates genes where the Trp53+/+ cells expressed less of the mRNA than did
Trp53-/- cells. The intensity of the color indicates the| magnitude of the expression difference.
Gene identities are not shown in this diagram because of space constraints. The length of
branches of the clustering tree diagram indicates the telative distance between genes or array
samples in their respective data spaces. |

1

\

|
The p53-upregulated genes from Figure 1 are show1J1 Ln expanded form. The identity of these
genes, as well as some additional p53-induced genes from additional arrays whose overall

quality precluded their inclusion in the clustering a}? ysis, is presented in Tables 2 and 3. The

Figure 2

identities of some of the better-known p53 target gengs are indicated on the figure. In most cases
where a gene was represented by more than one sp t on the arrays used for the experiments, the
fluorescence values for the various spots clustered adjacent to, or nearby each other. The most
marked example of this was cyclin G, which was represented by 4 spots on the array; 3 of these
clustered next to each other, while the 4™ clustered a few short branches away.

||
Figure 3 |
A cluster of relatively cisplatin-specific upregulated enes from Figure 2 is shown. The various
rRNA spots were verified to be dispersed widely on/the array, confirming that this expression
difference can not be accounted for by a regional artifact of hybridization on the array. All RNA
purification steps, amino-allyl-cDNA synthesis, purification, non-specific hybridization
blocking, washing, and scanning of arrays were ¢ ‘i d out identically for all samples.

| \
Figure 4 i !
|

This figure shows the expression pattern of genes from Figure 1 whose expression levels
inversely correlate with p53 status in the MEFs. The yast majority of these genes are identifiable
as cell-cycle regulated genes, whose expression changes are likely to be the result of induction of
1
|
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cell cycle inhibitory factors such as p?.lwAF , whose impact on the cell cycle is well understood.
The identities of the genes in this figure are listed in Table 4.

Figure §

Transcript levels of known genes described in the literature as being p53 regulated and
implicated in apoptosis were measured by real-time PCR in wild-type, Trp53-/-, and p21-/- cells.
RNA samples were harvested 6 hours after treating cells with 10 Gy gamma irradiation.
Purification of RNA following Trizol harvest, and preparation of cDNA template were carried
out as described in the Methods section. Real-time PCR analysis of samples was carried out
using TagMan probes for the 188 rRNA sequence to normalize for input RNA amounts. In
separate reactions, levels of the various cDNA sequences listed were assayed, using SYBR green
fluorescent dye intercalation for detection of amplified sequences, according to the
manufacturer’s protocol. A denaturing step was conducted at the end of the reaction sequence to
ensure that products with the appropriate melting temperature were generated in the reaction.

The expression levels measured in these experiments are relative measurements that can only be
used to compare expression levels of a particular mRNA among the different cell lines used.
Both the wild-type cells and the p21-/- cells are compared to the p53-/- cells in these
experiments. Thus, any genes that are regulated in a p53-dependent manner, but are not affected
by p21-dependent cell cycle changes should show a similar induction or repression in the wild-
type cells and the p21-/- cells. Although the data for numerous genes are plotted in Figures 5-8, it
should be remembered that one cannot infer the absolute levels of each of these genes from the
data provided. Because of the relatively wide range of expression level differences seen in these
experiments, the data are plotted on a log scale for easier visualization. The expression level of
each mRNA in the p53-/- cells is set to a value of 1; therefore, on the log scale, the p53-/- bars
have a length of 0.

Figure 6

Gamma-irradiated MEF samples were prepared as indicated for Figure 5, and transcript levels of
reported p53 target genes involved in p53 regulation, cell cycle control, and DNA repair were
measured by real-time PCR as described for Figure 5. In these experiments, no evidence was
found for p53-dependent expression of Ddb2, Msh2, or the GADD genes in cultured primary
mouse fibroblasts.

Figures7A-7C

DNA repair gene levels were measured in samples treated identically to those in Figure 5. A
number of these genes had low levels of expression, which increases the relative error of
measurement, as seen by the error bars in the figures. The most convincing positive result for
p53-dependent, but p21-independent mRNA expression was that for DNA polymerase kappa
(found in Figure 7C).

Figure 8
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Induction of DNA polymerase kappa gene (Polk) in response to 10Gy gamma irradiation, 20
J/m’ UV irradiation in a Stratalinker, cisplatin at 40 UM, and doxorubicin at 200 ng/mL was

measured by real time PCR of samples harvested 6
time PCR methodologies were performed exactly as
that the scale of this figure is linear and not a logari

hours after treatment. The harvest and real-
s outlined in the legend for Figure 5. Note
thmic scale as for Figures 5-7.
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Tables

Table la : Samples for MEF microarray experiments in Figures 1 to 3

Sample code  Alexa555 sample Alexa647 sample  Treatment Time point
(green fluorescence) (red fluorescence)

167 Trp53-/- MEF Trp53+/+ MEF doxorubicin 6 hours
168 Trp53-/- MEF Trp53+/+ MEF doxorubicin 12 hours
171 Trp53-/- MEF Trp53+/+ MEF doxorubicin 12 hours
169 Trp53-/- MEF Trp33+/+ MEF cisplatin 6 hours
170 Trp53-/- MEF Trp53+/+ MEF cisplatin 12 hours
172 Trp53-/- MEF Trp53+/+ MEF cisplatin 12 hours
164 Trp53-/- MEF Trp53+/+ MEF etoposide 6 hours
165 Trp53-/- MEF Trp53+/+ MEF etoposide 12 hours
163 Trp53-/- MEF TrpS3+/+ MEF vinblastine 12 hours
166 Trp53-/- MEF Trp53+/+ MEF no treatment 6 hours

Table 1b: Additional samples incorporated into the full analysis in Tables 2, 3, and 4

Sample code  Alexa555 sample Alexa647 sample  Treatment Time
(green fluorescence)  (red fluorescence) point
142 Trp53-/- MEF Trp53+/+ MEF gamma IR 6 hours
146 Trp53-/- MEF Trp53+/+ MEF gamma IR 6 hours
147 Trp53-/- MEF Trp53+/+ MEF uv 6 hours
148 Trp53-/- MEF Trp53+/+ MEF doxorubicin 6 hours
149 Trp53-/- MEF Trp53+/+ MEF cisplatin 6 hours
158 Trp53-/- MEF Trp53+/+ MEF vinblastine 12 hours
159 Trp53-/- MEF Trp53+/+ MEF no treatment 6 hours
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Table Legends

|
Table 1a shows MEF cell genotypes and treatrner*t of the samples used to generate the

microarray data in Figures 1 to 4. RNA harvesting, and sample preparation for
microarray hybridization are described in the Meﬂ‘hods section, and in the Figure legends.

Table 1

Table 1b lists the samples and conditions for other microarray experiments whose filtered
data were incorporated into the analysis listed in Tables 2 to 4. These microarrays were
not of the same overall quality as those of Table la, but detected many of the same
upregulated genes. |

Table 2

Mean ratios are the fold induction relative to the level of expression in Trp53-/- cells,
taken from globally normalized microarray spot fluorescence values as described for
Figure 1.

Known p53 target genes whose levels were uprdj&lated in the microarray experiments.

Table 3

Previously unreported genes whose transcript levels are higher in Trp53+/+ MEFs than
in Trp53-/- MEFs under the conditions of the microarray experiments. Mean ratios are
the fold- inductions as in Table 2. The identity of|the genes was obtained from the
annotation provided for the 15K Mouse Clone set from the National Institute of Aging,
and was compared to the p53-responsive genes in the scientific literature, as listed in
Table 1 of Chapter 1 of this thesis.

Table 4

Genes whose transcript levels were lower in Trp53+/+ MEFs compared to the Trp53-/-
MEFs. Mean ratios are fold-inductions, as in Table 2.

Table 5

Real-time PCR measurements of the transcript levels for various p53 target genes, and
previously untested DNA repair genes. As indicated in the legends for Figures 5 to 8, the
induction values are expressed as log to the base 2 values of the fold induction, i.e., a
value of 1 indicates 2-fold induction. All values ie relative to the expression in Trp53-/-
cells. :



195

References

Agarwal, A., Saleh, R. A., and Bedaiwy, M. A. (2003). Role of reactive oxygen species
in the pathophysiology of human reproduction. Fertil Steril 79, 829-843.

Attardi, L. D., Reczek, E. E., Cosmas, C., Demic¢o, E. G., McCurrach, M. E., Lowe, S.
W., and Jacks, T. (2000). PERP, an apoptosis-asjtyciated target of p53, is a novel member
of the PMP-22/gas3 family. Genes Dev 14, 704-718.

Bose, R. N. (2002). Biomolecular targets for platinum antitumor drugs. Mini Rev Med
Chem 2, 103-111.

Brugarolas, J., Chandrasekaran, C., Gordon, J. I., Beach, D., Jacks, T., and Hannon, G. J.
(1995). Radiation-induced cell cycle arrest complfomised by p21 deficiency. Nature 377,
552-557. 1

Cooper, P. K., Nouspikel, T., Clarkson, S. G., and Leadon, S. A. (1997). Defective
transcription-coupled repair of oxidative base damage in Cockayne syndrome patients
from XP group G. Science 275, 990-993.

Diehl, F., Grahlmann, S., Beier, M., and Hoheiseﬁi, J. D. (2001). Manufacturing DNA
microarrays of high spot homogeneity and reduced background signal. Nucleic Acids Res
29, E38. ‘

Eisen, M. B., Spellman, P. T., Brown, P. O., and Botstein, D. (1998). Cluster analysis and
display of genome-wide expression patterns. Pro¢ Natl Acad Sci U S A 95, 14863-14868.
Fei, P., Bernhard, E. J., and El-Deiry, W. S. (2002). Tissue-specific induction of p53
targets in vivo. Cancer Res 62, 7316-7327. |

Fischhaber, P. L., Geriach, V. L., Feaver, W. 1., Hatahet, Z., Wallace, S. S., and
Friedberg, E. C. (2002). Human DNA polymerase kappa bypasses and extends beyond
thymine glycols during translesion synthesis in vitro, preferentially incorporating correct
nucleotides. J Biol Chem 277, 37604-37611.

Friedberg, E. C., Wagner, R., and Radman, M. (2002). Specialized DNA polymerases,
cellular survival, and the genesis of mutations. Science 296, 1627-1630.

Friedberg, E. C., Walker, G. C,, and Siede, W. (1995). DNA Repair and Mutagenesis
(Washington, D.C., ASM Press).

Gonzalez, 1. L., and Sylvester, J. E. (1997). Incognito rRNA and rDNA in databases and
libraries. Genome Res 7, 65-70.

Hanawalt, P. C. (2001). Revisiting the rodent repairadox. Environ Mol Mutagen 38, 89-
96.

Honarpour, N,, Du, C., Richardson, J. A., Hammer, R. E., Wang, X., and Herz, J. (2000).
Adult Apaf-1-deficient mice exhibit male infertility. Dev Biol 218, 248-258.

Hortobagyi, G. N. (1997). Anthracyclines in the tlreatment of cancer. An overview. Drugs
54 Suppl 4, 1-7.

Jacks, T., Remington, L., Williams, B. O., Schijt, E. M., Halachm, S., Bronson, R. T.,
and Weinberg, R. A. (1994). Tumor spectrum analysis in p53-mutant mice. Curr Biol 4,
1-7.

Jordan, P., and Carmo-Fonseca, M. (1998). Cispl:%tin inhibits synthesis of ribosomal
RNA in vivo. Nucleic Acids Res 26, 2831-2836.
Kai, M., and Wang, T. S. (2003). Checkpoint acti}vation regulates mutagenic translesion
synthesis. Genes Dev 17, 64-76.

|
\
|
!



196

Karanjawala, Z. E., Murphy, N., Hinton, D. R,, Hsieh, C. L., and Lieber, M. R. (2002).
Oxygen metabolism causes chromosome breaks and is associated with the neuronal
apoptosis observed in DNA double-strand break repair mutants. Curr Biol 12, 397-402.
Knudson, C. M., Johnson, G. M., Lin, Y., and Korsmeyer, S. J. (2001). Bax accelerates
tumorigenesis in p53-deficient mice. Cancer Res 67, 659-665.

Kudo, N., Khochbin, S., Nishi, K., Kitano, K., Yanagida, M., Yoshida, M., and
Horinouchi, S. (1997). Molecular cloning and cell cycle-dependent expression of
mammalian CRM1, a protein involved in nuclear export of proteins. J Biol Chem 272,
29742-29751.

Li, M., Chen, D., Shiloh, A., Luo, I., Nikolaev, A. Y., Qin, J., and Gu, W. (2002).
Deubiguitination of p53 by HAUSP is an important pathway for p53 stabilization. Nature
416, 648-653.

Lowe, S. W., Ruley, H. E., Jacks, T., and Housman, D. E. (1993). p53-dependent
apoptosis modulates the cytotoxicity of anticancer agents. Cell 74, 957-967.
Martin-Caballero, J., Flores, J. M., Garcia-Palencia, P., and Serrano, M. (2001). Tumor
susceptibility of p21(Wafl/Cip1)-deficient mice. Cancer Res 61, 6234-6238.

Maser, R. S., and DePinho, R. A. (2002). Connecting chromosomes, crisis, and cancer.
Science 297, 565-569.

McKeage, M. 1., Hsu, T., Screnci, D., Haddad, G., and Baguley, B. C. (2001). Nucleolar
damage correlates with neurotoxicity induced by different platinum drugs. Br J Cancer
85, 1219-1225.

Middleton, M. R., and Margison, G. P. (2003). Improvement of chemotherapy efficacy
by inactivation of a DNA-repair pathway. Lancet Oncol 4, 37-44.

Morlon, A., and Sassone-Corsi, P. (2003). The LIM-only protein FHL2 is a serum-
inducible transcriptional coactivator of AP-1. Proc Natl Acad Sci U S A 100, 3977-3982.
Nagasawa, H., Huo, L., and Little, J. B. (2003). Increased bystander mutagenic effect in
DNA double-strand break repair-deficient mammalian cells. Int J Radiat Biol 79, 35-41.
Nitiss, J. L. (2002). DNA topoisomerases in cancer chemotherapy: using enzymes to
generate selective DNA damage. Curr Opin Investig Drugs 3, 15 12-1516.

Odero, M. D., Vizmanos, JI. L., Roman, J. P., Lahortiga, I, Panizo, C., Calasanz, M. ],
Zeleznik-Le, N. J., Rowley, J. D., and Novo, F. J. (2002). A novel gene, MDS2, is fused
to ETV6/TEL in a t(1;12)(p36.1;p13) in a patient with myelodysplastic syndrome. Genes
Chromosomes Cancer 35, 11-19.

Ogi, T., Shinkai, Y., Tanaka, K., and Ohmori, H. (2002). Polkappa protects mammalian
cells against the lethal and mutagenic effects of benzo[a]pyrene. Proc Natl Acad SciU S
A 99, 15548-15553.

Orphanides, G. (2003). Toxicogenomics: challenges and opportunities. Toxicol Lett 140-
141, 145-148.

Philipp, J., Vo, K., Gurley, K. E., Seidel, K., and Kemp, C. J. (1999). Tumor suppression
by p27Kip1 and p21Cip1 during chemically induced skin carcinogenesis. Oncogene 18,
4689-4698.

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W, and Vogelstein, B. (1997). A model for
p53-induced apoptosis. Nature 389, 300-305.

Prescott, D. M. (1994). The DNA of ciliated protozoa. Microbiol Rev 58, 233-267.



197

Russell, L. D., Chiarini-Garcia, H., Korsmeyer, S. J., and Knudson, C. M. (2002). Bax-
dependent spermatogonia apoptosis is required for testicular development and
spermatogenesis. Biol Reprod 66, 950-958.

Schena, M., Shalon, D., Davis, R. W., and Brown, P. O. (1995). Quantitative monitoring
of gene expression patterns with a complementary DNA microarray. Science 270, 467-
470.

Sherr, C. J., and Roberts, J. M. (1999). CDK inhipitors: positive and negative regulators
of G1-phase progression. Genes Dev 13, 1501- 1%]12

Sikka, S. C. (2001). Relative impact of oxidative |stress on male reproductive function.
Curr Med Chem 8, 851-862. |

Smyth, G. K., Yang, Y. H., and Speed, T. (2003) Statistical issues in cDNA microarray
data analysis. Methods Mol Biol 224, 111-136.

Spellman, P. T., Sherlock, G., Zhang, M. Q., Iyen, V. R., Anders, K., Eisen, M. B.,
Brown, P. O., Botstein, D., and Futcher, B. (1998). Comprehensive identification of cell
cycle-regulated genes of the yeast Saccharomyces cerevisiae by microarray hybridization.
Mol Biol Cell 9, 3273-3297.

Sugimoto, M., Kuo, M. L., Roussel, M. F., and Sherr, C. J. (2003). Nucleolar Arf tumor
suppressor inhibits ribosomal RNA processing. Mol Cell 17, 415-424.

Tang, Q. Q., Otto, T. C., and Lane, M. D. (2003) Mitotic clonal expansion: a
synchronous process required for adipogenesis. Proc Nati Acad Sci U S A 100, 44-49.
Tsutakawa, S. E., and Cooper, P. K. (2000). Transcription-coupled repair of oxidative
DNA damage in human cells: mechanisms and c¢nsequences Cold Spring Harb Symp
Quant Biol 65, 201-215.

Ulrich, R., and Friend, S. H. (2002). Tox1cogenoﬁmcs and drug discovery: will new
technologles help us produce better drugs? Nat Rev Drug Discov 7, 84-88.

Vogelstein, B., Lane, D., and Levine, A. J. (2000). Surfing the p53 network. Nature 408,
307-310.

Wang, L., Wu, Q., Qiu, P., Mirza, A., McGuirk, M., Kirschmeier, P., Greene, J. R.,
Wang, Y., Pickett, C. B, and Liu, S. (2001). Analyses of p53 target genes in the human
genome by bioinformatic and microarray approaches. J Biol Chem 276, 43604-43610.
Wang, Z. (2001). Translesion synthesis by the UmuC family of DNA polymerases. Mutat
Res 486, 59-70.

Weinberg, W. C., Montano, N. E., and Deng, C. (1997). Loss of p21CIP1/WAF1 does
not recapitulate accelerated malignant conversion caused by p53 loss in experimental
skin carcinogenesis. Oncogene 15, 685-690.

Xue, L., Zhou, B., Liu, X., Qiu, W., Jin, Z., and Yen, Y. (2003). Wild-type p53 regulates
human ribonucleotide reductase by protein-protein interaction with p53R2 as well as
hRRM?2 subunits. Cancer Res 63, 980-986. ‘

Zhao, R., Gish, K., Murphy, M., Yin, Y., Nottenjan, D., Hoffman, W. H., Tom, E.,
Mack, D. H., and Levine, A. J. (2000). Analysis of p53-regulated gene expression
patterns using oligonucleotide arrays. Genes Dev /4, 981-993.

Zhou, X. J., and Rahmani, R. (1992). Preclinical Tnd clinical pharmacology of vinca
alkaloids. Drugs 44 Suppl 4, 1-16; discussion 66-19.



198



199

Chapter 4: Xpg is a Direct Target of p53

Chapter 4: Xpg is a Direct Target of pS3............. beeeaamneesraneessantes e neese e aeeaten ereesamteeaans 199
ADSITACE ..c.ieeiee e e PP USTP 200
D18 (010 10o] 4 To) | O USSP U OUUIURPRTOPPPR 201
Materials and Methods ............cc.ococooins ettt et e e e e e e 205
Cll CUIUTE ..t ettt e e et e e snen e e rnee s s et 205
Drug and irradiation treatment of cells......... ettt ee e e et ee e abae et aearaee e e et e e 205
Harvest of RNA ... ettt 206
Real-tImME PCR ..ottt st tenneeenn e 206
Flow cytometric measurement Of Xpg........ccooooviiiiiiiiii e 207
LUucCIferase asSays ......cccevereeriiieirinririeeeeninenns O OO UTOTDOTPPI 208
Plasmid reactivation assay .............ccceeeeueee. et enmee e et e e et rn ettt ee e eanes 209
RESUIES. ..eeiieieie e e 210
Xpg/Erce) is a pS3-regulated, partially p19°*ldependent gene in murine fibroblasts
............................................................................................................................... 210
Primary mouse tissues show p53-dependent Xpg upregulation ..., 211
The Xpg gene is directly responsive 10 pS3 ...l 211
Modestly decreased repair of oxidatively-damaged DNA in p53-null cells............. 212
CONCIUSIONS .. eviieeeiiieectiee e iee e e et e snee e bt es et b et e st e et re st re s arae s senr s enne e e 213
FIQUIE T .o SV RS PSRRTUOUPPPON 217
FIZUIE 2.t et 218
o UIE 3 s st 219
Sl T4 O S OO OTPPTPPPRPPPOR: 220
FIBUIE 5. 221
FRBUIE 6. et a s 222
FAZULE 7 et s et be e 223
Figure Legends . .......ccoiiiiiiiiiie i e e 224

R O IIC S - ettt ettt e e e e e e e e e e 226



200

Abstract

The p53-dependent regulation of ErccS5, the gene encoding the mouse homolog of the
ERCCS or XPG xeroderma pigmentosum group G disease gene, was analyzed.
Microarray data indicating that this gene is induced by p53 were verified by real-time
PCR analysis. Xpg is upregulated by p53 in response to several different DNA-damaging
stimuli, and it appears to be a p/9**/-dependent gene. Upregulation of Xpg transcript was
also observed in several tissues of gamma-irradiated mice. Xpg protein levels increase
under induced conditions, as measured by a single-cell FACs assay. The Ercc5 gene
contains a p53-responsive site in the first intron; the site is a near-match for the p33
consensus sequence, and mutating the core base-pairs of one half site ablates the p53-
inducibility of the construct. Finally, preliminary data indicate that Trp53-/- cells have a
modest deficiency in repair of an oxidatively-damaged plasmid, suggesting that p53

regulation of ErccS can have consequences for cellular responses to damaged DNA.
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Introduction

|
The p53 transcription factor is best known as a rejgulator of genes such as Cdknla, which
encodes the cyclin-dependent kinase inhibitor pjl, and for inducing cell death under
some conditions by upregulating small pro-apoptptic Bel-2 homologous genes such as
Bax, Noxa, and Puma. An accumulating body of Fvidence is beginning to support the

|

notion that p53 is involved in DNA repair as a thi;rd major role for preventing cells from

becoming cancerous. |

In vivo data mainly derive from mouse strains that enable facile detection of mutations.
Mice carrying an integrated LacZ transgene in theLir genome show p53-dependent
differences in the accumulation of mutations at o}dcr ages, although no effect was seen in
young mice unless they were given mild irradiatiq)n (Giese et al., 2002). However, even
in untreated mice, in similar experiments, the mufational spectrum in neurons was found
to differ between Trp53 wild-type and null mice, indicating that a more subtle
perturbation of the normal repair pathways was tarking place (Buettner et al., 1997). A
different mouse system for mutation detection, th;: pink-eyed-dilution unstable strain
(p™), carries a tandem duplication region in the P gene. Intrachromosomal recombination
of the tandem duplication restores wild-type function to the P gene, and permits
melanocytes to develop normally and produce pigment in the skin, giving rise to a visible
region of coat color change. Surprisingly, Trp53—}— mice had a decreased rate of

intrachromosomal recombination at this locus, suggesting that some aspect of the DNA
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homeostasis of the p53-null cell is abnormal, but underlining how complicated the topic
is. This observation is reminiscent of the sorts of variable phenotypes that can arise from
mutating different translesion polymerase genes in a variety of organisms: some
phenotypes show increased mutation rates, others have lowered mutation rates, and still

others show only a change in the spectrum of mutations (Friedberg et al., 2002).

From the point of view of the different canonical pathways of DNA repair, p53 has been
suggested to play a role in both nucleotide excision repair (NER) and base excision repair
(BER) (Seo et al., 2002). A different study, based on lymphoid cell lines expressing wild-
type or mutant p53, showed that p53 was required for full induction of BER after

irradiation (Offer et al., 2001).

A very interesting recent publication from the Hanawalt lab concerns the response of
human fibroblasts to low levels of benzo-a-pyrene and related compounds, the chief
carcinogens in tobacco smoke. The researchers used a very sensitive assay to measure the
removal of these adducts from the DNA by an NER mechanism after exposure levels that
were similar to those faced by the fibroblasts in a smoker’s lung. A clear p53-dependent
difference in the rate of removal of these lesions was observed, indicating in this highly
physiological setting that p53 could be a major determinant of the mutagenesis rate of
these cells (Lloyd and Hanawalt, 2002). These studies add to earlier data from this lab
which showed that p53 was required for efficient NER removal of both major pyrimidine

dimer products produces by UV irradiation of DNA (Ford and Hanawalt, 1997).
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Mechanistic links between p53 and the regulation of DNA repair have been proposed,
based on the p53-dependent expression of a few %enes: GADD45, XPC, DDB2, 0°-
MGMT, and the inducible ribonucleotide reductase gene p5S3R2. There are interesting
differences in the mouse and human p53-inductid;n of these genes. For example, DDB2,

encoding an important component of the nucleoti;kle-excision repair {(NER) complex best
known for removing bulky lesions like UV—irradi?ption—induced thymine dimers from the
DNA, is apparently a methylated and silenced ge;ile in mice, although it is a p53-regulated
gene in humans. It has been speculated that this diifference is related to the differential
evolutionary selection pressures on the DNA repziiir pathway genes of diurnal hairless
humans compared to nocturnal furry rodents (Hajlawalt, 2001). XPC, which encodes an
early component in the assembly of the NER con?plex, is also reported to be p53-
inducible in human cells (Amundson, 2002). GAli)D45 o appears to be involved in
maintaining genomic stability, based on the pheni)type of the null mouse (Hollander et
al., 1999). The exact nature of links between this! protein and repair processes are not
known, however. p53R2 behaves in a manner sinﬁlar to its prokaryotic homologs’
inducible role in the SOS response, and assists th# cellular response to damaged DNA by
supplying increased amounts of the raw material of DNA repair, deoxy nucleotides, in
times of need. Finally, there are some data in the‘!literature, based on in vitro assays,

suggesting that p53 protein itself has some intrinsic nuclease activity that can participate

in DNA repair.

This report describes evidence that the gene for Xpg, a key member of the two main

DNA repair pathways in the cell, with a recently dliscovered role in the repair of oxidative

i
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lesions to the DNA, is directly regulated by p53 in response to DNA damage and other

stimuli.

The XPG gene has been found to be mutated in a rare subset of xeroderma pigmentosum
patients who can have clinical features ranging from the early neurodegeneration of
Cockayne syndrome to the more conventional photosensitivity and skin cancer incidence
of XP patients. A possible reason for this observation was discovered in the past several
years: in addition to playing a catalytic role as the 3’endonuclease member of the NER
complex, it appears that XPG plays a separate role in potentiating the BER removal of
oxidative lesions from damaged DNA, particularly from the transcribed strand whose
integrity is essential for the faithful production of mRNA (Le Page et al., 2000). This
second activity does not require that the endonuclease domain be functional, so it would
appear that XPG may act as a coordinator of other BER proteins via protein-protein
interactions (Nouspikel et al., 1997). It is clear from the severely runted phenotype of
Xpg-/- mice that this gene is required for development or maintenance of the cells in a

wide variety of organs, particularly the GI tract (Harada et al., 1999).

The implications for p53 regulation of XPG in mammals are considerable; it is notable
that the yeast homolog of Xpg, Rad2, was shown to be a DNA-damage-inducible gene,
indicating that there has been long-term evolutionary conservation of the inducibility of
this gene (Siede and Friedberg, 1992). Also, the removal of oxidative damage from the
DNA of mammalian cells has been shown to be an inducible phenomenon that can be

upregulated by low “priming” doses of X-irradiation (Weinfeld et al., 2001). p53-
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mediated upregulation of Xpg in the mouse would be an excellent mechanistic candidate

for this induction.

Matenals and Methods

Cell Culture |

Murine embryonic fibroblasts (MEFs) were isola.Fed from day 13.5 embryos, and were
cultured in DME media supplemented with 10% retal calf serum, 5mM Glutamine, and
penicillin and streptomycin (Gibco-BRL), in hun’{idiﬁed incubators with a 5% CO2
incubator. Cells were used between passages 2 and 7. Retroviral infections with the
pMCSV-hygro vector or pMCSV-XPG, containirilg the full-length Ercc5 cDNA, were
conducted following Calcium phosphate transfection of Phoenix cells. Infected MEFs
were selected with hygromycin for 7 days following infection and then used for

experiments.
Drug and irradiation treatment of cells

Gamma-irradiation of cells was carried out in a Gammacell irradiator at a rate of 72

rad/second. UV irradiation was administered with a Stratalinker. Cisplatin (Sigma) and
|

doxorubicin (Sigma) were dissolved in PBS prior‘ to addition to cells.
|

!
I
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Harvest of RNA

To harvest RNA from cultured MEF samples, media was aspirated from cells, and 5 mL.
of Trizol was added per 10 cm plate. Cells were scraped into Trizol, and pipetted several
times to lyse them. The manufacturer’s protocol of chloroform extraction and isopropanol
precipitation was then followed, and RNA was redissolved in RNAse-free water after
precipitation and washing. Mouse tissue samples were harvested rapidly, added to Trizol,
and homogenized immediately using a Polytron dissociator for 30 seconds on setting 19.
After letting the homogenate sit at room temperature for 5 minutes, the manufacturer’s

protocol was followed for extraction and precipitation of RNA.

For real-time PCR analysis, RNA was further purified using RNeasy micro spin columns
(Qiagen), and on-column DNAse digestion was performed to ensure that any

contaminating genomic DNA was removed.

Real-time PCR

5 micrograms of DNase-treated and cleaned total RNA was converted to c¢DNA in a
reaction volume of 100 microliters, using Superscript II enzyme and the commercial
protocol. RNA was hydrolyzed with RNase, then template was diluted in sterile water
prior to addition to thermocycling plate. Primers and SYBR-Green-containing reaction

mixture were added, and reactions were carried out for 50 cycles in an ABI 7000
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instrument, with automatic gradient denaturation'

that single products were obtained.

Northern blotting

RNA samples were diluted to equalize concentrat
loading buffer was added, samples were heated fj
ice, then spun down and loaded on formaldehyde
stained with ethidium bromide solution, then was

to verify RNA quality, equilibrated in 20XSSC, a

testing at the end of the run to ensure

ions, then concentrated formamide

or 1 minute at 70°C, briefly chilled on
gels. After electrophoresis, gels were
hed in RNase-free water, photographed

nd placed in capillary transfer

apparatuses to transfer RNA to Hybond N membranes. RNA was fixed to membranes

using a Stratalinker with two auto-crosslinking cy
(Clontech ) for at least 3 hours at 65°C was follow
incubation at 65°C in fresh Expresshyb buffer for
65°C in 2XSSC 0.1% SDS solution with several ¢
and exposed to film with enhancer screens at —80)

Probes for murine Xpg were PCR amplified from

final 1500 bp of the Xpg sequence, and were radig

*2P-adCTP, and Klenow enzyme. Probes for othe

al. (Flores et al., 2002).

Flow cytometric measurement of Xpg

icles. Prehybridization in ExpressHyb
bed by **P-labeled cDNA probe

at least 4 hours. Blots were washed at
hanges, then wrapped in Saran Wrap
°C for several hours to overnight.
mouse ¢cDNA using primers within the
pactively labeled with random primers,

r genes were as described in Flores et
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These assays were conducted in collaboration with the laboratory of Dr. Cilla Cooper,
Lawrence Berkley National Labs. MEFs differing in Trp53 gene status were cultured,
treated with DNA damaging agents, briefly trypsinized, and fixed with 70% ethanol.
After washing in PBS, cells were blocked with 5% goat serum in buffer for 2 hours at
room temperature, then were incubated with commercially available anti-XPG antibodies
(Santa Cruz). After washing cells, fluorescently-labelled secondary antibodies were
incubated with the cells, and then after final washing, data were acquired with flow
cytometry. Cells that had been treated with only the secondary antibody were compared
to cells treated with primary and secondary antibodies, to control for non-specific

antibody binding to the cells.

Luciferase assays

Promoter fragments were cloned into the pGL3-luciferase vector (Promega) and
sequenced. Mutation of the putative p53-responsive site in the “0 kb” construct insert was
carried out by overlap PCR mutagenesis and cloning into the identical site in the pGL3
vector (Pogulis et al., 1996). Cells used for the assay were the 7P53-null cell line NCI-
H1299. Variation in transfection efficiency between cell samples was controlled for by
cotransfection of the pRL Renilla luciferase expressing plasmid (Promega). Cells were
transfected with 0.5 pg of the respective pGL3 plasmid, 50 ng of the control pRL
plasmid, and 0.5 pg of either plasmid pCMV-NB (for uninduced samples) or plasmid
pCMV-p53 which expresses human p53 under the control of the pCMV IE promoter.

Transfection was carried out with Fugene 6 reagent, according to the manufacturer’s
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protocol (Roche). Assays were harvested at 15 hours post-transfection, and cells were
washed once with PBS before being lysed in the Fassive lysis buffer from Promega and

analyzed with a dual fluorescence luminometer.
Plasmid reactivation assay

The upstream 1 kb promoter sequence of the murine Tubulin 3 gene was cloned into
plasmds phRL-B, and pGL3 —basic, which are designed to give minimal background
activity in transcriptional reporter assays (Promega). The pGL3-TubP3 vector was treated
with 2% osmium tetroxide for 30 minutes at room temperature, after carrying out a dose-
response study to find a treatment level that would significantly, but not completely,
inactivate the activity of the plasmid in the reporter assay. Oxidatively-damaged plasmid
was purified away from osmium tetroxide using 4 gel-filtration spin columns, followed
by Qiagen DNA cleanup columns (Qiagen). Damaged plasmid concentration was then
measured in an uv spectrometer, and samples were prepared for transfection by pre-
mixing with the transfection control Renilla plasrhid in the appropriate ratio. Passage 3
MEFs within 24 hours of plating were transfected with 0.5 g of each plasmid per 6-well
plate well of cells, using Fugene 6 with no variatilon from the recommended ratios of
DNA, cell media, and tranfection reagent (Roche). At 10 hours post-transfection, cells
were harvested as described for the promoter reporter assays, and luciferase and Renilla
luciferase activity levels were determined. Duplidate experiments with triplicate

transfection replicates were used to generate the data for each condition.
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Results

Xpg/ErccS5 is a p53-regulated, partially pl PR _dependent gene in murine fibroblasts

Initial results from a large number of cDNA microarray experiments indicated that
Ercc5 gene was upregulated in Trp53+/+ MEFs compared to Trp53-/- MEFs in response
to several different genotoxic stimuli, and also, to a lesser degree, in untreated MEFs
(Chapter 3, this thesis). To further validate these data by the use of an independent
method, real-time PCR was carried out on samples of MEFs treated with DNA-damaging
agents. The data in Figure 1 show that Ercc5 is in fact upregulated in a p53-dependent

manner in response to the DNA-damaging agents used here.

The Northern blot of the Xpg transcript shown in Figure 2 demonstrated that only one
transcript form was detected, and further revealed that the upregulation of the Xpg
transcript is not affected by p21CIP-dependent effects on the cell cycle of irradiated cells.
The inclusion of cells deficient in the p53 upstream regulator p19ARF showed that the Xpg
transcript, like most of the p53-responsive genes in the cell, shows lesser induction in the
absence of plQARF than in its presence. In this sense, then, the Xpg transcript behaves as a
typical p53-responsive gene. The overall levels of induction of the Xpg message are
similar to those observed for pro-apoptotic target genes like Bax and Noxa, and are less

extreme than the induction of the p21<" gene.
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Primary mouse tissues show p53-dependent Xpg upregulation

To assess the induction of the Xpg transcript in pﬁ‘imary mouse tissues, Trp53 wild-type
and null mice were treated with 5 Gy of gamma iFradiation, and sacrificed at 6 hours
post-treatment. RNA harvested from tissues showed modest levels of increased
expression in Trp53+/+ mice compared to the Trp53-/- samples (Figure 3). The tissues
showing the greatest increase in Xpg transcript leyels were the thymus, spleen, small
intestine, and liver. Interestingly, the first three are among the most irradiation-sensitive

tissues in the body, and the intestine is the site of|the most dramatic degenerative

phenotype in the Xpg-/- mouse (Harada et al., 1999). These findings suggest that the p53-

responsiveness of Xpg in these tissues might be ok some functional significance.

The Xpg gene is directly responsive to p53

To ascertain whether or not the effects of p53 on L’SrccS expression were direct, rather
than being some secondary consequence of other ;ccllular alterations caused by p53, the
Ercc5 promoter was dissected and tested for its ali)ility to respond to p53 directly. Prior to
this analysis, putative p53-binding sites were iderYtiﬁed in the promoter with the
assistance of the laboratory of Dr. Wing Wong atithe Harvard School of Public Health. A
6 kb-long genomic fragment containing the prom}jgter, the 304 bp first exon, and the
proximal region of the first intron was shown to l%e able to confer p53-inducibility to the
luciferase plasmid, and when this region was dissi:cted into smaller roughly | kb-long
fragments, it was found that the proximal-most I#b fragment conferred the p53-

|
[
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responsiveness to the plasmid. A putative p53-binding site beginning at position +903
relative to the beginning of the first exon was mutated, and the resulting construct was
tested for p53-responsiveness (Figure 6). It was determined that the construct with the
mutated binding site was now entirely unresponsive to the presence of p53, indicating
that it is the likely mediator of this response. The p53 binding site at this position
perfectly matches the originally-derived consensus sequence for the core 4 nucleotides of
each half site. It varies from the consensus at the two outermost base pairs of the 3’ half
site, and at one basepair in the left-most half-site; however, these outermost basepairs are
generally less well conserved in p53-sites found in a variety of other well-studied target

genes (see the TRANSFAC database at http:/transfac.gbf.de). The position of this site is

in good agreement with an increasingly obvious tendency for p53 binding sites to be
located in the first introns of the target genes, as is the case for Bax, Perp, Killer, and a

number of other genes (Thornborrow et al., 2002).

Modestly decreased repair of oxidatively-damaged DNA in p53-nuli cells

The oxidizing agent osmium tetroxide efficiently catalyzes the formation of thymine
glycol modifications in DNA in vitro. In fact, DNA treated with this reagent has been
used as the antigen for generating antibodies specific for this particular DNA
modification (Chen et al., 1990). As an initial approach for testing Trp33-/- cells for
phenotypes that might be the result of impaired levels of Xpg protein, plasmid activity
rescue experiments were conducted, where the ability of cells transfected with a damaged

plasmid to restore its function is tested. The choice of treatment concentration and time
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were dictated by prior dose-response experiments that indicated that higher

concentrations of OsO4 damaged the plasmid irrg
give significant damage for appreciable rescue in
cycle differences between the unsynchronized 77
p21-/- MEFs were also included in the experimen
dependence of the plasmid rescue, exogenous Xp
MEFs by retroviral infection to see if this could a
ability measured in the assay.
The results shown in Figure 7 are consistent with
sufficient Xpg to repair the plasmid as well as wil
observed is modest, but this is not unexpected, gi
are not null for the gene, but merely show decrea:
thus be taken as an initial indication that Trp53-/-

DNA repair, which can be rescued by adding add

Conclusions

These experiments establish that Ercc5, the gene

protein Xpg, is directly regulated by the p53 tumg
This finding is of considerable interest, for in con
p53 regulation of DNA polymerase kappa, a poss

bypass over oxidative lesions in the DNA, it appe

functions may have been uncovered. Although th

parably, while shorter treatments did not

the assay. In order to control for cell-

p53-/- and wild-type MEF populations,
it. Furthermore, to test for the Xpg-

¢ was introduced into the Trp53-/-

ugment any deficiencies in the repair

the notion that Trp53-/- cells lack

d-type or p21-/- MEFs. The effect

ven that the cells under consideration

sed upregulation of it. These data can
cells exhibit a deficiency in this kind of

itional Xpg .

encoding the essential DNA repair

bI suppressor in primary cells of mice.
nbination with the previously mentioned
ible mediator of error-free replication
ars that a new branch of p53 effector

e phenotypic data from the plasmid
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rescue assay presented here do not show a total deficiency of repair activity, a complete
loss of Xpg function was not anticipated, since it appears that only the induced response
levels of Xpg expression are impaired in pS3-null cells. It is quite possible that an
impaired pathway of this sort could contribute to the effects of loss of p53 on tumor
development, as Xpg also contributes to the removal of a wide variety of other sorts of
DNA lesions; indeed, such repair deficiencies in p53-null cells have already been
reported in the literature, but the genes responsible for them are not yet clear. Xpg, could,
for example, be a candidate p53 target gene involved in the removal of benzo-a-pyrene, a
clearly p53-dependent phenotype in human cells (Lloyd and Hanawalt, 2000, Lloyd and

Hanawalt, 2002).

The p53-regulated portion of the Ercc5 gene is found within the first intron of the gene,
as is typical for many p53 targets, and contains a sequence showing reasonable
resemblance to the reported p53 binding consensus site (el-Deiry et al., 1992). It should
be noted that the familiar RRRCWWGYYY...RRRCWWGYYY consensus site for p53
was derived from only the first p53-binding sites that were discovered, and in the years
since then, a number of variant sites that are bound well by p53 have become known, for

example, the unusual repeat sequence bound in the Pig3 promoter (Contente et al., 2002).

Some aspects of the phenotype of Trp53-/- could also be accounted for in part by
impaired responses to oxidative stresses, for example, the decreased male fertility, and
possibly also the phenotype of the partial Trp53 deletion strain that was reported to have

an early aging phenotype (Tyner et al., 2002). It would be interesting to investigate the
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phenotype of p53 null mice as well for signs of early aging. To carry out this experiment,

however, thymectomy of newborn mice would haTve to be done to prevent the very early

onset thymomas that 7rp53-/- mice develop. It is

would occur too rapidly to enable a phenotype re

It is challenging to sort out whether the mutageni
protein with complicated cellular activities like p
enhancing activities, or are rather a side-effect of
action in damaged cells, or the increased cell cycl

Recent papers have given an indication that neith

mechanisms are necessarily essential for p53 and

possible that other tumor development

lated to aging to be observed.

¢ effects of losing a multi-functional

53 are due to the loss of its DNA-repair

the pro-apoptotic effects of the p53’s

e delay caused when p53 is activated.

er cell-cycle arrest, nor apoptotic

its homologs in other organisms to fend

off genomic instability. The Lowe lab recently shiowed that lymphomas developing in a

Myc-transgenic mouse model are not under selecli
they overexpress the Bcl-2 gene or a dominant ne‘=
al., 2002). Further, the lymphomas in such mice 4
aneuploidy as Trp53-/- tumors do, suggesting tha
a mechanism distinct from the suppression of cell
Interestingly contrary results, and a questionable

et al. paper come from Sogame et al., studying th
deletion in the Dmp53 homolog of p53. These res

susceptible to irradiation-induced genomic instab

cause G1/S arrest of the cell cycle, they conclude

1ve pressure to mutate their pS3 genes if
gative Caspase 9 construct (Schmitt et
re aggressive, but do not develop

t loss of p33 leads to aneuploidy through
death (Schmitt et al., 2002).
nterpretation of the data of the Schmitt
e phenotype of Drosophila with a
earchers find that Dmp53-/- flies are
lity, and since the fly p53 does not

that their results agree with those of

Schmitt et al. in saying that apoptotic mechanisms

5 (which can be executed by Dmp53)
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account for the normal genomic stability of Dmp53 wild-type flies (Sogame et al., 2003).
Of course, these are two very different experimental systems. It is certainly possible that
different organisms might require a different one of the two main p53 activities, cell
cycle arrest or apoptosis, to prevent genomic instability. For example, Myc-driven
Jymphomas might need only cell cycle arrest to be able to preserve their genomic DNA,
while flies may rely on an apoptosis program to protect themselves against genomic
mishaps. However, it seems plausible and even likely that other p53-inducible cellular
systems might be involved in DNA maintenance; clearly, DNA repair would be at the top
of a list of candidates for such a role. It will of considerable interest to see how much of
the network of p53-regulated genes has been conserved in the evolution of the many

organisms that possess p53-homologous genes.
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Figure Legends

Figure 1 Real-time PCR measurement of Xpg transcript

Unsynchronized MEFs were cultured as indicated in the Methods section, then were
treated with either 10 Gy gamma irradiation, 10 J/m? of ultraviolet radiation, 40 uM
cisplatin, or 200 ng/mL doxorubicin. RNA was harvested at 6 hours post-treatment, and
purified of contaminating genomic DNA. Reverse transcription from total RNA was used
to generate template for real-time PCR analysis, which was carried out as described in the
Methods section.

Figure 2 Northern blotting of Xpg

MEFs were treated with Gamma irradiation and UV irradiation as in Figure 1, and total
RNA was harvested after 6 hours and probed with a 3’ probe within the Ercc5 gene
cDNA sequence. p21 and the loading control ARPPO were then hybridized with the
stripped blot to confirm induction of a known p53-target gene in the case of p21, and to
be sure that gel loading and transfer occurred evenly, in the case of ARPPO.

Figure 3 Primary mouse tissue RNA analyzed by real-time PCR

Mice were sacrificed 6 hours after treatment with 5Gy of gamma irradiation, and RNA
from tissues was processed for real-time PCR as in Figure 1. Levels of expression are
normalized to the lowest sample level measured in the experiment, so that relative levels
in different tissues could be displayed.

Figure 4 Xpg protein induction

FACs analysis of Xpg levels in ethanol-fixed cells was carried out by incubation with
anti-XPG antibody, washing, and fluorescent secondary antibody staining. Levels of Xpg
in cells were assessed by comparison of fluorescence values with a second sample that
was identical except for having been stained with matched non-specific primary antibody.

Figure 5 Analysis of p53-responsiveness of the Xpg sequences

Portions of the Erce5 genomic locus were PCR-amplified and cloned into a luciferase
reporter vector. H1299 cells were transfected with the constructs as well as a Renilla
luciferase plasmid, to control for variations in transfection efficiency, and either a control
pCMYV plasmid, (for the “uninduced” samples) or pPCMVNB-p53, which expresses p53
(for the “induced” samples). 15 hours after transfection, cells were harvested and assayed
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for luciferase and renilla luciferase activity. Luciferase activities were normalized to the
cotransfected renilla luciferase value. Data were gathered in triplicate for each condition.

|
Figure 6 Mutation of the putative p53-responsivelsite in Xpg exon 1

Experiments were conducted as for Figure 5. The mutated plasmid alters 2 of the 4 core
bases in the 5’-most half site, as shown. :

Figure 7 Rescue of oxidatively-damaged plasmid|activity varies with p53 status

The plasmid pGL3B3Tub was treated with Osmium tetroxide and then repurified.
Trp53+/+, Trp53-/-, and p19**"-/- MEFs, and Trp53-/- MEFs infected with XPG-
expressing retrovirus were transfected with the oxidatively-damaged plasmid and, as a
transfection control, undamaged Renilla luciferase plasmid containing the same
regulatory sequences. Cells were harvested 10 hours later and cell lysates were prepared.
Cell lysates were assayed for luciferase activity and Renilla luciferase activity.
Normalized luciferase ratios relative to the undamaged plasmid are plotted for each
genotype. Increasing ratios represent the increased reactivation of the oxidatively-
damaged plasmid by the host cells. \
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Chapter 5: Conclusions
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Regulation of p533 by ubiquitination-coupled nuclear export

The findings of these experiments, and subsequent studies published in the literature,
indicate that p53 localization in the nucleus is a dynamically regulated process where the
rate of nuclear export may determine the overall amount of time spent in the nucleus. As
the majority of p53 functions are thought to be mediated by its transactivation of target
genes, this localization control is likely to be functionally significant. The previous model
in the literature suggesting that HDM2 acts in a manner similar to the HIV Rev protein,
as a nuclear shuttling protein with p53 as its passive cargo, is not supported by the
findings here, as mutation of the HDM2 nuclear export sequence (NES) had no effect on
its ability to relocalize p53 to the cytoplasm. The p53 nuclear export sequence, however,
was essential for this location change. A unifying link between HDM2-mediated
ubiquitination of p53, and control of its localization, was provided by the observation that
HDM?2 mutants unable to carry out ubiquitination, but still competent to bind p53, were
completely inactive for the nuclear export of p53. This finding is consistent with the
known structure of the p53 C-terminus, where a NES-like sequence is predicted to be
obscured by tetramerization of the oligomerization domain, and where the lysine residues
targeted by ubiquitin are located immediately next to the oligomerization domain, where
they could conceivably alter the conformation or stability of this region of the protein.

The data presented here do not imply that the tetramerization of p53 must be disrupted
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completely to expose the NES; a change in conformation or accessibility could

potentially serve as well for the proposed mechanism.

The link between p53 ubiquitination and control of its localization within the cell
parallels other results gathered in the past few years indicating that ubiquitination, similar
to modification with other small ubiquitin-like proteins, can serve other purposes aside
from being a signal for proteasomal degradation. iFor example, internalization of the beta-
adrenergic receptor from the plasma membrane, i:ind the degradation of the receptor, are
controlled by ubiquitination mediated by the betai:-arrestin protein. A surprising study was
published recently that provided some evidence that Mdm2 might actually play a role in

this ubiquitination and relocalization event as wcill (Shenoy et al., 2001).

The story of p53 localization control continues to grow more involved as additional
studies are published. For example, in addition to the likely nuclear export-mediated
mechanism involving the C-terminus of p53 presented here, a detailed study of the p53
N-terminus uncovered a second nuclear export sequence that could be concealed by
DNA-damage-induced phosphorylation of the pr{)tein (Zhang and Xiong, 2001).
Furthermore, a cytoplasmic Parkin-related ubiquil;tin ligase protein termed Parc has been
identified that can sequester p53 in the cytoplasni, and which is a candidate mediator of

the p53 mislocalization observed in neuroblastoniha cells (Nikolaev et al., 2003).
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Microarray analysis of p53-dependent gene expression following different genotoxic

treatments

As a global survey of p53-responsive gene expression in untransformed cells, the data
presented in Chapter 3 both confirm and broaden current understanding of p53. Looking
at this sort of genomic data set, gathered in an unbiased manner, emphasizes the artificial
quality of the linear pathways used to simplify the presentation of functional relationships
between biological molecules, for it is evident that alterations in p53 status affect a wide
variety of genes associated with many of the diverse activities of the cell. Many of these
cellular effects are expected to be indirect consequences of primary activities of the p53
protein, but by studying early time-points, and comparing cells whose only genetic
difference is the deletion of the Trp53-/- gene, the chances of detecting new direct

transcriptional targets are maximized.

The most striking results of the microarray experiments presented in Chapter 3, and the
subsequent real-time PCR experiments, are the discovery of two novel p53-regulated
genes, Polk and Ercc5. These two genes play a role in DNA repair and the maintenance
of genomic stability. Together with previous findings that indicated that the inducible
ribonucleotide reductase gene pS3R2 is also regulated by p53, these findings show that in
mammals, p53 has become responsible for some very ancient inducible DNA damage
responses, for the homologs of these genes are similarly DN A-damage-inducible in
organisms from bacteria to yeast, albeit by the SOS response in bacteria, and by DNA-

damage response element-binding proteins in the yeast (Siede and Friedberg, 1992; Tang
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et al., 2000). In the case of Polk and Ercc5, characterization of the biological activity of
these proteins suggests that they both may play anp important role in the response to
oxidative lesions to the DNA of the cell (Le Page et al., 2000; Weinfeld et al., 2001). In
the case of DNA polymerase kappa, the enzyme has been shown to specifically insert the

correct base (A) opposite a damaged thymine glycol, thus preventing the fixation of a

mutation (Fischhaber et al., 2002). Furthermore, the XPG-dependent base-excision repair
removal of oxidative lesions from the DNA is knbwn to be inducible by X-irradiation;

p53 is a strong candidate for the mediator of this b‘egulatory function.
1

The organism most divergent from humans so fa;} found to possess a DNA-damage-
inducible, p53-homologous gene is Entamoeba hL’stolytica; it will be interesting to see
which genes are regulated by the putative p53-ankestral protein in this organism, as well
as in the fruit fly and nematode worm. At least in the fruit fly, initial data suggest that the
p53-homologous protein Dmp53 is required for éenome stability in response to
irradiation, and that the protein does not control tpe cell cycle, but is capable of inducing
apoptosis (Sogame et al., 2003). It would be reve?hling to know whether DNA repair
pathways in these divergent organisms are p53-rqsp0nsivc or not; if they are, it would be
an indication that p53-regulation of DNA repair is part of an ancestral program of p53
genome defense. Given that Entamoeba histolyti¢a is a single-celled organism, it might

be unexpected if its p53 pathway caused cell death in response to DNA damage. In any

case, it can be expected that future experiments will uncover the settings in which p53-
mediated upregulation of DNA repair genes may ]bc important for preventing the

development of cancer in the cells and tissues of iinimals
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In contrast to Ercc5 and the known p53 induced DNA repair gene 0°-Mgmt, the vast
majority of the other DNA repair genes screened for p53-responsiveness in RTPCR
assays did not show any strong p53-specific upregulation, further supporting the notion

that any DNA repair defects in p53-mutant cells may be fairly specific.

Among the other p53-dependent upregulated genes presented in Chapter 2 are two
regulators of the glutathione pathway, the microsomal epoxide hydrolase gene, and a
seemingly large number of genes involved in protein secretory pathways. The former two
groups of genes could conceivably be involved in a p53-dependent response selected to
inactivate mutagenic chemicals from the environment. However, additional
experimentation will be required to see if these genes are directly regulated by p53, and
exactly what the consequences of their inadequate upregulation would be for the life of
the cell. p53 regulation of the several glutathione-related genes and epoxide hydrolase are
consistent with the general findings of Polyak et al., who described the initial instances of
p53 target genes with apparent roles in controlling the redox state of the cell, although

their interpretation was different from that presented here (Polyak et al., 1997).

As one contemplates the list of even the best known p53 target genes, it is daunting to
consider the sort of experiments that will be required to definitively assess the function of
each of these genes, and the importance of the interactions between each of these genes,
in the settings of normal biology in the diverse tissues of the organism, and in the various
stages of development of different malignancies. Technological means for asking the

question of the contribution of different genes to a cellular phenotype in mammals have,
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up until now, essentially been limited to the testing at most 2 or 3 gene deficiencies
through the use of homologous recombination and breeding to generate compound
knockout animals. These strategies have been cotjlstrained by the fact that gene mutations
that interfere with any stage of development or thie biology of reproduction, cannot be
easily handled, except with conditional knockout strategies that are limited by the number
of site-specific recombinase enzymes available ftj)r such experiments. In addition, the
making of null gene alleles, although allowing th]e cleanest test of essential functions of a
gene in vivo, are not the best suited changes for ainswering other biological questions. For
example, in the case of the functions of pS3-targd;;t genes, the key question to be answered
from the point of view of p53 biology are: 1. Whht are the contributions of the p53-
mediated induction of these genes to the prevention of tumor development in animals? 2.
How do the functions of these genes interact with each other, in all pairwise and larger-
order combinations? It is possible that the new experimental biclogical tools made
available with RNA interference technology may be helpful in approaching some of these
questions, if larger combinations of genes can beimanipulated than is currently feasible
with homologous knockout techniques in the mouse. One can even imagine using a
transcription factor such as pS3 as the tool for inducing the expression of siRNA
constructs or some other technological means of guiding the destruction of its own target
genes, as a way to try to eliminate the p53-depen¢:{1ent induction of subsets of genes and

i
h

study their respective importance for different cellular outcomes.

Direct regulation of Ercc3, the XPG disease genel, by p53
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More detailed study of the Ercc5 gene regulation by p53 revealed that this DNA repair
gene does appear to be a direct target of p53, with a near-consensus binding site found
within the first intron of the gene. These features are typical of a number of p53-inducible
genes; indeed, it seems to be the case that a substantial number of the genuine p53-
responsive genes are regulated by elements in their first introns, for example, Bax, Perp,
Fas, Killer and Cyclin G (Ruiz-Ruiz et al., 2003; Takimoto and El-Deiry, 2000; Yardley

et al., 1998; Yoon et al., 2002).

Initial functional characterization of Xpg-dependent deficiencies in Trp53-/- cells using
an assay that measures rescue of the activity of a DNA-damaged plasmid revealed a
modest impairment in the mutant cells that was restored by infection with an XPG-
expressing retrovirus. Although only the first step in exploring the relevance of p53-
regulated Xpg expression to the normal and cancerous biology of the mouse, these results
are encouraging, and suggest that other experiments should be conducted to observe the
genomic consequences of exposing Trp53-deficient cells to increased oxidatively
damaging stimuli. Direct measurement of the rate of removal of oxidative lesions from
the DNA of Trp53-mutant and wild-type cells would also be an important follow-up to
these experiments, to see if the cells lacking p53 have the same sort of deficiency of
repair as they have been reported to have after benzo-a-pyrene treatment, and treatment

with methylating agents (Lloyd and Hanawalt, 2002; Seo et al., 2002).

It has been difficult to establish the extent and mechanisms of the role of p53 in

maintaining genomic stability in normal cells of the body. Interestingly, there 1s some
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indication from analysis of the growing number of recorded Li-Fraumeni cancer-prone
families that the genetic phenomenon of anticipation may be a feature of this disease
(Trkova et al., 2002). Given the variable quality of clinical data, and changing regimens
of screening and care of such patients, the data oh this point are not yet extensive enough
to definitively say that there is earlier onset of tuiLnor development in successive
generations of Li-Fraumeni families, but there arb suggestions of such a trend, which

i

would be a good indication of the importance of k)53 function for maintaining genome
!

stability (Trkova et al., 2002).

Circumstantial evidence from evolutionary consiherations might lead one to think that the
mutations that result in tumors commonly found Iln human children might be the sort of
events that the function of the p53 gene would hdj,ve been evolutionarily optimized to
prevent (Lerol et al., 2003). As the hallmark of n‘iany childhood cancers is gross
chromosomal rearrangements of various kinds, it: will be important to assess whether any
novel p53 target genes, including Xpg, possess the ability to prevent such events from

occurring,

If it should happen to be the case that p5 3-regu1a§ion of Xpg is an important determinant
of the ability of cells to withstand oxidative DNAi damage or other genotoxic treatments,

then it is conceivable that this protein could be a J_:andidate target for drug development
efforts. For example, a drug that would impair Xﬂ)g function somewhat might not lower
the functional levels of the protein enough to cause harm to p53-inducing wild-type cells,

but might lower the uninduced levels of the p53-1ir1utant cells below a threshold so that

they would be more vulnerable to other treatment agents. Alternatively, novel therapies
\
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using oxidizing mechanisms might have tumor specificity. These are speculative
comments, but as out knowledge of the molecular details of the cellular tumor
suppression pathways continues to grow, new drug targets will continue to present

themselves: and some of them may prove to be useful in the clinical setting.
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