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Genetic alterations and environmental carcinogens
have been identified that increase cancer risk (Bennett et
al. 1999), vet most cancer patients have no identifiable
risk factors, Furthermore, analyses of metaphase spreads
derived from diverse solid umors often reveal aneu-
ploidy and structural chromosome alterations such as
acentric fragments and dicentric chromosomes that de-
rive from chromosome breakage. yet normal cells have
robust repair mechanisms to repair such lesions (e.g., see
Fig. 1). Should damage be irreparable, sensitive control
circuits have evolved to detect and respond to as few as
on¢ double-strand break (DSB) to prevent the cycling of
cells with DNA damage (Kastan et al. 1992; Di Leonardo
etal. 1994; Ishizaka et al. 1995; Huang et al. 1996). These
observations raise many important questions. First, what
factors and mechanisms account for the genomic insta-
bility of tumors in patients not exposed to genotoxins?
Second, what are the components of the cellular DNA
damage response, and how are they regulated? Clearly,
for cells with chromosome aberrations to proliferate, such
controls must be disabled during cancer progression.
Third, is inactivation of the damage repair and response
circuitry sufficient for structural chromosome alterations
1o arise” The important alternative is that some of the mu-
tations that arise during cancer progression actually act as
endogenous inducers of genomic instability (Nowell
1976; Jackson and Locb 1998).

The studies described here provide insight into the an-
swers to these questions by examining various aspects of
the damage response circuitry involving the tumor sup-
pressor pS3. The p33 gene is a target for mutation in nu-
merous cancers (Hussain and Harris 1998; Bennett et al.
1999). Cancers with a wild-tvpe p53 gene employ mech-
anisms to inaclivate the p53 protein, including (1) prefer-
ential nuclear export resulting in evtoplasmic localization
(Moll et al, 1992; Stommel et al. 1999); (2) overexpres-
sion of the p§3-negative regulator HDM2, the human ho-
molog of mouse MDM2 (Oliner et al. 1992; Reifenberger
et al. 1993; Momand et al. 1998); (3) alteration of a locus
encoding an antagonist of HDM2 called ARF (signifying
alternative reading frame of the p16 gene (Kamijo et al,
1997, 1999a; Sherr and Weber 2000); or (4) expression of
viral oncoproteins that lead to p53 degradation or fune-
tional inhibition (for review, sce Ko and Prives 1996). In
all cases of p33 inactivation, it is either prevented from
binding to DNA through structural mutation or limiting
its accumulation in the nucleus. However, there has been
significant controversy over which of several potential
nuclear functions are required for tumor suppression by
ps3.

Loss of p533 lunction has been correlated with genetic
instability (Livingstone et al. 1992; Yin et al. 1992), but
the mechanisms by which p53 limits the emergence of ge-
netically variant clones are still debated. One view is that
p33 is a stress-activated transcriptional regulator that pre-
vents cells with damaged genomes, or exposed to poten-
tially genotoxic conditions, from entering the cycle (Ko
and Prives 1996). Although only one frans-activation do-
main was once thought to be responsible for these func-
tions, recent in vitro studies raise the possibility that there
may be at least one other amino-terminal transeription
domain and that other protein interaction domains may be
involved in downstream pS53 responses (Lin et al. 1994;
Walker and Levine 1996; Zhu et al. 1998). Some studies
suggest that under certain in vitro conditions, p33 does
not require its frans-activation function to induce apopto-

Figure 1. Chromosome instability in primary breast cancer. The
metaphase spread shown was obtained from a cell derived from
a fine needle biopsy of a pleural effusion in a woman with pri-
mary breast cancer who had not been exposed to chemotherapy.
The sample was immediately placed into growth medium and
cultured for less than 24 hr to minimize the induction or selec-
tion of chromosome changes during cell culture (MeGill et al.
1993). The arrowhcads point to double minute chromosomes
that indicate amplification of genes conferring growth or sur-
vival advantages (see, e.g., Von Hoff et al, 1992).
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sis (Haupt et al. 1995; Sabbatini ct al. 1995). At one ex-
treme are recent data suggesting that interaction of p33
with mitochondria may be involved in its apoptotic func-
tions (Marchenko et al. 2000). Other studies indicate that
p53 possesses the ability to repress genes by a mechanism
that may not require DNA binding (Thut et al. 1997). Yet
other studies suggest that pS3 contains intrinsic nucleic
acid remodeling functions that enable it to identify spe-
cific types of DNA lesions, participate in strand anneal-
ing, and even rescct DNA via a 3°-5" nuclease that maps
in its DNA-binding domain (Mummenbrauer et al. 1996;
Sturzbecher et al. 1996; Buchhop et al. 1997).

One wonders whether this small protein could possess
so many disparate functions, or whether the inferred
functions relate more to the particular in vitro assays em-
ployed, or the expression of supra-physiologic levels of
p53 in transfection analyses. The latter is especially wor-
risome since p53 overexpression will result in the forma-
tion of DNA-binding-competent tetramers forced to re-
side in the nucleus due to the masking of the p53 nuclear
export signal (NES) located within the tetramerization
domain (McLure and Lee 1998; Stommel et al. 1999). As
p53 contains protein interaction domains, and has been
reported to bind numerous partners (Ko and Prives 1996),
it is possible that high-level expression could produce re-
sponses that are not normally observed after stress-in-
duced activation. Clearly, resolution of the important
question of how pS53 prevents the emergence of geneti-
cally variant clones, and suppresses tumorigenicity, re-
quires the development of relevant in vivo models.

EFFECT OF MDM2 BINDING ON p53
REGULATION

The potential problems associated with in vitro and
transfection-based studies led us to create a mouse with a
mutated p53 allele to distinguish which postulated func-
tions of p53 are required to maintain genome stability, in-
duce apoptosis or senescence, and suppress tumorigene-
sis in vivo (Jimenez et al. 2000). We changed amino acids
Leu-25 and Trp-26 to Gln and Ser (referred to below as
p539%) since an analogous change in human p353 signifi-
cantly reduced p53 frans-activation (Lin et al. 1994).
These mutations do not affect protein structurc and
should preserve the known protein interaction domains,
except that involved in binding the negative regulator
MDM2 (Lin ct al. 1994).

The effects of the QS mutation on protein abundance,
DNA binding, and nuclear localization were analyzed
(see Table 1 for a summary of p53?% biological proper-
ties). We confirmed by coimmunoprecipitation analyses
that p53°% does not bind MDM?2. p539% is more abundant
than p53"™, undoubtedly because it is resistant to MDM2-
mediated degradation (Haupt et al. 1997; Kubbutat et al.
1997). Importantly, although ionizing radiation produced
a significant increase in the abundance of p53™, an iden-
tical treatment produced no increase in the abundance of
p5395. These observations indicate that under normal in
vivo conditions in a primary cell, regulation of MDM2
binding is key to controlling p53 abundance. Moreover,

Table 1. Effects of lonizing Radiation on p53** and p539°

Proteins
P53‘" pq s

~IR +IR -IR +IR
1. Abundance e - +—+ .»+
2. MDM2 binding +* ~
3. DNA binding +/- +4 o +H
4. Trans-activation += i .
5. Subeellular localization n+/e ni+/c n++fc  n++/c

This table summarizes the characteristics of wild-type mouse p53 and
a mutant in which amino acids 25 and 26 were changed to glutamine and
serine to disable rrans-activation and prevent MDM2 binding. The data
leading to this summary are presented in detail in Jimenez et al. (2000),
and are described in the text.

although other factors have been implicated in p53 abun-
dance, such as modification by JNK kinase phosphoryla-
tion (Fuchs et al. 1998), our data suggest that this is likely
to have a far less significant role than those modifications
that affect interaction between MIDDM2 and p53.

The QS mutation should not affect the domains of p53
necessary for DNA binding. We therefore determined the
DNA-binding capacity of p33°% in extracts derived from
nonstressed cells and in those exposed to DNA damage.
Gel shift analysis revealed little p53™ that could bind to
P53 response elements in the absence of stress; this
amount increased significantly after DNA damage. Inter-
estingly, p539® bound to p33 response elements equally
well in the absence and presence of stress. We confirmed
these results by studying the cffects of pAb421, which
stabilizes the interaction of p53 with its response element
and also “supershifts” the complex, resulting in migration
at a higher molecular weight, pAb421 increased the in-
tensity of the p53™* band, which was increased even fur-
ther after DNA damage. pAb421 also increased the effi-
ciency of response element binding by p539S, but there
was no further increase in extracts made from cells sub-
jected to DNA damage. These data suggest that MDM2
binding may affect p53 binding to its response element,
which may occur as an indirect consequence of the in-
creased abundance of p53?® favoring formation of active
tetramers. An additional possibility is that MDM2 bind-
ing actually prevents p53 from accessing its response el-
ements, which would be consistent with other published
data (Zauberman et al. 1993; Kapoor et al. 2000).

We previously studied the regulation of p53 nuclear
export and concluded from transient transfection analyses
that MDM2 was not likely to have a significant role
(Stommel et al. 1999). To evaluate the potential role
plaved by MDM2 binding in p53 subcellular localization
when p33 is expressed from its native promoter, we stud-
ied p53 distribution in exponentially growing and
stressed wild-type and QS/QS mutant mouse embryonic
fibroblasts (MEFs) and used heterokaryon analysis to
evaluate shuttling of the mutant protcin from mouse to
human nuclei. The data showed that p339% is abundant,
and nuclear in a significant fraction of exponentially
growing cells. However, we also observed abundant cy-
toplasmic p532% in many cells. The heterokaryon studies
showed that p339% was abundant and nuclear at early
times, but diminished in intensity over time, and appeared
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to be distributed between the nucleus and cytoplasm. As
the QS protein is abundant, and binds DNA constitu-
tively, it is very likely that it is tetrameric, as tetrameric
p53 is required for high-affinity DNA binding (McLure
and Lee [998). The tetramer should also have the NES
occluded by interactions within the tetramerization do-
main (Stommel et al. 1999). The combination of NES oc-
clusion and constitutive DNA binding probably explains
the preferential nuclear localization of the QS protein.
However, it is also possible that some property of MDM2
requires its binding to p53 for optimal p53 export. This
model is consistent with recent data showing that al-
though the p53 NES is essential for p53 nuclear export,
the ubiquitin ligase function of MDM2, although not the
MDM2 NES, is required for efficient p53 nuclear export
(Boyd et al. 2000; Geyer et al. 2000). Presumably,
MDM2-mediated ubiquitination exposes the p53 NES to
enable engagement of the export machinery.

CONTRIBUTION OF TRANS-ACTIVATION TO
p53 FUNCTION IN VIVO

We have evaluated the transcriptional competence of
the mutant protein and have determined its ability to in-
duce G, arrest. We find that p53°® is incapable of frans-
activating endogenous p21 and mdm2 genes. Like p53
null cells (Zindy et al. 1998), p53?® MEFs express copi-
ous amounts of ARF (Jimenez et al. 2000). This implies
that, although capable of binding DNA, p53QS is unable
to regulate ARF negatively. This further suggests that a
downstream product of p53 trans-activation represses
ARF transcription and/or splicing.

Consistent with the transcriptional defects of p5395,
we observed that p53°% MEFs exhibited as profound an
arrest defect following ionizing radiation or PALA treat-
ment as did p33 null MEFs. These data demonstrate that
responses to these stresses absolutely require p53 trans-
activation. Interestingly, although p53~* heterozygotes
arrested after PALA challenge, p539%* were severely
compromised. This indicates that in response to certain
stresses, the p532® mutation may exert a dominant-nega-
tive effect. This may derive from the ability of the stable
but trans-activation-incompetent p53?° tetramers to bind
to p53 response elements in DNA, thercby preventing
functional but less stable wild-type tetramers from gain-
ing access to the same sites.

Mice carrying the mutated allele (referred to as p5395)
in the germ line were obtained, and the effects of p53°°
on cell cycle regulation and induction of apoptosis in
MEFs and thymocytes were analyzed. In all cases, our
analyses compared the behavior of wild-type (+/+), het-
erozygous (QS/+), and homozygous mutant (QS/QS)
mice and MEFs to cells derived from mice of identical
genetic background but containing a knockout allele of
p33 (i.e., pS3™, p537).

Control of apoptosis is a critical parameter that has
been linked to tumor suppression. We compared the
apoptosis profiles in thymocytes derived from +/+, +/—,
—/—, +QS, and QS5/QS mice exposed to ionizing radia-
tion. The —/— and QS/QS mice exhibited a 30—50-fold de-

crease in thymic apoptosis, and the +/- and +/QS mice
exhibited significant, but equivalent reductions. Thus,
transcriptional activation appears to be required in vivo
for radiation-induced thymic apoptosis by p53. There
does not appear to be a detectable dominant-negative ef-
fect of the mutant allele on apoptosis under these condi-
tions. It remains to be determined whether the QS allele
will produce equivalent defects in apoptosis in other or-
gans, or in response to different stresses.

We have begun to evaluate the effects of the p5395 al-
lele on several parameters related to tumorigenicity
(Jimenez et al. 2000). We first evaluated the in vitro
transforming ability of two oncogenes, £14 and activated
ras, using MEFs of different genotypes. The first assay
evaluated colony-forming ability in soft agar, and a sec-
ond analysis measured the ability of MEFs transduced
with both oncogenes to form tumors in the flanks of nude
mice. No transformants were observed in +/+ MEFs, even
after addition of both oncogenes. Addition of only one
oncogene to either —/— or QS/QS MEFs also generated no
colonies able to grow in soft agar. However, addition of
both oncogenes to —/—and m/m MEFs produced hundreds
of colonies. Injection of 5 x 10° MEFs infected with retro-
viruses encoding both oncogenes failed to produce tu-
mors when +/+ MEFs were cmployed, but more than 80%
of animals injccted with —/— or m/m cells infected with
both oncogenes produced large tumors within 2 weeks of
mjection.

We have bred mice with null and QS alleles to compare
tumor development, spectrum, and latency in these two
models. At present, we have an insufficient number of
mice of the appropriate ages to derive firm conclusions;
however, we have observed the development of tumors in
homozygous null and QS animals as young as 3 months
of age. Although the sample size is small, our initial im-
pression is that the time at which the first tumors are evi-
dent will be approximately the same in animals lacking
p53 protein and in those containing the protein with the
QS mutation. These preliminary observations suggest
that the QS allele does not retain sufficient function to
suppress tumorigenicity. Finally, we have observed a sig-
nificant tumor predisposition in the QS homozygous
mice, as observed in the p53 null mice (Donehower et al.
1992; Jacks et al. 1994). Insufficient time has elapsed to
state whether latency or tumor spectrum is different in the
QS and null mice. However, the data suggest that muta-
tions that disable a single amino-terminal rrans-activation
domain are sufficient to impair p53 function to a level ex-
perimentally equivalent to that obtained by complete
elimination of p53 protein.

STUDIES OF p53 REGULATION PROVIDE
HINTS CONCERNING ENDOGENOUS
INDUCERS OF GENETIC INSTABILITY

The data summarized above emphasize the importance
of the amino-terminal frans-activation domain in p53
function. It is therefore not unexpected that regulation of
P33 trans-activation function is controlled by a variety of
mechanisms. p53 binds DNA as a tetramer; association of
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monomers is affected by phosphorylation, and subcellu-
lar localization is affected by both nuclear localization
signals and by an intrinsic NES (Stommel et al. 1999). In-
terestingly, the p33 NES is located in the tetramerization
interface, and it should be exposed in the monomer and
dimer, but occluded in the tetrameric form that binds
DNA (Stommel et al. 1999). It has been proposed that
binding of MDM2 to the p53 amino terminus mediates
p33 nuclear export (Roth et al. 1998), but recent data
demonstrate that active export by MDM2 is not involved
in p53 exit from the nucleus (Boyd et al. 2000; Geyer et
al. 2000). As described above, regulating MDM2 binding
to p53 appears to be a critical determinant of p53 abun-
dance. By extension, the intracellular p53 concentration
should also affect the monomer to tetramer p53 ratio,
which would then be expected to dictate the ratio of inac-
tive cytoplasmic to active nuclear p53 in the cell. These
considerations have focused much recent work on the
factors that regulate MDM2 binding to p53.

MDM2 binding to p53 is regulated by modifications in
both proteins, as well as by association of MDM2 with its
negative regulator ARF. It is now clear that phosphoryla-
tion of the amino terminus of p53 at Ser-15 and Ser-20 is
catalyzed by two kinases, ATM and Chk2 (Matsuoka et
al. 1998: Bell et al. 1999; Chehab et al. 1999; Hirao et al.
2000: Shieh et al. 2000). The ATM-dependent modifica-
tions are introduced as very carly responses to ionizing
radiation, although not to UV (Siliciano et al. 1997;
Banin et al. 1998; Canman et al. 1998). Although Ser-15
phosphorylation has very modest effects on MDM2 bind-
ing, Ser-20 phosphorylation significantly reduces, but
does not eliminate, MDM2 binding (Unger <t al. 1999).
Similarly, MDM2 is phosphorylated very rapidly in an
ATM-dependent fashion, but this does not appear to af-
fect the ability of MDM?2 to interact with p53 (Khosravi
et al. 1999). A second level of regulation involves ARF,
a protein translated from the alternative transcript gener-
ated from the p16™** locus (Kamijo et al. 1998; Lowe
1999; Sherr and Weber 2000). ARF can bind to both
MDM2 and p53, but its binding to MDM2 may be of
greatest functional consequence. ARF inactivates
MDM2, but there is some debate over the precise mecha-
nism. Some studies claim that ARF, which has a nucleo-
lar localization signal, moves MDM2 from the nucleo-
plasm to the nucleolus, thereby preventing MDM2 from
binding p53 (Lohrum et al. 2000; Weber etal. 2000). This
would result in p33 stabilization. Another model is that
ARF inactivates the ubiquitin ligase function of MDM2,
which also stabilizes p53 (Honda and Yasuda 1999;
Midgley et al. 2000). Therefore, amino-terminal phos-
phorylation of p53, and perhaps phosphorylation of
MDM2, as well as ARF binding to MDM2, will result in
p33 stabilization.

[t is now clear that ARF is a key p53 coregulator, but
the signals that activate ARF remain to be defined. Onco-
genes were observed years ago to lead to cell cycle arrest
or senescence in cells with a wild-type pathway, whercas
they promoted growth and transformation of cells with a
defective p53 pathway (Serrano et al. 1997; Lin et al.
1998: Lowe 1999). It is now clear that cells lacking ARF

behave similarly to p53-deficient cells in response to ac-
tivated oncogenes (Zindy et al. 1998). Indeed, expression
of activated c-Myc in MEFs selects for cells that either
have sustaincd p53 mutations or have lost ARF expres-
sion (Eischen et al. 1999), and the same reciprocal rela-
tionship has been observed in vivo in that cells tend to
have suffered inactivating lesions in p33 or ARF, but not
both (Sherr and Weber 2000). Furthermore, some onco-
genes have been observed to induce ARF mRNA, leading
to the hypothesis that ARF provides a cellular mechanism
for activating p33 in response to oncogene overexpres-
sion, or the hyperproliferative signals that result from ac-
tivated oncogenes (Bates et al. 1998). As p33 was not ob-
served to be phosphorylated at Ser-15 in response to the
oncogene E1A, and MEFs lacking ARF were reported to
arrest normally when subjected to ionizing radiation, it
was concluded that oncogene-induced signaling does not
involve induction of DNA damage (Kamijo et al. 1997).

In contrast to the situation above, other studies support
a model in which ARF can modulate the p53-dependent
response to DNA damage (Khan etal. 2000). ARF protein
was observed to be induced after ionizing radiation, and
careful time course analyses of responses to multiple radi-
ation dose levels clearly showed an arrest deficiency in
ARF null MEFs (Khan et al. 2000). It is important to em-
phasize that ARF null MEFs retain wild-type p53 that can
still be activated by the ATM/Chk2 kinase pathway de-
scribed above, and consequently do not have as profound
acell cycle arrest defect following ionizing radiation as do
p33 null MEFs (see Fig. 2) (Khan et al. 2000). The defects
in cell cycle arrest in ARF null MEFs correlated with a
lack of sustained induction of p53 and p21. Consistent
with involvement of ARF in the damage response, analy-
gis of MEFs derived from ARF-null, ATM-null showed
that they fail to senesce prematurely like ATM-deficient
MEFs (Kamijo et al. 1999b). As the premature senescence
of ATM-deficient MEFs is thought to be duc to generation
of DNA damage in cclls lacking this key checkpoint pro-
tein, the ability of ARF deficiency to overcome this senes-
cence is compatible with the view that it contributes to the
stringency of the DNA damage response. These data are
not consistent with models stating that ARF is activated
exclusively by hyperproliferative oncogenic signaling and
that it is not relevant to the DNA damage response. How-
ever, it must be emphasized that cells lacking ARF still
contain p53 that can be activated to some extent by DNA
damage. Indeed, the ability of p53 to be activated may ex-
plain why ARF null mice with short telomeres do not ex-
hibit a tumor predisposition; in this case, the short telo-
meres, or unstable chromosome fusion products derived
from them, are likely to signal to p53 via the ATM/Chk2
system described above to activate p53 and lead to elimi-
nation of cells with variant chromosomes (Chin et al.
1999; Greenberg et al. 1999).

INDUCTION OF DNA DAMAGE BY
ONCOGENES

Studies of p53 regulation led to the model that both
oncogene overexpression and DNA damage produce






