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hibitor), but is not affected by actinomycin D
The gene termed p53 is one of the most extensively (which induces DNA damage by intercalation andstudied for the past 18 years and the amount of liter-

inhibits mRNA synthesis) (4).ature published on this gene reflects its relevance
However, while some functions of p53 associatedin the field of molecular oncology; thus, loss or muta-

with immediate responses (such as those involvedtion of this oncosuppressor gene is probably the mo-
in the block of the cell cycle and in DNA repair fol-lecular lesion most frequently observed in human

tumors. The aim of this minireview is to report, dis- lowing damage) are regulated at the translational
cuss, and interpret some recent observations on this level, other functions of p53 (such as those involved
topic: (I) The relationship with the Ataxia–Tel- in the regulation of growth and development) re-
angectasia gene and with the signaling enzyme quire transcriptional regulation. Thus, the p53 gene
phosphatidylinositol 3-kinase (PI3K). (II) The rela- in the proximity of the first intron shows consensus
tionship between DNA damage, p53, and sensitivity sequences, termed NF-1 and NF-kB-like, that ex-
to anticancer therapies. (III) The gain of function hibit promoter activity (5). Regulation of the expres-caused by mutations that transform the oncosup-

sion of p53 correlates with both normal cell growthpressor p53 gene into a dominant transforming on-
and differentiation: in 3T3 murine fibroblasts cul-cogene and (IV) The phosphorylative regulation of
tured in vitro, physiological growth stimulation byp53 and its relationship with the mitogenic signal-
serum is accompanied by an increase in p53 mRNAing cascade involving protein kinase C and tumor

promoters. q 1997 Academic Press (peaking at 23–25 h), followed by increased protein
Key Words: oncogenes; tumor suppressor genes; synthesis. In vivo, during chicken and murine fetal

signal transduction; ionizing radiations; gene regu- development the increased expression of p53 during
lation. organogenesis is due to increased mRNA synthesis

(6,7). Conversely, p53 mRNA decreases in cells in-
p53 is overexpressed in a variety of spontaneous duced to differentiate (8–10).

human tumors and in cultured cells treated with
DNA damaging agents. In this second case, experi- REGULATION OF p53: THE ROLE OF THE
mental evidence indicates that the increase in p53 ATAXIA–TELANGECTASIA GENE AND
is regulated at the translational level (i.e., in- OF THE SIGNALING ENZYME
creased synthesis and/or decreased degradation of PHOSPHATIDYLINOSITOL
the protein), rather than at the transcriptional 3-KINASE (PI3K)
level (for rev. see 1,2); consistently, no changes in
mRNA levels are observed (3). Thus, p53 accumu- The candidate genes for the transcriptional regu-

lation of p53 are located upstream of the p53 signal-lation in the nucleus following DNA damage is
blocked by cycloheximide (a protein synthesis in- ing cascade and involve, among others, WAF1 (the
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so called universal cell cycle inhibitor), GADD45, and in the ATM-dependent cascade impaired its expres-
sion; transfection of AT cells with a p53 under thecyclin-G. In addition, one of the most interesting

genes possibly involved in p53 regulation is the re- effect of a strong promoter corrected the defect at
the G1 checkpoint and restored radiosensitivity.cently cloned ATM gene (Ataxia–Telangectasia Mu-

tated) (11). This gene encodes a chimeric protein con-
sisting of a domain probably functioning as a ‘‘sen- CHANGES OF p53 HALF-LIFE FOLLOWING
sor’’ for DNA damage and a carboxy-terminal DNA DAMAGE: THE RELATIONSHIP
domain homologous to PI3K. It exhibits significant BETWEEN DNA DAMAGE, p53, AND
sequence homology with many yeast genes (MEC-1, SENSITIVITY TO ANTICANCER
RAD3, TEL-1) that are related to the sensitivity to THERAPIES
DNA damage induced by radiation and by other
means. Indeed, the AT syndrome, characterized by p53 accumulates in the nucleus following DNA

damage mainly as result of posttranslational modi-cerebellar degeneration and immunodeficiency, also
features increased radiosensitivity, chromosomal in- fications increasing the half-life of the protein; how-

ever, the nature of the signal responsible for thisstability, and predisposition to cancer development;
these latter phenomena are related to deficiences in nuclear shift and accumulation is still uncertain.

Newly synthesized p53 accumulates in the cyto-the induction of p53 by DNA damaging agents. PI3K
is a signaling enzyme whose role is still poorly un- plasm during the G1 phase in growth-stimulated

3T3 cells; then the protein localizes in the nucleusderstood: it phosphorylates phosphatidylinositol in
position 3 (12), and it also phosphorylates the ribo- at the beginning of the S phase and, just before DNA

synthesis begins, it again accumulates in the cyto-somal protein pp67s6k (13). PI3K belongs to the
cluster of signaling elements which are gathered plasm (16,17); however, when DNA damage occurs,

p53 accumulates in the nucleus (18). It appears thataround the cytoplasmic domains of a variety of acti-
vated growth factor receptors with tyrosine kinase the function of p53 as the ‘‘guardian of the genome’’

(1) is somehow ‘‘inactivated’’ by nuclear extrusionactivity (12); it is an essential element of the in-
terleukin-2 signaling pathway in lymphoid cells (13). during normal DNA synthesis, whereas, following

DNA damage, some sort of nuclearization signal in-Recently, a possible relationship between p53 and
PI3K was also hypothesized (14): it was demon- duces its accumulation in the nucleus, where it can

exert its protective activity eventually leading thestrated that wortmannin, a specific inhibitor of
PI3K, sensitizes murine fibroblasts and human tu- cell to either DNA repair or apoptosis (19).

In normal cells p53 shows a relatively short half-mor cells to irradiation and blocks the induction of
p53 following DNA damage. Thus, wortmannin life (about 20 min) (20), which can be extended to

hours following DNA damage or as a consequence oftreatment mimicks some features of the AT syn-
drome, including radiosensitivity and loss of p53 in- mutations involving the core domain. PEST se-

quences (i.e., protein sequences rich in proline, glu-duction by DNA damage. This might indicate that
the PI3K function of the AT gene product is involved tamic and aspartic acid, serine, and threonine, in-

volved in the regulation of protein degradation byin the induction of p53. Although there is no evidence
so far that PI3K directly phosphorylates p53, it is calcium-dependent proteases), are localized in the

core domain between the amino acids in position 211known that PI3K also functions as a protein serine
kinase; further experiments are required to estab- and 230. As in many other proteins, PEST sequences

may be responsible for the short half-life of p53 aslish whether the relationship of the AT gene product,
PI3K, and p53 also involves other intermediate ele- they determine its susceptibility to degradation by

the ubiquitine pathway (21). DNA damage causedments.
Consistent with this hypothesis, it was recently by ionizing radiation at a clinical dose rate causes

the rapid accumulation of p53 in the nucleus (22)demonstrated that cells from patients with the AT
syndrome fail to show the classic G1/S and G2/M as a result of new protein synthesis and increased

protein stability (3). In addition to ionizing radia-delays following irradiation (15). A deficiency in the
induction of p53 by ionizing radiation, with conse- tion, cisplatin, mytomicin C, and etoposide are

among the DNA-damaging agents used in antican-quent lack of WAF1 induction and checkpoint de-
lays, was held responsible for these phenomena. cer therapy that induce accumulation of p53 in the

nucleus. Nuclear protein accumulation is rapid (be-Wild-type p53 was found in AT cells, but some defect
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ginning a few hours after the treatment) and may of dimers’’) and that this quaternary structure
strongly favors DNA binding and stabilization (29).remain detectable in surviving cells for more than 10

days. The occurrence of DNA double-strand breaks The minimal domain required for dimerization was
mapped between amino acids 331 and 353 in murinefollowing treatment appears to be necessary and suf-

ficient to trigger p53 nuclear accumulation (23); con- p53 (30); dimerization and tetramerization play a
regulative role for both p53 function and specificsistently, p53 shows intrinsic exonuclease activity

(24), which is directly involved in the repair of DNA DNA binding to consensus motifs (31). In addition,
two zinc ion binding fingers flank the Pab 240 epi-double-strand breaks, which requires both helicase

and exonuclease activities. However, when p53 is tope discovered in MT-p53, and since zinc ions are
necessary for normal p53 activity, it is possible thatmutated, it is unable to perform its role of guardian

of the genome as proposed by Lane (1); thus, p53- changes in protein conformation affect proper zinc
binding with consequent loss of activity.mutated cells irradiated with ionizing radiation nei-

ther repair DNA damage nor undergo apoptosis. The Thus, most mutations in the p53 gene are single
missense point mutations that give rise to alteredloss of p53 results in resistance to the killing effects

of ionizing radiation with a concomitant increase in p53 protein with lost oncosuppressor activity. How-
ever, at variance with other classical tumor suppres-mutation frequency and genomic instability (25).

These phenomena, due to p53 mutations, appear to sor genes (i.e., RB or WT1), some mutants of p53
not only lose oncosuppressor activity, but they alsobe critical in neoplastic progression.
exhibit oncogenic transforming functions (26,32).
This observation is difficult to reconcile with theTHE GAIN OF FUNCTION CAUSED BY
dominant-negative model of p53, according to whichCERTAIN MUTATIONS TRANSFORMS THE
the coexistence of mutant and wild-type proteins de-ONCOSUPPRESSOR GENE p53 INTO A
termines the formation of mixed oligomers with im-DOMINANT TRANSFORMING ONCOGENE
paired oncosuppressor activity because the mutant
forms have a dominant-negative effect (33). Thus,A number of mutations affect the specific DNA-

binding domain located in the core region of p53; transfection of transforming p53 genes into ‘‘null’’
human SAOS-2 or murine BALB-c cells caused in-among the most frequent are the missense muta-

tions located at amino acids 175, 245, 248, and 273. creased proliferation and tumorigenicity (34). These
data strongly support the hypothesis that certainThese mutations do not exert a univocal effect on

the functional activity of p53: some of these muta- mutants of p53 not only exhibit loss of function or a
dominant-negative effect, but also show a gain oftions may affect the turnover rate of p53 and its half-

life, and others may cause its loss of function as an transforming function that confers an active onco-
genic potential.oncosuppressor or a dominant negative effect affect-

ing the oncosuppressor activity; alternatively, other Oncogenic mutant p53 is often nuclearized and it
interacts with nuclear substructures such as chro-mutations may transform p53 into a dominant

transforming oncogene, thus causing two tumori- matin and the nuclear matrix, an abundant protein-
aceous non-DNA material also involved in the regu-genic steps with a single hit (26).

Mutant forms of p53 show relevant structural lation of transcription (35). It was hypothesized that
some mutants of p53 transactivate genes involvedchanges in the specific DNA-binding core domain

which are revealed by specific antibodies (Pab). in growth stimulation and transformation by bind-
ing to particular DNA sequences named MAR/SARWild-type p53 is Pab 240-negative and Pab 1620-

positive, while the opposite is true for several p53 (matrix attachment regions/scaffold attachment re-
gions) (36). Thus, other studies showed the interac-mutants (27). These structural changes negatively

influence the rapid degradation of p53. Changes in tion of p53 with DNA elements showing MAR/SAR
properties (in particular, a 1215-bp Alu l fragmentthe availability of PEST sequences to proteases

might be responsible for impaired degradation (21); with sequence similarity to MAR/SAR elements). As
reported in Fig. 1, MAR elements might operate as ahowever, other mechanisms must also be involved

since some MT-p53 (Mutated Transforming p53), trait d’union on the matrix scaffold, joining together
elements of transcriptional regulation: the en-which maintain the exposed PEST sequences, show

extended half-lives (28). hancer, the MAR element, the promoter, and the
gene that has to be actively transcribed. Muller etIt is well known that p53 forms oligomers (‘‘dimer
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FIG. 1. A model for the functional activity of the AT-rich MAR sequences working as a trait d’union on the matrix scaffold to put
in close proximity fundamental elements of transcriptional regulation: enhancers, MARs, promoters, and genes. MT p53 is also considered
a MAR-specific activator, as proposed by Muller et al. (36).

al. (36) suggest that some mutated forms of p53 with code proteins that impair p53 function with different
molecular mechanisms. A possible biological expla-gain of function might influence the transcriptional

scaffold complex. Indeed, mutant p53 upregulates nation for this phenomenon is that the viral cycle
can efficiently proceed only in cells that are deregu-certain genes that are involved in cell proliferation

and tumorigenesis: interestingly, the same genes are lated in DNA replication and checkpoints. In addi-
tion, a variety of viruses also encode anti-apoptoticdownregulated by wild-type p53. Among the genes

upregulated by mutant p53 are IL6; vascular endo- genes that protect infected cells from programmed
death; this phenomenon involves both the p53-de-thelial growth factor (a neoangiogenesis factor in-

volved in the growth of solid tumors); the insulin pendent and the p53-independent pathways of
apoptosis.growth factor I receptor gene (39); PCNA; and the

Multi Drug Resistance gene, MDR1, that is responsi- The gene MDM2 was first identified as an ampli-
fied gene associated with double minute chromo-ble for the failure of chemotherapy in a number of

tumors (34–38). Thus, the MAR/SAR binding activ- somes in spontaneously transformed BALB-3T3
murine fibroblasts (40). The human homologue ofity of p53 might be among the molecular mecha-

nisms responsible for the gain of function exhibited this gene maps to chromosome 12q13/14 (41), and
this chromosomal region is frequently altered inby some transforming p53 mutants.

In addition to the mutations described above, a number of human malignancies. The amplifica-
tion of MDM2 may represent an alternative mech-other mechanisms inactivate the oncosuppressor ac-

tivity of p53. Thus, blockade of p53 oncosuppressor anism through which transformed cells overcome
the p53-regulated growth control. The MDM2activity by several DNA viral products is involved

in the transforming activity of a large number of gene product binds to p53 at the amino-terminal
domain, thus abrogating the p53-dependent cas-DNA viruses. At least six DNA viruses, including

papilloma 18/16, SV-4O, adenovirus, Epstein–Barr cade which includes WAF1, GADD-45, Cyclin-G,
etc. (42). Momand et al. (40) studied the proportionvirus, hepatitis B virus, and cytomegalovirus, en-
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of p53 bound to MDM2 in cells at different growth in vitro, this phenomenon might not play a central
role in the activation of p53 as a transcription factorlevels: in growth-arrested normal cells, 78% of p53

was not bound to MDM2, thus demonstrating that in vivo.
The possibility that p53 might exist in a ‘‘latent’’an excess of ‘‘free’’ p53 was necessary for cell cycle

arrest; conversely, in actively growing trans- form was recently proposed (55,56): the model by
Hupp et al. (55) focuses on the central regulative roleformed cells, 100% of p53 was bound to MDM2.

Phosphorylation of p53 does not appear to influ- played by the carboxy terminal in the tridimensional
folding of the p53 tetramer. According to this model,ence the binding to MDM2. In conclusion, the

binding of MDM2 to p53 in transformed cells sug- when unphosphorylated, p53 is folded in such a
manner that DNA binding to the central functionalgests this as one of the different mechanisms to

override the p53-dependent control. domain is prevented. The mechanism of phosphory-
lation at the carboxy terminal seems to be relevant
in order to prevent the inactivation of p53, and, in-PHOSPHORYLATIVE REGULATION OF p53
terestingly, this phosphorylation is carried out byAND ITS RELATIONSHIP WITH THE
PKC (55,56,57). The ‘‘open’’ configuration of the fourMITOGENIC SIGNALING CASCADE
phosphorylated carboxyl ends of the tetramer ap-INVOLVING PROTEIN KINASE C
pears to be a necessary prerequisite for the nonspe-AND TUMOR PROMOTERS
cific DNA binding that in turn allows the consequent
specific DNA binding to p53 consensus motifsEight different protein kinases are involved in p53

phosphorylation: casein kinase I and II (43,44), (54,55). According to this model the antibody Pab
421 is a useful tool to distinguish between the activep34cdc2 kinase (45), DNA-activated protein kinase

(DNA-PK) (46), MAP kinases (47), protein kinase C and the inactive form of p53: thus, PKC-dependent
phosphorylation of serine 378 correlates with the(PKC) (30), Raf -1 kinase (48), and Jun-kinase (49).

p34cdc2, an A- and B-cyclin-dependent kinase, loss of Pab 421 reactivity, which is restored by phos-
phatases 1 and 2. The phosphorylation of the penul-phosphorylates human p53 at serine 315: this phos-

phorylation stimulates the specific binding of DNA timate amino acid (serine 392) of human p53 is de-
pendent on casein kinase II; however, this site ap-to the consensus sequence 5*XXX(AT)(TA)GYYY3 *

of p53 (where X is a purine and Y a pyrimidine), and pears to be less critical for p53 activation (58).
Furthermore, a very detailed study by Hupp andit also causes a distinctive conformational change of

the protein, suggesting a potential role in the regula- Lane (59) indicates that phosphorylation of serine
392 can also occur via a casein-kinase II-indepen-tion of checkpoint 2, where p34cdc2 is particularly

active. The finding that p34cdc2 phosphorylates p53 dent pathway.
According to a recent report (60), phosphorylationis consistent with the recent evidence that p53 is also

involved in the regulation of checkpoint 2 (50,51,52). of p53 in vivo is not performed directly by PKC, but
through the involvement of a PKC/MAP kinase path-DNA-PK and MAP kinases appear to be involved

in the phosphorylation of human p53 at the amino- way. Whatever the case, PKC-dependent, direct or
indirect, phosphorylation of serine residues 372–381terminal domain, influencing the half-life of the pro-

tein and its transcriptional activity. DNA-PK ap- at the carboxy terminal of human p53 tetramer is a
critical event for the transition from the latent topears to be involved also in DNA repair since it con-

tains PI3K motifs just like the AT gene product, the active form of p53. Thus, it was recently demon-
strated that short treatment with the PKC activator,which is involved in cell responses to DNA damage.

Accordingly, a model for the stabilization of p53 the tumor promoter PMA (phorbol myristate ace-
tate), causes PKC-dependent phosphorylation of p53through phosphorylation by DNA-PK in response to

DNA damage has been proposed by Selivanova and with consequent binding of p53 to DNA (57); how-
ever, when PMA treatment is prolonged for moreWinam (53); in this model, p53 binds DNA free ends

in association with the DNA-PK Ku subunit that than 12 h (chronic PMA treatment), some isoforms
of PKC are downregulated (61,62). In our laboratoryalso shows high affinity for DNA free ends. p53 is

then phosphorylated by DNA-PK at serine 15–17, we demonstrated that when K562 human leukemia
cells, which do not express p53, were transfectedthus inducing stabilization and nuclear accumula-

tion. However, recent results (54) suggest that, de- with a temperature-sensitive mutant of p53, they
underwent apoptosis at the permissive temperature.spite the finding of p53 phosphorylation by DNA-PK
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