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p53 acts as a potent tumor suppressor largely
hrough its ability to induce cell death by apoptosis.
iverse cellular stress conditions, e.g., DNA damage,
ypoxia, and oncogene activation, trigger p53-depen-
ent apoptosis. ARF is a 14-kDa protein encoded by an
lternative reading frame within the human INK4a
ocus that also encodes the p16 protein. ARF induces
53 in response to oncogene activation by prevent-

ng its degradation. This ensures the elimination of
merging tumor cells by p53-dependent apoptosis.
53 promotes apoptosis through multiple mecha-
isms, including transactivation of specific target
enes, down-regulation of a distinct set of genes, and
ranscription-independent mechanisms. This may ex-
lain the frequent inactivation of ARF/p53 rather than
ownstream effectors during tumor development.
1999 Academic Press

Tumors develop as result of multiple genetic changes
nd acquire a variety of new phenotypic characteris-
ics. A common feature of tumor cells is loss of normal
ell cycle control. Perhaps all tumor cells show dysfunc-
ion of the p16-cyclin D-cdk4-pRb pathway that regu-
ates G1/S transition in the cell cycle (1). Another fre-
uent target for mutations in tumors is the p53 gene.
he fact that around half of all human tumors carry
utations in this gene is solid testimony as to its

ritical role as tumor suppressor. p53 halts the cell
ycle and/or triggers apoptosis in response to various
tress stimuli including DNA damage, ribonucleotide
epletion, hypoxia, oxidative stress, and oncogene ac-
ivation (2, 3) (Fig. 1). Upon activation, p53 initiates
he p53-dependent biological responses through tran-
criptional transactivation of specific target genes car-
ying p53 DNA binding motifs. In addition, the multi-
aceted p53 protein may promote apoptosis through
ranscriptional repression of certain genes lacking con-

1 Corresponding author. E-mail: Klas.Wiman@mtc.ki.se.
1

ensus p53 binding sites, and transcription-indepen-
ent mechanisms as well (4). Analyses of a large num-
er of mutant p53 genes in human tumors have re-
ealed a strong selection for mutations in the specific
NA-binding core domain of p53 (residues 94–292) (2,
), strongly suggesting that specific DNA binding is
mportant for p53-mediated tumor suppression.

Both p53-induced cell cycle arrest and apoptosis are
robably involved in p53-mediated tumor suppression.
hile p53-induced cell cycle arrest may be transient,

53-induced cell death is irreversible and therefore
resumably more potent to prevent tumor growth.
here is indeed evidence from mouse tumor models (6)
nd human tumors (7) demonstrating that p53-
ependent apoptosis can suppress tumor development
n vivo, particularly in response to oncogenic signal-
ing. Further studies of stress signalling to p53 and
53-dependent tumor suppression may eventually lead
o more efficient cancer therapy. This review will focus
n recent advances in the understanding of p53 acti-
ation by oncogenes and p53-induced apoptosis.

NCOGENIC SIGNALLING TO p53

Overexpression of the c-myc and adenovirus E1A
ncogenes have been shown to induce accumulation of
53 and p53-dependent apoptosis (8–11). The E2F1
ene that drives S phase entry and progression can
lso trigger p53-dependent apoptosis (12, 13). Onco-
enic ras triggers p53 accumulation and G1 arrest
henotypically similar to senescence in primary cells
14). Thus, p53 can accumulate and induce cell cycle
rrest and/or cell death in response to certain activated
ncogenes and cell cycle control genes.
The discovery of an alternative reading frame within

he INK4a locus and studies of its protein product (1,
5, 16) have provided new and important clues as to
ow such genes may signal to p53. This reading frame
ncodes a 19 kD protein in the mouse denoted p19ARF
for Alternative Reading Frame) and a smaller 14 kD
rotein, p14ARF, in human cells. ARF induces cell
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ycle arrest in a strictly p53-dependent manner (15,
7). At least one important function of ARF is induc-
ion of p53 protein levels. Several studies showed that
RF binds to and inhibits the MDM2 protein that
ormally targets p53 for proteasome-mediated degra-
ation, and thus stabilizes p53 (18–21). Recent work
as painted a more complex picture of the interaction
f ARF with MDM2 and p53, suggesting that ARF can
lock MDM2 function in several ways. ARF was shown
o inhibit the ubiquitin ligase activity of MDM2 for
53, thereby stabilizing p53 (22). Other studies dem-
nstrated that mouse ARF sequesters MDM2 in nucle-
li, preventing MDM2-mediated nuclear export of p53
nd degradation of p53 in cytoplasmic proteasomes (23,
4). Zhang and Xiong (25) found that human ARF
eaves nucleoli to form nuclear structures with MDM2
nd p53, blocking MDM2/p53 nuclear export. Tumor-
ssociated mutations in ARF exon 2 were shown to
bolish nucleolar localization of ARF and p53 stabili-
ation. Therefore, the nucleolar localization of ARF
ppears important but its exact role remains unclear.
n interesting question is whether nucleoplasmic ARF

orms ternary complexes with MDM2 and p53 and
hether such complexes, perhaps containing addi-

ional proteins, have any functional significance. More-
ver, does ARF trigger conformational activation of p53?
ARF is induced by enforced expression of E1A,

-myc, and E2F1 (26–28). Oncogenic Ras also induces
RF according to one report (29), but others have ob-

ained conflicting results (28). Induction of ARF prob-
bly involves both transcriptional and posttranscrip-
ional mechanisms, including direct transcriptional
ransactivation of the ARF promoter by E2F1 (26, 28,
0). Both c-myc and E2F1 can induce p53 in ARF null

FIG. 1. A range of cellular stress signals induces stabilization
nd accumulation of the p53 protein. This may also involve confor-
ational activation of p53. Oncogene activation induces p53 via the
RF protein that blocks MDM2-mediated p53 degradation, and pos-
ibly via other pathways as well. Induction of p53 triggers cell cycle
rrest and/or apoptosis through transactivation of specific target
enes, transrepression of other genes, and transcription-indepen-
ent mechanisms, e.g., protein–protein interactions mediated by a
roline-rich domain in p53.
2

ells, demonstrating that p53 accumulation caused by
hese proteins is not entirely ARF dependent (28).
ikewise, loss of pRb can induce p53-dependent apop-
osis, probably due to E2F1 activation. pRb knock-out
ice exhibited p53-dependent apoptosis in the eye

ens, which was abolished by crosses into a p53 null
ackground (31). Importantly, lens fiber cell apoptosis
as attenuated in mice null for both pRb and INK4a/
RF, consistent with the idea that ARF is required for

he p53-dependent apoptotic response to loss of pRb (19).
Disruption of ARF/p53-dependent apoptosis appears

ssential for immortalization of mouse cells. Constitu-
ive c-myc expression drives inactivation of either ARF
r p53 by apoptotic selection in mouse embryo fibro-
lasts, resulting in apoptosis-resistant clones (28).
imilarly, v-abl oncogene-mediated induction of ARF
as shown to select for p53 mutation during Abelson
urine leukemia virus-mediated pre-B cell transfor-
ation (32). ARF expression is increased in presenes-

ent mouse fibroblasts (23), consistent with the possi-
ility that ARF has a role in cellular senescence.
owever, ARF is not induced in senescing human ker-
tinocytes (33), nor fibroblasts (34). This may reflect
undamental differences in ARF function and control of
ellular life span between mouse and human cells. A
nal conclusion must await further studies of ARF
xpression in presenescent and senescent human cells
f various types.
Regardless of its role in senescence, available evi-

ence suggests that ARF acts as a cellular sensor for
llegitimate growth signals and elicits p53-dependent
poptosis as part of a tumor surveillance program. In
greement with this notion, ARF null mice, like p53
ull mice, develop tumors with a high incidence (35, 17,
6). However, tumors appeared later in ARF null mice
han in p53 null mice, presumably because ARF is
ainly activated by oncogenic signalling (as far as is

nown) whereas p53 responds to a diversity of stress
ignals including hypoxia and various types of DNA
amage. Additionally, a wider tumor spectrum was
bserved in ARF null mice, possibly due to their longer
urvival compared to p53 null mice (36). The role of
RF as regulator of p53-triggered apoptosis in re-
ponse to oncogene activation in human cells needs
urther study. Nonetheless, the frequent genetic le-
ions in the INK4a/ARF locus in human tumors imply
hat human ARF is a significant tumor suppressor.

ECHANISMS OF p53-INDUCED APOPTOSIS

In addition to the multiplicity of p53-activating sig-
als, multiple mechanisms contribute to the p53-
ependent biological response. The sequence-specific
ransactivation (SST) function of p53 is required for
53-induced cell cycle arrest and apoptosis in most
xperimental systems and cosegregates with p53:s
umor suppressor activity (37). The p21, GADD45,
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4-3-3s and other gene products are downstream effec-
ors of p53-induced cell cycle arrest (38) (Fig. 1). p53-
ependent apoptosis appears to involve transactiva-
ion of an entire set of target genes. The current catalog
f candidate apoptosis-promoting p53 target genes in-
ludes among other genes bax, Fas, DR5/KILLER,
GF-BP3, and several PIG genes (38). Further work
ill surely add more genes to this category.
p53 induces the pro-apoptotic bax gene (39, 40),
hose product heterodimerizes with the apoptosis-
ntagonizing bcl-2 protein. Bax was shown to act as an
ffector of p53 in chemotherapy- and oncogene-induced
poptosis in fibroblasts, and contributed to p53-me-
iated tumor suppression in a brain tumor model (41–
3). However, additional p53 target genes cooperating
ith bax were required for induction of a full apoptotic

esponse by p53 in all systems described. Furthermore,
tudies of bax null mice demonstrated that bax is dis-
ensable for induction of p53-dependent apoptosis in
ome cell types, e.g. T lymphocytes (44, 45).
p53 upregulates at least two cell surface death re-

eptors from the tumor necrosis factor receptor (TNFR)
amily (46). Ligand binding to such death receptors
riggers a cascade of signalling events resulting in ac-
ivation of caspases and apoptosis. A p53-responsive
lement was identified within the first intron of the
as/CD95/Apo1 gene, along with three putative ele-
ents within the promoter (47). Anticancer drugs in-

uce Fas receptor expression in a p53-dependent man-
er in tumor cells of different origin, for example
astric, colon, and breast cancer, and hepatoma cell
ines (47). Like bax, Fas is induced by p53 in a cell type-
nd signal-dependent manner (48, 49). p53 also acti-
ates another member of the TNFR family, KILLER/
R5, in signal-dependent manner (50). Its role in p53-
ediated apoptosis and tumor suppression awaits

lucidation.
Transactivation of the insulin-like growth factor

inding protein 3 (IGF-BP3) gene is yet another mech-
nism by which p53 may promote apoptosis (51). IGF-
P3 is a secreted protein that binds insulin-like growth

actor 1 (IGF1) and thereby inhibits IGF1-mediated
itogenic or survival signalling. Furthermore, Polyak

t al. (52) have identified a series of new redox-related
53-induced genes called PIG’s, whose products can
nduce formation of pro-apoptotic reactive oxygen spe-
ies (ROS). Induction of PIG’s cannot solely account for
53-dependent apoptosis, since ROS induction was ob-
erved in cells that did not undergo apoptosis, and
xpression of PIG3 alone failed to trigger apoptosis.
nterestingly, transcriptional activation of the PIG3
ene depends on the presence of a Pro-rich region in
53 (53), previously shown to be important for p53-
nduced apoptosis (54).

Several other known p53 target genes are linked to
poptosis. Upregulation of the SH2/SH3 domain pro-
ein p85 by p53 may at least partially be responsible for
3

xidative stress-induced cell death (55). Although p85
s known to regulate PI3 kinase activity, it seems to
se a PI3-kinase-independent pathway to transmit a
eath signal. Another pro-apoptotic activity of p53 is
nduction of cytoskeleton alterations. Disruption of mi-
rotubule structure is associated with induction of
poptosis, probably as a result of loss of anti-apoptotic
ctivity of surviving and/or bcl-2 (56, 57). p53 activates
he EF-1a gene shown to promote apoptosis, probably
hrough its microtubule-severing function (58, 59).
eneration of hypoxic conditions via prevention of an-
iogenesis is an indirect way of apoptosis induction by
hich p53 could delay tumor growth. p53 serves as
nti-angiogenic factor through the transcriptional ac-
ivation of thrombo-spondin I and brain-specific angio-
enesis inhibitor GD-AiF/BAI1 genes (60–63). The
AG608/Wig-1 gene encodes a zinc finger protein that
an induce apoptosis when overexpressed (64, 65), but
ts exact function remains unknown. p53 upregulates a
umber of other genes of unknown function (38).
Besides transactivation of target genes, p53 can re-

ress transcription of some genes. The molecular
echanisms are poorly understood but do not appear

o involve interaction of p53 with classical p53 DNA
inding motifs. Genes downregulated by p53 include
or example bcl-2, the IGF1 receptor, MAP-4, and pre-
enilin 1 (66–69, 52). Downregulation of the anti-
poptotic bcl-2 protein should lower the apoptotic
hreshold, particularly in conjunction with the simul-
aneous p53-mediated induction of the pro-apoptotic
ax protein. Transrepression of the IGF1 receptor gene
s another mechanism for inhibition of IGF1 survival
ignalling in addition to transactivation of the IGF-
P3 gene (see above). Constitutive expression of the

GF1 receptor blocked p53-induced apoptosis, indicat-
ng that IGF1 receptor repression is important for
53-induced apoptosis, at least in some cells (67).
dditionally, p53 downregulates the expression of a
icrotubule-associated protein, MAP4, which is able to

tabilize polymerized microtubules (68, 70). Therefore,
53 may distort microtubule structure through both
pregulation of EF-1a (see above) and downregulation
f MAP4.
Finally, p53-induced apoptosis may involve tran-

cription-independent mechanisms, as shown by the
act that p53-induced apoptosis occurred even in the
resence of inhibitors of RNA or protein synthesis (71,
1). Possible transcription-independent pathways in-
lude p53-mediated increase of Fas trafficking from
ytoplasmic stores to the cell surface (72). The recently
escribed ability of p53 to induce caspase activation in
ell-free extracts suggests that p53 can transduce
poptotic signals through direct protein-protein inter-
ctions (73, 74). Analysis of p53 deletion mutants have
ndicated two distinct domains that could be important
or such interactions. Deletion of a Pro-rich domain
ocated between the transactivation domain and the
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ore domain rendered p53 less efficient in triggering
poptosis (54, 75). The Pro-X-X-Pro motifs in this do-
ain are present in a number of signal transduction
olecules, serving as a binding site for SH3 domain-

ontaining proteins. The binding of such molecules to
53 could play a role in p53-induced apoptosis. Dele-
ion of the basic C-terminal domain was shown to im-
air p53:s apoptosis-inducing ability without affecting
he transactivation function (76, 77). This domain was
mplicated in binding to DNA repair helicases XP-B
nd XP-D, suggesting that inhibition of DNA repair
ay be involved in execution of apoptosis by p53 (77).
From the above it is clear that p53 and the products

f p53-regulated genes act at different levels, from
xtracellular and cell surface signalling down to the
ytoskeleton, mitochondria, and the nucleus. However,
ll these processes do not necessarily occur within the
ame cell at the same time. It seems as if p53 achieves
aximal efficiency in triggering of apoptosis through

he recruitment of several molecular pathways in a cell
ype- and stress signal-dependent manner (Fig. 1). p53
arget genes may be differentially activated or re-
ressed depending on cell type and type of stress
ignalling (48, 78). The molecular basis for such differ-
ntial promoter regulation could be for example mod-
lation of the SST function of p53 by p53-interacting
roteins expressed in a cell type-specific manner. In
ddition, p53 is differentially phosphorylated in re-
ponse to different types of stress signals (79, 80). This
ould affect the ability of p53 to recognize specific p53
inding sites within p53-regulated promoters and thus
ave an impact on the transactivation of target genes
81, 82, 49). Therefore, p53 may trigger distinct apop-
otic pathways depending on the type of stress signal.

UMOR DEVELOPMENT AND THERAPY

A critical role of p53-induced apoptosis for p53-
ediated tumor suppression in vivo has been demon-

trated (6). Inactivation of p53-dependent apoptosis
an presumably provide a selective advantage at any
oint during tumor progression. Oncogene activation
nd/or disruption of normal cell cycle regulation at
arly stages of tumor development induces p53 stabi-
ization via ARF and subsequent p53-dependent apop-
osis. In such cells, p53 inactivation should allow out-
rowth of apoptosis-resistant variant clones and tumor
rogression. Hypoxia in rapidly growing solid tumors
rior to the establishment of sufficient blood supply
ould also induce p53 and therefore favor p53-in-
ctivating mutations and the emergence of more
alignant clones. Similarly, treatment of clinically
anifest tumors with DNA-damaging agents like irra-

iation or chemotherapeutic drugs should impose a
election for p53 inactivation and loss of p53-depen-
ent apoptosis, the result of which may be resistance to
herapy and tumor relapse.
4

p53 is inactivated by point mutation or deletion in
round 50% of all human tumors. However, p53 func-
ion is likely to be deficient in many wild type p53-
arrying tumors as well by a variety of mechanisms.
uman papilloma virus (HPV)-carrying cervical carci-
omas express the HPV E6 protein that binds p53 and
romotes degradation of p53, thus eliminating p53-
ependent apoptosis (83). Overexpression of the
DM2 protein that inhibits p53:s transcription trans-

ctivation function and promotes p53 degradation in
ytoplasmic proteasomes blocks p53 function in some
umors, e.g. bone and soft tissue sarcomas (84, 85).
utation of bax, an effector of p53-dependent apopto-

is, has been found in certain colon carcinomas (86). In
euroblastomas, wild type p53 is sequestered in the
ytoplasm and thus prevented from performing its nor-
al function in the nucleus (87). ARF inactivation by

omozygous deletion or point mutation occurs in hu-
an tumors with a frequency approaching that of p53
utation (16), abolishing the p53-dependent apoptotic

esponse to oncogenic signalling. p53 inactivation by
ne or another of these various mechanisms may ac-
ount for loss of p53 function in a large fraction of the
ild type p53-carrying tumors. Thus, it is possible that
53-induced apoptosis is disrupted in most, if not all,
uman tumors.
Yet the question remains as to why p53 is most

requently inactivated, rather than its downstream ef-
ectors. The reason is probably that p53 responds to a
iversity of stress signals, and is the key trigger of a
omplex and multifactorial apoptotic response (Fig. 1).
herefore, one hit on p53 will inactivate several apop-
otic pathways simultaneously. In contrast, inactiva-
ion of for example bax may only ablate one specific
poptotic pathway in some cell types. Likewise, ARF
nactivation by homozygous deletion or point mutation
ould mainly affect p53-dependent apoptosis in re-

ponse to oncogenic signalling and thus have less im-
act than loss p53 itself.
Since p53 is so often mutated in tumors, it is a prime

arget for therapeutic intervention. Reconstitution of
umor cells carrying mutant p53 with wild type p53
DNA restores p53-dependent apoptosis. This ap-
roach has been applied clinically to patients with
on-small cell lung cancer and head and neck squa-
ous carcinomas with some success (for a review, see

ef. (88)). Another approach, still at the experimental
evel, is reactivation of mutant p53 using short syn-
hetic peptides (reviewed in ref. (89)). ARF acts syner-
istically with p53 to induce tumor cell apoptosis in
esponse to DNA damaging drugs or ionizing radiation
27). This suggests that restoration of ARF function in
umors through gene therapy or drugs that mimick the
ffect of ARF on p53 could improve the efficacy of
53-activating therapy. Thus, studies of p53 and the
olecular mechanisms behind p53-induced apoptosis
ay soon open avenues for more efficient anticancer
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herapy. p53-induced apoptosis is still only partially
nderstood, however, and future work will no doubt
rovide surprising new twists and clinically relevant
nsights.
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