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Exquisite control of the activity of p53 is necessary for mammalian survival. Too much p53 is
lethal, whereas too little permits tumorigenesis. MDM2 and MDM4 are structurally related
proteins critical for the control of p53 activity during development, homeostasis, and the
response to stress. These two essential proteins regulate both the activation of p53 in response
to stress and the recovery of cells following resolution of the damage, yet both are oncogenic
when overexpressed. Thus, multiple regulatory circuits ensure that their activities are fine-
tuned to promote tumor-free survival. Numerous diverse stressors activate p53, and much
research has gone into trying to find commonalities between them that would explain the
mechanism by which p53 becomes active. It is now clear that although these diverse stressors
activate p53 by different biochemical pathways, one common feature is the effort they direct,
through a variety of means, toward disrupting the functions of both MDM2 and MDM4. This
article provides an overview of the relationship between MDM2 and MDM4, features
the various biochemical mechanisms by which p53 is activated through inhibition of their
functions, and proposes some emerging areas for investigation of the p53-mediated stress
response.

Regulation of the p53-mediated stress response
by the essential inhibitory proteins MDM2

and MDM4 is critical for survival. In re-
sponse to stressors such as ionizing radiation,
p53 induces a number of potentially lethal but
tumor-suppressive processes, including cell
cycle arrest, senescence, and apoptosis (reviewed
by Horn and Vousden 2007). Both MDM2 and
MDM4 are critical to surviving the p53-mediated
stress response to whole body ionizing irradiation
as mice with reduced levels of either protein
undergo p53-dependent death after exposure to

doses of radiation that are sublethal to wild-
type mice (Mendrysa et al. 2003; Terzian et al.
2007). MDM2 and MDM4 are also required to
control p53 function during development, as
shown by the early embryonic death of mice
lacking either MDM2 or MDM4, unless they
also lack p53 (Jones et al. 1995; Montes de Oca
Luna et al. 1995; Parant et al. 2001; Migliorini
et al. 2002).

Although both MDM2 and MDM4 are
essential for development, they are detrimental
to long-term survival when in excess, because

Editors: Arnold J. Levine and David Lane

Additional Perspectives on The p53 Family available at www.cshperspectives.org

Copyright # 2010 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a000968

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000968

1

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


both are oncogenic. Both MDM2 and MDM4
confer the tumorigenic phenotype on cultured
cells when experimentally overexpressed (Fak-
harzadeh et al. 1991; Danovi et al. 2004). In
addition, targeted expression of MDM2 in
the mammary gland results in tumorigenesis
(Lundgren et al. 1997). In people, single nucleo-
tide polymorphisms that reduce expression of
either of the orthologs of MDM2 or MDM4
(also referred to as Hdm2 and Hdm4) correlate
with increased risk for breast cancer (Bond
et al. 2004; Atwal et al. 2009). Approximately
10% of human tumors have been found to
overexpress either MDM2 or MDM4 and many
of these express wild-type p53 (reviewed in
Toledo and Wahl 2006). Because the majority
of human cancers express mutant forms of
p53, overexpression of MDM2 and MDM4 in
the subset of tumors expressing wild-type p53
supports the notion that excessive MDM2 and
MDM4 promote tumorigenesis, at least in part,
by blocking p53 function. Thus, limiting the
activities of MDM2 and MDM4 is important
to prevent cancer.

NATURE OF THE RELATIONSHIP BETWEEN
MDM2 AND MDM4

MDM2 and MDM4 are structurally related
proteins that each bind to p53 and inhibit its
activity (Fig. 1). MDM2 was discovered
through its ability to confer the tumorigenic
phenotype on murine cells (Fakharzadeh et al.
1991) and later found to bind p53 (Momand
et al. 1992). The esoteric name “MDM2” reflects
its discovery as a murine gene amplified on
double minute chromosomes in a spontaneously
transformed cell line (Fakharzadeh et al. 1991).
Two genes coamplified with MDM2, MDM1,
and MDM3, encode proteins that are neither
oncogenic nor related structurally to MDM2
(Fakharzadeh et al. 1991). A few years after
MDM2 was discovered, MDM4, also called
MDMX, was identified through a screen for pro-
teins that interact with p53 and found to be highly
homologous to MDM2 (Shvarts et al. 1996). The
human orthologs of both MDM2 and MDM4
are 491- and 490-amino acid phosphopro-
teins, respectively, that bind to p53 and inhibit

its ability to transactivate gene expression. In
addition to the amino-terminal domain that
bindsto p53, theyshare a numberof structural do-
mains including a central acidic domain and a
carboxy-terminal RING finger through which
they form MDM2/MDM4 heterodimers (Sharp
et al. 1999).

Despite their many similarities, MDM2 and
MDM4 differ functionally, as revealed by exper-
iments with geneticallyengineered mice (reviewed
by Marine et al. 2006). Although mouse embryos
undergo p53-mediated death in utero when
both copies of either MDM2 or MDM4 are
deleted from the germline, they fail to develop
because of distinct mechanisms. Embryos de-
ficient in MDM2 undergo massive apoptosis
before implantation anddie,whereasthosewith-
out MDM2 die postimplantation from either
growth arrest or apoptosis (Parant et al. 2001;
Migliorini et al. 2002; Chavez-Reyes et al.
2003). The embryonic death of MDM2-deficient
mice can be rescued by deletion of the pro-
apoptotic BAX protein, whereas MDM4 null
mice can be partially rescued by deletion of the
cell cycle arrest protein p21, indicating that differ-
ent p53-mediated pathways can result in embryo-
nic death (Chavez-Reyes et al. 2003; Steinman
et al. 2004). Although all mice homozygous
null for either protein die during embryogenesis,
70% of mice heterozygous for both MDM2 and
MDM4 are born live (Terzian et al. 2007),
demonstrating that the two proteins synergize
to restrain p53. In some cell types, the conse-
quences of MDM2 deletion differ from those
of MDM4 deletion, suggesting that these pro-
teins also have some nonredundant functions.
Tissue-specific deletion of MDM2 in either pro-
genitor neuronal cells or cardiomyocytes results
in embryonic lethality, whereas deletion of
MDM4 in the same cell population results
in milder tissue defects and live births (Grier
et al. 2006; Francoz et al. 2006). On a biochemical
level, MDM2 deletion results in accumulation
of p53 and a concomitant increase in p53-
dependent transactivation, whereas MDM4 dele-
tion results in increased p53-dependent tran-
sactivation without p53 stabilization (Francoz
et al. 2006; Toledo et al. 2006). This difference
in outcomes can be ascribed to the ubiquitin
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ligase (E3) function of MDM2, which is not sha-
red by MDM4 (reviewed in Marine and Lozano
2009). Thus, whereas both MDM2 and MDM4
can block the transcriptional activation function
of p53, only MDM2 stimulates p53 degradation
through ubiquitylation.

The RING-finger domains of MDM2 and
MDM4 are major determinants of their func-
tions toward p53 and each other. The MDM2
RING differs from that of MDM4 by facilita-
ting ubiquitylation of several proteins, including
MDM4 (Pan and Chen 2003). MDM2-mediated
ubiquitylation of MDM4 facilitates accumu-
lation of MDM4 in the nucleus, where it is
degraded (Pereg et al. 2006). MDM4 can influ-
ence the ubiquitin ligase function of MDM2
through its own RING-finger domain, which
heterodimerizes with that of MDM2 (Gu et al.
2002; Kawai et al. 2007). Under different circum-
stances, MDM4 can either stimulate or inhibit
the E3 ligase function of MDM2 toward p53
(Jackson et al. 2001; Kawai et al. 2007; Barboza
et al. 2008). This is important because ubiquity-
lation of p53 by MDM2 is critical for embryo-
genesis (Itahana et al. 2007), and is modulated
during the stress response, as discussed below.
MDM2-mediated ubiquitylation of p53 regu-
lates both p53 turnover and cellular localization.
Monoubiquitylation of p53 results in export of
p53 to the cytoplasm and polyubiquitylation
stimulates proteasome degradation (recently
reviewed by Kruse and Gu 2009). MDM2 can
ubiquitylate itself, and this activity increases in
response to stress, as does its ability to ubiquity-
late MDM4.

MDM2 and MDM4 also differ at the genetic
level. The MDM2 gene contains a p53-response
element and its expression is induced by p53
during the stress response (Chen et al. 1994),
whereas MDM4 gene expression is not regu-
lated by p53 (Shvarts et al. 1996). The spectrum
of tumors overexpressing MDM2 differs from
that overexpressing MDM4 (Toledo and Wahl
2006). For example, MDM4 is overexpressed
in some colon cancers, whereas MDM2 is not.
In addition, the MDM4 gene was found to be
amplified in retinoblastoma, whereas MDM2
was not (Laurie et al. 2006). These differences
in gene regulation appear to reflect different
roles for MDM2 and MDM4 in both the stress
response and tumorigenesis.

DIVERSE OUTCOMES FROM ACTIVATION
OF P53 BY DIFFERENT STRESSORS

In homeostatic tissues, most if not all functions
of p53 are undetectable and become evident
only following a stimulus (Mendrysa et al.
2003; Horn and Vousden 2007). When activated,
p53 can arrest the cell cycle, induce apoptosis,
or promote senescence, exerting a protective
effect on the species, the organism, or the cell
(Fig. 2). Although any one stressor can stimulate
multiple p53-mediated outcomes, a particular
response to a stressor may help ensure survival.
For example, exposure to ultraviolet radiation
and many other DNA-damaging agents causes
stabilization and activation of p53, resulting in
apoptosis, which eliminates cells with severe
DNA damage. Prolonged, excessive, or mistimed
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Figure 1. Domain structure of human homologs of MDM2 and MDM4. The amino-termini of both proteins
bind p53. Only MDM2 has a nuclear localization signal (NLS). The central acidic region of MDM2, but not
MDM4, binds ribosomal proteins. The RING finger domains are required for heterodimerization between
MDM2 and MDM4.
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oncogene function leads to p53 activation and
senescence, limiting the oncogenic potential of
preneoplastic cells. Deficient ribosome function
promotes p53 activation, promoting cell cycle
arrest until translation is restored. Although it
is not entirely clear how stressors manifest differ-
ent outcomes, all of them activate p53 by altering
the functions of MDM2 and MDM4, and there
are several mechanisms for doing so.

MDM2 and MDM4 are implicated as factors
that influence whether p53 induces cell cycle
arrest, senescence, or apoptosis. Both MDM2
and MDM4 can be detected bound to p53 on
its target DNA, where theyappear to represstran-
scription of p53-responsive genes (Tang et al.
2008). Acetylation of p53 in response to some
stressors abrogates the binding of MDM2 and
MDM4 to p53 at most but not all p53-responsive
promoters. By directly repressing only those pro-
moters on which they are bound to p53, MDM2
and MDM4 could influence whether cell cycle
arrest genes such as p21 are induced in favor of
proapoptotic genes such as BAX (recently
reviewed by Kruse and Gu 2009). The ubiquitin
ligase function of MDM2 also appears to con-
tribute to the decision between growth arrest
and apoptosis by stimulating the degradation
of both upstream and downstream effectors of
p53. When pharmacologically released from
p53, MDM2 stimulates the turnover of hnRNP
K, a transcriptional co-factor that assists p53 in

transactivating the p21 gene (Enge et al. 2009).
Under these circumstances, MDM2 also stimu-
lates the degradation of the p21 protein, such
that the resulting low levels of p21 are insufficient
to establish growth arrest and fail to protect the
cell from apoptosis. The kinase HIPK2, which
phosphorylates p53 on serine 46 in response to
some stressors, is an upstream regulator of p53
that is ubiquitylated by MDM2 (Rinaldo et al.
2007). Phosphorylation of p53 on serine 46 pro-
motes apoptosis, and MDM2-mediated degra-
dation of HIPK2 reduces the amount of p53
phosphorylated at serine 46, inhibiting apopto-
sis. A proteosome-independent function of
the ubiquitin ligase function of MDM2 is also
involved in the decision between cell cycle arrest
and apoptosis. In stressed cell types prone to
undergo apoptosis, p53 is transported to the
mitochondria, where it stimulates apoptosis by
blocking the function of the antiapoptotic Bcl2
protein. MDM2 has been shown to facilitate
this translocation through monoubiquitylation
of p53 (Marchenko et al. 2007). In sum, multiple,
sometimes nonredundant and sometimes over-
lapping pathways converge to regulate the p53-
mediated response to stress with consequences
that can be either dire or life-saving.

THE ROLES OF MDM2 AND MDM4 IN THE
RESPONSE TO IONIZING RADIATION

Ionizing radiation is an important stressor that
activates both the growth suppressive and apop-
totic functions of p53 (reviewed by Kastan
2008). p53 is a major determinant of organis-
mal survival following exposure to ionizing
radiation because its activation in response to
this stress results in depletion of hematopoietic
cells (Westphal et al. 1998). Whereas wild-type
mice die within 10–20 days after exposure to a
dose of 10 Gray, p53 null mice seem unper-
turbed. On a histological level, bone marrow
and spleen from irradiated p53-null mice
do not show the radiation damage seen in
these tissues from irradiated wild-type mice
(Westphal et al. 1998). The importance of
MDM2 and MDM4 in regulating p53 activity
in the response to ionizing radiation is shown
by the observation that mice with reduced

Radiation
Oncogene
activation

Ribosome
dysfunction Cell culture

p53

Apoptosis
Growth arrest
Senescence

Figure 2. Multiple stressors activate p53 with several
possible outcomes. Apoptosis, senescence, and growth
arrest have each been shown to be tumor suppressive.
However, if unrestrained, they can be lethal.
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levels of either protein are radiosensitive, dying
following exposure to doses of radiation that are
sublethal to wild-type mice (Mendrysa et al.
2003; Terzian et al. 2007). Moreover, unirradiated
mice engineered to have low (30% of wild type)
levels of MDM2 appear as though they have
been irradiated (Mendrysa et al. 2003), suggesting
that p53 is poised to act in the absence of stress
and that MDM2 prevents it from doing so.

The major signal for the response to ioniz-
ing radiation is transmitted by a kinase mutated
in the human condition, ataxia telangiectasia,
ATM (for ataxia telangiectasia mutated) (re-
viewed by Kastan 2008). ATM phosphorylates
the amino terminus of human p53 on serine
15 such that its affinity for MDM2 and
MDM4 is reduced (Fig. 3). This modification
alone would be expected to result in p53
accumulation. However, ATM guarantees an
unambiguous p53 response by simultaneously
stimulating the rapid degradation of both
MDM2 and MDM4 by phosphorylating the
c-termini of both proteins (Stommel and
Wahl 2005; Chen et al. 2005). ATM also activates
a second kinase, c-Abl, which phosphorylates
MDM2 at tyrosine 394 (Goldberg et al. 2002)
and MDM4 at tyrosine 99 (Zuckerman et al.
2009), reducing their ability to inhibit p53.
Another ATM-activated kinase, CHK2, phos-
phorylates additional sites within MDM4, facil-
itating its association with 14-3-3 proteins
and accumulation in the nucleus where it is
ubiquitylated by MDM2 (Okamoto et al.
2005; Pereg et al. 2006). Additionally, CHK2-
mediated phosphorylation of MDM4 disrupts
its interaction with a deubiquitinating enzyme,
“herpesvirus associated ubiquitin-specific pro-
tease” (HAUSP), thereby allowing unopposed
ubiquitylation and proteasomal degradation
(Meulmeester et al. 2005; Pereg et al. 2006).
The importance of phosphorylation of MDM4
in allowing p53 to mount a stress response to
ionizing radiation was recently shown by the
radioresistance of mice in which the ser-
ines phosphorylated by ATM and CHK2 had
been mutated to alanine (Wang et al. 2009).
Compared with wild-type mice, the mutant
mice mounted a diminished p53-mediated
transcriptional response, had fewer apoptotic

lymphocytes, and withstood higher doses of
ionizing radiation. Thus, ATM uses a multi-
pronged approach to maximally activate p53
during the response to radiation.

In cells that survive the stress response, the
activities of p53, MDM2, and MDM4 must be
temporally regulated first to allow p53 to exert
its function and then to restrain p53 such that
the cell can recover. However, little is known
about these regulatory events. It has been hypo-
thesized that, in the early stages of the response
to ionizing radiation, the ubiquitin ligase func-
tion of MDM2 becomes redirected from p53
to MDM4 and to MDM2 itself (Okamoto
et al. 2005) with the degradation of MDM2
and MDM4 augmenting the activation of p53.
p53 then exerts its growth suppressive or
apoptotic function, and the cell either under-
goes growth arrest or dies. The expression of
MDM2 is induced in response to ionizing radi-
ation through a p53-response element in intron
2 of the MDM2 gene, upstream of the initiation
codon for full-length MDM2 (Juven et al. 1993;
Wu et al. 1993; Chen et al. 1994). This negative
feedback loop is thought to be critical for the
recovery of cells following exposure to stressors,
although this has not been formally shown.
Another mechanism that may be critical for
the recovery phase is the dephosphorylation of
MDM2 by the Wip1 phosphatase (Lu et al.
2007). Wip1 dephosphorylates MDM2 at
serine 395, the site phosphorylated by ATM. In
this way, Wip1 facilitates the interaction between
MDM2 and p53, and suppresses the autoubi-
quitylation of MDM2. The delayed induction
of Wip1 in the damage response makes it a
compelling candidate for a major determinant
of the recovery phase. Insight into the recovery
phase is likely to be accelerated by widespread
adoption of the approach of Lahav et al.
(reviewed in Batchelor et al. 2009), who study
single cells to observe oscillations in the levels
and activities of p53 in the stress response
that are hidden in studies of populations. This
appears to be a promising approach to discover
the mechanisms underlying the activation and
deactivation of p53 in the stress response.

p53 clearly suppresses tumorigenesis in re-
sponse to ionizing radiation (Kemp et al. 1994),
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yet the relationship between the acute, apoptosis-
mediated, pathological response to ionizing
radiation and tumor suppression is not entirely
clear, as revealed by Evan and colleagues, who
devised an elegant strategy to investigate the
stage of the stress response at which p53 exerts
its tumor suppressive effect in irradiated tissues

(Christophorou et al. 2006). They took advantage
of mice genetically engineered to express a p53
protein that could be switched from functional
to inactive at will. They irradiated the mice
when p53 was either functional or inactive and
then allowed recovery with p53 in the inactive
state. Although only the mice that were irradiated
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B Ionizing irradiation
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Figure 3. Pathways for regulation of p53 by MDM2 and MDM4 under different conditions. (A) In homeostatic
conditions (e.g., unstressed, adult tissues), MDM2 and MDM4 inhibit p53. (B) Following exposure to ionizing
radiation, ATM phosphorylates several substrates to block the abilities of MDM2 and MDM4 to inhibit p53. (C)
Ribosomal dysfunction leads to direct binding of L11 to MDM2, and to a redirection of its ubiquitin ligage
activity away from p53 to MDM4. (D) Oncogenic activation causes increased expression of ARF, which binds
to MDM2 and inhibits it from ubiquitylating p53.
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when p53 was in the functional state showed a
pathological response to radiation (e.g., an
increase in the percentage of apoptotic lympho-
cytes), they developed tumors at the same rate
as those irradiated with inactive p53. This obser-
vation suggests that the immediate p53-mediated
stress response to irradiation is not tumor sup-
pressive, or is less critical than a later p53
action. Even more surprisingly, Christophorou
et al. (2006) found that converting p53 to the
functional state eight days post-irradiation pro-
tected the mice against lymphomagenesis even
though the acute, pathological response to
irradiation was undetectable in these circum-
stances. Thus, at least in this experimental
system, p53 exerts a tumor suppressive function
that is independent of the acute response to ioniz-
ing radiation. The mechanism behind this tumor
suppression is not understood, but preliminary
results show it is dependent on expression of
the alternative reading frame (ARF) tumor sup-
pressor, which inactivates MDM2 to allow p53
to function (Christophorou et al. 2006) (see
section below on oncogene stress). Additional,
perhaps even more ingenious experiments, may
be necessary to elucidate the tumor suppressive
function of p53 following irradiation.

MDM2 AND MDM4 INFLUENCE THE
RESPONSE TO ULTRAVIOLET RADIATION

Ultraviolet (UV) light is another type of ra-
diation that induces a p53-mediated stress
response that appears critical for tumor sup-
pression. The p53 gene is mutated in over 50%
of human squamous cell carcinomas, a type of
skin cancer caused by overexposure to UV
light (Brash et al. 1991). In an elegant study,
Ziegler et al. (1994) found that a majority
of UV-induced, precancerous lesions (actinic
keratoses) contained p53 mutations with the
hallmarks of UV-induce mutagenesis (e.g., C
to T and CC to TT transitions resulting from
pyrimidine dimers). In the same study, exper-
imental exposure of mice to UV light caused
accumulation of p53 and apoptosis in the
epidermis. In contrast, p53-minus mice lacked
a proficient apoptotic response to UV light.
More recently, p53 has been proposed to play a

central role in inducing the tanning response,
which appears important in protecting against
the mutagenic effects of UV light (Cui et al.
2007). Together, these studies suggest that p53
is an important determinant of both cell survi-
val and cancer susceptibility following UV
exposure.

UV and ionizing radiation activate p53
through different but similar signaling cas-
cades. Although ionizing radiation causes
mainly DNA double strand breaks, UV light in
the UVB wavelengths causes covalent adducts
and single stranded breaks that block replica-
tion (reviewed in Marrot and Meunier 2007).
These different types of damage are detected
by different sensors which activate different
kinases. Whereas ATM is the major transducer
of the response to ionizing radiation, the
“ATM and Rad 9-related protein” (ATR) is
activated preferentially by UV light. Like ATM,
ATR phophorylates p53, MDM2, and MDM4.
ATR also phosphorylates and activates CHK1,
a kinase similar to CHK2 (reviewed by Stracker
et al. 2009), and CHK1 phosphorylates both
MDM2 and MDM4, resulting in degradation
of MDM2 and MDM4 and accumulation of
active p53. Thus, like the response to ionizing
radiation, the UV response stimulates multiple
kinases to activate p53.

The dose of UV light influences the p53-
mediated stress response as measured by the
timing and magnitude of the increases in
p53 and MDM2 (Latonen et al. 2001). At low
doses, phosphorylation may be the dominant
determinant of the response, whereas at
higher doses, blocks to transcription and trans-
lation of MDM2 and MDM4 contribute to acti-
vate p53. UV light also results in increased
transcription of alternatively spliced MDM2
and MDM4 gene products (Chandler et al.
2006), the consequences of which are not com-
pletely understood. Moreover, high doses of
UV light may also activate novel functions of
MDM2 or MDM4. In response to lethal but
not sublethal doses of UV light, MDM4 trans-
locates to the mitochondria, where it blocks
Bcl2 function and promotes apoptosis (Mancini
et al. 2009). This counterintuitive finding sug-
gests that MDM4 has pro- or anti-apoptotic
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functions under certain circumstances, through
which it could influence the probability of cell
survival. It will be important to clarify the mul-
tiple roles of MDM2 and MDM4 that contrib-
ute to the initial stress response and to the
recovery of cells following resolution of the
damage.

RIBOSOMAL STRESS ACTIVATES P53 BY
INHIBITING MDM2 AND MDM4

Ribosomal stress is medically relevant. Hetero-
zygous mutations in ribosomal protein genes
are associated with a predisposition to nerve
sheath tumors in zebrafish (Lai et al. 2009)
and to Diamond-Blackfan syndrome in people
(reviewed in Lipton and Ellis 2009). Diamond-
Blackfan syndrome is a genetic disorder charac-
terized by congenital anomalies, anemia, and a
predisposition to cancer. Mice with mutations
in the genes encoding small ribosomal proteins
6, 19, and 20 show features of Diamond-Blackfan
syndrome, including small stature, anemia, and
abnormally pigmented skin. Recently, Barsh
and colleagues (McGowan et al. 2008) discov-
ered that p53 is activated in these mice, and
contributes to the small stature, anemia, and
dark skin phenotypes. Thus, activation of p53
in response to aberrant ribosome function is
physiologically significant.

Although the molecular mechanisms by
which p53 is activated in Diamond-Blackfan
syndrome have not been elucidated, several
ribosomal proteins (L5, L11, and L23) can acti-
vate p53 in cultured cells by binding the acidic
region of MDM2 and inhibiting ubiquitylation
of p53 (Gilkes et al. 2006). Although MDM4 has
a similar acidic domain, it does not appear to
bind these ribosomal proteins. L11, but not L5
or L23, has been shown to stimulate MDM2-
mediated ubiquitylation of MDM4, thereby
reducing the level of this p53 inhibitor. Unlike
radiation, ribosomal stress does not stimulate
phosphorylation of MDM4 serine 367, binding
of MDM4 to 14-3-3 protein, nor nuclear locali-
zation of MDM4. Less effective inhibition
of MDM4 in the response to ribosomal stress
may indicate a specific role for MDM4 in
this particular stress response. As both MDM4

and MDM2 bind to p53 on DNA, where they
could influence the transcriptional program
(Tang et al. 2008; Vousden and Prives 2009),
these different stress responses may require
specific ratios of MDM2 and MDM4 to orches-
trate the relevant outcome.

MDM2 AND MDM4 ARE INHIBITED IN
RESPONSE TO ONCOGENIC ACTIVATION

The p53-mediated response to oncogenic acti-
vation appears critical for tumor suppression
(Christophorou et al. 2006; Halazonetis et al.
2008; Efeyan et al. 2009). The term “oncogene
activation” refers to a condition in which the func-
tion of a proto-oncogene or oncogene product is
active either for an aberrantly long time or at an
abnormally high level. Disregulated signaling or
mutations in proto-oncogenes can lead to onco-
gene activation. p53 becomes activated in re-
sponse to oncogene activation through multiple
mechanisms, one of which involves the ARF
tumor suppressor protein that inhibits MDM2.
Under some conditions, oncogene activation has
been found to lead to DNA strand breaks
(reviewed by Halazonetis et al. 2008). However,
the contribution of DNA damage to the p53-
mediated stress response to oncogene activation
is not yet clear.

ARF is important for the p53-mediated
stress response to oncogene activation in cul-
tured cells and in mice (Christophorou et al.
2006; Efeyan et al. 2009). ARF levels rise when
oncogenes are active and ARF binds to MDM2,
inhibiting its ability to interact with p53
(reviewed by Sherr et al. 2005). Although ARF
appears central to the response to oncogenic
stress, and oncogenic stress appears critical for
tumorigenesis, surprisingly little data directly
implicate ARF as an important tumor suppressor
in people (Halazonetis et al. 2008). It will be an
important mission to delineate the contribution
of ARF to human tumor suppression.

CELL CULTURE CAUSES STRESS THAT
ACTIVATES P53

Cells in culture typically are under stress because
of the high oxygen concentration in the tissue
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culture incubator (DiMicco et al. 2008). p53
becomes stabilized and induces cell cycle arrest
and senescence. This p53-mediated response to
culture stress limits the lifespan of primary
cells, such as mouse embryo fibroblasts, which
spontaneously immortalize if they lack either
ARF or p53. Only a portion of the biochemical
pathways induced by stress in cultured cells
have been confirmed to be physiologically rel-
evant. For example, although p53 induces
MDM2 expression constitutively in cultured
cells, it does not regulate basal levels of MDM2
in homeostatic tissues (Mendrysa et al. 2000).
Thus, it is likely that culture stress contributes
to some of the outcomes seen in studies of
p53 with experimentally added stressors. For a
more in-depth comparison of results from cell
culture and animal models, see the review by
Toledo and Wahl (2006).

CONCLUDING REMARKS

Despite the tens of thousands of papers pub-
lished about p53, the p53-mediated response to
stress remains a complicated phenomenon that
is not completely understood. Several major
questions remain unresolved:

What mechanisms regulate the timing of the
activation and deactivation of p53 in response
to stress?

What is the purpose of so many different ways to
activate p53 in response to stress?

How important are the different p53-mediated
responses to stress in suppressing tumor-
igenesis?

Can the lethal effects of p53 be separated
pharmacologically from its tumor suppres-
sive function?

What is the role of ARF in tumor suppression in
people?

How physiologically relevant are p53-indepen-
dent functions of MDM2 and MDM4 in
the stress response?

Can MDM2 and MDM4 activities be manipu-
lated safely to prevent cancer or reduce radi-
ation sickness?

The answers to these and other questions will
aid in the design of strategies to target p53,
MDM2, and MDM4 for cancer prevention and
therapy (Wade and Wahl 2009).
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