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p53 is a major tumor suppressor frequently inactivated through
direct gene mutation and alternative mechanisms, including
overexpression of Mdm2 and MdmX. Both Mdm2 and MdmX
are essential for negative regulation of p53 in vivo in a mutually
dependent manner. The RING domain-dependent E3 ligase
activity of Mdm2 has been shown to be essential for negative
regulation of p53. The prevailing model has dubbed MdmX
as an inhibitor of p53 transcriptional activity through direct
binding of its N-terminal domain to p53. However, recent
findings established an essential role of the RING domain of
MdmX in p53 degradation in vitro and in vivo. Biochemically,
Mdm2 on its own is a monoubiquitination E3 ligase; however,
MdmX can convert Mdm2 into a polyubiquitination E3 ligase
necessary for p53 proteasomal degradation in cells, through
their RING-RING interaction. While Mdm2 is the catalytic
component of Mdm2/MdmX E3 complex, MdmX is both the
activating component and a substrate of the holoenzyme.
Knock-in of RING mutant MdmX in mice causes p53-dependent
embryonic lethality in a similar manner to knockout of MdmX
whole gene. These recent advancements in the field assigned
an essential role of the RING domain of MdmX in negative
regulation of p53 in vivo, just like Mdm2 RING domain, through
p53 degradation.

mice. Genetic studies have shown that Mdm2 and MdmX are
two key regulators of p53 activity in vivo.3 p53 activity is precisely controlled by multiple mechanisms and feedback loops,4-20
because activation of p53 can lead to apoptosis, quiescence and
senescence.21-31 Furthermore, the ability of p53 to choose between
quiescence and senescence is determined by its ability to inhibit
mTOR.32-40 Therefore, p53 can affect aging in opposite ways by
inducing arrest and by affecting mTOR and metabolism.41-51
The RING Domain of Mdm2 as the Key
in p53 Inhibition In Vivo
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Mdm2 negatively regulates p53 through a default mechanism.
Mdm2 binds to and inhibits p53’s transcriptional activity and
also promotes its ubiquitin-dependent proteasomal degradation
by serving as a RING domain E3 ligase for p53.52-54 Among many
other known E3 ligases of p53, Mdm2 appears to be the master
E3 ligase, as demonstrated by mouse genetics.3,55 However, the
mechanism by which Mdm2 negatively regulates p53 was complicated by the discovery of MdmX, a RING finger containing
homolog of Mdm2.56 Genetic studies indicate that MdmX is
equally important as Mdm2 in the negative regulation of p53
during embryonic development, because MdmX knockout in
mice causes p53-dependent embryonic lethality, as Mdm2 knockout does.57 Genetic analysis also suggested that MdmX-mediated
p53 inhibition consists of two components: Mdm2-dependent
and Mdm2-independent.58 However, using conditional knockout strategies, it was found that homozygous deletion of Mdm2
causes a significant increase in p53 protein levels in MEFs, contrasting with a moderate increase in p53 protein levels in MEFs
with homozygous deletion of MdmX in an Mdm2 heterozygous
background. This led to the conclusion that Mdm2 regulates p53
primarily by regulating p53 protein stability, while MdmX regulates p53 primarily through alternative mechanisms.59 Although
it has been shown with knock-in mice of Mdm2-binding point
mutant p53 (p53QS) that Mdm2-p53 binding is required for p53
inhibition by Mdm2,60 the p53-dependent lethality of the knockin mice of the enzyme-dead Mdm2 RING domain mutant indicated that Mdm2 RING finger is essential for p53 inhibition,
and binding of Mdm2 alone to p53 is not sufficient for p53
inhibition.61 Therefore, Mdm2 RING domain mediated p53
degradation became the centerpiece of the p53 inhibition during
development and probably also in adult tissues.
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Introduction
Tumor suppressor p53 gene is mutated in more than 50% human
cancers. Alternative mechanisms, including overexpression of
Mdm2 and MdmX, are responsible for functional inactivation
of tumor suppressor p53 in the rest of human cancer without
p53 gene mutation.1 As a checkpoint protein, p53 is activated by
various stressful signals via a disruption of a p53/Mdm2 feedback
loop, including destruction of MdmX protein. p53 activation is
accompanied by protein stabilization and increased transcriptional activity via many types of posttranslational modifications,
including phosphorylation, acetylation, sumoylation, ubiquitination, deubiquitination and methylation.2 These modifications
individually serve to fine-tune the p53 response to certain stressful
conditions, as revealed by p53 modification site mutant knock-in
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further revealed that the GST-tag in GST-fusion
Mdm2 causes artificial activation of Mdm2 E3
for p53 polyubiquitination, especially at higher
concentrations. After cleavage of GST from
GST-Mdm2, GST-free Mdm2 is significantly
compromised only in activity for polyubiquitination of p53. Using wild type ubiquitin and
lysineless ubiquitin, it was concluded that nonGST-Mdm2 only mediates multiple monoubiquitination of p53. These findings are reminiscent
of a previous report using very low concentrations of GST-Mdm2 (3 nM).69 In view of the
dimerization property of GST,70 it was reasoned
that Mdm2 dimerization might be a critical step
for its activation as a holoenzyme E3 ligase for
p53 polyubiquitination. Then MdmX became
the first candidate for the cellular activator of
Mdm2, since it is the physiological dimerization
partner of Mdm2 in cells.71 As expected, MdmX
could activate Mdm2 E3 ligase activity for p53
polyubiquitination in a dose-dependent manner.
The gel filtration experiment using a mixture of
Figure 1. p53 regulation by Mdm2 and MdmX. Under normal conditions, Mdm2, as a
recombinant MdmX and Mdm2 proteins further
product of p53 target gene, inhibits p53 activity, thus forming a p53/Mdm2 autoregulaconfirmed that the strong E3 ligase activity for
tory feedback loop. Mdm2 can bind to p53 and alone mediates multiple monoubiquitinap53 polyubiquitination only resides in a fraction, which promotes p53 nuclear export. Other E3 ligases and E4 factors can further act
tion of the MdmX peak with Mdm2 sub-peak,
on monoubiquitinated p53 for polyubiquitination and degradation in cytoplasm. Mdm2/
which is in sharp contrast to the weak activMdmX heterodimers formed via RING domains of the two proteins mediate p53 polyubiquitination for efficient proteasomal degradation. DNA damage signaling triggers MdmX
ity of the Mdm2 peak fraction with an MdmX
polyubiquitination by Mdm2/MdmX, leading to physical removal of MdmX, the activator
minor peak. These data establish that MdmX is
component of Mdm2/MdmX E3 complex, resulting in p53 stabilization and activation.
an essential activator of Mdm2, able to convert
Mdm2 into a p53 polyubiquitnation E3 ligase
The Key Role of MdmX RING Domain
in vitro, a process requiring RING-RING interaction between
in p53 Polyubiquitination In Vitro
Mdm2 and MdmX.68 This biochemical evidence is mirrored in
an early report from Yuan’s group that RING domain-mediated
It has been well-established that MdmX can inhibit p53 transcrip- interaction between MdmX and Mdm2 is a requirement of the
tional activity by direct p53 binding.56 However, how MdmX was E3 ligase activity of Mdm2 using Mdm2/MdmX/p53 tripleintegrated into the centerpiece of Mdm2-E3-dependent degrada- knockout MEFs.64 These results brought up an issue that caution
tion of p53 remained unsolved until recently. This was because of should be paid when GST-fusion proteins are used in biochemiopposing results reported from cell culture systems with MdmX cal reactions involving homo- or hetero-dimerization, because
overexpression (reviewed in ref. 62). In contrast to several observa- GST-mediated dimerization can have a significant impact on the
tions that the MdmX overexpression stabilizes p53, Yuan’s group reactions.
and others have demonstrated that RING-RING mediated interaction can promote Mdm2-mediated p53 ubiquitination and deg- The Dual Role of MdmX in Mdm2/MdmX E3 Complex
Explains Opposing Observations
radation using in vitro and cell culture systems.63-66 Another factor
contributing to the confusion is that Mdm2 had been accepted to
be self-sufficient for p53 polyubiquitination in a concentration- The Mdm2/MdmX heterodimer forms a holoenzyme E3 ligase
dependent manner in in vitro assays.67 Therefore, the significance for p53 polyubiquitination and subsequent proteasomal degraof the positive role of MdmX RING domain in Mdm2-dependent dation. This is reminiscent of activation of BRCA1 E3 ligase
p53 degradation had not been pursued enthusiastically, thus a activity by BARD1 heterodimerization.72 Importantly, MdmX
consensus has not been reached in the field for many years.
plays a dual role in the Mdm2/MdmX complex, on one hand,
An unexpected result from an in vitro reconstitution system being an activator of the E3 ligase and, on the other, the subled to the discovery of the biochemical role of MdmX in Mdm2- strate of Mdm2/MdmX E3 ligase. This adds a layer of complexmediated p53 ubiquitination.68 It revealed that Mdm2 on its own ity to the effects of MdmX on the p53/Mdm2 loop, because
can only mediate multiple monoubiquitination of p53 even at a MdmX can compete with p53 for accepting ubiquitin moiety
high concentration of 900 nM, which was in sharp contrast to from E2 at higher concentrations.68 Owing to this property, it
the dose-dependent p53 polyubiquitination by GST-Mdm2. It is now easier to understand that in some early reports, MdmX
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overexpression actually stabilizes p53 and Mdm2 proteins.73-75
This is because, unlike low levels of Mdm2 protein in most of
the cell lines, the abundance of MdmX is usually high due to
its constitutive expression and protein stability. So, Mdm2 is the
only limiting factor in forming Mdm2/MdmX holoenzymes
under normal conditions. Therefore, overexpression of Mdm2
will dose-dependently promote p53 degradation in most cases.
However, simply overexpressing MdmX on top of high levels
of endogenous MdmX will dramatically alter the stoichiometry
between Mdm2 and MdmX, which allows formation of excessive inactive monomers or homodimers of MdmX competing for
substrate p53 binding. This notion is supported by the observation that p53 is the preferential substrate for polyubiquitination
by Mdm2/MdmX within a range of MdmX concentrations, but
above that range, p53 polyubiquitination is declined in vitro,
and p53 degradation is weakened in vivo.68 Thus, the outputs of
MdmX in cells are difficult to measure in overexpression experiments, unless p53, Mdm2 and MdmX expression levels are carefully titrated to test one factor at a time with the concentrations
of the other two factors fixed.68 Given its activator role in Mdm2/
MdmX complex, the regulated degradation of MdmX triggered
by the DNA damage signal now makes great sense. This stressinduced removal of an E3 activator allows a rapid inactivation
of the E3 ligase activity of the Mdm2/MdmX complex, which
heralds p53 accumulation in the cytoplasm and then nuclear
translocation in response to DNA damage. Moreover, degradation of MdmX by Mdm2 or, more accurately, by Mdm2/MdmX
E3, provides an extremely efficient mechanism for inactivation
of Mdm2/MdmX activity.76 Regulation of this process by DNA
damage signaling kinases ATM/ATR as well as recruitment of
14-3-3 indicates the key role of MdmX in preventing p53 from
activation under normal conditions.77-80

normal level of p53) or by a transcriptionally inactive mutant
p53 (p53R172H) background in the presence of elevated mutant
p53 levels.82 Surprisingly, when p53 levels are reduced to 15%
of normal levels, p53 stability is no longer under the regulation
of the Mdm2/MdmX complex.82 This disconnection between
p53 stability control from the Mdm2/MdmX complex might be
the reason why hypomorphic p53 can rescue the p53-dependent
lethality of the MdmX RING mutant: because if p53 is not
accumulated, p53-dependent lethality will not be incurred. This
phenomenon is easily understood from a biochemical point of
view: a sufficiently high initial concentration of substrate (in this
case, apparently at least > 15% of normal p53 levels) is required
for an efficient enzymatic reaction to take place in cells (in this
case, p53 polyubiquitination catalyzed by Mdm2/MdmX). The
importance of basal levels of p53 in p53’s sensitivity to Mdm2/
MdmX may have further implications in that MdmX, by serving as a substrate of Mdm2/MdmX and competing with p53 for
polyubiquitination, might act in an opposite way to stabilize p53
and maintain a stable basal level of p53 under non-stressful conditions, a notion yet to be tested. In this sense, MdmX serves as
the critical equilibrium changer.
The p53 E3 Ligase: Mdm2/MdmX and Beyond
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If the mutual dependence of Mdm2 and MdmX as a p53 polyubiquitination E3 ligase is true, and only Mdm2/MdmX complex is critical to promote p53 degradation during development,
then, the prediction will be that the p53-dependent lethality
after knockout of Mdm2 or MdmX or knock-in of Mdm2 RING
mutant or MdmX RING mutant will follow the same time point
of embryonic lethality. But this was not the case. Knockout of
Mdm2 and knock-in of Mdm2 RING mutant kill the embryos
at the earlier developmental stage of Day 5.5–7.5,61,83,84 while
knockout of MdmX or knock-in of MdmX RING mutant kill the
embryos at the later stage of day 9.5.57,81,82 These observations
imply that Mdm2-mediated p53 inhibition at an earlier developmental stage depends on its RING domain but does not need
MdmX. The possible mechanisms underlying this stage of p53
inhibition might be (1) Mdm2-mediated monoubiquitination
drives p53 nuclear export which is sufficient for inactivation of
p53 nuclear activity or (2) on top of nuclear exporting of p53 by
Mdm2-catalyzed monoubiquitination, other E3 ligases or E4 factors can complete the ubiquitin-dependent degradation process
in the cytoplasm. However, at a later stage of development, the
role of MdmX in Mdm2/MdmX is irreplaceable by other factors.
Another similar argument concerns why homozygous deletion of
Mdm2 causes a more significant increase in p53 protein levels in
MEFs than homozygous deletion of MdmX in an Mdm2 heterozygous background, given that both molecules work as a team for
p53 degradation.59 Interpretation of this observation has to take
into consideration again “that Mdm2 is the catalytic half of the
Mdm2/MdmX complex, which can mediate monoubiquitination
of p53 without MdmX;”68 several other p53 E3 ligases and E4
factors exist in cells,3,85 and MdmX itself is unable to initiate p53
degradation in a significant way and can only boost Mdm2 as a
polyubiquitination E3 ligase. In my opinion, the collective action

Do not distribute.

The Essential Role of RING Domain of MdmX
in p53 Degradation In Vivo
The prediction from the biochemical or molecular biology
findings is that a RING domain MdmX mutant will cause
p53-dependent embryonic lethality in mice, given that p53
polyubiquitination/proteasomal degradation depends on RING
domain-mediated Mdm2/MdmX interaction. Consistent with
this prediction, two recent reports from Yuan’s and Lozano’s
groups demonstrated that knock-in of MdmX RING domain
mutants either as point mutant MdmxC462A or as RING
domain deletion in mice caused a p53-dependent embryonic
lethal phenotype.81,82 In both cases, the time point of embryonic
lethality was embryonic day 9.5, which is similar to knockout of
the whole gene of MdmX.57 These results suggest that the RING
domain of MdmX carries the whole function of MdmX protein
in p53 inhibition during development. The day 9.5 embryos of
MdmxC462A mutants manifested massive p53 accumulation
associated with upregulation of p53 downstream genes, including p21, bax and mdm2.81 Therefore, this p53-dependent lethality is caused by two factors: (1) the increased protein levels of p53
and (2) the transcriptional activity of p53, because the lethality
can be rescued either by hypomorphic p53 background (at 15%
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of Mdm2 and other E3 ligases or E4 factors contributes more
significantly to p53 degradation when E3-incompetent MdmX
protein is absent in Mdmx-knockout MEFs, and this nature of
MdmX will be translated into a mild effect on p53 accumulation
in Mdmx-knockout cells in comparison with Mdm2-knockout
cells. Taking other factors into consideration, p53 regulation by
Mdm2 and MdmX with regards to p53 ubiquitination and degradation is summarized in Figure 1. Of note, the cooperative
effects of Mdm2 with other p53 E3 ligases have not been wellexplored so far. The influence of other E3 ligases and E4 factors
may be quite significant in p53 stability control in adult tissues in
a context-dependent manner.
References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

Levine AJ, Oren M. The first 30 years of p53: growing
ever more complex. Nat Rev Cancer 2009; 9:749-58;
PMID:19776744; http://dx.doi.org/10.1038/nrc2723.
Meek DW, Anderson CW. Posttranslational modification of p53: cooperative integrators of function. Cold Spring Harb Perspect Biol 2009; 1:950;
PMID:20457558; http://dx.doi.org/10.1101/cshperspect.a000950.
Toledo F, Wahl GM. Regulating the p53 pathway:
in vitro hypotheses, in vivo veritas. Nat Rev Cancer
2006; 6:909-23; PMID:17128209; http://dx.doi.
org/10.1038/nrc2012.
Zdzalik M, Pustelny K, Kedracka-Krok S, Huben
K, Pecak A, Wladyka B, et al. Interaction of regulators Mdm2 and Mdmx with transcription factors p53, p63 and p73. Cell Cycle 2010; 9:458491; PMID:21088494; http://dx.doi.org/10.4161/
cc.9.22.13871.
Lo D, Lu H. Nucleostemin: Another nucleolar “Twister” of the p53-MDM2 loop. Cell Cycle
2010; 9:3227-32; PMID:20703089; http://dx.doi.
org/10.4161/cc.9.16.12605.
Nicholson J, Hupp TR. The molecular dynamics of MDM2. Cell Cycle 2010; 9:1878-81;
PMID:20436290;
http://dx.doi.org/10.4161/
cc.9.10.11597.
Huang B, Vassilev LT. Reduced transcriptional activity
in the p53 pathway of senescent cells revealed by the
MDM2 antagonist nutlin-3. Aging (Albany NY) 2009;
1:845-54; PMID:20157557.
Schug TT. Awakening p53 in senescent cells using
nutlin-3. Aging (Albany NY) 2009; 1:842-4;
PMID:20157556.
Yamakuchi M, Lowenstein CJ. MiR-34, SIRT1 and
p53: the feedback loop. Cell Cycle 2009; 8:7125; PMID:19221490; http://dx.doi.org/10.4161/
cc.8.5.7753.
Llanos S, Serrano M. Depletion of ribosomal protein
L37 occurs in response to DNA damage and activates
p53 through the L11/MDM2 pathway. Cell Cycle
2010; 9:4005-12; PMID:20935493; http://dx.doi.
org/10.4161/cc.9.19.13299.
Heminger K, Markey M, Mpagi M, Berberich SJ.
Alterations in gene expression and sensitivity to genotoxic stress following HdmX or Hdm2 knockdown in
human tumor cells harboring wild-type p53. Aging
(Albany NY) 2009; 1:89-108; PMID:19946469.
Cheng Q, Chen J. Mechanism of p53 stabilization by ATM after DNA damage. Cell Cycle 2010;
9:472-8; PMID:20081365; http://dx.doi.org/10.4161/
cc.9.3.10556.
Inuzuka H, Fukushima H, Shaik S, Wei W. Novel
insights into the molecular mechanisms governing
Mdm2 ubiquitination and destruction. Oncotarget
2010; 1:685-90; PMID:21317463.
Naski N, Gajjar M, Bourougaa K, Malbert-Colas L,
Fahraeus R, Candeias MM. The p53 mRNA-Mdm2
interaction. Cell Cycle 2009; 8:31-4; PMID:19106616;
http://dx.doi.org/10.4161/cc.8.1.7326.

4228

Taken together, the recent evidence from in vitro biochemical
analysis and in vivo mouse models established an essential role of
the RING domain of MdmX in p53 inhibition in vivo through
p53 stability control. This is a significant advancement, and the
RING-RING mediated interaction of Mdm2 and MdmX merits
further investigation in the field.
Acknowledgments

This work was supported in part by Elsa U. Pardee Foundation
(X.W.). The author thanks John J. McGuire and Benjamin E.
Paluch for critical reading of the manuscript.

15. Vigneron A, Vousden KH. p53 and Mdm2: an auld
alliance. Cell Cycle 2010; 9:865-6; PMID:20348845;
http://dx.doi.org/10.4161/cc.9.5.11040.
16. Mallette FA, Calabrese V, Ilangumaran S, Ferbeyre G.
SOCS1, a novel interaction partner of p53 controlling
oncogene-induced senescence. Aging (Albany NY)
2010; 2:445-52; PMID:20622265.
17. Jain AK, Barton MC. Regulation of p53: TRIM24
enters the RING. Cell Cycle 2009; 8:3668-74;
PMID:19844164;
http://dx.doi.org/10.4161/
cc.8.22.9979.
18. Rao B, van Leeuwen IM, Higgins M, Campbel J,
Thompson AM, Lane DP, et al. Evaluation of an
Actinomycin D/VX-680 aurora kinase inhibitor combination in p53-based cyclotherapy. Oncotarget 2010;
1:639-50; PMID:21317459.
19. Li B, Cheng Q, Li Z, Chen J. p53 inactivation by
MDM2 and MDMX negative feedback loops in
testicular germ cell tumors. Cell Cycle 2010; 9:141120; PMID:20372076; http://dx.doi.org/10.4161/
cc.9.7.11255.
20. Maclaine NJ, Hupp TR. The regulation of p53 by
phosphorylation: a model for how distinct signals integrate into the p53 pathway. Aging (Albany NY) 2009;
1:490-502; PMID:20157532.
21. Schlereth K, Charles JP, Bretz AC, Stiewe T. Life
or death: p53-induced apoptosis requires DNA
binding cooperativity. Cell Cycle 2010; 9:406876; PMID:20948308; http://dx.doi.org/10.4161/
cc.9.20.13595.
22. Hölzel M, Burger K, Muhl B, Orban M, Kellner M,
Eick D. The tumor suppressor p53 connects ribosome
biogenesis to cell cycle control: a double-edged sword.
Oncotarget 2010; 1:43-7; PMID:21293052.
23. Galluzzi L, Morselli E, Kepp O, Maiuri MC, Kroemer
G. Defective autophagy control by the p53 rheostat in
cancer. Cell Cycle 2010; 9:250-5; PMID:20023384;
http://dx.doi.org/10.4161/cc.9.2.10493.
24. Mancini F, Moretti F. Mitochondrial MDM4
(MDMX): an unpredicted role in the p53-mediated
intrinsic apoptotic pathway. Cell Cycle 2009; 8:38549; PMID:19887911; http://dx.doi.org/10.4161/
cc.8.23.10089.
25. Darzynkiewicz Z. Another “Janus paradox” of p53:
induction of cell senescence versus quiescence. Aging
(Albany NY) 2010; 2:329-30; PMID:20603525.
26. Korotchkina LG, Demidenko ZN, Gudkov AV,
Blagosklonny MV. Cellular quiescence caused by the
Mdm2 inhibitor nutlin-3A. Cell Cycle 2009; 8:377781; PMID:19855165; http://dx.doi.org/10.4161/
cc.8.22.10121.
27. Santoro R, Blandino G. p53: The pivot between cell
cycle arrest and senescence. Cell Cycle 2010; 9:42623; PMID:21057199; http://dx.doi.org/10.4161/
cc.9.21.13853.
28. Leontieva OV, Gudkov AV, Blagosklonny MV. Weak
p53 permits senescence during cell cycle arrest. Cell
Cycle 2010; 9:4323-7; PMID:21051933; http://
dx.doi.org/10.4161/cc.9.21.13584.

29. Haferkamp S, Tran SL, Becker TM, Scurr LL, Kefford
RF, Rizos H. The relative contributions of the p53
and pRb pathways in oncogene-induced melanocyte
senescence. Aging (Albany NY) 2009; 1:542-56;
PMID:20157537.
30. Schoppy DW, Ruzankina Y, Brown EJ. Removing all
obstacles: a critical role for p53 in promoting tissue
renewal. Cell Cycle 2010; 9:1313-9; PMID:20234190;
http://dx.doi.org/10.4161/cc.9.7.11194.
31. Vaseva AV, Marchenko ND, Moll UM. The transcription-independent mitochondrial p53 program is a
major contributor to nutlin-induced apoptosis in tumor
cells. Cell Cycle 2009; 8:1711-9; PMID:19411846;
http://dx.doi.org/10.4161/cc.8.11.8596.
32. Korotchkina LG, Leontieva OV, Bukreeva EI,
Demidenko ZN, Gudkov AV, Blagosklonny MV. The
choice between p53-induced senescence and quiescence
is determined in part by the mTOR pathway. Aging
(Albany NY) 2010; 2:344-52; PMID:20606252.
33. Leontieva OV, Blagosklonny MV. DNA damaging
agents and p53 do not cause senescence in quiescent
cells, while consecutive re-activation of mTOR is associated with conversion to senescence. Aging (Albany
NY) 2010; 2:924-35; PMID:21212465.
34. Long JS, Ryan KM. p53 and senescence: a little goes
a long way. Cell Cycle 2010; 9:4050-1; http://dx.doi.
org/10.4161/cc.9.20.13747.
35. Serrano M. Shifting senescence into quiescence
by turning up p53. Cell Cycle 2010; 9:42567; PMID:20980826; http://dx.doi.org/10.4161/
cc.9.21.13785.
36. Wesierska-Gadek J. mTOR and its link to the picture of
Dorian Gray—re-activation of mTOR promotes aging.
Aging (Albany NY) 2010; 2:892-3; PMID:21149896.
37. Lane DP, Verma C, Fang CC. The p53 inducing drug
dosage may determine quiescence or senescence. Aging
(Albany NY) 2010; 2:748; PMID:21068468.
38. Galluzzi L, Kepp O, Kroemer G. Tp53 and MTOR
crosstalk to regulate cellular senescence. Aging (Albany
NY) 2010; 2:535-7; PMID:20876940.
39. Maki CG. Decision-making by p53 and mTOR. Aging
(Albany NY) 2010; 2:324-6; PMID:20603526.
40. Schug TT. mTOR favors senescence over quiescence in
p53-arrested cells. Aging (Albany NY) 2010; 2:327-8;
PMID:20603524.
41. Vigneron A, Vousden KH. p53, ROS and senescence in
the control of aging. Aging (Albany NY) 2010; 2:4714; PMID:20729567.
42. Poyurovsky MV, Prives C. p53 and aging: A fresh look
at an old paradigm. Aging (Albany NY) 2010; 2:380-2;
PMID:20657036.
43. de Keizer PL, Laberge RM, Campisi J. p53: Pro-aging
or pro-longevity? Aging (Albany NY) 2010; 2:377-9;
PMID:20657035.
44. Roemer K. Are the conspicuous interdependences of
fecundity, longevity and cognitive abilities in humans
caused in part by p53? Cell Cycle 2010; 9:343841; PMID:20814241; http://dx.doi.org/10.4161/
cc.9.17.13001.

© 2012 Landes Bioscience.
Do not distribute.

Cell Cycle

Volume 10 Issue 24

45. Donehower LA. Longevity regulation in flies:
a role for p53. Aging (Albany NY) 2009; 1:6-8;
PMID:20157591.
46. Waskar M, Landis GN, Shen J, Curtis C, Tozer K,
Abdueva D, et al. Drosophila melanogaster p53 has
developmental stage-specific and sex-specific effects
on adult life span indicative of sexual antagonistic pleiotropy. Aging (Albany NY) 2009; 1:903-36;
PMID:20157574.
47. Bauer JH, Helfand SL. Sir2 and longevity: the p53 connection. Cell Cycle 2009; 8:1821; PMID:19471127;
http://dx.doi.org/10.4161/cc.8.12.9010.
48. Biteau B, Jasper H. It’s all about balance: p53 and aging.
Aging (Albany NY) 2009; 1:884-6; PMID:20157572.
49. Blagosklonny MV. Revisiting the antagonistic pleiotropy theory of aging: TOR-driven program and quasiprogram. Cell Cycle 2010; 9:3151-6; PMID:20724817;
http://dx.doi.org/10.4161/cc.9.16.13120.
50. Chao SK, Horwitz SB, McDaid HM. Insights into
4E-BP1 and p53 mediated regulation of accelerated cell senescence. Oncotarget 2011; 2:89-98;
PMID:21399233.
51. Hur JH, Walker DW. p53, sex and aging: lessons
from the fruit fly. Aging (Albany NY) 2009; 1:881-3;
PMID:20157571.
52. Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes
the rapid degradation of p53. Nature 1997; 387:296-9;
PMID:9153395; http://dx.doi.org/10.1038/387296a0.
53. Honda R, Tanaka H, Yasuda H. Oncoprotein MDM2
is a ubiquitin ligase E3 for tumor suppressor p53. FEBS
Lett 1997; 420:25-7; PMID:9450543; http://dx.doi.
org/10.1016/S0014-5793(97)01480-4.
54. Momand J, Zambetti GP, Olson DC, George D, Levine
AJ. The mdm-2 oncogene product forms a complex
with the p53 protein and inhibits p53-mediated transactivation. Cell 1992; 69:1237-45; PMID:1535557;
http://dx.doi.org/10.1016/0092-8674(92)90644-R.
55. Jain AK, Barton MC. Making sense of ubiquitin ligases
that regulate p53. Cancer Biol Ther 2010; 10:66572; PMID:20930521; http://dx.doi.org/10.4161/
cbt.10.7.13445.
56. Shvarts A, Steegenga WT, Riteco N, van Laar T,
Dekker P, Bazuine M, et al. MDMX: a novel p53-binding protein with some functional properties of MDM2.
EMBO J 1996; 15:5349-57; PMID:8895579.
57. Parant J, Chavez-Reyes A, Little NA, Yan W, Reinke V,
Jochemsen AG, et al. Rescue of embryonic lethality in
Mdm4-null mice by loss of Trp53 suggests a nonoverlapping pathway with MDM2 to regulate p53. Nat
Genet 2001; 29:92-5; PMID:11528400; http://dx.doi.
org/10.1038/ng714.
58. Xiong S, Van Pelt CS, Elizondo-Fraire AC, Liu G,
Lozano G. Synergistic roles of Mdm2 and Mdm4
for p53 inhibition in central nervous system development. Proc Natl Acad Sci USA 2006; 103:322631; PMID:16492743; http://dx.doi.org/10.1073/
pnas.0508500103.
59. Francoz S, Froment P, Bogaerts S, De Clercq S,
Maetens M, Doumont G, et al. Mdm4 and Mdm2
cooperate to inhibit p53 activity in proliferating and
quiescent cells in vivo. Proc Natl Acad Sci USA
2006; 103:3232-7; PMID:16492744; http://dx.doi.
org/10.1073/pnas.0508476103.
60. Johnson TM, Hammond EM, Giaccia A, Attardi
LD. The p53QS transactivation-deficient mutant
shows stress-specific apoptotic activity and induces
embryonic lethality. Nat Genet 2005; 37:145-52;
PMID:15654339; http://dx.doi.org/10.1038/ng1498.

61. Itahana K, Mao H, Jin A, Itahana Y, Clegg HV,
Lindstrom MS, et al. Targeted inactivation of Mdm2
RING finger E3 ubiquitin ligase activity in the
mouse reveals mechanistic insights into p53 regulation. Cancer Cell 2007; 12:355-66; PMID:17936560;
http://dx.doi.org/10.1016/j.ccr.2007.09.007.
62. Marine JC, Jochemsen AG. Mdmx as an essential regulator of p53 activity. Biochem Biophys Res Commun
2005; 331:750-60; PMID:15865931; http://dx.doi.
org/10.1016/j.bbrc.2005.03.151.
63. Badciong JC, Haas AL. MdmX is a RING finger
ubiquitin ligase capable of synergistically enhancing
Mdm2 ubiquitination. J Biol Chem 2002; 277:4966875; PMID:12393902; http://dx.doi.org/10.1074/jbc.
M208593200.
64. Kawai H, Lopez-Pajares V, Kim MM, Wiederschain
D, Yuan ZM. RING domain-mediated interaction is a
requirement for MDM2’s E3 ligase activity. Cancer Res
2007; 67:6026-30; PMID:17616658; http://dx.doi.
org/10.1158/0008-5472.CAN-07-1313.
65. Linares LK, Hengstermann A, Ciechanover A, Muller
S, Scheffner M. HdmX stimulates Hdm2-mediated
ubiquitination and degradation of p53. Proc Natl
Acad Sci USA 2003; 100:12009-14; PMID:14507994;
http://dx.doi.org/10.1073/pnas.2030930100.
66. Okamoto K, Taya Y, Nakagama H. Mdmx enhances
p53 ubiquitination by altering the substrate preference of the Mdm2 ubiquitin ligase. FEBS Lett
2009; 583:2710-4; PMID:19619542; http://dx.doi.
org/10.1016/j.febslet.2009.07.021.
67. Li M, Brooks CL, Wu-Baer F, Chen D, Baer R, Gu W.
Mono- versus polyubiquitination: differential control
of p53 fate by Mdm2. Science 2003; 302:19725; PMID:14671306; http://dx.doi.org/10.1126/science.1091362.
68. Wang X, Wang J, Jiang X. MdmX protein is essential
for Mdm2 protein-mediated p53 polyubiquitination.
J Biol Chem 2011; 286:23725-34; PMID:21572037;
http://dx.doi.org/10.1074/jbc.M110.213868.
69. Lai Z, Ferry KV, Diamond MA, Wee KE, Kim YB,
Ma J, et al. Human mdm2 mediates multiple monoubiquitination of p53 by a mechanism requiring
enzyme isomerization. J Biol Chem 2001; 276:3135767; PMID:11397792; http://dx.doi.org/10.1074/jbc.
M011517200.
70. Yan H, Lim JT, Contillo LG, Krolewski JJ. Glutathione
S-transferase fusion proteins mimic receptor dimerization in permeabilized cells. Anal Biochem
1995; 231:455-8; PMID:8595002; http://dx.doi.
org/10.1006/abio.1995.0080.
71. Tanimura S, Ohtsuka S, Mitsui K, Shirouzu K,
Yoshimura A, Ohtsubo M. MDM2 interacts with
MDMX through their RING finger domains. FEBS
Lett 1999; 447:5-9; PMID:10218570; http://dx.doi.
org/10.1016/S0014-5793(99)00254-9.
72. Hashizume R, Fukuda M, Maeda I, Nishikawa H,
Oyake D, Yabuki Y, et al. The RING heterodimer
BRCA1-BARD1 is a ubiquitin ligase inactivated by
a breast cancer-derived mutation. J Biol Chem 2001;
276:14537-40; PMID:11278247; http://dx.doi.
org/10.1074/jbc.C000881200.
73. Sharp DA, Kratowicz SA, Sank MJ, George DL.
Stabilization of the MDM2 oncoprotein by interaction
with the structurally related MDMX protein. J Biol
Chem 1999; 274:38189-96; PMID:10608892; http://
dx.doi.org/10.1074/jbc.274.53.38189.

74. Stad R, Little NA, Xirodimas DP, Frenk R, van der Eb
AJ, Lane DP, et al. Mdmx stabilizes p53 and Mdm2 via
two distinct mechanisms. EMBO Rep 2001; 2:102934; PMID:11606419; http://dx.doi.org/10.1093/
embo-reports/kve227.
75. Jackson MW, Berberich SJ. MdmX protects p53
from Mdm2-mediated degradation. Mol Cell Biol
2000; 20:1001-7; PMID:10629057; http://dx.doi.
org/10.1128/MCB.20.3.1001-7.2000.
76. Kawai H, Wiederschain D, Kitao H, Stuart J, Tsai KK,
Yuan ZM. DNA damage-induced MDMX degradation
is mediated by MDM2. J Biol Chem 2003; 278:4594653; PMID:12963717; http://dx.doi.org/10.1074/jbc.
M308295200.
77. Chen L, Gilkes DM, Pan Y, Lane WS, Chen J. ATM
and Chk2-dependent phosphorylation of MDMX contribute to p53 activation after DNA damage. EMBO
J 2005; 24:3411-22; PMID:16163388; http://dx.doi.
org/10.1038/sj.emboj.7600812.
78. Okamoto K, Kashima K, Pereg Y, Ishida M, Yamazaki
S, Nota A, et al. DNA damage-induced phosphorylation of MdmX at serine 367 activates p53 by targeting MdmX for Mdm2-dependent degradation. Mol
Cell Biol 2005; 25:9608-20; PMID:16227609; http://
dx.doi.org/10.1128/MCB.25.21.9608-20.2005.
79. Pereg Y, Shkedy D, de Graaf P, Meulmeester E,
Edelson-Averbukh M, Salek M, et al. Phosphorylation
of Hdmx mediates its Hdm2- and ATM-dependent
degradation in response to DNA damage. Proc Natl
Acad Sci USA 2005; 102:5056-61; PMID:15788536;
http://dx.doi.org/10.1073/pnas.0408595102.
80. Wang YV, Wade M, Wong E, Li YC, Rodewald LW,
Wahl GM. Quantitative analyses reveal the importance of regulated Hdmx degradation for p53 activation. Proc Natl Acad Sci USA 2007; 104:1236570; PMID:17640893; http://dx.doi.org/10.1073/
pnas.0701497104.
81. Huang L, Yan Z, Liao X, Li Y, Yang J, Wang ZG, et
al. The p53 inhibitors MDM2/MDMX complex is
required for control of p53 activity in vivo. Proc Natl
Acad Sci USA 2011; 108:12001-6; PMID:21730163;
http://dx.doi.org/10.1073/pnas.1102309108.
82. Pant V, Xiong S, Iwakuma T, Quintas-Cardama
A, Lozano G. Heterodimerization of Mdm2 and
Mdm4 is critical for regulating p53 activity during
embryogenesis but dispensable for p53 and Mdm2
stability. Proc Natl Acad Sci USA 2011; 108:119952000; PMID:21730132; http://dx.doi.org/10.1073/
pnas.1102241108.
83. Jones SN, Roe AE, Donehower LA, Bradley A. Rescue of
embryonic lethality in Mdm2-deficient mice by absence
of p53. Nature 1995; 378:206-8; PMID:7477327;
http://dx.doi.org/10.1038/378206a0.
84. Montes de Oca Luna R, Wagner DS, Lozano G.
Rescue of early embryonic lethality in mdm2-deficient
mice by deletion of p53. Nature 1995; 378:203-6;
PMID:7477326; http://dx.doi.org/10.1038/378203a0.
85. Shi D, Pop MS, Kulikov R, Love IM, Kung AL,
Grossman SR. CBP and p300 are cytoplasmic E4
polyubiquitin ligases for p53. Proc Natl Acad Sci USA
2009; 106:16275-80; PMID:19805293; http://dx.doi.
org/10.1073/pnas.0904305106.

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Cell Cycle

4229

