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Mdm2 is an essential regulator of the p53 tumor suppressor. Mdm2 is modified at transcriptional, post-transcriptional, and post-translational levels
to control p53 activity in normal versus stressed cells. Importantly, errors in these regulatory mechanisms can result in aberrant Mdmz2 expression
and failure to initiate programmed cell death in response to DNA damage. Such errors can have severe consequences as evidenced by tumor
phenotypes resulting from amplification at the Mdm2 locus and changes in post-transcriptional and post-translational regulation of Mdm2. Although
Mdm2 mediated inhibition of p53 is well characterized, Mdm2 interacts with many additional proteins and also targets many of these for proteosomal
degradation. Mdm2 also has E3-ligase independent functions and p53-independent functions that have important implications for genome stability

and cancer.
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Introduction

Murine double minute 2 (Mdm2) is a
RING finger containing E3 ubiquitin
ligase that negatively regulates p53 by
inhibiting p53-mediated transactivation
of target genes and targeting it p53 for
proteosomal degradation (reviewed in
Marine ef al. 2006)." The critical nature
of the p53-Mdm?2 relationship was first
observed in animal models. Specifically,
loss of Mdm?2 leads to embryonic lethal-
ity very early in development that is res-
cued by concomitant deletion of p53,>*
and Mdm?2 loss in all cell types exam-
ined results in a cell lethal phenotype.*”’
In addition, although Mdm?2 heterozy-
gosity is sufficient to dampen p53 levels
under normal conditions in an adult
mouse, a low dose of ionizing radiation
is lethal to these mice in a p53-depen-
dent manner.® The data suggest that a
50% gene dose of Mdm?2 is sufficient to
maintain appropriate p53 levels except
in response to DNA damage. Mice car-
rying a hypomorphic and a null allele of
Mdm?2, which express only 30% of wild-
type Mdm2 levels, and are small,
lymphopenic, and radiosensitive, have
even greater p53 activity” The
p53-dependency of all these phenotypes
indicates that Mdm2 primarily functions
to inhibit p53 activity in development
and in response to DNA damage.

The mouse models described above
demonstrate that Mdm2 and p53 expres-
sion levels must be tightly regulated for

normal embryonic development and
homeostasis. Errors in this signaling net-
work can lead to aberrant expression of
effectors of the pS3 pathway, resulting in
tumorigenesis.'”"" For example, approx-
imately 30% of all sarcomas bear MDM?2
amplifications,'> and abnormal post-
translational regulation of MDM2 pro-
tein also contributes to human cancers,
as suggested by overexpression of
MDM2 protein without MDM?2 amplifi-
cation in B-cell chronic lymphocytic
leukemias and non-Hodgkin’s lympho-
mas.” Interestingly, Mdm2 does not
have to be drastically overexpressed to
affect tumor phenotypes. An animal
model that exhibits a 3- to 4-fold
increase in Mdm2 levels is tumor
prone." Additionally, a single nucleo-
tide polymorphism (SNP) in the MDM?2
promoter that results in 2- to 4-fold
higher Mdm2 protein expression results
in an increased risk in spontaneous
tumor formation,'>'® whereas a 50%
reduction in Mdm?2 gene dosage delayed
tumor formation in tumor prone mouse
models.®!'"" Thus, minor differences in
Mdm?2 levels have a large impact on
tumor phenotypes.

Taken together, these in vivo studies
highlight the importance of regulating
Mdm?2 expression during embryogenesis
and in adult tissues. Since Mdm2 must be
differentially expressed in normal cells
versus stressed cells, there are numerous
mechanisms in place to regulate Mdm2

expression in a context dependent man-
ner. This review focuses on proteins that
function to maintain appropriate levels of
Mdm?2 through transcriptional, post-tran-
scriptional, and post-translational regula-
tion. We also discuss the E3-ligase
dependent and independent functions of
Mdm?2 and conclude with some remarks
on p53-independent functions of Mdm?2.

Proteins That Interact with
Mdm2

Yeast 2 hybrid screens, mass spectrome-
try, and immunoprecipitation experi-
ments have identified a large number of
proteins that physically interact with
Mdm2. These proteins are summarized in
Tables 1 and 2 and are divided into 2
groups: proteins that function upstream
of Mdm2 (effectors) to regulate Mdm?2
at the transcriptional, post-transcrip-
tional, or post-translation level (Table 1)
and proteins that are specific downstream
targets of Mdm?2 (Table 2). Not all inter-
actions have been examined at physio-
logical levels. However, since MDM? is
overexpressed in human cancers, the
overexpression studies presented in this
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Table 1. Effectors That Interact with MDM2

Proteins Effect on MDM2 p53 stability MDM2 localization p53 dependency References
PTEN Transcriptional inhibition Up Independent 26
NF-xB Transcriptional activation via P1 Down Independent 23
Fli-1 Transcriptional inhibition Down Nucleus N.E. 27
Elf4/Mef Transcriptional activation Down Nucleus Independent 28
Raf Transcriptional activation Down Nucleus Independent 29
p19ARF Inhibits Mdm2-p53 interaction Up Nucleolus Independent 30-32
MYCN Transcriptional activation Down Nucleus N.E. 39
Smad3/4 Transcriptional activation Down Nucleus Independent 33
E2F1 Transcriptional inhibition Up Nucleus Dependent 41
La Antigen Translational enhancement Down Cytoplasm N.E. 45
SB6K2 Phosphorylation Up Cytoplasm Independent 57
ATM Phosphorylation Up Impairs Mdm2 Independent 47, 50
mediated nuclear
export of p53
c-Abl Phosphorylation Up N.E. N.E. 52
AKT Phosphorylation Down Cytoplasm to Independent 104,127,128
nucleus
RFWD3 Inhibits Mdm2-p53 interaction Up N.E. Dependent 53
B-TRCP Ubiquitination Up N.E. N.E. 58
CKI & Phosphorylation Up N.E. N.E. 58
Wip1 Dephosphorylates Down N.E. Independent 48
PCAF Ubiquitination Up N.E. Independent 64
PKC3 Phosphorylation/inhibits ubiquiti- Down N.E. Independent 65
nation
UBE4B Facilitates Mdm2 polyubiquitina- Down N.E. N.E. 70
tion of p53
Enigma Inhibits self ubiquitination Down Cytoplasm Independent 76
Daxx Stabilizes; enhances interaction Down Nucleus Independent 60
between Mdm2 and Hausp
Hausp De-ubiquitination Down Nucleus Independent 59, 61
RASSF1A Increases self-ubiquitination Up Nucleus Independent 61
by promoting dissociation of
Mdm2-Daxx-Hasup complex
Seladin-1 Blocks Mdm2-p53 interaction Up N.E. Independent 81
p19ras Blocks Mdm2-p73 interaction Up Nucleus Independent 95
RPS3/S7/S27 Blocks Mdm2-p53 interaction Up Nucleolus Independent 84-86, 88, 111
L5/L11/L.23/1L.26  Blocks Mdm2 ubiquitination of Up Nucleolus Independent 89-92, 111, 129-
p53 131
Cyclin G Dephosphorylation of Mdm2 by Down N.E. Independent 132-134
PP2A
Tsg101 Inhibits autoubiquitination Down N.E. Independent 135, 136
Ubc9/Sumot Inhibits autoubiquitination Down N.E. Independent 137-139
Mdm4? Inhibits auto-polyubiquitination Down Inhibits Mdm2- Independent 73, 75, 140-143
mediated nuclear
export of p53

®Denotes physiological evidence for interaction with Mdm?2.

N.E.: Not examined

review are relevant for the characteriza-
tion of Mdm2 binding partners and tar-
gets during tumorigenesis.

Effectors of Mdm2
The majority of proteins in this group
regulate Mdm?2 transcriptionally through
direct binding at the P1 or P2 promoter,

post-transcriptionally through binding to
Mdm2 mRNA, or post-translationally
through phosphorylation, ubiquitina-
tion, or de-ubiquitination of Mdm?2.

Transcriptional  regulation of Mdm2.
Mdm?2 transcription is regulated by 2 pro-
moters named P1 and P2 that regulate

basal and inducible expression, respec-
tively.*> The P1 promoter is located
upstream of the first exon, and the P2
promoter is located within the first intron
(Fig. 1). Transcription from the upstream,
constitutive promoter is p53-indepen-
dent,®! and to date there are few known
regulators of the P1 promoter. However,
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Table 2. Downstream Targets of MDM2

Proteins Result of interaction References
p53* Decreasing p53 activity 12, 144-146
p73 Decreasing p53 activity 93, 94, 147,148
p63 Decreasing p53 activity 149
PML Promotes PML nuclear exclusion 150
E2F/DPA Stimulates transcription 151, 162
p300/CBP Mdm2 blocks p53-p300/CBP interaction 153-155
HDAC Mdm2-HDAC interaction facilitates p53 156
acetylation
DNA pol e Stimulates activity 157,158
TAFII250 Transcriptional activation of cyclin A 1569, 160
TBP/TFIE Inhibits transcription machinery 161
RB Inhibits RB binding to E2F1 162, 163
hnRNP K Ubiquitination and degradation 96
DYRK2 Ubiquitination and degradation 97
ATF3 Ubiquitination and degradation 98
B56y3 Ubiquitination and degradation 102
Androgen receptor Ubiquitination and degradation via Akt/Mdm2 103
HIPK2 Ubiquitination and degradation 106
IGF-1R Ubiquitination and degradation 107
RUNX3 Ubiquitination and degradation 164
hTERT Polyubiquitination and degradation 165
NICD4 Ubiquitination and degradation 109
Numb Alters subcellular localization; Ub and degradation 110
RPS27L Ubiquitination and degradation 88
RPS7 Ubiquitination 86
RPL26 Ubiquitination and degradation 111
P65 Transcriptional activation 115
XIAP Induces translation 118
Nbs1 Inhibition of ds break repair 123
Chk2 Ubiquitination and degradation 166
Slug Ubiquitination and degradation 167
IRF-2 Multimonoubiquitination 168

“Denotes physiological evidence for interaction with Mdm2.

a recent study identified an NF-xB site in
the P1 promoter (Fig. 1). NF-kB is a tran-
scription factor that regulates T lympho-
cyte cell activation and proliferation
during an immune response. Chromatin
immunoprecipitation (ChIP) in trans-
fected Jurkat T cells demonstrates that the
p50/RelA subunit binds to an NF-xB
site referred to as kB2 in the P1 promoter,
resulting in increased Mdm?2 expression.
Thus, survival of activated T cells
is mediated in part through NF-xB
induced Mdm?2 expression through the P1
promoter.” The P1 promoter is also regu-
lated, although not directly, by phospha-
tase and tensin homolog deleted on
chromosome 10 (PTEN). PTEN is a
tumor suppressor protein that negatively
regulates the PI3K-Akt signaling path-
way to suppress cell proliferation and

induce apoptosis by blocking Mdm2-
mediated p53 degradation.”** Reporter
assays using transfected PTEN in the
presence or absence of p53 demonstrate
that PTEN negatively regulates the Mdm2
P1 promoter in a p53 independent man-
ner, (Fig.1) but the transcription factor
mediating this PTEN dependent regula-
tion remains unknown.*®

Unlike the P1 promoter, the inducible
P2 promoter contains several known
response elements for transcription fac-
tors that either inhibit or activate Mdm2
transcription depending upon the cellu-
lar conditions. For example, 2 members
of the Ets family of transcription factors,
Fli-1?” and ELF4/MEF,” positively reg-
ulate Mdm2 expression at the transcrip-
tional level through direct binding to the
P2 promoter. Overexpression of Fli-1,

combined with inactivation of p53, is
implicated in the progression of Friend
Murine Leukemia Virus. Analysis of
tumors reveals a positive expression cor-
relation between of Fli-1 and Mdm2 and
a negative correlation between Fli-1 and
p53, indicating that Fli-1 indirectly regu-
lates p53 levels through its transcriptional
regulation of Mdm2.*" The Ets family
member, ELF4/MEF, regulates cell cycle
progression and has been implicated in
tumorigenesis. ChIP analysis revealed
that Elf4/Mef binds to and activates the
Mdm2-P2  promoter. Mouse embryo
fibroblasts (MEFs) isolated from Elf4/
Mef null mice exhibit decreased Mdm?2
expression and enhanced DNA damage-
induced senescence coupled to an accu-
mulation of p53 protein. In contrast,
overexpression of Elf4/Mef results in
increased Mdm2 expression and onco-
genic transformation. Interestingly, Elf4/
MEF/p53 mull MEFs are transformation
resistant,”® indicating that E1f4/Mef may
have p53-independent functions in
tumorigenesis. ChIP analysis for Elf4/
Mef binding at the P2 promoter must be
performed in p53 null MEFs to deter-
mine whether Elf4/Mef regulation of
Mdm?2 is p53-independent.

Mdm?2 transcription is also induced
by activated Ras and Raf via Ets/AP-1
motifs in the Mdm2-P2 promoter.”
Expression of a constitutively active Ras
or Raf allele in p53 —/— MEFs results in
induction of Mdm?2 transcription through
the P2 promoter, indicating that Ras/Raf
induces Mdm?2 expression in a p53-inde-
pendent manner. After treatment with
v-radiation, activated Ras is able to abro-
gate the p53 stress response, which is
consistent with the observed increased
in expression.” However, upon DNA
damage, this effect can be neutralized by
expression of p19***, which physically
interacts with and inhibits Mdm2*">*
(discussed below in section covering
post-translational regulation of Mdm?2).
Treatment with the DNA damaging
reagent, adriamycin, in MEFs express-
ing pl9**" resulted in increased p53
expression compared with p/9ARF-/-
MEFs.” Taken together, these data indi-
cate that the opposing effects of Ras/Raf
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Figure 1. Transcriptional and post-transcriptional regulation of Mdm2. Mdm2 transcription is regulated by 2 promoters, P1 and P2. The P1 promoter
is located upstream of the first exon and controls basal expression of Mdm2. The P2 promoter is located within the first intron and uses an alternate
start site within the second exon. Since the P2 promoter is inducible, it functions to regulate Mdm2 expression after DNA damage. kB1 = NF-xB
binding site 1 (TGAATTTCCT); kB2 = NF-xB binding site 2 (GGAAGTTTCC); E-box = Enhancer box; Ets/AP-1 = Ets/AP-1 binding element; SBE =
Smad-binding element. Boldface denotes regulation that is p53-independent.

induced p19™*" and Mdm2 function to
regulate p53 expression in unstressed
versus stressed cells.

TGF-B1 signaling also induces Mdm?2
expression in a p53-independent man-
ner. Recent work demonstrates that the
mechanism behind this transcriptional
regulation involves TGF-B1 activation
of the Smad3/4 transcription factors.”
Smad3 and Smad4 ChIP assays in cells
treated with TGF-B1 reveal that Smad3/4
bind the Smad binding element 2 (SBE2)
located at nucleotide —245 in the P2 pro-
moter region of Mdm2 (Fig. 1). Smad
binding to the promoter results in
increased Mdm?2 protein expression and
subsequent destabilization of p53 in
human cancer cell lines. Induction of
Mdm?2 is p53-independent as evidenced
by an increase in Mdm?2 expression after
TGF-B1 treatment in 2 cell lines that
lack functional p53 (transformed 293T
cells and SKOV3 ovarian cancer cells).
Interestingly, Smad3 activation corre-
sponds with increased Mdm?2 levels in
murine mammary epithelial cells under-
going EMT in response to TGF-B1 treat-
ment.  Furthermore, analyses of
late-stage human breast carcinomas
revealed high levels of activated Smad3
and Mdm2.” These results are consis-
tent with a role for TGF-B1/Smad-
dependent activation of Mdm?2 in late
stage metastatic cancer and implicate
p53-independent functions of Mdm2 in
tumorigenesis.

The MYCN oncogene is a member of
the MYC family of transcription factors
and is amplified in a variety of tumors,
including neuroblastomas.’ MYCN
induces both cell proliferation and apop-
tosis, which are opposing cellular pro-
cesses. MYCN shortens the GI1-S
transition and increases cell prolifera-
tion’>*” while it simultaneously induces
pS3-mediated apoptosis (reviewed in van
Noesel & Versteeg™). MYCN functions
as an oncogene when its pro-proliferative
effects outweigh its pro-apoptotic effects,
resulting in escape from p53-mediated
apoptosis. A ChIP screen using an
MYCN-amplified neuroblastoma cell
line revealed that MYCN binds to a con-
sensus E-box within the human MDM?2-
P2 promoter (Fig. 1). Accordingly,
induction of MYCN resulted in increased
endogenous MDM2 mRNA and MDM2
protein, and inhibition of MYCN resulted
in decreased MDM2 expression. These
data indicate that the MYCN oncogene
inhibits p53 mediated apoptosis in neuro-
blastoma cells by direct binding to and
activation of the MDM?2 promoter.*

Although most reported Mdm? effec-
tors positively regulate MDM?2 tran-
scription, MDM?2 transcription can also
be negatively regulated in a p53-depen-
dent manner as demonstrated by the E2F
family transcription factor, E2F1. E2F1
regulates cell-cycle progression and
induces apoptosis in response to DNA
damage (reviewed in Engelmann &

Putzer®”). Overexpression of E2F1 in a
human osteosarcoma cell line that
expresses wild-type p53 (U20S) leads
to a reduction in MDM?2 expression
through inhibition of the MDM?2 pro-
moter. ChIP analysis in a wild-type and
a p53-deficient cell line demonstrates
that E2F1 binds the Mdm2-P2 promoter
in a p53-dependent manner (Fig.l).
Since DNA damage results in the up-
regulation of both E2F1 and p53, Tian
et al.*' examined whether E2F1 inhibits
p53 transactivation of the MDM?2 pro-
moter. They found that after UV irradia-
tion, the promoter is drastically down-
regulated in the presence of E2F1 com-
pared with cells treated with E2F1
siRNA.*' Taken together, these results
indicate that E2F1 antagonizes p53
transactivation of MDM?2 after DNA
damage, and they reveal a mechanism
for protecting p53 from degradation
after DNA damage.

Last, Mdm?2 itself is transcriptionally
regulated by wild-type p53 via p53
response elements located in the Mdm?2
P2 promoter (Fig.1).*** In response to
DNA damage, Mdm? is transcriptionally
activated by p53, consequently blocking
p53 function. This in turn results in less
Mdm?2 being transcribed, resulting in
increased p53 activity. Thus, the levels
of Mdm?2 and p53 activity within a cell
are regulated by this autoregulatory
feedback loop. Deregulation of this loop
by amplification of the Mdm?2 locus or
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Figure 2. Effectors of MDM2. Schematic representing the characterized human MDM2 domains and known binding partners. Human MDM2
contains 491 amino acids and has 4 characterized domains: residues 18-101 comprise the p53 binding domain, residues 237-288 contain the acidic
domain, which is adjacent to the Zinc finger domain, and the RING finger domain is within residues 436-482. MDM2 binding partners are depicted
in orange, yellow, or green depending on the region of MDM2 to which they bind (orange = p53 binding domain, yellow = acidic domain/zinc finger,
green = RING finger domain). Proteins whose binding locations on MDM2 are unknown are depicted in tan. Interactions that result in increased p53
stability and activity are depicted above the schematic, whereas interactions that result in decreased p53 stability and activity are shown below. P =

phosphorylation; Ub = ubiquitination.

aberrant transcriptional or post-transla-
tional regulation of Mdm?2 can have dire
consequences for cell proliferation and
results in tumorigenesis.

Given that Mdm?2 expression must be
tightly regulated to ensure proper p53
expression and activity, deregulation of
any of these bindings protein can affect
Mdm2 levels and potentially lead to
tumorigenesis. For example, a T-to-G
single nucleotide polymorphism (SNP)
in the P2 promoter was identified in
humans that increases the binding affin-
ity of the Spl transcriptional activator
for the Mdm?2 promoter (Fig. 1). This
leads to increased Mdm?2 protein levels
and, consequently, decreased protein
stability. Importantly, the MDM25N"3®¢
allele is correlated with increased can-
cer risk in humans. To directly examine
the effect of this SNP in tumorigenesis,
Post et al'® generated 2 humanized
Mdm2SNP309 murine alleles and found
that the SNP309G allele results in
increased Mdm?2 levels (2- to 3.7-fold in
spleens and thymi, respectively) and
decreased p53 activity in response to IR.
Importantly, this allele also results in
increased cancer risk.'® These data

indicate that small increases in Mdm?2
transcription can promote tumorigenesis
and demonstrate that transcriptional reg-
ulation of Mdm?2 is essential for proper
Mdm2 expression. The generation of
similar mouse models that interfere with
binding of any of these proteins to
the Mdm2 promoter will reveal the
physiological impact of these interac-
tions in vivo. It is possible that a trans-
genic mouse  overexpressing  an
Mdm2-transcriptional inducer such as
Smad3/4 or a knockout of a transcrip-
tional inhibitor such as E2F1 may result
in increased Mdm?2 expression and
tumorigenesis. Conversely, a knockout
of a transcriptional inducer may reduce
Mdm?2 levels leading to p53-dependent
embryonic lethality and/or increased
radiosensitivity.

Post-transcriptional regulation of Mdm2.
Mdm?2 is also regulated at the post-tran-
scriptional level by an RNA binding pro-
tein named La antigen. The BCR/ABL
oncoproteins are responsible for the
transformation of the hematopoietic
stem cells resulting in chronic myeloge-
nous leukemia (CML). Recent data

show that BCR/ABL upregulates
Mdm?2 expression by enhancing mdm?2
mRNA translation via La antigen, which
recognizes a 27 nucleotide segment in
the 5’ untranslated region of mdm?2
mRNA (Fig.1).* A recent study found
that the JAK2(V617F) gain of function
mutation also affects the p53 response to
DNA damage through upregulation of
La antigen. JAK2(V617F) is a gain of
functionmutationthatpromotescytokine-
independent growth of myeloid cells
and accounts for a majority of myelo-
proliferative neoplasms (MPN). Expres-
sion of JAK2(V617F) in ex vivo cultured
CD34(+) cells from MPN patients
resulted in the accumulation of MDM2,
resulting from a La antigen-dependent
increase in MDM2 mRNA translation.
These results reveal one mechanism
behind the gain-of-function activity of
JAK2(V617F), which ultimately results
in the aberrant degradation of p53 after
DNA damage.*®

Post-translational regulation of Mdm2.
During the DNA damage response
(DDR), p53 is stabilized through post-
translational modification of Mdm2
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(Fig. 2). For example, after DNA dam-
age, Mdm?2 is phosphorylated by ATM
at serine 395 (Fig. 2). This phosphory-
lated Mdm2 species cannot efficiently
promote translocation of p53 from the
nucleus to the cytoplasm,*’ resulting in
increased p53 stability. Wild-type p53-
induced phosphatase (Wipl), which is a
p53 target gene, can dephosphorylate
this same Mdm?2 residue. This results in
stabilization of Mdm?2 and subsequent
ubiquitination and degradation of p53.*
Thus, the phosphorylation status of
Mdm2-S395 regulates the p53 response
after DNA damage and implicates Wip1
as a potential oncogene. Interestingly,
Wipl is amplified and overexpressed in
a number of human cancers (reviewed in
Le Guezennec & Bulavin®).

Other groups confirmed S395 as
a direct substrate of ATM and revealed
2 additional phosphorylation sites
(S386/429) adjacent to the RING domain
(Fig. 2). Treatment with IR revealed that
ATM phosphorylation of Mdm?2 at these
2 sites prevents Mdm2-mediated polyu-
biquitination of p53 and is necessary for
p53 stabilization.™® ATM also activates
the c-Abl kinase in response to DNA
damage.”’ C-Abl in turn binds to and
phosphorylates human MDM?2 at Tyr
394, resulting in increased p53 activity.™
In addition, the novel protein, E3 ligase
RING finger and WD repeat domain 3
(RFWD?3), which is another substrate of
the checkpoint kinases ATM/ATR, was
recently shown to interact with Mdm?2
and p53, forming an RFWD3-Mdm2-p53
ternary complex.”® Deletion analyses
indicate that the Mdm?2 acidic domain is
required for its interaction with REWD3.
Consistent with its role as a negative reg-
ulator of Mdm?2, overexpression of
RFWD3 protects p53 from degradation
in the presence of high Mdm?2 levels after
DNA damage. RFWD3 restricts polyu-
biquitination of p53 by Mdm?2, resulting
in increased p53 stability, thus inhibiting
Mdm2-p53 interactions.” Together, these
data indicate that ATM-mediated phos-
phorylation of Mdm?2 is important for
regulating the p53 response after DNA

damage. Further studies using mouse
models that disrupt ATM/c-Abl mediated
phosphorylation and Wipl-mediated
dephosphorylation of Mdm2 will be
needed to determine the in vivo relevance
of these modifications.

mTOR is an ATM/ATR-related pro-
tein kinase that functions to regulate cell
proliferation, metabolism, and growth.54
S6K1 is a downstream signaling mole-
cule of mTOR™ that promotes transla-
tion of various proteins through
phosphorylation of the eukaryotic trans-
lation factor, elF4B, and the ribosomal
protein S6 (reviewed in Averous &
Proud™). A recent study shows that
genotoxic stress caused by treatment
with doxorubicin (which causes single
and double stranded DNA breaks)
results in phosphorylation of Mdm?2
S163 by S6K1 in primary MEFs and 293
cells. Furthermore, immunoprecipitated
S6K1 phosphorylated Mdm2 S163
in vitro (Fig. 2), indicating that Mdm2
S163 is a direct substrate of S6K1. Upon
doxorubicin treatment, activated phos-
phorylated S6K1 tightly binds to Mdm?2
(this interaction is independent of Mdm2
S163 phosphorylation), inhibits Mdm?2
translocation to the nucleus, and prevents
Mdm2-mediated p53 ubiquitination and
degradation.”” These data suggest that
S6K1 indirectly regulates p53 stability
through interacting with and phosphory-
lating Mdm2 after DNA damage.
Although we do not know whether phos-
phorylation of S163 prevents binding of
Mdm2 to p53, the end result of this phos-
phorylation is p53 stabilization. There-
fore, these findings may have important
implications for tumorigenesis and ther-
apies that aim to retain Mdm?2 in the
cytoplasm and to stabilize p53.

Mdm?2 stability is also regulated by
the F-box ubiquitin ligase, B-TRCP, in a
phosphorylation dependent manner. In
response to DNA damage, Mdm?2 inter-
acts with B-TRCP1 and B-TRCP2 in
vivo, resulting in p53 stabilization and
apoptosis. In vitro phosphorylation
assays demonstrate that CKId phosphor-
ylates Mdm2 at multiple sites located

within the acidic domain and in the
N-terminal DSG site (Fig. 2). This phos-
phorylation is required for Mdm2-3-
TRCP1 association and subsequent
Mdm?2 degradation. Interestingly, the
E3-ligase activity of Mdm2 is dispens-
able for its degradation after DNA dam-
age. However, co-expression of CKId
and B-TRCPI promotes degradation of
an E3-ligase dead Mdm?2 mutant as effi-
ciently as wild-type Mdm2. These data
indicate that CKId mediated phosphory-
lation rather than the RING domain is
essential for regulating Mdm?2 degrada-
tion after DNA damage.”® Since Mdm2
is overexpressed in human tumors with-
out amplification at the Mdm?2 locus, it
is possible that dysregulation of
CKI$ and/or B-TRCPI could result in
increased Mdm2 protein stability and
tumorigenesis.

HAUSP, a ubiquitin-specific prote-
ase, and the death domain-associated
protein (Daxx) also regulate Mdm?2 sta-
bility. Disruption of HAUSP in cell lines
resulted in slow growth and failure to
thrive as a consequence of p53 accumu-
lation. However, this effect is not
through Hausp-mediated de-ubiquitina-
tion of p53. Rather, Hausp positively
regulates Mdm?2 stability directly, result-
ing in p53 destabilization.” Mdm2 sta-
bility is also enhanced by Daxx, which
physically interacts with Mdm2 in vitro
and in vivo. In unstressed cells, co-
immunoprecipitation assays and in vitro
pull-down assays demonstrate that Daxx
acts as a scaffold to physically connect
Mdm?2 to Hausp, preventing Mdm?2 aut-
oubiquitination, resulting in the stabili-
zation of Mdm2. Upon DNA damage,
Daxx dissociates from Mdm?2, leading to
Mdm2 autoubiquitination and subse-
quent degradation.®’ This dissociation is
mediated at least in part by the tumor
suppressor RASSF1A, which physically
associates with Mdm2 and Daxx in the
nucleus, disrupting the interactions
between Mdm2, Daxx, and Hausp.61
More recent studies demonstrate that
Daxx itself is ubiquitinated by Mdm?2 in
vitro and in vivo.*® Consistent with the in
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vitro data, loss of Daxx in mice leads to
early embryonic lethality resulting from
increased apoptosis,” indicating that
Daxx functions to inhibit cell death dur-
ing embryogenesis.

These data elucidate several mecha-
nisms governing the cis- and trans-E3
activities of Mdm2 in stressed versus
normal cells and demonstrate that Daxx
plays a pivotal role in regulating Mdm?2
self-ubiquitination.

P300-CBP-associated factor (PCAF),
which is a histone acetyltransferase,
exhibits intrinsic E3 ligase activity
toward Mdm2. Ubiquitination of Mdm?2
by PCAF is necessary for Mdm?2 degra-
dation and p53 activation in U20S cells
after DNA damage.”® PCAF mediated
ubiquitination appears to be regulated at
least in part by the protein kinase, PKCJ.
Overexpression of PKCS is capable
of inhibiting PCAF-mediated Mdm2
ubiquitination. Although the mechanism
has not been fully elucidated, depletion of
PKC8 results in down-regulation of
Mdm2 protein expression independent of
p53.%° Taken together, these results sug-
gest that PKCO may regulate PCAF-
mediated ubiquitination of Mdm2 during
times of cellular stress.

As mentioned above, polyubiquitina-
tion of p53 by Mdm?2 is necessary for
proteosomal degradation. However,
Mdm?2 catalyzes p53 mono- or multiple
monoubiquitinations in vitro and in vivo,
which is not sufficient for proteasomal
degradation.®®® This suggests that addi-
tional ubiquitin ligases or co-factors are
required for Mdm2-mediated p53 polyu-
biquitination and degradation. A yeast
2-hybrid screen recently showed that
Ube4b, which functions as an E3 and E4
ubiquitin ligase, physically interacts
with p53 and Mdm?2 to facilitate Mdm?2
polyubiquitination and subsequent deg-
radation of p53.” Transient overexpres-
sion of Ube4b demonstrates that it
negatively regulates the stability and
function of p53 through its E4 activity in
vivo and in vitro. Interestingly, UBE4B
is overexpressed in brain tumors,” sug-
gesting this may be a mechanism by

which Mdm2 overexpression contrib-
utes to glioblastoma formation. Since
UBE4B facilitates Mdm?2-mediated
polyubiquitination of p53, inhibiting the
Mdm2:UBE3B interaction should stabi-
lize p53 in vivo. Further investigation is
warranted to determine whether inhibit-
ing this interaction will prove useful for
cancer therapies.

Since tight regulation of the antipro-
liferative and proapoptotic function of
p53 is essential for cell viability, cells
use several mechanisms to ensure proper
Mdm?2 expression and p53 activity dur-
ing embryonic development and homeo-
stasis. One mechanism involves Mdm4,
a homolog of Mdm2 that negatively
regulates p53 by binding.”' Accordingly,
genetic ablation of Mdm4 in mice leads
to early embryonic lethality that is res-
cued by concomitant deletion of p53."
Mdm2 and Mdm4 interact with each
other through their RING domains,
located at C-termini (Fig. 2).”* Genetic
disruption of this interaction in mice
revealed that Mdm2-Mdm4 heterodi-
merization is essential for inhibiting
lethal p53 activity during embryogene-
sis. However, this interaction is dispens-
able for regulating p53 activity and
Mdm? stability in the adult mouse.”*"
These results indicate that although the
Mdm4:Mdm?2 interaction is important
for maintaining low levels of p53 during
embryonic development, Mdm?2 regula-
tion of p53 is sufficient in an adult
mouse.

Mdm?2 also binds the LIM domain
protein, Enigma, to regulate p53 stabil-
ity and activity in unstressed cells.
Endogenous Enigma co-immunoprecip-
itates with endogenous Mdm2 in the
presence or absence of p53, forming a
ternary complex. The C terminus of
Mdm?2 was sufficient for its binding to
Enigma (Fig. 2). This interaction func-
tions to inhibit Mdm?2 self-ubiquitina-
tion and enhances Mdm2-mediated
ubiquitination of p53. Interestingly,
Enigma was co-expressed with Mdm2
in 10 cases of human liver and stomach
tumors where p53 was undetectable and

in 7 cases where p53 was detected. Tis-
sue arrays revealed that Enigma co-
localized with Mdm2 in the cytoplasm
of human stomach and colorectal tumor
cells.”® The Enigma-Mdm2-p53 ternary
complex was detected in both the cyto-
solic and nuclear fractions, suggesting
that Enigma regulation of Mdm2 may
function to decrease p53 activity mostly
in the cytosol in proliferating cells but
may also suppress p53 transactivation in
the nucleus.”® This is interesting given
the finding that p53 activates the pro-
apoptotic protein, BAX, in the cyto-
plasm.””” Taken together, these results
indicate that Enigma may inappropri-
ately stabilize Mdm2 in some human
tumors, resulting in destruction of p53.

Gankyrin is another protein that regu-
lates Mdm2 mediated ubiquitination and
degradation of p53. Gankyrin, which is
an ankyrin repeat oncoprotein overex-
pressed in hepatocellular carcinomas,
interacts with the S6 proteasomal
ATPase to increase degradation of the
tumor suppressor Rb. Similarly, U20S
cells stably overexpressing Gankyrin
exhibit decreased stability of endoge-
nous p53 protein only in the presence of
Mdm2, indicating that gankyrin
enhanced Mdm2 mediated degradation
of p53. Co-immunoprecipitation experi-
ments demonstrate that endogenous
gankyrin physically interacts with
Mdm?2 but not with p53, and ubiquitina-
tion assays show that gankyrin increases
Mdm?2 mediated mono- and polyubiqui-
tination of p53.%

A genetic screen revealed that fol-
lowing oncogenic and oxidative stress,
Seladin-1, which is activated by Ras
pathway signaling, directly binds p53
and Mdm2 to regulate p53 expression.”’
Co-immunoprecipitation assays reveal
binding between Seladin-1 and the
N-terminus of p53, which displaces
Mdm?2 from p53, resulting in p53 accu-
mulation. These results indicate that
Seladin-1 regulates p53 stability by
binding to Mdm2 and interfering with
Mdm2-mediated p53 ubiquitination. In
addition, Seladin-1 binds to Mdm2 in
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p53-null MEFs,* indicating that the
Seladin-Mdm?2 interaction may have
pS53-independent functions. The func-
tional relevance of this interaction on
additional Mdm?2 targets warrants fur-
ther investigation.

The majority of Mdm?2 binding part-
ners mentioned thus far regulate the
MDM2-p53 feedback loop during
homeostasis and in response to DNA
damage. This feedback loop is also regu-
lated in response to ribosomal stress or
nucleolar stress.*” Ribosome biogenesis
involves expression of ribosomal RNA
and ribosomal proteins (RPs), process-
ing of rRNA, and subsequent assembly
of the ribosome subunits in the nucleo-
lus. The subunits then translocate to the
cytoplasm, where they undergo further
assembly and ultimately catalyze pro-
tein synthesis.*’ Ribosome biogenesis is
the most energy demanding cellular pro-
cess, and disruption of any step results in
“nucleolar stress.” This triggers binding
of several RPs (RPS3,* RPS7,%%
RPS14,* RPS27,* RPL5,* RPL11,”
RPL23,”" RPL26°%) to MDM2 (Fig. 2),
inhibiting its binding to and degradation
of p53, resulting in p53 stabilization and
activation (Table 1). Given that these
Mdm2-interacting RPs all regulate the
p53 response to nucleolar stress in a
similar manner, it is possible that each
RP may regulate different steps of the
nucleolar stress response. In addition, it
is possible that a combinatorial effect of
RP binding to Mdm?2 is required for a
strong stress response. These ideas can
be tested in vivo using mouse models or
small molecule inhibitors that prevent
binding of certain RPs to Mdm?2.

As mentioned above, Mdm?2 regulates
the p53 family member, p73. Mdm2
binds to p73 and suppresses transcription
without targeting it for degradation.”>**
Jeong et al.” described a novel interac-
tion between Mdm?2 and the p73 binding
protein, pl9ras. DNA binding assays
show that P19ras interacts with both the
DNA Binding Domain (DBD) and oligo-
merization domain of p73, but the stron-
gest binding occurs at the DBD. P19ras
and p73 co-localized in the nucleus, and

this interaction resulted in increased tran-
scriptional activation of p73. Co-precipi-
tation experiments revealed that pl9ras
directly interacts with Mdm2 in a p73-
and p53-independent manner. Interest-
ingly, reporter assays demonstrate that
pl9ras abolishes the Mdm2-mediated
transcriptional inhibition of p73. These
results suggest that pl9ras can alleviate
the Mdm2-mediated transcriptional
repression of p73 through direct binding
to Mdm2.”

Downstream Targets of Mdm2

Ubiquitin-Dependent Proteasomal

Degradation
Since Mdm?2 is an E3 ubiquitin ligase,
the majority of Mdm? targets, including
p53, are ubiquitinated by Mdm?2 and tar-
geted for proteasomal degradation. A
complete list of these proteins is pro-
vided in Table 2. Below we discuss in
more detail the nature and significance
of the reported interactions.

Immunoprecipitation experiments in
U20S cells reveal that in the absence of
cellular stress, Mdm?2 binds to and ubig-
uitinates the heterogeneous nuclear ribo-
nucleoprotein K (hnRNP K), resulting in
its proteasomal degradation. In response
to cellular stress, however, Mdm2 is
inhibited in an ATM dependent manner,
leading to the rapid accumulation of
hnRNP K. Interestingly, hnRNP K also
functions as an important co-factor for
p53 in response to DNA damage, as evi-
denced by decreased activation of p53
target genes after hnRNP K depletion.”

Under normal growth conditions,
Mdm?2 also interacts with and ubiqui-
tinates the p53 inducer, dual specificity
tyrosine-phosphorylation-regulated
kinase 2 (DYRK2), resulting in its deg-
radation. However, under genotoxic
stress, ATM phosphorylates DYRK2,
enabling it to escape Mdm?2-mediated
degradation, resulting in its transloca-
tion to the nucleus, where it phosphory-
lates p53, inducing apoptosis.”’

The activating transcription factor 3
(ATF3) is a stress sensor whose induc-
tion is important for cellular responses

to DNA damage. During times of nor-
mal growth, Mdm2 binds to the ATF3
leucine-zipper domain and ubiquitinates
ATF3, resulting in its degradation.
Importantly, deregulation of ATF3 is
documented to contribute to tumorigen-
esis, presumably through lack of appro-
priate DNA damage responses.

Protein phosphatase 2A (PP2A) is a
serine-threonine phosphatase involved
in the DNA damage response. PP2A is a
heterotrimer comprised of a catalytic C
subunit, a structural A subunit, and sev-
eral regulatory B subunits. Recent work
has demonstrated that PP2A may func-
tion as a tumor suppressor (reviewed in
Waurzenberger & Gerlich®). Specifi-
cally, the PP2A B56y3 isoform inhibits
cell proliferation in human lung cancer
cell lines.'” Under normal growth con-
ditions, p53 is phosphorylated by TAF1
at Thr55, rendering it inactive, but after
DNA damage, B567-PPA dephosphory-
lates p53 at this residue, leading to its
activation. However, phosphorylation of
p53 at Serl5 by ATM is required for
B56-p53 interaction and subsequent
dephosphorylation at Thr55, indicating
that ATM phosphorylation at Serl5
primes p53 for its interaction with B56-
PPA."" Since B56y3 can activate p53
during times of normal cell growth,
B56y3 must be negatively regulated, and
this is achieved through Mdm?2 medi-
ated ubiquitination and proteasomal
degradation. After DNA damage, B56Y3
is phosphorylated by ATM, which
blocks Mdm2-mediated B56Y3 ubiquiti-
nation. ATM also phosphorylates Mdm?2
at serine 395 after DNA damage, pre-
venting Mdm2 polyubiquitination of
p53.°%1%% Thus, multiple mechanisms
ensure p53 activity after DNA damage.

The androgen receptor (AR) is a
phosphoprotein that regulates a variety
of biological functions including prostate
cell growth and apoptosis via the p53
pathway. Therefore, AR levels must be
tightly regulated, and defects in this reg-
ulation are implicated in prostate tumori-
genesis. One mechanism for regulating
AR levels involves the Mdm2 and Akt
pathway.'”” Mdm2, AR, and Akt form a
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complex in vivo in LNCaP cells (an
androgen sensitive human prostate ade-
nocarcinoma cell line that expresses
endogenous Mdm?2, AR, and Akt). This
interaction results in the ubiquitination
and proteasomal degradation of AR.'”
As previously mentioned, Akt phosphor-
ylates Mdm2 at Ser 166 and Ser 186.'™
Mutation of these binding sites inhibits
Mdm?2 mediated ubiquitination and deg-
radation of AR, indicating that Akt phos-
phorylation of Mdm2 is necessary for
Mdm2-mediated degradation of AR. In
addition, Akt phosphorylates AR itself,
and this is also necessary for recruitment
of Mdm2 to AR and its subsequent deg-
radation.'” Taken together, these data
demonstrate that Akt phosphorylates AR
and Mdm?2, leading to Mdm2 binding to
AR, which results in AR ubiquitination
and subsequent degradation. Since AR
expression and activity are linked to the
development of prostate cancer,'” these
results provide insight into the mecha-
nism underlying AR degradation and
have important implications for prostate
cancer treatments.

The homeodomain-interacting pro-
tein kinase, HIPK, is a serine-threonine
kinase that functions to repress home-
odomain transcription factors. As men-
tioned, after DNA damage, p53 induces
cell cycle arrest, senescence, or apopto-
sis. p53 phosphorylates HIPK2 only
after severe, unrepairable DNA damage,
such as after UV radiation, resulting in
apoptosis. However, during times of
moderate DNA damage using sublethal
doses of doxorubicin, the HIPK?2 apop-
totic activator must be silenced, and this
is achieved through Mdm2 mediated
ubiquitination and degradation of
HIPK2.'%

The insulin-like growth factor 1
receptor (IGF-1R) is a receptor tyrosine
kinase that is implicated in several can-
cers as a result of its antiapoptotic prop-
erties. Mdm2 physically associates with
and ubiquitinates IGF-1R in vitro and
in vivo, resulting in its degradation. In
contrast, cells with strong p53 expres-
sion (malignant melanoma cells express-
ing either wild-type or mutant p53 and

UV-irradiated cells) exhibit high IGF-
IR expression, which could result in
survival of tumor cells.'”’

Notch receptors and ligands function
during development and are implicated
in tumorigenesis. The Notch4 receptor,
which promotes tumorigenesis in mouse
mammary epithelium,'”™ was recently
shown to be a target of Mdm?2 ubiquitina-
tion. Co-immunoprecipitation experi-
ments in p53-null H1299 cells, which
endogenously express NICD4 and Mdm?2,
reveal that NICD4 is a direct Mdm?2 target
and that this interaction is p53-indepen-
dent."” Interestingly, Mdm2 also ubiqui-
tinates Numb, an antagonist against Notch
signaling, leading to its proteasomal
degradation.'"’

As discussed in the previous section
on Mdm2 effectors, several ribosomal
proteins (RPs) bind to Mdm?2, inhibiting
its binding to p53. This ultimately results
in p53 stabilization and activation. How-
ever, the interaction between Mdm2 and
RPL26 performs a different function.
Mdm2 acts as a ubiquitin ligase for
RPL26, resulting in its degradation.'"
Since RPL26 binds to the 5’UTR of p53
to increase its translation,''? in this sce-
nario, Mdm?2 inhibits p53 translation via
RPL26 degradation. These data indicate
that under nonstressed conditions,
Mdm?2 binds to RPL26 to keep p53 lev-
els low. However, in response to stress,
Mdm?2 ubiquitination of RPL26 is inhib-
ited by unknown mechanisms, resulting
in increased p53 expression. These
results reveal an additional mechanism
used by cells to regulate p53 expression
in stressed versus normal cells.

RPS7 is another substrate for Mdm?2
ubiquitination.*® Since RPS7 can also
bind Mdm2, inhibiting its interaction
with p53, RPS7 is both a substrate and
effector of Mdm2.%¢ Finally, RPS27L, an
RPS27-like protein, is also a substrate of
Mdm?2 ubiquitination.*® Although both
family members (RPS27L and RPS27)
bind to Mdm2, only RPS27L can be
degraded by Mdm?2 under physiological
conditions. Since RPS27L competes
with p53 for binding to Mdm2, overex-
pression of this protein results in

accumulation of p53. Given that RPS27L
is a direct p53 target," """ these data
demonstrate a feedback loop wherein in
response to stress, p53 activates
RPS27L, which then competes with p53
for Mdm?2 binding, resulting in p53 sta-
bilization. However, p53 also induces
Mdm2, which degrades both p53 and
RPS27L. Together, these results reveal a
complex relationship between RPS27L,
Mdm?2, and p53 that could have impor-
tant implications for regulation of cell
proliferation under stressed conditions.

Ubiquitin Ligase Independent Functions

of Mdm2
Mdm?2 has E3-ligase independent func-
tions as observed with Mdm2 dependent
transcriptional activation of the NFkB
subunit p65. p65 is an antiapoptotic fac-
tor expressed in neoplastic cells, namely
leukemic bone marrow cells. Chromatin
immunoprecipitation and EMSA dem-
onstrate that Mdm?2 directly binds the
Spl-binding site of the p65 promoter.
Interestingly, Mdm?2 overexpression in
B-cell precursor acute lymphoblastic
leukemia (BCP-ALL) and an ALL cell
line (EU-4) results in increased expres-
sion of p65 and resistance to doxorubi-
cin. Together, these results implicate
Mdm?2 activation of p65 in chemother-
apy resistance in ALL.""

Mdm?2 can also induce translation of
the Inhibitor of Apoptosis (IAP) protein
family member, XIAP. XIAP is a cas-
pase inhibitor that is overexpressed in
cancer cells and confers resistance to
DNA damage induced by irradiation and
chemotherapy (reviewed in Galban &
Duckett''® and Dubrez-Daloz et al.''’).
Overexpression of Mdm? is also impli-
cated in resistance to DNA damage in a
p53-independent manner.'”® The mecha-
nism behind this resistance was recently
elucidated when Mdm2 was demon-
strated to positively regulate IRES-
dependent XIAP translation during
cellular stress.""® Previous work demon-
strated a link between Mdm2 and XIAP
when overexpression of Mdm2 in a
pS53-null leukemia cell line resulted in
XIAP protein upregulation.'”> EU-1
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cells (acute lymphoblastic leukemia cell
line that overexpresses Mdm2) were
treated with IR, which resulted in
decreased nuclear Mdm?2 expression and
increased Mdm?2 cytoplasmic expres-
sion. Metabolic [*°S]-methionine label-
ing and IP analysis of these cells revealed
a significant increase in metabolically
labeled, newly synthesized XIAP RNA
in the IR-treated cells. In contrast, pro-
tein levels were unchanged in IR treated
cells compared with untreated cells,
indicating that induction of XIAP by IR
occurs at the translational level. To
determine whether Mdm?2 directly medi-
ates XIAP translation, Gu et al.'"® per-
formed an RNA binding assay using
glutathione S-transferase (GST) fusion
proteins containing either full length
Mdm?2 or deletion mutants. These exper-
iments revealed that the C-terminal
RING domain (amino acids 425-491) of
Mdm2 physically interacts with the
XIAP IRES both in vitro and in vivo.
Since XIAP is upregulated in IR-resis-
tant cancer cells, Gu et al.'"® examined
the mechanism underlying this resis-
tance and found that overexpression of
Mdm?2 increases resistance to IR-
induced apoptosis. Conversely, blocking
the interaction between Mdm?2 and
XIAP confers sensitivity.""® These data
demonstrate that Mdm?2 positively regu-
lates XIAP translation in response to IR.
Taken together, these results have
important implications for tumors that
are resistant to IR-induced apoptosis and
reveal a novel role for Mdm?2 in tumori-
genesis that is independent of p53.

Nbsl is a member of the Mrell/
Rad50/NbsIDNA repair complex that
functions in double strand break repair,
meiotic recombination, and telomere
maintenance.'”  Mutations in Nbsl
result in genetic instability syndromes
such as Nijmegen breakage syndrome
(NBS) and have a very high incidence of
cancer as a result of defective DNA
repair.'”"'** Mdm2 directly binds to
Nbsl and Mdm2-Nbs1 co-localized to
DNA damage sites following gamma-
radiation in HeLA and IMR90 cells,
inhibiting DNA double strand break
repair as measured by a comet assay.

Moreover, the ubiquitin ligase domain
of Mdm?2 was dispensable for its binding
to Nbsl, and this interaction was p53
independent as it was observed in p53-
null MEFs.'”?

p53 Independent Functions of
Mdm2

As demonstrated by the p53-indepen-
dent function of Mdm?2 in inhibiting
DNA double strand break repair, Mdm?2
has p53-independent functions. For
example, in a mouse model of breast
cancer, high Mdm?2 protein levels
resulted in chromosomal abnormalities
in a p53-independent manner.'** Inter-
estingly, the tumor spectrum of Mdm?2
transgenic mice differs from that
observed in p53-null mice, suggesting
that Mdm2 has p53-independent func-
tions during tumorigenesis.'"* The ele-
vated Mdm2 levels in these transgenic
mice induce chromosome breaks and
aneuploidy in developing and mature
B cells in a p53-independent manner.'*”
Lastly, overexpression of an MDM2
cDNA induces GO/Gl arrest in a p53-
independent manner in normal human
and mouse cell lines."® Since Mdm?2 is
overexpressed in human tumors,'® these
data suggest that tumor cells bypass this
cell cycle arrest by unknown mecha-
nisms and go on to become tumors.

Concluding Remarks

Although the most documented function
of Mdm?2 involves its negative regula-
tion of p53, the discovery of new Mdm?2
binding partners and substrates demon-
strates that Mdm?2 has many functions in
addition to regulating p53. Analysis of
the Mdm?2 binding partners presented in
Tables 1 and 2 demonstrates that tran-
scriptional, post-transcriptional, and
post-translational regulation of Mdm2 is
important to facilitate appropriate Mdm2
levels during development, in homeo-
stasis, and in response to DNA damage.
Importantly, errors in the transcriptional
regulation of Mdm2 or post-translational
modifications of Mdm?2 can contribute
to tumorigenesis in a p53-independent

manner. Mouse models harboring
genetic alterations in Mdm2 binding
proteins and/or amino acid substitutions
in Mdm2 phosphorylation sites will
reveal the physiological relevance of
these reported interactions. Understand-
ing how Mdm?2 activities are regulated
in vivo will be enormously valuable for
developing treatments for cancers that
retain wild-type p53.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of inter-
est with respect to the research, authorship, and/or
publication of this article.

Funding

NIH/NCI (T32 CA009299-32 and RO1 CA47296-24)
to G.L.

References

1. Marine JC, Francoz S, Maetens M, Wahl G,
Toledo F, Lozano G. Keeping p53 in check:
essential and synergistic functions of Mdm2 and
Mdm4. Cell Death Differ. 2006;13:927-34.

2. 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.

3. Montes de Oca Luna R, Wagner DS, Lozano
G. Rescue of early embryonic lethality in
mdm?2-deficient mice by deletion of p53. Nature.
1995;378:203-6.

4. Grier JD, Xiong S, Elizondo-Fraire AC, Parant
IM, Lozano G. Tissue-specific differences of p53
inhibition by Mdm2 and Mdm4. Mol Cell Biol.
2006;26:192-8.

5. Xiong S, Van Pelt CS, Elizondo-Fraire AC, Liu
G, Lozano G. Synergistic roles of Mdm2 and
Mdm4 for p53 inhibition in central nervous sys-
tem development. Proc Natl Acad Sci U S A.
2006;103:3226-31.

6. Francoz S, Froment P, Bogaerts S, et al. Mdm4
and Mdm?2 cooperate to inhibit p53 activity in
proliferating and quiescent cells in vivo. Proc
Natl Acad Sci U S A. 2006;103:3232-7.

7. Valentin-Vega YA, Okano H, Lozano G. The
intestinal epithelium compensates for p53-medi-
ated cell death and guarantees organismal sur-
vival. Cell Death Differ. 2008;15:1772-81.

8. Terzian T, Wang Y, Van Pelt CS, Box NF, Travis
EL, Lozano G. Haploinsufficiency of Mdm2 and
Mdm4 in tumorigenesis and development. Mol
Cell Biol. 2007;27:5479-85.

9. Mendrysa SM, McElwee MK, Michalowski J,
O’Leary KA, Young KM, Perry ME. mdm2 Is
critical for inhibition of p53 during lymphopoi-
esis and the response to ionizing irradiation. Mol
Cell Biol. 2003;23:462-72.

10. Onel K, Cordon-Cardo C. MDM2 and prognosis.
Mol Cancer Res. 2004;2:1-8.

11. Wade M, Wahl GM. Targeting Mdm2 and
Mdmx in cancer therapy: better living through
medicinal chemistry? Mol Cancer Res. 2009;7:
1-11.



[ MONOGRAPHS |

Genes & Cancer / vol 3 no 3-4 (2012) ]

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Oliner JD, Kinzler KW, Meltzer PS, George DL,

Vogelstein B. Amplification of a gene encoding
a p53-associated protein in human sarcomas.
Nature. 1992;358:80-3.

. Watanabe T, Ichikawa A, Saito H, Hotta T. Over-

expression of the MDM2 oncogene in leukemia
and lymphoma. Leuk Lymphoma. 1996;21:391-
7, color plates X VI following 5.

. Jones SN, Hancock AR, Vogel H, Donehower

LA, Bradley A. Overexpression of Mdm2 in
mice reveals a p53-independent role for Mdm2
in tumorigenesis. Proc Natl Acad Sci U S A.
1998;95:15608-12.

. Bond GL, Levine Al. A single nucleotide poly-

morphism in the p53 pathway interacts with
gender, environmental stresses and tumor genet-
ics to influence cancer in humans. Oncogene.
2007;26:1317-23.

. Post SM, Quintas-Cardama A, Pant V, ef al. A

high-frequency regulatory polymorphism in the
p53 pathway accelerates tumor development.
Cancer Cell. 2010;18:220-30.

. Alt JR, Greiner TC, Cleveland JL, Eischen CM.

Mdm2 haplo-insufficiency profoundly inhib-
its Myc-induced lymphomagenesis. EMBO J.
2003;22:1442-50.

. Wang P, Greiner TC, Lushnikova T, Eischen

CM. Decreased Mdm?2 expression inhibits tumor
development induced by loss of ARF. Oncogene.
2006;25:3708-18.

. Mendrysa SM, O’Leary KA, McElwee MK, et

al. Tumor suppression and normal aging in mice
with constitutively high p53 activity. Genes Dev.
2006;20:16-21.

Zauberman A, Flusberg D, Haupt Y, Barak Y,
Oren M. A functional p53-responsive intronic
promoter is contained within the human mdm?2
gene. Nucleic Acids Res. 1995;23:2584-92.
Barak Y, Gottlieb E, Juven-Gershon T, Oren
M. Regulation of mdm2 expression by p53:
alternative promoters produce transcripts with
nonidentical translation potential. Genes Dev.
1994;8:1739-49.

Jones SN, Ansari-Lari MA, Hancock AR, et al.
Genomic organization of the mouse double min-
ute 2 gene. Gene. 1996;175:209-13.

Busuttil V, Droin N, McCormick L, et al. NF-
kappaB inhibits T-cell activation-induced,
p73-dependent cell death by induction of MDM2.
Proc Natl Acad Sci U S A. 2010;107:18061-6.
Freeman DJ, Li AG, Wei G, ef al. PTEN tumor
suppressor regulates p53 protein levels and activ-
ity through phosphatase-dependent and -indepen-
dent mechanisms. Cancer Cell. 2003;3:117-30.
Zhou M, Gu L, Findley HW, Jiang R, Woods
WG. PTEN reverses MDM2-mediated chemo-
therapy resistance by interacting with p53 in
acute lymphoblastic leukemia cells. Cancer Res.
2003;63:6357-62.

Chang CJ, Freeman DJ, Wu H. PTEN regulates
Mdm2 expression through the P1 promoter. J
Biol Chem. 2004;279:29841-8.

Truong AH, Cervi D, Lee J, Ben-David Y. Direct
transcriptional regulation of MDM2 by Fli-1.
Oncogene. 2005;24:962-9.

Sashida G, LiuY, EIf S, et al. ELF4/MEF activates
MDM2 expression and blocks oncogene-induced

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

pl6 activation to promote transformation. Mol
Cell Biol. 2009;29:3687-99.

Ries S, Biederer C, Woods D, et al. Opposing
effects of Ras on p53: transcriptional activa-
tion of mdm2 and induction of pl19ARF. Cell.
2000;103:321-30.

Pomerantz J, Schreiber-Agus N, Liegeois NJ,
et al. The Ink4a tumor suppressor gene product,
p19Arf, interacts with MDM2 and neutralizes
MDM2’s inhibition of p53. Cell. 1998;92:713-23.
Zhang Y, Xiong Y, Yarbrough WG. ARF pro-
motes MDM2 degradation and stabilizes p53:
ARF-INK4a locus deletion impairs both the
Rb and p53 tumor suppression pathways. Cell.
1998;92:725-34.

Kamijo T, Weber JD, Zambetti G, Zindy F,
Roussel MF, Sherr CJ. Functional and physi-
cal interactions of the ARF tumor suppressor
with p53 and Mdm2. Proc Natl Acad Sci U S A.
1998;95:8292-7.

Araki S, Eitel JA, Batuello CN, et al. TGF-betal-
induced expression of human Mdm2 correlates
with late-stage metastatic breast cancer. J Clin
Invest. 2010;120:290-302.

Cheng JM, Hiemstra JL, Schneider SS, et al.
Preferential amplification of the paternal allele of
the N-myc gene in human neuroblastomas. Nat
Genet. 1993;4:191-4.

Fotsis T, Breit S, Lutz W, ef al. Down-regulation
of endothelial cell growth inhibitors by enhanced
MYCN oncogene expression in human neuro-
blastoma cells. Eur J Biochem. 1999;263:757-64.
Lutz W, Stohr M, Schurmann J, Wenzel A,
Lohr A, Schwab M. Conditional expression of
N-myc in human neuroblastoma cells increases
expression of alpha-prothymosin and ornithine
decarboxylase and accelerates progression into
S-phase early after mitogenic stimulation of qui-
escent cells. Oncogene. 1996;13:803-12.
Schweigerer L, Ledoux D, Fleischmann G, Bar-
ritault D. Enhanced MYCN oncogene expression
in human neuroblastoma cells is associated with
altered FGF receptor expression and cellular
growth response to basic FGF. Biochem Biophys
Res Commun. 1991;179:1449-54.

van Noesel MM, Versteeg R. Pediatric neuroblas-
tomas: genetic and epigenetic “danse macabre.”
Gene. 2004;325:1-15.

Slack A, Chen Z, Tonelli R, ef al. The p53 regula-
tory gene MDM2 is a direct transcriptional target
of MYCN in neuroblastoma. Proc Natl Acad Sci
U S A. 2005;102:731-6.

Engelmann D, Putzer BM. The dark side of
E2F1: in transit beyond apoptosis. Cancer Res.
2012;72:571-5.

Tian X, Chen Y, Hu W, Wu M. E2F1 inhibits
MDM2 expression in a p53-dependent manner.
Cell Signal. 2011;23:193-200.

Barak Y, Juven T, Haffner R, Oren M. mdm2
expression is induced by wild type p53 activity.
EMBO J. 1993;12:461-8.

Juven T, Barak Y, Zauberman A, George DL, Oren
M. Wild type p53 can mediate sequence-specific
transactivation of an internal promoter within the
mdm?2 gene. Oncogene. 1993;8:3411-6.

Perry ME, Piette J, Zawadzki JA, Harvey D,
Levine AJ. The mdm-2 gene is induced in

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

response to UV light in a p53-dependent manner.
Proc Natl Acad Sci U S A. 1993;90:11623-7.
Trotta R, Vignudelli T, Candini O, et al. BCR/
ABL activates mdm2 mRNA translation via the
La antigen. Cancer Cell. 2003;3:145-60.
Nakatake M, Monte-Mor B, Debili N, et al.
JAK2(V617F) negatively regulates p53 stabili-
zation by enhancing MDM2 via La expression
in myeloproliferative neoplasms. Oncogene.
2012;31:1323-33.

Maya R, Balass M, Kim ST, et al. ATM-depen-
dent phosphorylation of Mdm2 on serine 395:
role in p53 activation by DNA damage. Genes
Dev. 2001;15:1067-77.

Lu X, Ma O, Nguyen TA, Jones SN, Oren M,
Donehower LA. The Wipl phosphatase acts as
a gatekeeper in the p53-Mdm2 autoregulatory
loop. Cancer Cell. 2007;12:342-54.

Le Guezennec X, Bulavin DV. WIP1 phospha-
tase at the crossroads of cancer and aging. Trends
Biochem Sci. 2010;35:109-14.

Cheng Q, Chen L, Li Z, Lane WS, Chen J. ATM
activates p53 by regulating MDM2 oligomer-
ization and E3 processivity. EMBO J. 2009;28:
3857-67.

Baskaran R, Wood LD, Whitaker LL, et al.
Ataxia telangiectasia mutant protein activates
c-Abl tyrosine kinase in response to ionizing
radiation. Nature. 1997;387:516-9.

Goldberg Z, Vogt Sionov R, Berger M, et al.
Tyrosine phosphorylation of Mdm2 by c-Abl:
implications for p53 regulation. EMBO .
2002;21:3715-27.

Fu X, Yucer N, Liu S, et al. RFWD3-Mdm2
ubiquitin ligase complex positively regulates p53
stability in response to DNA damage. Proc Natl
Acad Sci U S A. 2010;107:4579-84.

Ma XM, Blenis J. Molecular mechanisms of
mTOR-mediated translational control. Nat Rev
Mol Cell Biol. 2009;10:307-18.

Pende M, Um SH, Mieulet V, et al. S6K1(-/-)/
S6K2(-/-) mice exhibit perinatal lethality and
rapamycin-sensitive 5’-terminal oligopyrimidine
mRNA translation and reveal a mitogen-acti-
vated protein kinase-dependent S6 kinase path-
way. Mol Cell Biol. 2004;24:3112-24.

Averous J, Proud CG. When translation meets
transformation: the mTOR story. Oncogene.
2006;25:6423-35.

Lai KP, Leong WF, Chau JF, et al. S6K1 is a mul-
tifaceted regulator of Mdm?2 that connects nutri-
ent status and DNA damage response. EMBO J.
2010;29:2994-3006.

Inuzuka H, Tseng A, Gao D, et al. Phosphory-
lation by casein kinase I promotes the turnover
of the Mdm2 oncoprotein via the SCF(beta-
TRCP) ubiquitin ligase. Cancer Cell. 2010;18:
147-59.

Cummins JM, Vogelstein B. HAUSP is required
for p53 destabilization. Cell Cycle. 2004;3:
689-92.

Tang J, Qu LK, Zhang J, et al. Critical role
for Daxx in regulating Mdm2. Nat Cell Biol.
2006;8:855-62.

Song MS, Song SJ, Kim SY, Oh HJ, Lim DS.
The tumour suppressor RASSF1A promotes
MDM?2 self-ubiquitination by disrupting the



[ Mdm2 binding proteins / Riley and Lozano

| MONOGRAPHS ]

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

MDM2-DAXX-HAUSP complex. EMBO J.
2008;27:1863-74.

Tang J, Qu L, Pang M, Yang X. Daxx is recipro-
cally regulated by Mdm2 and Hausp. Biochem
Biophys Res Commun. 2010;393:542-5.
Michaelson JS, Bader D, Kuo F, Kozak C, Leder
P. Loss of Daxx, a promiscuously interacting pro-
tein, results in extensive apoptosis in early mouse
development. Genes Dev. 1999;13:1918-23.
Linares LK, Kiernan R, Triboulet R, ef al. Intrin-
sic ubiquitination activity of PCAF controls the
stability of the oncoprotein Hdm2. Nat Cell Biol.
2007;9:331-8.

Hew HC, Liu H, Miki Y, Yoshida K. PKCdelta
regulates Mdm?2 independently of p53 in the
apoptotic response to DNA damage. Mol Car-
cinog. 2011;50:719-31.

Li M, Brooks CL, Wu-Baer F, Chen D, Baer R,
Gu W. Mono- versus polyubiquitination: dif-
ferential control of p53 fate by Mdm?2. Science.
2003;302:1972-5.

Grossman SR, Deato ME, Brignone C, et al.
Polyubiquitination of p53 by a ubiquitin ligase
activity of p300. Science. 2003;300:342-4.
Rodriguez MS, Desterro JM, Lain S, Lane DP,
Hay RT. Multiple C-terminal lysine residues tar-
get p53 for ubiquitin-proteasome-mediated deg-
radation. Mol Cell Biol. 2000;20:8458-67.

Lai Z, Ferry KV, Diamond MA, et al. Human
mdm2 mediates multiple mono-ubiquitination of
p53 by a mechanism requiring enzyme isomeri-
zation. J Biol Chem. 2001;276:31357-67.

Wu H, Pomeroy SL, Ferreira M, et al. UBE4B
promotes Hdm2-mediated degradation of the
tumor suppressor p53. Nat Med. 2011;17:
347-55.

Finch RA, Donoviel DB, Potter D, ef al. mdmx is
a negative regulator of p53 activity in vivo. Can-
cer Res. 2002;62:3221-5.

Parant J, Chavez-Reyes A, Little NA, et al. Res-
cue of embryonic lethality in Mdm4-null mice by
loss of Trp53 suggests a nonoverlapping path-
way with MDM2 to regulate p53. Nat Genet.
2001;29:92-5.

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.

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 Mdm?2 stability. Proc Natl Acad Sci U S A.
2011;108:11995-2000.

Huang L, Yan Z, Liao X, ef al. The p53 inhibitors
MDM2/MDMX complex is required for control
of p53 activity in vivo. Proc Natl Acad Sci U SA.
2011;108:12001-6.

Jung CR, Lim JH, Choi Y, et al. Enigma nega-
tively regulates p53 through MDM2 and pro-
motes tumor cell survival in mice. J Clin Invest.
2010;120:4493-506.

Chipuk JE, Kuwana T, Bouchier-Hayes L, et al.
Direct activation of Bax by p53 mediates mito-
chondrial membrane permeabilization and apop-
tosis. Science. 2004;303:1010-4.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Dumont P, Leu JI, Della Pietra AC 3rd, George
DL, Murphy M. The codon 72 polymor-
phic variants of p53 have markedly different
apoptotic potential. Nat Genet. 2003;33:357-
65.

Mihara M, Erster S, Zaika A, et al. pS3 has a
direct apoptogenic role at the mitochondria. Mol
Cell. 2003;11:577-90.

Higashitsuji H, Itoh K, Sakurai T, et al. The
oncoprotein gankyrin binds to MDM2/HDM2,
enhancing ubiquitylation and degradation of p53.
Cancer Cell. 2005;8:75-87.

Wu C, Miloslavskaya I, Demontis S, Maestro R,
Galaktionov K. Regulation of cellular response
to oncogenic and oxidative stress by Seladin-1.
Nature. 2004;432:640-5.

Rubbi CP, Milner J. Disruption of the nucleo-
lus mediates stabilization of p53 in response
to DNA damage and other stresses. EMBO J.
2003;22:6068-77.

Perry RP. Balanced production of ribosomal pro-
teins. Gene. 2007;401:1-3.

Yadavilli S, Mayo LD, Higgins M, Lain S, Hegde
V, Deutsch WA. Ribosomal protein S3: a multi-
functional protein that interacts with both p53
and MDM2 through its KH domain. DNA Repair
(Amst). 2009;8:1215-24.

Chen D, Zhang Z, Li M, et al. Ribosomal protein
S7 as a novel modulator of p53-MDM2 interac-
tion: binding to MDM2, stabilization of p53 pro-
tein, and activation of p53 function. Oncogene.
2007;26:5029-37.

Zhu Y, Poyurovsky MV, Li Y, et al. Ribosomal
protein S7 is both a regulator and a substrate of
MDM2. Mol Cell. 2009;35:316-26.

Zhou X, Hao Q, Liao J, Zhang Q, Lu H. Ribo-
somal protein S14 unties the MDM2-p53 loop
upon ribosomal stress. Oncogene. 2012 Mar
5. doi: 10.1038/0nc.2012.63. [Epub ahead of
print].

Xiong X, Zhao Y, He H, Sun Y. Ribosomal pro-
tein S27-like and S27 interplay with p53-MDM2
axis as a target, a substrate and a regulator. Onco-
gene. 2011;30:1798-811.

Dai MS, Lu H. Inhibition of MDM2-mediated
P53 ubiquitination and degradation by ribosomal
protein L5. J Biol Chem. 2004;279:44475-82.
Lohrum MA, Ludwig RL, Kubbutat MH, Hanlon
M, Vousden KH. Regulation of HDM2 activ-
ity by the ribosomal protein L11. Cancer Cell.
2003;3:577-87.

Dai MS, Zeng SX, Jin Y, Sun XX, David L, Lu
H. Ribosomal protein L23 activates p53 by inhib-
iting MDM2 function in response to ribosomal
perturbation but not to translation inhibition. Mol
Cell Biol. 2004;24:7654-68.

Zhang Y, Wang J, Yuan Y, ef al. Negative regu-
lation of HDM2 to attenuate p53 degradation
by ribosomal protein L26. Nucleic Acids Res.
2010;38:6544-54.

Balint E, Bates S, Vousden KH. Mdm?2 binds p73
alpha without targeting degradation. Oncogene.
1999;18:3923-9.

Zeng X, Chen L, Jost CA, et al. MDM2
suppresses p73 function without promoting
p73 degradation. Mol Cell Biol. 1999;19:3257-66.

9s.

96.

97.

98

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Jeong MH, Bae J, Kim WH, ef al. p19ras inter-
acts with and activates p73 by involving the
MDM2 protein. J Biol Chem. 2006;281:8707-15.
Moumen A, Masterson P, O’Connor MJ, Jack-
son SP. hnRNP K: an HDM2 target and tran-
scriptional coactivator of pS53 in response to
DNA damage. Cell. 2005;123:1065-78.

Taira N, Yamamoto H, Yamaguchi T, Miki Y,
Yoshida K. ATM augments nuclear stabiliza-
tion of DYRK2 by inhibiting MDM2 in the
apoptotic response to DNA damage. J Biol
Chem. 2010;285:4909-19.

Mo P, Wang H, Lu H, Boyd DD, Yan C. MDM2
mediates ubiquitination and degradation of
activating transcription factor 3. J Biol Chem.
2010;285:26908-15.

Waurzenberger C, Gerlich DW. Phosphatases:
providing safe passage through mitotic exit.
Nat Rev Mol Cell Biol. 2011;12:469-82.

Chen W, Possemato R, Campbell KT, Plattner
CA, Pallas DC, Hahn WC. Identification of spe-
cific PP2A complexes involved in human cell
transformation. Cancer Cell. 2004;5:127-36.

Li HH, Cai X, Shouse GP, Piluso LG, Liu X. A
specific PP2A regulatory subunit, BS6gamma,
mediates DNA damage-induced dephosphoryla-
tion of p53 at Thr55. EMBO J. 2007;26:402-11.
Shouse GP, Nobumori Y, Panowicz MJ, Liu
X. ATM-mediated phosphorylation activates
the tumor-suppressive function of B56gamma-
PP2A. Oncogene. 2011;30:3755-65.

Lin HK, Wang L, Hu YC, Altuwaijri S, Chang C.
Phosphorylation-dependent ubiquitylation and
degradation of androgen receptor by Akt require
Mdm?2 E3 ligase. EMBO J. 2002;21:4037-48.
Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, Hung
MC. HER-2/neu induces p53 ubiquitination via
Akt-mediated MDM2 phosphorylation. Nat
Cell Biol. 2001;3:973-82.

Heinlein CA, Chang C. Androgen receptor in
prostate cancer. Endocr Rev. 2004;25:276-308.
Rinaldo C, Prodosmo A, Mancini F, et al.
MDM2-regulated degradation of HIPK2
prevents p53Ser46  phosphorylation and
DNA damage-induced apoptosis. Mol Cell.
2007;25:739-50.

Girnita L, Girnita A, Larsson O. Mdm2-depen-
dent ubiquitination and degradation of the
insulin-like growth factor 1 receptor. Proc Natl
Acad Sci U S A. 2003;100:8247-52.

Jhappan C, Gallahan D, Stahle C, ef al. Expres-
sion of an activated Notch-related int-3 trans-
gene interferes with cell differentiation and
induces neoplastic transformation in mammary
and salivary glands. Genes Dev. 1992;6:345-55.
Sun Y, Klauzinska M, Lake RJ, et al. Trp53
regulates Notch 4 signaling through Mdm?2. J
Cell Sci. 2011;124:1067-76.

Yogosawa S, Miyauchi Y, Honda R, Tanaka H,
Yasuda H. Mammalian Numb is a target protein
of Mdm2, ubiquitin ligase. Biochem Biophys
Res Commun. 2003;302:869-72.
Ofir-Rosenfeld Y, Boggs K, Michael D, Kastan
MB, Oren M. Mdm?2 regulates p53 mRNA trans-
lation through inhibitory interactions with ribo-
somal protein L26. Mol Cell. 2008;32:180-9.



[ MONOGRAPHS |

Genes & Cancer / vol 3 no 3-4 (2012) ]

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Takagi M, Absalon MJ, McLure KG, Kastan
MB. Regulation of p53 translation and induc-
tion after DNA damage by ribosomal protein
L26 and nucleolin. Cell. 2005;123:49-63.

He H, Sun Y. Ribosomal protein S27L is a
direct p53 target that regulates apoptosis. Onco-
gene. 2007;26:2707-16.

LiJ, Tan J, Zhuang L, ef al. Ribosomal protein
S27-like, a p53-inducible modulator of cell fate
in response to genotoxic stress. Cancer Res.
2007;67:11317-26.

Gu L, Findley HW, Zhou M. MDM2 induces
NF-kappaB/p65 expression transcriptionally
through Spl-binding sites: a novel, p53-inde-
pendent role of MDM2 in doxorubicin resis-
tance in acute lymphoblastic leukemia. Blood.
2002;99:3367-75.

Galban S, Duckett CS. XIAP as a ubiquitin
ligase in cellular signaling. Cell Death Dif-
fer.17:54-60.

Dubrez-Daloz L, Dupoux A, Cartier J. IAPs:
more than just inhibitors of apoptosis proteins.
Cell Cycle. 2008;7:1036-46.

Gu L, Zhu N, Zhang H, Durden DL, Feng Y,
Zhou M. Regulation of XIAP translation and
induction by MDM2 following irradiation.
Cancer Cell. 2009;15:363-75.

D’ Amours D, Jackson SP. The Mrell complex:
at the crossroads of DNA repair and checkpoint
signalling. Nat Rev Mol Cell Biol. 2002;3:
317-27.

Carney JP, Maser RS, Olivares H, et al. The
hMrel1/hRad50 protein complex and Nijme-
gen breakage syndrome: linkage of double-
strand break repair to the cellular DNA damage
response. Cell. 1998;93:477-86.

Varon R, Vissinga C, Platzer M, et al. Nibrin, a
novel DNA double-strand break repair protein,
is mutated in Nijmegen breakage syndrome.
Cell. 1998;93:467-76.

Stracker TH, Petrini JH. Working together and
apart: the twisted relationship of the Mrell
complex and Chk?2 in apoptosis and tumor sup-
pression. Cell Cycle. 2008;7:3618-21.

Alt JR, Bouska A, Fernandez MR, Cerny
RL, Xiao H, Eischen CM. Mdm2 binds to
Nbsl at sites of DNA damage and regulates
double strand break repair. J Biol Chem.
2005;280:18771-81.

Lundgren K, Montes de Oca Luna R, McNeill
YB, et al. Targeted expression of MDM?2
uncouples S phase from mitosis and inhibits
mammary gland development independent of
p53. Genes Dev. 1997;11:714-25.

Wang P, Lushnikova T, Odvody J, Greiner
TC, Jones SN, Eischen CM. Elevated Mdm?2
expression induces chromosomal instability
and confers a survival and growth advantage to
B cells. Oncogene. 2008;27:1590-8.

Brown DR, Thomas CA, Deb SP. The human
oncoprotein MDM2 arrests the cell cycle:
elimination of its cell-cycle-inhibitory func-
tion induces tumorigenesis. EMBO J.
1998;17:2513-25.

Mayo LD, Donner DB. A phosphatidylinositol
3-kinase/Akt pathway promotes translocation

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

of Mdm2 from the cytoplasm to the nucleus.
Proc Natl Acad Sci U S A. 2001;98:11598-603.
Ogawara Y, Kishishita S, Obata T, et al.
Akt enhances Mdm2-mediated ubiquitina-
tion and degradation of p53. J Biol Chem.
2002;277:21843-50.

Bhat KP, Itahana K, Jin A, Zhang Y. Essen-
tial role of ribosomal protein L11 in mediat-
ing growth inhibition-induced p53 activation.
EMBO J. 2004;23:2402-12.

Zhang Y, Wolf GW, Bhat K, et al. Ribosomal
protein L11 negatively regulates oncoprotein
MDM2 and mediates a p53-dependent ribo-
somal-stress checkpoint pathway. Mol Cell
Biol. 2003;23:8902-12.

Jin A, Itahana K, O’Keefe K, Zhang Y.
Inhibition of HDM2 and activation of p53
by ribosomal protein L23. Mol Cell Biol.
2004;24:7669-80.

Okamoto K, Li H, Jensen MR, et al. Cyclin G
recruits PP2A to dephosphorylate Mdm2. Mol
Cell. 2002;9:761-71.

Kimura SH, Nojima H. Cyclin G1 associ-
ates with MDM2 and regulates accumulation
and degradation of p53 protein. Genes Cells.
2002;7:869-80.

Chen X. Cyclin G: a regulator of the p53-
Mdm?2 network. Dev Cell. 2002;2:518-9.
Ruland J, Sirard C, Elia A, et al. p53 accumu-
lation, defective cell proliferation, and early
embryonic lethality in mice lacking tsg101. Proc
Natl Acad Sci U S A. 2001;98:1859-64.

Li L, Liao J, Ruland J, Mak TW, Cohen SN.
A TSGI101/MDM2 regulatory loop modu-
lates MDM2 degradation and MDM2/p53
feedback control. Proc Natl Acad Sci U S A.
2001;98:1619-24.

Fuchs SY, Lee CG, Pan ZQ, Ronai Z. SUMO-1
modification of Mdm?2 prevents its self-ubiqui-
tination and increases Mdm2 ability to ubiquiti-
nate p53. Cell. 2002;110:531.

Buschmann T, Lerner D, Lee CG, Ronai Z. The
Mdm-2 amino terminus is required for Mdm2
binding and SUMO-1 conjugation by the E2
SUMO-1 conjugating enzyme Ubc9. J Biol
Chem. 2001;276:40389-95.

Buschmann T, Fuchs SY, Lee CG, Pan ZQ,
Ronai Z. SUMO-1 modification of Mdm2
prevents its self-ubiquitination and increases
Mdm?2 ability to ubiquitinate p53. Cell.
2000;101:753-62.

Wang X, Wang J, Jiang X. MdmX protein is
essential for Mdm2 protein-mediated p53 polyu-
biquitination. J Biol Chem. 2011;286:23725-34.
Stad R, Little NA, Xirodimas DP, et al. Mdmx
stabilizes p53 and Mdm?2 via two distinct mech-
anisms. EMBO Rep. 2001;2:1029-34.

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.
Jackson MW, Berberich SJ. MdmX protects
p53 from Mdm2-mediated degradation. Mol
Cell Biol. 2000;20:1001-7.

Momand J, Zambetti GP, Olson DC, George
D, Levine AJ. The mdm-2 oncogene product

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

forms a complex with the p53 protein and
inhibits p53-mediated transactivation. Cell.
1992;69:1237-45.

Haines DS, Landers JE, Engle LJ, George DL.
Physical and functional interaction between
wild-type p53 and mdm2 proteins. Mol Cell
Biol. 1994;14:1171-8.

Chen J, Marechal V, Levine AJ. Mapping of the
p53 and mdm-2 interaction domains. Mol Cell
Biol. 1993;13:4107-14.

Ongkeko WM, Wang XQ, Siu WY, er al.
MDM2 and MDMX bind and stabilize the p53-
related protein p73. Curr Biol. 1999;9:829-32.
Dobbelstein M, Wienzek S, Konig C, Roth
J. Inactivation of the p53-homologue p73 by
the mdm2-oncoprotein. Oncogene. 1999;18:
2101-6.

Calabro V, Mansueto G, Parisi T, Vivo M,
Calogero RA, La Mantia G. The human MDM2
oncoprotein increases the transcriptional activ-
ity and the protein level of the p53 homolog
p63. J Biol Chem. 2002;277:2674-81.

Wei X, Yu ZK, Ramalingam A, et al. Physical
and functional interactions between PML and
MDM2. J Biol Chem. 2003;278:29288-97.
Martin K, Trouche D, Hagemeier C, Sorensen
TS, La Thangue NB, Kouzarides T. Stimulation
of E2F1/DP1 transcriptional activity by MDM?2
oncoprotein. Nature. 1995;375:691-4.
Loughran O, La Thangue NB. Apoptotic and
growth-promoting activity of E2F modulated
by MDM2. Mol Cell Biol. 2000;20:2186-97.
Wadgaonkar R, Collins T. Murine double
minute (MDM2) blocks p53-coactivator inter-
action, a new mechanism for inhibition of
p53-dependent gene expression. J Biol Chem.
1999;274:13760-7.

Kobet E, Zeng X, Zhu Y, Keller D, Lu H.
MDM2 inhibits p300-mediated p53 acetyla-
tion and activation by forming a ternary com-
plex with the two proteins. Proc Natl Acad Sci
U S A. 2000;97:12547-52.

Gu W, Roeder RG. Activation of p53 sequence-
specific DNA binding by acetylation of the
p53 C-terminal domain. Cell. 1997;90:595-
606.

Ito A, Kawaguchi Y, Lai CH, et al. MDM2-
HDACI-mediated deacetylation of p53 is
required for its degradation. EMBO J. 2002;
21:6236-45.

Vlatkovic N, Guerrera S, Li Y, Linn S, Haines
DS, Boyd MT. MDM2 interacts with the C-ter-
minus of the catalytic subunit of DNA poly-
merase epsilon. Nucleic Acids Res. 2000;28:
3581-6.

Asahara H, Li Y, Fuss J, et al. Stimulation of
human DNA polymerase epsilon by MDM2.
Nucleic Acids Res. 2003;31:2451-9.

Wasylyk C, Wasylyk B. Defect in the p53-Mdm?2
autoregulatory loop resulting from inactivation
of TAF(II)250 in cell cycle mutant tsBN462
cells. Mol Cell Biol. 2000;20:5554-70.
Leveillard T, Wasylyk B. The MDM2 C-termi-
nal region binds to TAFII250 and is required for
MDM2 regulation of the cyclin A promoter. J
Biol Chem. 1997;272:30651-61.



[ Mdm2 binding proteins / Riley and Lozano

| MONOGRAPHS ]

161.

162.

163.

Thut CJ, Goodrich JA, Tjian R. Repression of
p53-mediated transcription by MDM2: a dual
mechanism. Genes Dev. 1997;11:1974-86.
Xiao ZX, Chen J, Levine Al, et al. Interac-
tion between the retinoblastoma protein and
the oncoprotein MDM2. Nature. 1995;375:
694-8.

Hsieh JK, Chan FS, O’Connor DJ, Mittnacht S,
Zhong S, Lu X. RB regulates the stability and
the apoptotic function of p53 via MDM2. Mol
Cell. 1999;3:181-93.

164.

165.

166.

Chi XZ, Kim J, Lee YH, et al. Runt-related
transcription factor RUNX3 is a target of
MDM2-mediated ubiquitination. Cancer Res.
2009;69:8111-9.

Oh W, Lee EW, Lee D, et al. Hdm2 nega-
tively regulates telomerase activity by func-
tioning as an E3 ligase of hTERT. Oncogene.
2010;29:4101-12.

Kass EM, Poyurovsky MV, Zhu Y, Prives C.
Mdm2 and PCAF increase Chk2 ubiquitination
and degradation independently of their intrinsic

167.

168.

E3 ligase activities. 2009;8:
430-7.

Wang SP, Wang WL, Chang YL, et al. p53
controls cancer cell invasion by inducing the
MDM2-mediated degradation of Slug. Nat Cell
Biol. 2009;11:694-704.

Pettersson S, Kelleher M, Pion E, Wallace M,
Ball KL. Role of Mdm2 acid domain inter-
actions in recognition and ubiquitination of
the transcription factor IRF-2. Biochem J.
2009;418:575-85.

Cell Cycle.



