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Abstract. The p53 protein is activated in response to
physiological stress resulting in either a G1 arrest of cells
or apoptosis. As such, p53 must be tightly regulated, and
the MDM2 oncoprotein plays a central role in that
regulatory process. The transcription of the Mdm2 onco-
gene is induced by the p53 protein after DNA damage,
and the MDM2 protein then binds to p53 and blocks its
activities as a tumour suppressor and promotes its degra-
dation. These two proteins thus form an autoregulatory
feedback loop in which p53 positively regulates MDM?2
levels and MDM2 negatively regulates p53 levels and
activity. Immediately after ultraviolet (UV) irradiation
MDM?2 messenger RNA and protein levels fall in a
p53-independent fashion, resulting in increased p53 lev-
els. The p53 protein is then activated as a transcription
factor by posttranslational modification permitting p53
to initiate its cell-cycle arrest or apoptotic (programmed
cell death) functions. At later times, after the repair of
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Introduction

The p53 tumour suppressor protein is stabilized in
response to DNA damage and other stress signals and
causes the cell to undergo growth arrest or apoptosis,
thus preventing the establishment of mutations in future
cellular generations. Mutation or loss of p53 is a very
common event in tumour progression; it occurs in
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DNA, MDM2 levels increase in a p53-dependent fash-
ion. This induction of MDM2 results in the inhibition of
p53 transcriptional activity and the degradation of p53
protein. MDM?2-p53 complexes in the nucleus are trans-
ported to the cytoplasm via signals present in the MDM?2
protein, where p53 is degraded in the proteasome. Thus
MDM?2 acts as a nuclear-cytoplasmic shuttle for the p53
protein. There are many levels at which this process is
regulated, and as such there are many places for
chemotherapeutic interventions. The amino-terminal do-
main of the MDM?2 protein is all that is required to bind
the p53 protein. The MDM2 protein has additional
domains and therefore may have additional functions.
Any of thesse MDM?2 domains may contribute to
MDM2’s activities as an oncogene independent of its
inhibition of the tumour suppressor functions of p53.
Thus MDM2 itself could be a target for cancer therapeu-
tic intervention.

autoregulatory feedback loop.

about 50% of all tumours analysed, including those of
colon, lung, breast and liver [1, 2]. In some tumours
with wild-type p53, other changes, such as the amplifi-
cation of the Mdm2 gene or overexpression of the
MDM2 protein, can block p53 function and promote
growth of the tumour [3]. In addition, there are several
indications that MDM?2 itself may play a role in cell-
cycle progression or tumorigenesis independent of its
ability to inhibit the tumour suppressor functions of
p53.

This article focuses upon the MDM?2 protein and its
oncogenic functions. It reviews the role of MDM?2 in an
autoregulatory feedback loop with p53 and the ways in
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which the cell regulates the inhibition of p53 by
MDM?2. MDM?2’s oncogenic functions, independent of
p53, will also be discussed. Finally, the prospect of
targeting MDM2 or the MDM2-p53 interaction as a
potential cancer therapy will be reviewed.

MDM2 as an oncogene

MDM2 (murine double minute 2) was first identified as
the gene responsible for the spontaneous transforma-
tion of an immortalized murine cell line, BALB/c 3T3.
The derivative cell line, 3T3-DM, contains 25-30 copies
per cell of paired, acentric chromatin bodies called
double minutes [4]. These 1-2 megabase (Mb) frag-
ments contain three expressed genes, the second of
which (Mdm2) has transforming abilities. Cell lines that
overexpress MDM?2 can form tumours in nude mice,
although they do not have the ability to grow in soft
agar or form foci [5]. The genomic Mdm?2 clone can also
mediate immortalization of rat embryo fibroblasts
(REFs) and transformation of REFs (as characterized
by focus-forming ability and tumour formation in nude
mice) in cooperation with an activated ras gene [6].
Thus MDM2 acts as an oncogene in tissue culture
systems.

The Mdm?2 gene can also be classified as an oncogene
based on its behaviour in human tumours. Overexpres-
sion of MDM2 is found in a wide variety of human
tumours, due to one of three different mechanisms: gene
amplification [7, 8], increased transcription [9, 10] or
enhanced translation [11, 12]. Tumour types include
soft tissue sarcomas, osteosarcomas and rhabdomyosar-
comas [7, 8, 13-16]; glioblastomas and astrocytomas
[17, 18]; B-cell chronic lymphocytic leukaemias, acute
myeloid leukaemias, acute lymphoblastic leukaemias,
and non-Hodgkin’s lymphomas [9, 10]; oral squamous
cell and breast carcinomas [19, 20]; and malignant
melanomas [21]. In addition, many human-tumour-
derived cell lines overexpress MDM?2 and are routinely
used in laboratories to study the effects of MDM?2
overexpression on cells in culture. These cell lines in-
clude those derived from osteosarcomas [22], rhab-
domyosarcomas [23, 24], neuroblastomas and glio-
blastoma [25, 26], breast carcinomas [27, 28], and mel-
anomas and choriocarcinomas [11, 12].

An additional connection between MDM?2 and cancer is
the identification of a cancer-prone Li-Fraumeni family
whose normal tissues overexpress MDM2. These indi-
viduals contain two wild-type alleles of p53 and do not
overexpress p21 (a p53-inducible gene), suggesting that
the overexpression of MDM?2 is p53-independent [29].
The overexpression of MDM2 in the normal tissues of
these individuals suggests that MDM2 may be a direct
cause of the high tumour incidence in the family.
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Additional evidence that MDM2 functions as an onco-
gene comes from mice with targeted overexpression of
MDM?2 in the mammary epithelium during lactation
[30]. In the mammary glands themselves, normal devel-
opment and terminal differentiation are blocked by the
high levels of MDM2, and many of the cells become
multinucleated and polyploid, which are phenotypes of
cells with defective or inactive p53. In the ducts of the
breast tissue, hyperplasia occurs as high levels of
MDM?2 are induced during lactation. In addition to
these tumourlike characteristics of duct and gland cells,
16% of the mice develop mammary gland tumours by
the time they reach 18 months of age [30], directly
demonstrating that overexpression of MDM?2 can con-
tribute to tumour formation in the mouse.

MDM2 gene structure and protein domains

In attempt to understand the ability of MDM2 to
function as an oncogene, the Mdm2 gene and its protein
products have been intensively studied. This informa-
tion is summarized below.

Mdm?2 gene structure and gene products

The murine Mdm2 gene is about 25 kilobases (kb) in
size and contains at least 12 exons [31]. There are
several different isoforms of MDM2 messenger RNA
(mRNA) and protein present in various cell lines. For
example, in the 3T3-DM cells from which Mdm?2 was
originally cloned, there are five MDM2 polypeptides
ranging in size from 57 to 90 kilodaltons (kDa) [32].
This observation can at least in part be explained by the
presence of multiple Mdm?2 transcripts in most cell lines;
at least seven unique transcripts have been described in
both mouse and human cells [5, 7]. Many of these result
from the use of alternative internal splice sites. In addi-
tion, the Mdm?2 gene has two different promoters (see
below), leading to transcripts which may initiate trans-
lation at different AUG codons [33, 34]. The functions
of the multiple forms of MDM?2, for example those that
lack one or another domain, remain to be elucidated.

MDM2 protein domains

The largest human MDM?2 protein consists of 491
amino acids and has several domains that are conserved
between species from human to zebrafish (fig. 1) [35].
The first conserved region, in the amino-terminus of
MDM2, is the domain that is sufficient for MDM2 to
interact with p53 and inhibit its transcriptional activa-
tion function [36, 37]. The conserved nuclear localiza-
tion sequence (NLS) and a conserved nuclear export
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signal (NES) sequence of MDM?2 mediate its ability to
shuttle between the nucleus and the cytoplasm and back
[38]. The centre of the MDM2 protein contains a highly
acidic region that mediates MDM2’s interaction with the
ribosomal protein L5 and its associated 5S ribosomal
RNA (rRNA) [39]. This acidic domain is immediately
followed by a conserved zinc finger domain, and further
towards the carboxy-terminus are a conserved caspase 3
cleavage site [40, 41] and three conserved putative DNA-

Functions of MDM2

protein kinase (DNA-PK) phosphorylation sites [35].
Finally, MDM2 has two additional conserved zinc
fingers in a RING finger conformation [42] which medi-
ate its ability to bind to specific RNA sequences or
structures in vitro [43] and may contribute to the regula-
tion of p53 levels [44]. These domains of the MDM?2
protein and their interaction with various cellular com-
ponents may provide pathways by which MDM2 can
behave as an oncogene, as discussed in more detail below.

p53 binding domain —>»

human MDM2 MCNTNMSVPT DGAVTTSQIP ASEQETLVRP KPLLLKLLKS VGAQKDTYTM KEVLFYLGQY IMTKRLYDEK QQHIVYCSND| 80
mouse MDM2 MCNTNMSVST EGAASTSQIP ASEQETLVRP KPLLLKLLKS VGAQNDTYTM KEIIFYIGQY IMTKRLYDEK QQHIVYCSND| 80
xenopus MDM2 MNLT....ST TNCLENNHIS TSDQEKLVQP TPLLLSLLKS .GAQKETFTM KEVIYHLGQY IMAKQLYDEK QQHIVHCSND| 76
zebrafish MDM2 M.......AT ESCLSSSQIS KVDNEKLVRP KVQLKSLLED AGADKDVFTM KEVMFYLGKY IMSKELYDKQ QQHIVHCGED| 73
human MDMX MTSFSTSAQC STSDSACRIS P.GQINQVRP KLPLLKILHA AGAQGEMFTV KEVMHYLGQY IMVKQLYDQQ EQHMVYCGGD| 79
mouse MDMX MTSHSTSAQC SASDSACRIS S.EQISQVRP KLOQLLKILHA AGAQGEVFTM KEVMHYLGQY IMVKQLYDQQ EQHMVYCGGD| 79
* . - . ek, PEATEESE JNE SN XY o k.. RS N ak . Rk L. ... *x .k kk ok kkk., ., e kk Kk, ko, Kk
human MDM2 LLGDLFGVPS FSVKEHRK1Y TMIYRNLVVV NQQESSDSGT SVSENRCHLE GGSDQKDLVQ ELQEEKPSSS HLVSR...PS 157
mouse MDM2 LLGDVFGVPS FSVKEHRKIY AMIYRNLVAV SQQ...DSGT SLSESRRQPE GGSDLKDPLQ APPEEKPSSS DLISR...LS 154
xenopus MDM2 PLGELFGVQE FSVKEPRRLY AMISRNLVISA NVKE..SSED IFGNVCCFPD KQSSQKEKLQ ELPDKLIAPA S.DSK...PC 150
zebrafish MDM2 |PLGAVLGVKS FSVKEPRALF ALINRNLVTV KNP...ESQS TFSEPR.... ...SQSEPDR GPGDTDSDSR SSTSQ... 140
human MDMX LLGELLGRQS FSVKNPSPLY DMLRKNLVTL ATAT.TDAAQ TLALAQDHSM DIPSQ.DQLK QSAEESSTSR KRTTEDDIPT 157
mouse MDMX LLGDLLGCQS FSVKDPSPLY DMLRKNLVITS ASNN.TDAAQ TLALAQDHTM DFPSQ.DRLK HGATEYSNPR KRTEEEDTHT 157
N . KEkEKk, .. . . P .. .. . . . . . . . .
NES
human MDM2 TSSRRRAISE TEENSDE.LS DSISLSFDES ....LALCVI REICCERSSS S..... ESTG TPSNPDLDAG 227
mouse MDM2 TSSRRRSISE TEENTDE.LP ....LSFDPS ....LGUCEL REMCSGGTSS SSSSSSESTE TPSHQDLDDG 225
xenopus MDM2 NLSQRKSSNE TEEISSVDHP DFS.[LTFDES . .LSWWVI SGLRCDR.NS S..... ESTD SSSNSDP... 216
zebrafish MDM2 ..RRRRRSSD PESSSAE.DE DSFSLTFDDS ....LSWCVI GGLHRER.GN S..... ESSD ANSNSDVGIS 207
human MDMX LPTSEHKCIH SREDEDL.IE NLAQDETSRL D...LGFEEW DVAGLPWWFL GNLRSNYTPR SN....GSTD LQTNQDVGTA 229
mouse MDMX LPTSRHKCRD SRADEDL.IE HLSQDETSRL D.. .LDFEEW DVAGLPWWFL GNLRNNCIPK SN....GSTD LQTNQDIGTA 229
“ e e . « N .o P AAAA A, * % AAAAK . . * Lol 2N e Kx. .
acidic domain
human MDM2 VSEHSGD. .W LDJDSVSDQF SVEFEVESLD SEDYSLSEEG QELSDED... DEVYQVTVYQ .AGESDTDSF EEDPEISLAD| 301
mouse MDM2 VSEHSGD. .C LDQDSVSDQF SVEFEVESLD SEDYSLSDEG HELSDED... DEVYRVTVYQ .TGESDTDSF EGDPEISLAD| 299
xenopus MDM2 . .ERHST. .N DNSEHDSDQF SVEFEVESVC SDDYSPSGDE HGVSEEEEIN DEVYQVTIYE .TEESETDSF DVDTEISEAD| 291
zebrafish MDM2 RSEGSEE..S EDJDSDSDNF SVEFEVESIN SDAYSEN.DV DSVPGE.... NEIYEVTIFA ....EDEDSF DEDTEITEAD| 276
human MDMX IVSDTTDDLW FLNESVSEQL GVGIKVEAAD TEQTS..EEV GKVSDK.... .KVIEVGKND DLEDSKSLSD DTDVEVTSED| 302
mouse MDMX IVSDTTDDLW FLNETVSEQL GVGIKVEAAN SEQTS...EV GKTSNK.... .KTVEVGKDD DLEDSRSLSD DTDVELTSED| 301
. e e s eXear ok akko e . oK .. . . R eee s NRA * k.. %
Zn finger caspase site
human MDM2 YWKCTSCNEM NPPLPSHCNR CWALRENWLP HDKGKDKGEI SEKAKLENST QA ES..CVEEN. 378
mouse MDM2 YWKCTSCNEM NPPLPSHCKR CWTLRENWLP DODKGKDKVEI SEKAKLENSA QA EP..CAEEDS 377
xenopus MDM2 YWKCPECGEV NPPLPSYCPR CWIVRKDWLP EQRRKEPP.. PSKRKLLEIE E.DEGFDVPD C DT..NVDKK. 365
zebrafish MDM2 |YWKCPKCDQF NPPLPRHCKS CWTVRADWLP ETHSNWEN.. LSRNTRINPE D......... ... SVTTTP NT..TFEKKL 340
human MDMX EWQCTECKKF NSPSKRYCFR CWALRKDWYS DCSKLTHSLS TSDITAIPEK . GNDVPD CRRTISAPVV RPKDAYIKKE 381
mouse MDMX EWQCTECKKF NSPSKRYCFR CWALRKDWYS OCSKLTHSLS TSNITAIPEK KgggGIDVPD CRRTISAPVV RPKDGYLKEE 381
Ak k. ok . kokAN L.k L kkL .k k.. . - .. akk Kk kk .., . .
DNA-PK sites RING finger —>»
human MDM2 DDKITQAS [ESEDY[SQPS TSSSIIYS[SQY EDVKEFEREE TQDKEESVES SLPLNAIEPC VICQGRPKNG CIVHGKTGHL| 458
mouse MDM2 EEKAEQTP! [ESDDY|SQPS TSSSIVYSSQ ESVKELK.EE TQHKDESVES SFSLNATEPC VICQGRPKNG CIVHGKTGHL| 456
xenopus MDM2 EAENIQNS [ETE! PS TSGSIAS! EVTKEDS... .S.K.ESMES SLPLTSIDPC VICQTRPKNG CIVHGRTGHL| 439
zebrafish MDM2 SKPSSPLPET DDGVDVPTPP LLR..RGSSQ EETPELE... .R..FNSLEA CLPATCOLEPC VICQSRPKNG CIVHGRTGHL| 412
human MDMX NSKLFDPCNS VEFLDLAHSS g:ggTISSMG EQLDNLS... .EQRTDTENM EDCQNLLKPC SLCEKR NIIHGRTGHL| 457
mouse MDMX KP.RFDPCNS VGFLDLAHSS IISSAR EQTDIFS... .EQKAETESM EDFQNVILKPC SLCEKR ITHGKTSHL| 456
. . N K e .. .. .o * . . . .. .. . e ok Kx ek Kk, ek KK Lk hkK
NLS
human MDM2 MACFTCAKKL KKRNKPCPVC RQPIQMIVLT YHP 491
mouse MDM2 MSCFTCAKKL KKRNKPCPVC RQPIQMIVLS Y 489
xenopus MDM2 MACYTCAKKL KKRNKPCPVC REPIQMIVLT YHS 472
zebrafish MDM2 |MACYTCAKKL KNRNKLCPVC REPIQSVVLT YMS 445
human MDMX VTCFHCARRL KKAGASCPIC KKEIQLVIKV FIA 490
mouse MDMX KKSGASCPVC KKEIQLVIKV FIA 489

TTCFHCARRL

ek oakKk ok Koo N kKK cekK L N,

Figure 1. MDM?2 protein family sequence alignment. Sequences were aligned using the CLUSTAL W program [75]. GenBank accession
numbers for human, mouse and zebrafish MDM?2 are M92424, X58876 and AF010255, respectively. Accession numbers for human and
mouse MDMX are AF007111 and AF007110, respectively. The sequence for Xenopus MDM2 can be found in the paper by Marechal
et al. [35].
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Figure 2. Crystal structure of a complex of MDM?2 and p53. (4)
Amino acids 15-29 of human p53 are shown in pink and form an
o helix; amino acids 17-125 of human MDM2 are shown in purple
and form a large structure with a deep cleft into which the p53 helix
fits. The selected side chains shown in turquoise and yellow are
those that when mutated prevent the formation of the complex.
Playing structural roles on MDM2 are (in turquoise) residues C77,
which is buried in a hydrophobic region of the domain, and D68,
which is predicted to form three intramolecular hydrogen bonds as
shown by the red dotted lines. Two of the predicted hydrogen bonds
are to backbone nitrogens (blue-coloured balls) and one is to the
tyrosine side chain of residue 76. These are predicted to stabilize
the middle f sheet of the MDM?2 domain, the other face of which
is in direct contact with p53. (B) This close-up view of the
p53-MDM2 interaction site is rotated approximately 90° clockwise
from the view shown in (4). V75 of MDM2 makes van der Waals
contacts with F19 of p53, while G58 of MDM2 makes similar
contacts with both F19 and W23 of p53.

Interaction with and inhibition of p53

The crystal structure of the complex between the
amino-terminal p53-binding domain of MDM?2 and a
15-amino acid p53 peptide has been determined (fig. 2)
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[45]. MDM?2 forms a deep cleft, lined with 14 hydro-
phobic and aromatic amino acids that contact p53 by
van der Waals interactions. The p53 peptide forms an
amphipathic « helix of two and a half turns, with its
hydrophobic surface inserted into the cleft of MDM2.
As the p53 peptide alone has no discernible structure by
nuclear magnetic resonance spectroscopy (NMR), the
helix is presumed to form as a result of an induced-fit
with MDM2 [46]. A genetic analysis of the Mdm2 gene
identified two classes of mutations that prevent its inter-
action with p53: those playing structural roles (at
residues D68 and C77) and those directly contacting
p53 in the structure (at residues G58 and V75) [47]. A
similar mutational analysis with the p53 gene identified
residues F19, L22 and W23 of p53 as critical for inter-
action with MDM2 [48]; these amino acids directly
contact MDM?2 in the structure [45].

The p53-binding site on MDM2 provides a clue for the
functional consequence of the interaction between the
two proteins. The amino-terminal domain of MDM?2
can block p53’s ability to activate transcription in both
reporter gene assays in cell culture and in an in vitro
transcription assay (see below) [37]. The very same
amino acids in p53 (F19, L22 and W23) that contact
MDM?2 also interact with the human TATA-binding
protein (TBP)-associated factors TAFII31 and TAFII70
in TFIID; these interactions are required for p53 to
activate transcription [48—50]. These observations
provide an attractive model for a mechanism by which
MDM2 can block p53’s ability to act as a transcription
factor, by competing with the transcriptional machinery
for p53 interaction. Recent evidence, however, suggests
that MDM2 regulates p53 in a second manner. Co-
transfection of MDM2 with p53 lowers the steady-state
levels and shortens the half-life of p53 [51, 52]. This
mechanism of p53 regulation by MDM2 requires both
an interaction with p53 as well as another activity of
MDM?2, that of nuclear-cytoplasmic shuttling, that is
described below [38].

Nuclear-cytoplasmic shuttling

In addition to its nuclear localization signal (NLS),
MDM?2 contains a nuclear export signal (NES) which
is both necessary and sufficient to mediate nuclear ex-
port of MDM?2 [38]. Using a heterokaryon assay where
proteins can be observed to shuttle between two nuclei
in a cell, it has been shown that MDM?2 can shuttle
across the nuclear membrane in both directions. This
nuclear export function is essential for MDM?2’s
ability to downregulate p53 protein levels, suggesting a
model in which MDM?2 binds to p53 in the nucleus
and transports it to a cytoplasmic proteasome for
ubiquitin-mediated degradation [38]. Thus MDM2 has
two ways to regulate p53, one by directly blocking
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its transcriptional activation function in the nucleus
and one by targeting p53 for ubiquitination and degra-
dation in the cytoplasm.

Interaction with ribosomal proteins and RNA

The central acidic domain of MDM?2 mediates an effi-
cient interaction with the ribosomal protein L5 and its
associated 5S rRNA. MDM2, LS and 5S rRNA copu-
rify as complexes with or without p53 from various
cell lines [39]. In addition, MDM2 binds to specific
RNA sequences or structures in vitro via its carboxy-
terminal RING finger domain [43]. Specifically, the
RING finger domain binds to an RNA structure in the
28S rRNA [38]. Such interactions suggest possible
roles for MDM2 in translation control, RNA trans-
port or ribosome biogenesis. The functions of these
interactions and potential activities remain to be deter-
mined, but it is possible that they contribute to the
ability of MDM?2 to function as an oncogene.

MDMX

A protein with high homology to MDM2 has recently
been cloned from both mouse and human cells, named
MDMX [53, 54]. Two murine MDMX transcripts of
7.5 and 10 kb have been seen in all tissues and are
much larger and present at higher levels than the one
3.5-kb MDM?2 transcript that is present in all mouse
tissues in the absence of radiation [5, 53]. Unlike
MDM?2, transcription of MDMX is not induced by
p53 activation after ultraviolet (UV) irradiation [53].
The p53-binding domain is the region most conserved
between MDM?2 and MDMX, with approximately
50% identity (fig. 1). In fact, after cotransfection with
p53, MDMX can be coimmunoprecipitated with p53
and can inhibit p53’s ability to activate the transcrip-
tion of a reporter gene [54]. The carboxy-terminal
RING finger is also highly conserved (42% identity), as
is the central putative zinc finger. MDMX also con-
tains a putative NLS, although it is at a different
location in the protein than in MDM?2 [54]. The NES
sequence of human MDM?2 (LSFDESLAL) is altered
in human MDMX (LGFEEWDVAGLPW). Although
the hydrophobic residues critical for nuclear export are
conserved (fig. 1), it is not clear whether the NES of
MDMX is functional. The localization and shuttling
abilities of MDMX, as well as its ability to bind to
RNA, remain to be determined.

The role of MDMX in cells is not yet known but may
prove interesting. It seems likely that MDMX could
play a role in the regulation of p53 activity, in the
modulation of the MDM?2-p53 autoregulatory feed-
back pathway and/or in the regulation of p53-indepen-
dent activities of MDM2.

Functions of MDM2

The p53-MDM2 autoregulatory feedback loop

MDM2’s induction by p53

Induction of the mouse Mdm2 gene by p53 was first
observed in a system that utilized a temperature-sensi-
tive form of p53, where the expression of MDM2 and
its interaction with p53 were enhanced at the permissive
temperature for p53 function [55, 56]. This activation is
a direct one by p53, as p53 binds to two tandem
p53-binding sites in the Mdm2 gene. The Mdm2 gene
contains two transcriptional promoter elements termed
P1 and P2. The upstream P1 promoter is utilized consti-
tutively. When p53 binds to its sites located in the first
intron of the Mdm?2 gene, transcription of the P2 pro-
moter, which is located downstream of the p53-binding
sites, is induced [33, 55, 57]. Activation of p53 in cells
only mildly affects transcription of the upstream Pl
promoter if at all, but highly induces P2 to produce a
transcript that begins in the second exon. Although
these two different Mdm2 transcripts have identical
translational reading frames (the initiating AUG codon
is in the third exon), it is possible that they are differen-
tially regulated due to the difference in the 5" untrans-
lated regions of the transcripts [12]. One reason to
suspect that this differential translational regulation
may in fact be relevant to MDM?2’s function or its
regulation is that these multiple promoters of the Mdm?2
gene are conserved in the human and mouse Mdm?2
genes [34].

In addition to being observed in temperature-sensitive
p53 systems, the induction of MDM2 by p53 has been
observed in a variety of cell lines after DNA damage.
After UV irradiation of cells, increases in Mdm2 tran-
script and MDM2 protein levels are seen that are de-
pendent on the presence of functional p53 protein in the
cells [58]. After gamma (y) irradiation, a similar induc-
tion of Mdm?2 occurs, with faster kinetics than after UV
irradiation, that is also dependent on the presence of a
functional p53 protein [59]. In addition, the induction
of MDM?2 after y-irradiation of the whole mouse can be
observed and is dependent on the presence of functional
p53 gene and protein [60]. These observations directly
demonstrate that the p53 tumour suppressor protein
induces the expression of Mdm2 under true physiologi-
cal settings, in response to DNA damage.

MDMZ2’s inhibition of p53

The MDM?2 oncoprotein forms a stable complex with
the p53 tumour suppressor protein. The two proteins
can be copurified and coimmunoprecipitated from vari-
ous cell lines [36, 48, 61]. The binding of MDM2 to p53
leads to an inhibition of p53’s ability to activate tran-
scription and function as a tumour suppressor as indi-
cated by several independent lines of evidence. First of
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all, coexpression of MDM?2 with p53 in both mam-
malian cell systems as well as in yeast leads to a de-
crease in the level of activation of p53-responsive
reporter genes [37, 61, 62]. In addition, MDM?2 has
been shown to be able to inhibit both the G1 arrest and
apoptotic functions of p53 in mammalian cell culture
cotransfection experiments [3]. Final evidence of
MDM2’s ability to inhibit p53 activity comes from
studies in mice. Homozygous deletion of the Mdm2
gene in mice results in very early embryonic lethality,
prior to implantation of the embryo. This lethality is
completely rescued by the additional homozygous dele-
tion of the p53 gene, indicating that the lethality is due
to the activity of p53 in the absence of regulation by
MDM?2 [63, 64]. These results clearly demonstrate that
the inhibition of p53 activity by MDM2 occurs in a true
physiological setting in the very early stages of embryo-
genesis of the mouse, and that this activity of MDM?2 is
absolutely essential for life.

MDM?2 inhibits p53’s ability to function as a tumour
suppressor by several different mechanisms. First of all,
MDM?2 directly blocks the ability of p53 to mediate
transcriptional activation. The interaction of MDM2
and p53 maps to the domain that p53 uses to activate
transcription [48—50]. These observations lead to a
model in which MDM2 competes with the TFIID tran-
scription factor complex for interaction with p53 and
therefore directly blocks its ability to activate the tran-
scription of its downstream target genes. Further evi-
dence that this direct blocking mechanism occurs
includes the ability of MDM2 (amino acids 1-324) to
inhibit the transcriptional activation activity of p53 in
an in vitro transcription assay [65].

Recent reports also indicate that MDM2 may have a
second mechanism to inhibit p53-dependent transcrip-
tional activation at a promoter. In these experiments,
deletion mutants of MDM?2 defective in p53 binding are
able to repress both p53-activated and basal transcrip-
tion when brought to a promoter by fusion to a DNA-
binding domain [65]. This transcriptional repression
domain of MDM?2 maps to amino acids 50-222, func-
tions in an in vitro transcription assay as well as by in
vivo transfection experiments, and can mediate an in
vitro interaction with the 34-kDa protein of TFIIE.
These results suggest a model in which p53’s recruit-
ment of MDM2 to a p53-responsive promoter both
decreases the amount of p53-dependent activation as
well as inhibits the basal machinery to dramatically
decrease the level of transcription at such a promoter.
In addition to directly blocking p53’s ability to activate
transcription by this multifaceted mechanism at p53-re-
sponsive promoters, MDM?2 is able to inhibit p53 activ-
ity in another way, by regulating its protein levels.
Cotransfection of p53 and MDM?2 in a variety of cell
lines leads to a lower steady-state level of p53 than
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when it is transfected alone [S1, 52]. MDM2 can also
lower the steady-state levels of endogenous p53, both
wild-type and mutant [5S1, 52]. This decrease in steady-
state levels of p53 is not due to any effect on the
transcription of the p53 gene or on the stability of its
message, but is due to the ability of MDM2 to promote
the degradation of p53 as evidenced by a decrease in
p53 protein half-life with the addition of MDM?2 [51,
52]. The ability of MDM2 to cause the degradation of
p53 depends not only on its ability to bind to p53, but
also on its ability to shuttle from the nucleus to the
cytoplasm, leading to a model in which MDM2 binds to
p53 in the nucleus and shuttles it to the cytoplasm to
deliver it to a cytoplasmic proteasome [38]. MDM?2 may
in fact act directly as an E3 ubiquitin ligase for p53 in
this capacity, utilizing the RING finger at its carboxy-
terminus [44].

This latter mechanism, in which MDM2 inhibits p53 via
degradation, is a more versatile one than by blocking
p53-dependent transcription. For instance, MDM?2’s
ability to inhibit p53-mediated transcriptional activa-
tion may not prevent it from performing other activities
such as the induction of apoptosis or an enhancement
of DNA repair, whereas targeting it for degradation
would certainly inhibit all such activities of p53 in
addition to that of transcriptional activation.

The p5S3-MDM2 autoregulatory feedback loop in the
cell-cycle checkpoint pathway

In the absence of DNA damage, p53 has a short half-
life. This is likely a result of a balance between p53’s
activation of MDM?2 transcription and MDM?2’s en-
hancement of the degradation of p53. Thus the autoreg-
ulatory feedback loop can control the basal levels of
both proteins. After DNA damage, p53 protein levels
rise rapidly as the protein becomes stabilized by a
posttranslational mechanism (i.e., the phosphorylation
of the p53 amino-terminus by DNA-PK [66] or car-
boxy-terminus by the CDK7-cycH-p36 complex of
TFIIH [67]) that causes a dramatic increase in the
half-life of p53 [68]. In this event, the autoregulatory
feedback loop is broken, allowing the levels of p53
protein to rise and for it to be active as a transcription
factor and tumour suppressor. Such an increase in p53
levels could occur by several mechanisms as discussed
below, which likely include regulation by the cell of
MDM2 levels, its interaction with p53 and/or its subcel-
lular localization. It is also possible that this feedback
loop is modulated after DNA damage by signals that
affect p53 stability and activity in a manner that is
independent of MDM2 (i.e., phosphorylation or acety-
lation of p53). Whatever the mechanism that blocks the
feedback loop, it must be reset after the cell has re-
paired the damage to its DNA and is ready to reenter
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the cell cycle. The now high levels of p53 activate the
transcription of the Mdm2 gene; the resultant high
levels of MDM2 protein can now decrease the activity
and levels of p53, returning the autoregulatory feedback
loop to its basal level and allowing the cell to reenter
the cell cycle.

Regulation of the pS3-MDM2 autoregulatory feedback
loop

At early times after DNA damage, p53 must overcome
its inhibition by MDM2 to increase its concentration
and perform its growth arrest or apoptotic functions.
Interestingly, this can occur in several tumour cell lines
that overexpress MDM2. Such cells have an efficient
response to DNA damage, as p53 is stabilized and
transcriptionally active despite the presence of large
amounts of its negative regulator (D. A. Freedman, Y.
Jin, A. Cantor and A. J. Levine, unpublished results).
These observations indicate that the control of p53
levels and activity by MDM2 may indeed be regulated
in and of itself.

Such regulation of the p53-MDM?2 autoregulatory feed-
back loop could occur on several levels. The first of the
mechanisms a cell might utilize to overcome inhibition
of p53 by MDM?2 is blocking complex formation be-
tween the two proteins. There is evidence that the
interaction between p53 and MDM?2 may be blocked in
cells after y-irradiation, by phosphorylation of p53 at
human p53 residue S15 [66]. This or a similar mecha-
nism would allow p53 to overcome the potential block
by basal levels of MDM2, and the cell could then
initiate the appropriate response to the DNA damage.
Phosphorylation of MDM2 is another way by which
the cell could potentially regulate the formation of the
MDM2-p53 complex. For example, disruption of hy-
drogen-bond formation between Y76 and D68 of
MDM2 by mutation of D68 prevents interaction with
p53 (see fig. 2) [47]. This tyrosine residue thus presents
a potential target for a signalling kinase that can regu-
late the p5S3-MDM2 complex after DNA damage. Other
posttranslation modifications of either protein or inter-
actions with other proteins remain as additional ways
that may function to modulate complex formation un-
der other conditions or as additional layers of control to
prevent MDM2 from inhibiting p53 activity when it is
needed by the cell.

Another way to control MDM2’s regulation of p53 is
by changing the levels of MDM2. In fact MDM2
protein and transcript levels decrease rapidly after
DNA damage by UV irradiation in a p53-independent
manner, before the levels increase due to induction by
p53 [69]. The decrease in MDM2 protein levels occurs
simultaneously with an increase in p53 levels, suggesting

Functions of MDM2

a possible causal relation that would allow p53 to
overcome the block by MDM2 after DNA damage.
Thus any mechanism the cell utilizes to decrease Mdm?2
transcription or to destabilize the MDM?2 protein after
DNA damage could contribute to the stabilization of
p53 and to the activation of p53-dependent functions
under those conditions.

Localization of MDM?2 is one final mechanism which
may regulate its inhibition of p53. In the nucleus,
MDM2 can bind directly to p53 and block its activities
as a transcription factor; this mechanism to inhibit p53,
however, may not in fact be sufficient in cases where
there is an excess of p53 protein as indicated by two
independent lines of evidence. The first is that transcrip-
tional activation by a p53 tetramer bound to a dimer of
MDM2 can occur in yeast [47], suggesting that the
inhibition requires a 4:4 stoichiometric ratio of the two
proteins. Second, by mutating the NES sequence of
MDM2, MDM2 is retained in the nucleus and cannot
target p53 for degradation. In this case, MDM2 is not
an efficient inhibitor of large amounts of the p53
protein, although it blocks the activity of p53 when p53
levels are low [38]. In addition, this result suggests that
the transport and degradation of p53 by MDM2 does
not require a 4:4 stoichiometry. Perhaps one molecule
of MDM2 can shuttle a p53 tetramer; it is also likely
that MDM2 may function more as a catalyst in this
capacity, returning to the nucleus to shuttle out more
p53 protein for cytoplasmic degradation. Thus
MDM?2’s ability to target pS3 for degradation or at
least remove it from the nucleus is likely essential for its
ability to block p53’s functions as a tumour suppressor,
and nuclear-cytoplasmic shuttling by MDM2 is there-
fore another possible target for regulation of p53 inhibi-
tion by MDM2. A cell could potentially block the
nuclear export of MDM?2 by modification of MDM2 or
by altering the nuclear export machinery. The effect of
such a block would be the retention of MDM2 in the
nucleus, where it would not efficiently inhibit the tran-
scriptional activation activity of the large amounts of
p53 protein after DNA damage, allowing p53 to medi-
ate the appropriate cellular response.

The cell thus has several levels at which to regulate the
inhibition of p53 by MDM2. One or more of these may
function to allow the cell to block the inhibition of p53
by MDM2 in order to fine-tune the level and timing of
the p53 response to DNA damage (fig. 3). These same
mechanisms of regulation by the cell also represent
potential targets for cancer therapies that could lead to
activation of p53, cell-cycle arrest or apoptosis and,
ultimately, tumour regression. But in addition, MDM?2
may have p53-independent oncogenic functions, as de-
scribed below, which may also provide targets for can-
cer treatments.
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pS3-independent oncogenic functions of MDM2

MDM?2 binds to the p53 protein and inhibits its func-
tions in tumour suppression. Overexpression of MDM?2
contributes to human tumour formation, an activity
which is likely due, at least in part, to its ability to block
p53 function. Several lines of evidence, however, sug-
gest that MDM2 may have p53-independent activities
that can also contribute to tumour formation. First of
all, a subset of tumours exist that have both overexpres-
sion of MDM2 and mutations in p53 that block its
functions as a tumour suppressor; these individuals in
fact have a significantly worse prognosis than those
individuals whose tumours possess only one of the two
alterations [14]. If MDM2’s only oncogenic function is
the inhibition of p53, having both changes in a tumour
would be a redundant mechanism to prevent p53 from
performing its tumour suppression functions. These ob-
servations suggest that MDM2 may indeed have addi-
tional activities that contribute an additional growth
advantage to the tumour.

A second line of evidence comes from the transgenic
MDM?2 mice that overexpress MDM?2 in the mammary
epithelium during lactation as discussed above [30]. The
phenotypes of ductal hyperplasia and decreased gland
development, lack of terminal differentiation and poly-
ploidy also occur when the mice are crossed into a p53
null background, although none of these phenotypes
are observed in p53 null mice that do not overexpress
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Figure 3. Model of the p53 pathway and the p53-MDM2 autoreg-
ulatory feedback loop. DNA damage signals to p53, causing it to
become more stable and active as a transcription factor. Some of
the genes activated by p53 are shown, and the question mark
indicates that not all pS3-responsive genes have been identified to
date [76—79]. These genes help facilitate the tumour-suppressive
outcomes of p53 activation, that of growth arrest or apoptosis and
possibly enhanced DNA repair. In addition, p53 activates the
transcription of the Mdm2 oncogene [33], which binds to p53 and
blocks its functions as a tumour suppressor. This autoregulatory
feedback is in itself regulated by the cell, allowing the level and
timing of the p53 response to DNA damage to be fine-tuned.
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MDM?2 [30]. As MDM2 overexpression confers tu-
mourlike characteristics in the absence of p53, MDM2’s
gain-of-function activities in this situation do not occur
through the inhibition of p53 activity.

A final reason to suspect that MDM?2 has a role in
cancer independent of its ability to inhibit the function
of p53 is the observation that several human tumour
cell lines with wild-type p53 have a functional p53
response to various types of DNA damage despite the
presence of MDM?2 gene amplification or overexpres-
sion. This normal p53 response to DNA damage in-
cludes the stabilization of p53, the activation of
pS3-responsive genes, as well as the induction of cell-
cycle arrest (D. A. Freedman, Y. Jin, A. Cantor and A.
J. Levine, unpublished results). Thus the advantage the
high levels of the MDM2 protein impart upon the
tumour cells may be from (i) an attenuation, not a
complete block, of p53 activity in response to DNA
damage, (i) a p53-independent tumour-promoting ac-
tivity of MDM2 or (iii) a combination of these
possibilities.

There are several activities and domains of MDM2 that
could contribute to a p53-independent transforming
ability. For example, the roles of RNA binding by the
MDM?2 RING finger or MDM2’s interaction with the
LS5 ribosomal protein and 5S rRNA (described above)
could play a role in MDM?2’s p53-independent onco-
genic functions. In addition, MDM?2 has several proper-
ties, described below, that may contribute to its
oncogenic potential and that do not require any physi-
cal or functional interaction between MDM?2 and p53.

An interaction with pRB and E2F

The amino-terminal 220 amino acids of MDM?2 are
sufficient for its in vitro interaction with both the E2F1
and DP1 proteins of the E2F transcription factor com-
plex that mediates progression through S phase [70]. It
has also been reported that MDM2 interacts both in
vitro and in vivo with the product of the retinoblastoma
gene, pRB, which functions to negatively regulate E2F
function [71]. Transfection of MDM2 with an E2F
reporter gene leads to increased activation by either
endogenous or exogenous E2F in several different cell
lines, suggesting that MDM?2 may play a role in pro-
gression through the S phase of the cell cycle via the
RB/E2F pathway [70, 71]. This function may represent
a p53-independent mechanism by which overexpression
of MDM2 contributes to tumour progression.

Inhibition of MyoD activity

The Mdm2 gene is amplified in a subset of rhab-
domyosarcoma cell lines with dominant nondifferentiat-
ing phenotypes [24]. In such cells, MyoD-dependent
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muscle-specific genes are not expressed, and it was
found that MDM?2 could block MyoD reporter gene
activation by either endogenous or exogenous MyoD.
In addition, transfection of antisense Mdm2 results in
the induction of muscle-specific gene expression in the
cell lines with amplified Mdm2, suggesting that MDM2
is indeed responsible for the lack of muscle-specific gene
expression and thus the nondifferentiating phenotype of
these tumour cells [24]. The inhibition of the transcrip-
tional activity of MyoD and possibly other cell-type
specific transcription factors by MDM2 is likely an-
other mechanism by which overexpression of MDM?2
contributes to tumour formation independent of its
inhibition of p53.

Targeting MDM2 as cancer therapy

Fifty percent of human tumours have wild-type p53 [1];
blocking MDM?2’s regulation of p53 in these tumours
may enhance p53’s activity after treatment with
chemotherapeutic DNA-damaging agents and may even
activate p53 in the absence of DNA damage. There are
multiple levels at which to attempt to block MDM?2’s
inhibition of p53 by drugs. Blocking the interaction
between MDM2 and p53, lowering the levels of MDM?2
or blocking the nuclear-cytoplasmic shuttling of
MDM?2 would result in activation of the tumour sup-
pression functions of p53, resulting in apoptosis or
cell-cycle arrest.

Several experiments have already begun to show the
utility of such approaches. Preventing complex forma-
tion between MDM?2 and p53 does indeed appear to
stabilize the p53 protein, lead to transcriptional activa-
tion by p53, and in at least one case result in an arrest
of the cell cycle. Microinjection of a monoclonal anti-
body against the p53-binding domain of MDM2, 3G5
[36], blocks the interaction between MDM2 and p53
and leads to p53-dependent activation of reporter genes
in cell lines that have wild-type p53, with either normal
or high levels of the MDM2 protein [72, 73]. A similar
result is obtained by transfection of a synthetic protein
that contains a peptide mimicking the MDM?2-binding
o helix of p53 which binds in the MDM?2 cleft and
prevents docking of p53 [72].

Blocking the nucleocytoplasmic shuttling ability of
MDM?2 is another potential way in which p53 can be
stabilized and therefore activated as a cancer therapy.
Direct experimental evidence suggests that this is indeed
a feasible mechanism to stabilize p53. Blocking the
nuclear export of MDM2 by transfection of NLS-rex,
an inhibitor of human immunodeficiency virus (HIV)
rev protein’s nuclear export, also blocks its ability to
degrade the p53 protein, the steady-state levels of which
subsequently rise in the cell [38]. Also, the addition of
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leptomycin B, a drug that blocks nuclear export of
cellular proteins, leads to an increase in the steady-state
levels and half-life of p53 in a variety of cell lines [73a].
This drug, however, is quite toxic to cells regardless of
p53 status, as it likely disturbs the activity of many
critical cellular regulators. Drugs that specifically block
the shuttling ability of MDM2 are thus likely to be
efficient stabilizers and activators of p53 and represent
another form of potential cancer therapy.

Lowering the levels of MDM2 in cell lines that overex-
press it also appears to activate the wild-type p53
protein present in such cells. Using antisense oligonucle-
otides to the Mdm2 message in a choriocarcinoma cell
line that has wild-type p53 and amplification of the
Mdm?2 gene, p53 reporter genes can be activated and the
cells induced to undergo apoptosis. The effects of the
oligonucleotide treatment are enhanced by the addition
of strand-breaking DNA-damaging agents such as to-
poisomerase I inhibitors, under conditions in which p53
is not activated by the DNA damage alone [74]. This
last observation suggests that p53’s response to DNA
damage in cell lines that overexpress MDM2 may in
fact be limited by the presence of large amounts of its
negative regulator.

Each of the above ways to block MDM2’s inhibition of
p53 may have enhanced effects when used in combina-
tion with the DNA-damaging agents already used as
cancer treatments. Such DNA-damaging drugs are
thought to work by activating p53 in the cells of the
tumour; one aspect of this activation likely includes
blocking its inhibition by MDM2. Presumably other
changes, independent of MDM?2, also occur that help
activate p53, indicating that DNA damage and blocking
the inhibition of p53 by MDM2 could act synergisti-
cally to induce an enhanced p53-dependent response,
such as apoptosis and subsequent tumour regression.
In addition, the drugs that target MDM?2 may block
other, p53-independent oncogenic activities of MDM2
as described above. By decreasing the cellular levels of
MDM2, by altering its subcellular localization, or by
blocking its interaction with other cellular proteins,
such p53-independent oncogenic activities may be pre-
vented and the advantage they provide to the tumour
cells may thus be negated. This therefore suggests that
drugs that target MDM?2 may even be effective in
treating tumours that do not have functional p53
protein. It also provides another reason to suspect that
combinations of DNA-damaging drugs to induce p53
and drugs to decrease MDM?2 levels or activity would
represent very powerful cancer therapies.

Conclusion

The best-characterized activity of the MDM?2 onco-
protein is its role in an autoregulatory feedback loop



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999

with the p53 tumour suppressor protein. Its function in
this capacity is to regulate the level and timing of the
p53 response, allowing the cell to react as efficiently as
possible to DNA damage. There are, however, many
questions about MDM?2 which remain to be answered.
For instance, what are the targets of its p53-indepen-
dent oncogenic activities, and what advantage does
MDM2 give tumour cells that overexpress it but still
have an efficient p53 response? What are the roles of
MDM2-related proteins such as MDMX? Is MDM2
responsible for the low steady-state levels of p53 in the
absence of DNA damage? What signals block the inhi-
bition of p53 by MDM2 allowing for p53’s response to
DNA damage? What activities can regulate the p53-
MDM?2 interaction? What regulates the p53-indepen-
dent degradation of MDM2 after UV irradiation? Is the
nuclear-cytoplasmic shuttling of MDM2 regulated?
What signals control the timing of the p53 response,
allowing MDM?2 to resume its block of p53 and allow
the cell to reenter the cell cycle? Can we take advantage
of the knowledge we have accumulated about the inter-
actions of MDM2 and p53 to help develop new drug
therapies aimed at killing tumour cells? The answers to
these questions will go a long way to understanding the
many interesting functions of p53 and MDM2.
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