
ICANCER RESEARCH57. 3562â€”3568.August 5. 1997)

ABSTRACT

The mdm2 oncogene has transforming potential that is activated by
overexpression. We previously reported the identification of human cho
riocarcinoma cell lines that have very high levels of mdm2 proteins as well
as elevated levels of a stabilized wild.type p53 protein. Importantly, this
mdm2 overexpression resulted from enhanced translation of mdm2

mRNA, a mechanism that had not previously been implicated in mdm2
expression control. The focus of this study was to investigate the breadth
of enhanced translation of mdm2 mRNA in human cancers and to eluci
date the basis for this translational activation. Here we present evidence
that translational enhancement of mdm2 expression occurs in a variety of
human tumor cells. Most of these samples also have high levels of wild
type p53 protein. However, there is no evidence for concomitant overex
pression of the p53 target genes p2l/wafl and gadd45. Additionally, we
demonstrate that the translational enhancement of mdm2 involves a
preferential increase in mdm2 transcription that is initiated from the
internal p53-responsive promoter region of this gene. The particular
mdm2 transcripts that are generated contain a distinct 5' untranslated
region and exhibit a significantly enhanced translational efficiency. These
data provide a quantitative explanation for the overexpression of mdm2
proteins in this class of human tumors.

INTRODUCTION

Increasingly, perturbations in the expression of the mdm2 oncogene
are implicated in the pathogenesis of human neoplastic diseases. The
mdm2 oncogene originally was identified by virtue of its amplification
on double minute particles in a tumorigenic mouse cell line (1). When
overexpressed, this gene can immortalize primary rat embryo fibro
blasts and transform immortalized cells (2, 3). Amplification of the
mdm2 gene, with a corresponding increase in mdm2 mRNA and
proteins, has been reported in a number of human tumors, with a
particularly high frequency in osteosarcomas, soft tissue sarcomas,
and gliomas (4â€”8).At least part ofthe transforming capacity of mdm2
can be attributed to the ability of mdm2 oncoproteins to physically
interact with and functionally inhibit the product of the p53 tumor
suppressor gene (3, 4, 9â€”11). However, in understanding the mech
anisms of transformation by mdm2, it also must be considered that this
gene may confer a growth advantage to cells that is independent of its
activity on p53 (12, 13). In this regard, mdm2 protein also has been
found to physically interact with and functionally modify the pRb
tumor suppressor protein (14) as well as the S-phase-promoting iran
scription factor E2F1 (15). Additionally, there is evidence that over
expression of mdm2 proteins in rhabdomyosarcomas can inhibit
MyoD-dependent transcription, resulting in a dominant nondifferen
tiating phenotype; this supports a potential role of mdm2 in certain
cellular differentiation events (16). Taken together, such findings
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underscore the importance of defining the pathways regulating the
expression of the mdm2 oncogene in normal and transformed cells.

In an earlier investigation, we identified human choriocarcinoma
cell lines containing abnormally high mdm2 protein levels (17). The
mdm2 protein overexpression in these cells was notable in that it was
not associated with mdm2 gene amplification or with a corresponding
substantial increase in mdm2 mRNA levels. Rather, the high mdm2
protein levels in these cells could be attributed to enhanced translation
of mdm2 mRNA, a mechanism that had not previously been impli
cated in mdm2 regulation. The focus of this study was to determine the
generality of enhanced translation of mdm2 mRNAs in human cancer
and to elucidate the molecular basis for this translational activation.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Retroviral Infection. All cell lines
were cultured in DMEM supplemented with 10%heat-inactivated fetal bovine
serum (Life Technologies, Inc.). Normal diploid fibroblasts were provided by
R. Nussbaum (NIH, Bethesda, MD). The lung carcinoma cell line H1299, with
a homozygous deletion of p53 (18), was kindly provided by J. Minna (Uni
versity of Texas Southwest Medical Center, Dallas, TX). The following were

obtained from the American Type Culture Collection: human diploid lung
fibroblast cell lines WI-38 (CCL 75) and MRC-5 (CCL171); choriocarcinoma
cell line JEG-3 (HTB 36), wt3 p53 ( 17); melanoma cell line SK-MEL-2 (HTB

68), mutation affecting codon 245 of the p53 gene;4breast carcinoma cell lines
ZR-75â€”l(CRL1500) and MCF-7 (HTB22), both with wt p53 (19, 20); osteo
sarcoma U2OS (HTB96), wt p53 (21); and colon carcinoma HCT-116

(CCL247), wt p53 (22). The melanoma cell lines A875, CaCI-7336, and HO-I
(23)werekindlyprovidedby R. Kennett(Universityof Pennsylvania),andall
have a wt p53.4 The melanoma cell lines WM8, WM9, WM115, WM239,

WM278, WM373, WM793, WM1158, WM852, and WM983B were kindly
provided by M. Herlyn (Wistar Institute, Philadelphia, PA); all have a wt p53

except the latter two cell lines (24). The PA317 cell line producing the
amphotrophic retrovirus LXSNI6E6 (25) was kindly provided by D. Galloway
(Fred Hutchinson Cancer Research Center, Seattle, WA). Cells were infected
with an amphotrophic retrovirus containing the HPV-16 E6 gene in vector

LXSN (LXSNI6E6) as described previously (25). The cells were subcultured
and selected in 800 @xg/mlGeneticin (Life Technologies, Inc.) for 10â€”14days
before clonal populations were isolated and characterized.

Antibodies and Vectors. Monoclonal antibodies MDM2 Ab-l (1F2), p53

Ab-6 (DO-l), and p2l/wafl Ab-l (EA1O) were purchased from Oncogene
Science Inc. The anti-f3-galactosidase monoclonal antibody (D19â€”2F3â€”2) was

purchased from Boehringer Mannheim Biochemicals. The p53 PAb42l hybri
doma was kindly provided by A. Levine (Princeton University, Princeton, NJ).
PAb4l9 tissue culture supernatant, directed against SV4O large T antigen, was

kindly provided by J. Alwine (University of Pennsylvania). Anti-actin ascites
fluid was obtained from Amersham Life Science. The cDNA plasmids pCEP

WAF1 and pCEP-GADD45 were kindly provided by W. El-Deiry (University
of Pennsylvania).

Western Blot and Immunoprecipitation Analyses. For Western blot
analysis, cells were grown to 70â€”80%confluence and harvested by mild
trypsinization. Cell pellets were lysed in radioimmunoprecipitation assay

buffer [50 mMTris (pH 7.5), 1%NP4O,0.5% sodium deoxycholate, 0. 1%SDS,
and 150 mMNaCII supplemented with 5 mM EDTA and 1 mi@iphenylmeth

3 The abbreviations used are: wt, wild-type; RACE, rapid amplification ofcDNA ends;

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT, reverse transcription; UTR,
untranslated region; HPV, human papillomavirus.

4 Unpublished observations.
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ylsulfonyl fluoride and rotated at 4Â°Cfor 30 mm. Cellular lysates were
clarified, and a small aliquot was removed for determination of protein
concentration by Bradford analysis (Bio-Rad). Additional protease inhibitors
were added to a final concentration of 2 ,.@g/mlleupeptin, 1 @Wmlaprotinin,
and I @.tg/mlpepstatin. Equal quantities of lysate (40â€”75 @g)were separated
on a 7.5% PAGE-SDS gel and blotted overnight at 4Â°C onto nitrocellulose.

Blots were incubated for 1 h in blocking buffer (3% nonfat dry milk in PBS
with 0.1% Tween 20), followed by an incubation with either anti-mdm2
antibody 1F2 at 3 j.@g/ml,anti-p53 antibody DO-I at 0.5 @g/ml,anti-p2l
antibody at 1 ,.@g/ml, or actin ascites fluid at a 1:3000 dilution. The lauer was

used to confirm equal protein loadings for the various samples. After washing
with PBS and 0. 1% Tween 20, blots were incubated with sheep antimouse
immunoglobulin horseradish peroxidase-labeled secondary antibody (Amer
sham Life Science) diluted 1:5000 and visualized using the enhanced chemi
luminescence detection system (Amersham Life Science). Immunoprecipita
tion analyses to determine relative translatabilty of mdm2 RNA and pulse
chase assays for determination of protein half-life followed our published
protocols (17).

5' RACE-PCR. 5' RACE-PCR protocols followed a modification of the 5'
RACE system described by the manufacturer (Life Technologies, Inc.).
Briefly, RNA from normal human placental tissue, normal human brain tissue,
or the JEG-3 chonocarcinoma cell line was primed using the mdm2-specific
primer MDM2-GSP1 (5'-CCAGATAATfCATCTG-3'), and RT was per

formed using Superscript II reverse transcriptase (Life Technologies, Inc.).
After RNaseH digestion and homopolymeric tailing of the cDNA, amplifica
tion was performed using the nested primer MDM2-GSP2 (5'-TGTCTCAC
TAATTGCTCTCCTT-3') with the anchor primer supplied. An aliquot of this

reaction was then removed for a second round of PCR using the nested primer

MDM2-GSP3 (5'-1TI'AGTCATAATATACTGGCC-3') with the universal
amplification primer supplied. The PCR products were separated on an agarose
gel, isolated, and subcloned into the vector pCRII (Invitrogen). The cDNAs
corresponding to the RACE-PCR products were isolated by RT-PCR. Ampli
fication was performed using the forward primer S-MDM2 (5'-AGTGGC
GAUGGAGGGTAGACC-3') or L-MDM2 (5'-GCACCGCGGCGAGCTl@-
GGC-3') with the primer MDM2-STOP (5'-CAGGTCAACTAGGGGAA
ATAAG-3') located at the termination codon. The resulting constructs were
termed TA-Short-MDM2 and TA-Long-MDM2.

In Vitro Transcription and in VUro Translation. Templates for in vitro

transcription were linearized with BamHI and then separated on an agarose gel.
Digested fragments were isolated and subjected to in vitro transcription using
T7 RNA polymerase (Promega) in the presence of 0.5 mM m7G(5')pppG
(Boehringer Mannheim Biochemicals), 40 mM Tris-HC1 (pH 7.5), 6 mM
MgCl2,2 m@ispermidine, 10 mMNaCI, 10 mt@iDli', and RNAsin (2 units/id;
Promega) at 37Â°Cfor 1 h. After digestion of the template with RQ1 DNase
(Promega) and phenol-chloroform extraction, the RNA was twice precipitated
and quantitated by absorbance at 260 nm. In vitro translation was performed
using nuclease-treated rabbit reticulocyte lysate (Promega) in the presence of
20 @g/mlRNA as recommended by the manufacturer.

Genomic PCR and RNA Blot AnalySis. Genomic PCR used 10 ng of
genomic DNA isolated from the normal diploid fibroblast cell line MRC-5 and

primers L-MDM2 and GSP-3 described above. Amplification was performed
at a denaturing temperature of 94Â°C for I .5 mm, an annealing temperature of

55Â°Cfor 1.5 mm, and an extension temperature of 72Â°Cfor 3 mm for 35
cycles. The PCR products were subcloned as described above. The resultant

plasmid, TA-lKbGen, contains approximately I kb from the 5' end of the
human mdm2 gene. DNA sequence analysis was performed on an ABI 373A
sequencer. RNA blot analysis followed our previously published protocols
(26). To confirm equivalent amounts of RNA in each lane, the gels were
stained with ethidium bromide before transfer, and the nitrocellulose blots
were hybridized with a control cDNA for human GAPDH.

RNase Protection Analysis. The mdm2 riboprobe was generated using the
Riboprobe Gemini System (Promega). XbaI-digested TA-S-MDM2â€”260 con

taming the 5' 260 nucleotides of the S-mdm2 was isolated and subjected to in
vitro transcription using Sp6 RNA polymerase (Promega) in the presence of 40
mM Tris-HCI (pH 7.5); 6 mM MgCl2; 2 mrvi spermidine; 10 msi NaCI; 10 mM

DTF; RNAsin (2 units/s.d;Promega); rATP, rCTP, and rGTP (0.5 mMeach);
and [a-32P]UTP (5 @Ci/Ml;Amersham Life Science) at 37Â°C for I h. Approx

imately 106 counts of mdm2 riboprobe were hybridized to equal amounts (5
,.Lg) of total cellular RNA, as determined by absorbance at 260 nm and by

ethidium bromide staining, in the presence of 50% formamide, 40 mM PIPES
(pH 6.4), 0.4 MNaCI, and I m@iEDTA at 42Â°Covernight. After RNaseA and
RNaseTl digestion, the reaction was stopped with the addition of SDS and
proteinase K followed by phenol-chloroform extraction. The protected frag

ments were precipitated, separated by 6% PAGE-SDS, and exposed to X-ray
film. All RNase protection assays were repeated several times to confirm the
reproducibility of results; most experiments were also carried out using an
internal control RNase protection probe for GAPDH.

GenBank Accession Number. The GenBank accession number for the
mdm2 genomic DNA and cDNA sequence information generated in this work

is U39736.

RESULTS

Overexpression of mdm2 Proteins in Human Tumors Contain
ing Wild-Type p53. Point mutations or deletions in the p53 tumor
suppressor gene represent common genetic alterations in human ne
oplasia. However, in certain cancer types, p53 mutations are infre
quent, although the protein is expressed at elevated levels (27â€”32).
Melanomas, for example, have elevated p53 protein levels in about
80% of samples analyzed, yet less than 20% contain detectable p53
gene mutations (24, 33â€”35).To test the hypothesis that tumors in
which p53 mutations are rare might be those with overexpressed
mdm2, we used Western blot analysis to determine mdm2 expression
levels in representative melanoma cell lines. Of 14 samples analyzed,
I 1 (78%) were found to have elevated mdm2 protein levels. In two of
these melanoma cell lines, A875 and CaCI-7336, (Fig. la, Lanes 4
and 5), the degree of mdm2 overexpression is similar to that we
previously reported for the JEG-3 choriocarcinoma cell line (Lane 2),

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

b

Fig. 1. a, overexpression of mdm2 proteins in tumors with a wt p53 protein. Equal amounts of protein from lysates of the cell lines indicated were separated by PAGE and blotted
onto a nitrocellulose membrane. The membrane was cut just below the position of the 68-kDa prestained marker, and the top portion was incubated with anti-mdm2 antibody. Proteins
were detected by an enhanced chemiluminescence system. b, the same nitrocellulose membrane was used for detection of p53 protein using anti-p53 monoclonal antibody. The fibroblast
cell lineindicatedin Lane3 andin thefollowingfiguresis MRC-5;similarresultswereobtainedwithW1-38andprimaryfibroblastcultures.Allcell lineslistedherehavea wip53
protein, except the two marked by an asterisk (*); the SK-MEL-2 (Lane 6) and WM983B (Lane 12) cells have a mutation of the p53 gene. The p53 status of all of the tumor cell lines
examined had been reported previously (references listed under â€œMaterialsand Methodsâ€•)or was determined for these studies.
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these cells, there is no evidence for an increase in the expression of
these p53 response genes.

Overexpression of mdm2 Proteins Is Associated with Enhanced
Translation of Particular mdm2 Transcripts. Northern blot anal
yses revealed that some of the mdm2-overexpressing tumor cell lines
exhibit mdm2 mRNA levels that are about 5â€”7-foldhigher than those
of control samples. Moreover, pulse-chase assays confirmed that
mdm2 proteins in the JEG-3, A875, and CaCl-7336 tumor cells
exhibit a normal half-life of about 30 mm (Ref. 17; data not shown).
Thus, altered protein stability is not the basis for the high mdm2
protein levels in these cells. The combined results of DNA blot, RNA
blot, and pulse-chase assays are consistent with the conclusion that
mdm2 protein overexpression in this class of tumor cells is likely to
result from enhanced translation. As a test of this hypothesis, we
compared the active mdm2 protein synthesis occurring in two mela
noma cell lines with elevated levels of mdm2 to that of several control
cell lines. As presented in Fig. 3a, the results demonstrate that the
mdm2-overexpressing cells A875 and CaCl-7336 have much higher
levels of mdm2 protein neosynthesis than do normal human fibro
blasts or SK-MEL-2 melanoma cells with mutant p53. We conclude
that, like the choriocarcinoma cells we previously characterized (17),
these melanoma cell lines contain high levels of mdm2 protein asso
ciated with enhanced translation of mdm2 mRNA.

The enhanced translation could be due to the usage of distinct 5'

d
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Fig. 3. a, overexpression of mdm2 proteins is associated with enhanced translation. To
examine the relative translatability of nzdm2RNA transcript forms, cells were incubated
in methionine free-culture medium with 2% dialyzed fetal bovine serum for 1 h. [35SJMe
thionine (100 pCi/mi) was added to the cultures, and the cells were incubated for an
additional15mm.Lanes1,3, 4, and5: cellularextractswereprepared;andtheproteins
were immunoprecipitated with anti-mdm2 antibody. Lane 2, a control in which cellular
lysate from the A875 cells was immunoprecipitated with an unrelated antibody (PAb4l9).
b, identification of md,n2 transcriptswith distinct 5' UTRs, differing in translational
efficiency. 5' RACE-PCR protocols yielded two mdm2 mRNA species differing in their
5' noncoding regions. These RNA transcript forms are referred to as the L-mdm2 and
S-mdm2 transcripts. As illustrated, the shorter 5' UTR (0) and the longer 5' UTR (R)
splice into mdtn2codingregions(R) identically.The positionof the first in-frame
translational initiation codon is indicated (AUG). c, S-mdm2 translates more efficiently
thanL-mdm2in vitro.Expressionplasmidsencodingthe S-mdm2andL-mdm2cDNAs
were subject to in vitro transcription and generated equivalent amounts of RNA. Equal
amountsof thetranscribedRNA(20,sg/ml)werethentranslatedusingrabbitreticulocyte
lysate in the presence of [35Sjmethionine, and aliquots of each reaction were separated on
a 7.5% polyacrylamide SDS gel. The control lane represents a reaction without input
RNA. d, S-mdm2 translates more efficiently in vivo. The two mdm2 transcript forms were
subcloned into the pCR3 eukaryotic expression vector, and these constructs were cotrans
fected with a @-galactosidaseexpression vector into Hl299 cells. The control lane
represents cells transfected with an irrelevant pCR3CAT construct. Transfected cells were
harvested after 24 h, and lysates were subjected to immunoblot analysis with anti-mdm2
antibody. The membranes were then stripped and rehybridized with a monoclonal anti
body against @-galactosidaseas a control for transfection efficiencies and with anti-actin
ascites fluid as a control for protein loading.
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Fig. 2. Expression of p21/wall is not up-regulated in tumors overexpressing mdm2
proteins. a, RNA samples (10 gsg) from the cells indicated were separated by electra
phoresis, blotted onto nitrocellulose, and hybridized with a 32P-labeled human p21 cDNA
probe. Verificationthat equivalentamountsof RNA were loadedin each lane was
assessed by staining for 28S rRNA as indicated and by hybridization of the blot to a
control probe, such as GAPDH (data not shown). All of the cell cultures contain a wt p53,
with the exception of SK-MEL-2. As expected, the latter cells show decreased expression
ofp2l/wafl RNA, because loss of p53 results in a significant reduction ofp2l/wafl RNA
levels. b, Western blot analysis ofp2l/wafl protein expression. Equal amounts of protein
(40 @sg)from lysates of the cell lines indicated were blotted onto a nitrocellulose
membrane and incubated with anti-p2l monoclonal antibody.

and is estimated to be about 30â€”50-foldhigher than the mdm2 protein
levels present in controls. The latter include cultures of normal cy
totrophoblasts (Lane 1), normal human fibroblasts (Lane 3), and
normal skin melanocytes (data not shown). Nine of the melanoma cell
lines have an estimated 20â€”30-foldoverexpression of mdm2 proteins,
as illustrated by the results presented in Fig. la, Lanes 7â€”11.Notably,
all of the samples with high mdm2 levels also exhibit increased levels
of p53 protein (Fig. lb); in all cases, DNA sequence analysis and
single-strand conformational polymorphism analysis indicated that
this protein was wt in sequence (see â€œMaterialsand Methodsâ€•). In
contrast, those tumor cell lines containing mutant p53 protein or null
for p53 protein exhibited mdm2 protein levels that are similar to or
less than those of control cells (for example, see Fig. 1, Lanes 6 and
12). Western blot analyses of mdm2 expression were extended to
include several additional cell lines previously shown to have a wt p53
protein, including osteosarcoma cell line U2OS, breast carcinoma cell
lines ZR7501 and MCF-7, and colon carcinoma cell line HCT-ll6. As
illustrated in Fig. 1 (Lanes 15â€”18),each of these tumor cell lines
displays elevated expression of mdm2 proteins relative to that of
controls; they also have elevated levels of wt p53 protein.

A further analysis of the A875 and CaCl-7336 melanoma cell lines
showed that the increased abundance of wt p53 protein is attributable
to a prolongation of protein half-life. From pulse-chase assays, we
calculated the p53 half-life in these cells to be about 3 h, compared
with the 20â€”30-mm half-life that might be expected for a wt p53
protein (data not shown). Thus, like the choriocarcinomas we had
previously characterized (17), these melanomas exhibit elevated 1ev
els of a stabilized wt p53 protein, coupled with a substantial increase
in mdm2 proteins.

Because mdm2 is a transcriptional target of p53, we also examined
the endogenous expression levels of two other p53 target genes,
p21/wafi and gadd45 (22, 36). Northern and Western blot analyses
revealed that there is no increase in the expression of either of these
two genes relative to that of control cell lines. As illustrated in Fig. 2,
for example, p21/wall mRNA and protein levels in representative
tumor cells with accumulated wt p53 protein are indistinguishable
from those of control fibroblasts. Similar results were obtained when
we examined p21/wall and gadd45 mRNA levels in several other
tumor cell lines. Therefore, despite the high level of wt p53 protein in
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noncoding regions of mdm2 mRNAs in these tumor cells. To test this
possibility, 5' RACE-PCR protocols were used in cloning the 5' ends
of the human mdm2 transcripts. These reactions, as detailed in â€œMa
tenals and Methods,â€•were carried out with RNA isolated from three
sources: JEG-3 choriocarcinoma cells, normal human placental tissue,
and normal human brain tissue. The PCR products generated in
independent reactions were cloned, and at least 20 clones from each
of the 3 RNA samples were analyzed. For all three of these RNA
samples, two distinct classes of cDNA products were generated: (a)
one product contained an approximately 300-bp 5' UTR; and (b) the
second product contained a 64-bp 5' UTR. For convenience, we refer
to the two transcript classes with different 5' ends as the long-form
(L-mdm2) and the short-form (S-mdm2) RNAs. As diagrammed in
Fig. 3b, these two UTRs represent completely dissimilar 5' ends of
mdm2 transcripts, but both species splice into mdm2 coding regions
identically to generate the same open reading frame.

RT-PCR protocols were used to isolate cDNAs containing the
entire mdm2 coding region and differing only in whether they con
tamed the longer or shorter of the two 5' UTRs. The translational
efficiencies of these two mdm2 cDNA forms were then compared
using both in vitro and in vivo assays. In one case, RNA was generated
from each of the two mdm2 cDNAs by in vitro transcription; an
equivalent amount of RNA from each reaction was then subjected to
translation in a rabbit reticulocyte lysate in the presence of [35S]me
thionine, and the translation products were examined after gel dcc
trophoresis. Each of the two mdm2 cDNA forms produced a protein
product with a molecular size of about 90 kDa, consistent with the
translation of a full-length product (Fig. 3c). However, the mdm2
cDNA containing the shorter 5' UTR (S-mdm2) exhibits greater
translational efficiency than the cDNA containing the longer 5' UTR
(L-mdm2); based on densitometric analysis, the difference in the
amount of protein produced in this assay was estimated to be approx
imately 8-fold. A similar translational advantage of mdm2 mRNAs
containing the short versus the long 5' UTR was observed when the
two mdm2 cDNA forms were compared in an in vivo assay. Each
cDNA form was subcloned into a eukaryotic expression vector and
then transiently transfected into the cell line Hl299, along with a
f3-galactosidase reporter construct to confirm equivalent transfection
efficiencies. Cellular lysates were prepared from the transfected cells,
and the levels of mdm2 protein were determined by Western blot
analysis. Consistent with the in vitro translation results, we found that
the S-mdm2 construct produced approximately 8-fold more protein
than the L-mdm2 construct (Fig. 3d), despite the fact that equivalent
amounts of mRNA were generated.

To test the hypothesis that increased production of S-mdm2 tran

scripts might lead to the overexpression of mdm2 proteins in tumor
cells, RNase protection assays were performed using a probe that
would distinguish between the S-mdm2 and L-mdm2 transcripts. As
detailed in Fig. 4, RNase protection assays revealed that cells with
elevated mdm2 protein levels, such as JEG-3, A875, and CaCl-7336,
contain about 6-fold higher levels of the S-mdm2 transcripts than
normal fibroblasts and placental cells. In some cell lines, slightly
higher than normal levels of L-mdm2 were also detected, but these
would be unlikely to significantly contribute to increased mdm2
protein levels. In contrast, a 3â€”6-foldincrease in S-mdm2 transcripts,
which are translated about 8-fold more efficiently, would be predicted
to generate an approximately 20â€”50-foldincrease in mdm2 proteins;
this is quite consistent with the range of overexpression of mdm2
proteins actually observed in the various tumor cell lines.

Genesis of Alternative 5' UTRS of mdm2 Transcripts. Previous
studies have reported that the mdm2 gene in human or mouse cells
contains two different promoter regions and that it is a target of p53
transcriptional activation (37â€”41).An upstream promoter region des
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Fig. 4. RNase protection analysis illustrates differential expression of the two mdtn2
transcript classes. As detailed in â€œMaterialsand Methods,â€•we generated a 32P-labeled
antisense probe that is complimentary to sequences in the shorter 5 â€ŨTR as well as a
small portion of the mdm2coding region. This probe was hybridized to RNA isolated from
the cell lines indicated. After RNase digestion, the protected fragments were precipitated,
separated on a 6% denaturing polyacrylamide gel, and detected by autoradiography. As
indicated, based on the probe produced, mdm2 transcripts containing the short (64-bp) 5'
U'rR will protect a fragment of 260 nucleotides; those mdrn2 transcripts containing the
longer (30l-bp) 5' U'FR will protect a fragment of 196 nucleotides.

ignated P1 is active in the absence of p53; a second promoter region,
P2, is located within the first intron of the gene and is p53 responsive.
In characterizing the mdm2 mRNAs and a portion of the 5' genomic
region (seeFig. 5), we havealsodeterminedthat the 5' UTR of the
L-mdm2 transcripts is derived from exon 1 of the human mdm2 gene,
whereas the 5' UTR of the S-mdm2 transcripts is derived from exon
2.Importantly,therefore,usageoftheinternalp53-responsivepro
moter region generates mdm2 transcript forms (S-mdm2) with en
hanced translational efficiency relative to those transcripts (L-mdm2)
derived from the upstream P1 promoter.

Because the S-mdm2 transcripts are generated from the internal
promoter region, overexpression of mdm2 proteins detected in various
tumor cell lines could be a direct consequence of the accumulated wt
p53 protein also observed in so many of these samples. If this is the
case, then a reduction in the level of p53 protein should result in a
decrease in the level of mdm2 protein. As a test of this hypothesis, we
used the E6 gene product of HPV-16 to reduce cellular p53 levels and
abrogate p53 function. The HPV-l6 E6 protein can bind to p53,
inhibit its transcriptional activation function, and direct its degradation
through a ubiquitin-dependent pathway of proteolysis (42â€”44).For
these analyses, melanoma cell lines A875 and CaCl-7336 were in
fected with a retroviral vector carrying the E6 gene. After selection for
transfected cells, several independent clones were isolated and were
confirmed to have a significant reduction in p53 protein levels. In each
of three E6-transfected A875, and CaCl-7336 clones that were ana
lyzed, a decrease in p53 protein levels was associated with a corre
sponding decrease in mdm2 protein levels; representative results are
shown in Fig. 6a. RNase protection assays, carried out as described
above, confirmed that these E6-transfectants also exhibit a clear
reduction in the expression of S-mdm2 transcripts (Fig. 6b). The small
decrease in the amount of the P1-derived (L-mdm2) transcripts could
be attributed to a previously reported (41) mild enhancer-like effect of
the internal p53 promoter elements on the upstream constitutive P,
promoter. These results support the conclusion that the wt p53 protein
present in these tumor cell lines is responsible for the elevated level of
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Fig. 5. Genesis of alternative 5' UTRs of mdm2transcripts.
a, genomicPCRprotocolsdescribedin â€œMaterialsandMeth
odsâ€•generated an approximately I-kb DNA fragment contain
ing the 5' region of the human mdm2 gene. The location of
DNAsequencescorrespondingto exonsI, 2, anda portionof
exon 3 are indicated (uppercase letters). Sequences corre
sponding to two putative p53 binding sites within the first
intron are underlined with a heavy black line, and the position
of a putative TATA box is underlined with an open box. b,
diagram illustrating the 5' region of the mdm2 gene. Data from
our RNase protection analysis and 5' RACE-PCR protocols as
wellas previousresults(41)supportthe existencein human
cells of two transcriptional initiation sites (!@and â€˜2)associated
with two promoter regions (P, and P2), leading to the genesis
of the L-mdm2andS-mdm2transcriptclasses,respectively.
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levels of p53 protein. Additionally, we have found that the molecular
basis for the enhanced translation of mdm2 mRNA resides in the
increased expression of the internal (p53-responsive) promoter of the
gene. The latter generates an mdm2 transcript class with a distinct 5'
UTR (S-mdm2) that is translated approximately 8-fold more effi
ciently than transcripts (L-mdm2) produced by the constitutive mdm2
promoter.

Consistent with results obtained in another study (41), our analyses
of the various mdm2 transcript classes indicate that those transcripts
initiating from promoter region P1 contain sequences from exon 1
spliced directly to exon 3; exon 2 is skipped. This contrasts with the

mdm2 protein in these cells. However, we cannot rule out the possi
bility that another factor that is also inhibited by E6 acts on the mdm2
P2 promoter region, leading to an overexpression of mdm2 proteins.

DISCUSSION

In this study, we have presented evidence that mdm2 protein
overexpression, by the process of enhanced translation, can be de
tected in a variety of human tumor cell types; our sample base
includes cell lines derived from melanomas, breast carcinomas, Os
teosarcomas, choriocarcinomas, and a colon carcinoma. Interestingly,
most but not all of these samples also express increased steady-state

â€˜0 *

a
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69.8kDa-l@ -

1 2 3 4 5 6

4 8 6

Fig. 6. a, decreased expression of mdm2 proteins and S-mdm2 transcripts associated with an HPV-16 E6-mediated decrease in p53 protein levels. As described in the legend to Fig.
I, Western blot analysis was used to examine mdrn2 and p53 protein expression in the following melanoma cell lines: A875 (Lane 1); E6-transfected A875 clone D (Lane 2) and clone
F (Lane 3); CaC1-7336(Lane 4); and E6-transfected CaCl-7336 clone D (Lane 5) and clone F (Lane 6). The membranes were hybridized with anti-actin ascites fluid as a control for
protein loading. b, RNase protection assays were carried out as described above, using RNA from the cell lines indicated. The E6 transfectants show a clear reduction in expression
of the S-mdm2 transcripts, indicated by the protected fragment of 260 nucleotides; in contrast, there is little change in the expression of the L-mdm2 transcripts. indicated by the
protected fragment of 196 nucleotides.
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situation in mouse cells, in which P1-denved transcripts contain both
exons 1 and 2 (45). Previously, Barak et a!. (45) reported that the two
distinct 5' UTR regions identified in murine mdm2 transcripts exhibit
a distinct translational potential; that is, results obtained under certain
in vitro assay conditions indicated that these 5' UTRs are capable of
influencing start codon usage and thereby influencing the nature of the
proteins produced. However, these researchers did not report differ
ences in translational efficiency of these distinct Sâ€ŨTRs. To date, we
have found no evidence for preferential association of either the short
or long-form 5' UTR with particular mdm2 proteins or mdm2 alter
native splice variants (1, 13, 46). Therefore, the differential 5' UTR
usage does not obviously affect the coding region of the human mdm2
transcripts; additional studies would be required, however, to address
that particular question more specifically.

As noted above, mutations in the p.53 gene are quite infrequent in
certain tumor types. Examples include neuroblastomas (28, 31), acute
myelogenous leukemias (47, 48), testicular tumors (27, 32), HPV
positive cervical carcinomas (49, 50), and melanomas (24, 33â€”35).In
many undifferentiated neuroblastomas, wt p53 protein has been re
ported to undergo cytoplasmic sequestration or nuclear exclusion,
presumably disrupting its transcriptional activation properties (31). In
leukemic blast cells, heterogeneity in the level of p53 protein expres
sion may involve regulation at the translational level, perhaps asso
ciated with a negative regulatory element in the 3' UTR ofp53 mRNA
(5 1). A recent analysis of marine teratocarcinoma cell lines indicates
that the overexpressed wt p53 protein in these cells is functionally
inactive; however, it can be activated by DNA-damaging agents (52).
Additionally, HPV E6 protein has been found to contribute to the
degradation and inactivation of p53, presumably by a ubiquitin
mediated proteolysis pathway (42). In this study, we show that several
melanoma tumor cell lines, among others, express elevated steady
state levels of wt p53 protein; invariably, this is accompanied by
increased expression of an mdm2 transcript class that exhibits en
hanced translational efficiency, leading to an overexpression of mdm2
proteins. It seems likely that the increased amount of mdm2 proteins
serves to modulate the transcriptional properties of pS3; it may also
act to inhibit Rb function as well as to enhance the transcriptional
activity of E2F1.

It should be noted that an elevated expression of both wt p53
protein and mdm2 proteins has been increasingly reported for a wide
variety of tumor-derived cell lines as well as for tumor tissue samples.
For example, as detected by immunohistochemistry, these proteins are
highly coexpressed in approximately 58% of melanomas (53), a large
subset of osteosarcomas (8), and in bladder carcinomas (54). Also, a
cancer-prone family has been identified in which both a proband and
her mother had breast cancers with abnormally high levels of wt p53
protein in both normal and tumor tissue (55). Significantly, mdm2
protein was coordinately overexpressed with the p53 in these samples
in the absence of gene amplification, but there was no detectable
increase in expression of the p21/wall gene. On the basis of their
findings, the authors speculate that the abundant wt p53 protein in the
cells of these cancer-prone individuals is largely functionally inactive,
perhaps explaining why such high levels of wt p53 are tolerated and
also why this family exhibits an early onset of a variety of cancers.

Such data, combined with the results presented here, point to
tumors containing high levels of wt p53 protein together with over
expression of mdm2 proteins as representing a potentially widespread
subset of human neoplastic disease. Although the functions of mdm2
in cell cycle control are only just beginning to be understood, it seems
reasonable to suggest that this gene contributes positively to tumori
genesis in multiple ways. An important goal of future studies will
involve defining how an overexpression of mdm2 proteins, perhaps in

combination with p53 or independently of that protein, contributes to
the transformed properties of these tumor cells.
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