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The MDM2 oncoprotein encodes a 90 kDa nuclear phospho-
protein capable of abrogating the growth suppressive func-
tions of p53 and pRb tumor suppressor proteins by direct
interaction. Alternative splicing of MDM2 protein coding
sequences has been documented during tumor progression in
human ovarian and bladder carcinomas. The aim of this study
was to determine whether alternative splicing of MDM2
occurs during breast tumorigenesis in mice and humans and
whether protein coding sequences were affected. Specimens
representing normal and malignant breast tissues from the
murine D2 mammary tumor model system and human
breast carcinomas were examined. Three distinct mdm2
mRNA transcripts of 3.3, 1.6 and 1.5 kb were detected in
normal and malignant murine mammary tissues by Northern
blot analysis using a full-length mdm2 cDNA probe. Additional
Northern blot analysis using a probe derived from exon 12 of
murine mdm2 demonstrated that the 1.5 and 1.6 kb tran-
scripts lack sequences encoding the C-terminus of the pro-
tein. No evidence of internal deletions of protein coding
sequences of mdm2 was detected in any of the normal
mammary tissues or D2 murine mammary tumors examined
by reverse transcription PCR (RT-PCR). Three distinct MDM2
transcripts of 6.7, 4.7 and 1.9 kb were detected in malignant
human breast tissue by Northern blot analysis using a cDNA
probe specific for the complete open reading frame of human
MDM2. However, a cDNA probe specific for the last exon of
human MDM2 hybridized only to the 6.7 and 4.7 kb tran-
scripts, demonstrating that the 1.9 kb transcript lacked
protein coding sequences contained in exon 12. Similarly, no
internal deletions were detected in a panel of malignant
human breast tissues using RT-PCR and analogous primers
within human MDM2. Therefore, breast tumors differ from
other solid tumors reported previously in that no internal
deletions of MDMZ2 protein coding sequences were observed.
However, the data document the presence of multiple MDM2
mMRNA transcripts in both normal and malignant breast
tissues. A subset of MDM2 transcripts were shown to lack the
last exon which contains sequences coding for the RING and
zinc fingers and domains which are targets for caspase-3
mediated proteolytic degradation and are required to target
p53 for proteosomal degradation. Int. J. Cancer 81:292-298,
1999.
© 1999 Wiley-Liss, Inc.

roles of these truncated MDM2 isoforms found in human and
rodent cell lines and tissues remains to be determined.

The structure of the MDM2 protein suggests that it may have
roles in addition to binding p53. The MDM2 protein contains a zinc
finger, an acidic domain, a nuclear localization signal typical of
DNA-binding proteins and a RING finger motif, which may
mediate interactions with other proteins and RNA, in addition to
the well-characterized p53-binding domain (Pietteal., 1997).
The possibility that MDM2 may act in a p53-independent fashion
was demonstrated by its ability to bind and activate E2F1/DP1
transcription factor and inhibit pRb-mediated cell cycle arrest
(Pietteet al.,1997). The E2F1-binding domain of MDM2 has been
mapped to the N-terminal 220 amino acids and is thought to
overlap with the p53-binding domain (Pietéd al., 1997). The
N-terminal 134 amino acids of MDM2 transformed a p53-/pRb-
osteosarcoma cell line through inhibition of G1 cell cycle arrest
mediated by p107, a member of the pRb family (Dubs-Poterszman
et al., 1995). These results demonstrate that the N-terminus of
MDM2 interacts with the pRb family of tumor suppressors, as well
as p53, resulting in the inhibition of their cell cycle arrest activities.

Indeed, MDM2 appears to act through p53-dependent and
-independent mechanisms of tumorigenesis in human tumors.
Amplification of theMDM2 gene was seen in 20-35% of benign
and malignant sarcomas (Momaret al., 1998). An inverse
association between amplification MDM2 and mutation of p53
was found in sarcomas (Momaret al., 1998), suggesting that
these are redundant targets, both of which lead to inactivation of the
p53 pathway. In contrasMIDM2 was amplified in 5% of breast
carcinomas (McCanet al., 1995), and no consistent correlation
was seen between overexpression of MDM2 and wild-type p53
(Bueso-Ramoet al., 1996). Analysis of a portion of the protein
coding sequence in MDM2 mRNA from human breast carcinomas
failed to detect alternatively spliced transcripts (Bueso-Raeatos
al., 1996). However, Western blot analysis demonstrated that
multiple truncated isoforms of 85, 76/74 and 57 kDa, in addition to
the 90 kDa full-length protein, were expressed in this panel of
breast carcinomas (Bueso-Ramess al., 1996). Evidence from
human bronchogenic carcinomas indicated that the 76/74 kDa
MDMz2 isoforms lacked N-terminal sequences contained within the
p53-binding domain, and that the 57 kDa isoform lacked the

The murine double minute 2mdm3 proto-oncogene was C-terminal RING and zinc finger domains (Gorgowdisal.,1996).

originally cloned from a transformed mouse NIH 3T3 cell ling\nalysis of the complete open reading frame of MDM2 mRNA
where it was amplified more than 50-fold (Fakharzadehel., transcripts in bladder and ovarian carcinomas revealed alternative

1991). Cell lines selected for amplification midm2were tumori- splicing of internal protein coding sequences in 50% of the tumors

genic upon subcutaneous injection into athymic (nude) mice

(Fakharzadelt al.,1991). Subsequent analyses demonstrated that

MDM2 can interact with and inhibit transcriptional activation by Grant sponsor: National Institutes of Health; Grant numbers: CA25215,
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oncogenic effects. However, even when MDM2 protein is e -‘:;nntﬁrurﬁﬁg??gfoml' Grant sponsor: US Department of Agriculture;
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tion of the p53 protein is found complexed with the MDM2 protein—
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1991; Baralet al.,1994) and more recently, in primary bladderand____
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Ficure 1— Northern blot analy- 288 —» <« 33 kb
sis demonstrating heterogeneous ex- .
pression of mur?ne mdrglz mRNA ' " - -9 -- -
transcripts during the transition from
hyperplasias to tumors. RNA sam-
ples (10 pg) from a panel of D2 |1 8S —»
tur}wors, as well as a pregnant con- 1 " “ . . . <+ 1.6 kb
trol, were fractionated on an agarose-
formaldehyde gel, transferregd to a . an “«1.5kb

nylon membrane and hybridized
with a 1,500-bp fragment ahdm2
cDNA encompassing the entire open
reading frame.

examined (Sigalast al., 1996). The truncated MDM2 transcriptsBlot hybridization

isolated from these tumors coded for protein isoforms that wererRNA was isolated from tissues using Ultraspec (Cinna/Biotecx,
more highly transforming than the full-length protein (Sigaéds Houston, TX). Total RNA was fractionated on 1.25% agarose gels
al., 1996). This suggested that alternatively spliced MDM2 mRN#% a MOPS/formaldehyde buffer (40 mM MOPS, 10 mM NaOAc, 1
transcripts lacking protein coding sequences are expressednpi EDTA, and 1 M formaldehyde), then transferred to Zetabind
malignant human breast tissues. (Cuno, Meriden, CT) and crosslinked with 254 nm uv light. Equal
A potential role formdm2in breast tumorigenesis in the mousdoadings were assured by UV shadowing. DNA probes were
has been described. Targeted expression of mdm2 to the mamniabeled with32P-dCTP by random priming, then hybridized to the
gland in transgenic mice inhibited normal mammary gland develofitters. MDM2 cDNA probes for blot hybridization were generated
ment and resulted in the development of mammary tumoby PCR using sense primers {BGAAGGGTCGGAAGAT-
(Lundgrenet al., 1997). Interestingly, the phenotype of threm2 GCG-3 and 3-AAGATGCTGGACCCTTAGTG-3) with an anti-
transgenic mice was similar in the p83 and p53/~ background sense primer (5sGTGAGCAGGTCAGCTAGTTG-3) to amplify
suggesting thamdm2can mediate transformation through p53the 1,500-bp full-length and 529-bp exon 12 munmeém2probes,
independent mechanisms (Lundgrenal., 1997). However, the respectively. Sense primers {8AGGAGCAGGCAAATGTGC-3
role of mdm2 in a spontaneous model of breast tumorigenesis in tied 3-CCTTCGTGAGAATTGGCTTC-3) with an antisense
mouse has not been examined. Therefore, experiments wpriner (5-CATACTGGGCAGGGCTTATTC-3) were used to
undertaken to determine whether alternative splicing of MDMamplify the 1,445-bp full-length and 461-bp exon 12 human
protein coding sequences occurs during breast tumorigenesis usigM2 probes, respectively.
the D2 murine mammary tumor model system and malignant
human breast tissues. RT-PCR analyses performed on a panel o PCR
murine mammary tumors and malignant human breast tissues .
failed to detect any deletions of N-terminal protein coding se- Mammary tumors were carefully dissected to remove stromal
quences. Multiple MDM2 mRNA transcripts were detected bfjssue. Total RNA (1 ug) was reverse transcribed at 42°C by using
Northern blot analysis and were shown to lack protein codidg@ndom hexamers to prime the first strand cDNA synthesis
sequences for the RING and zinc fingers contained in exon 12. reaction. Transcripts of MDM2 were amplified using the primer
pairs described below. The primers were designed to distinguish
transcripts that encode the full-length N-terminal region of MDM2
from isoforms bearing N-terminal deletions. The primers were
i synthesized by AMITOF (Allston, MA). The sense and antisense
Tissues primers were designated by the prefixés &nd 3-, respectively.
Mammary tumors were derived from vivo outgrowths of D2 The murine mdm2 primers used werd%5'- CCAGGCCAATGT-
preneoplasias. The D2 line was established from hyperplastic f&&CAATACC-3'), 5D (5'-AAGATGCTGGACCCTTAGTG-3),
in BALB/c mice that were stimulated hormonally by pituitary3'D (5'- CTCGGATCAAAGGACAGGGAC-3) and 3MID (5'-
isografts (Medina., 1996). Mice bearing D2 preneoplastic ouTTCCTCCTCAGCACATGGCTC-3. The humanMDM2 primers
growths developed a moderate incidence of mammary tumarsed were H%A (5'-GAGGAGCAGGCAAATGTGC-3), H5'D
within 12 months after transplantation (approximately 60%)5-CCTTCGTGAGAATTGGCTTC-3) and H3MID (5'-TCCT-
Normal mammary tissues were obtained from the 4th inguin@AACACATGACTCTCTGG- 3). AMV-RTase (Seikagaku, Rock-
glands of pregnant 15 day female BALB/c mice (8 to 12 week-oldyille, MD) was used for cDNA synthesis. Reagents for PCR were
Human breast tissues were obtained from the frozen tissue bankatchased from Perkin-Elmer/Cetus (Norwalk, CT). The condi-
Baystate Medical Center (Springfield, MA). The human breaibns for amplification were denaturation at 95°C for 5 min,
samples consisted of 19 infiltrating ductal carcinomas (grad&slowed by 35 cycles of 95°C for 30 sec, 52°C for 1 min and 72°C
[—I11). for 2 min. A 10 pl aliquot of each 50 pl reaction volume was

MATERIAL AND METHODS



294 PINKAS ET AL

analyzed by agarose gel electrophoresis and visualized by stainmgmmary tissue. A cDNA probe corresponding to the complete
with ethidium bromide. open reading frame of murimadm2hybridized to 3 transcripts as
seen earlier (Figs. 1,82, and small probes derived from’' 5
RESULTS sequences (exons 1-9) also hybridized to all three mdm2 mRNA
Multiole mdm2 mRNA t ot di transcripts (data not shown). However, amdm2 cDNA probe
uliple mamz m ranscripts are expressed in mouse derived from exon 12 only hybridized to the 3.3 kb transcript (Fig.
mammary tissues 2b). This suggested that the 1.6 and 1.5 kb mdm2 mRNA
Expression of mdm2 mRNA was compared in murine DZranscripts lacked exon 12, but maintainéading sequences.
mammary tumors and in pregnant mammary tissue to ascertain
whether multiple mRNA species were expressed. Three majiT-PCR analysis of mdm2 in murine breast tissues

transcripts (3.3, 1.6 and 1.5 kb) were detected in normal andprimers were designed to amplify the completeim2 open
malignant murine mammary tissues (Fig. 1). The 3.3 kb transcrigfading frame to determine whether the alternate transcripts seen
corresponds to the full-length mRNA identified during the initiahy Northern blot (Figs. 1, 2) were generated by internal deletion of
cloning of mdm2 (Fakharzadehet al., 1991). The nucleotide coding sequences. The murimeim2gene contains 12 exons with
sequence of the 1.6 and 1.5 kb transcripts is unknown, but beifons 1 and 2 being non-coding (Fig. 3) (Joaeal., 1996). Sense
alternate transcripts are potentially large enough to encode {ifmer 5A (complementary to sequences in exon 3) was used in
full-length mdm2 protein. No novel mRNA transcripts wereonjunction with antisense primers\8iD (complementary to
expressed at detectable levels in the D2 tumors as compared Wi#juences in the middle of exon 12) ari® Zcomplementary to
the pregnant mammary tissue. The relative levels of all 3 transcrigisquences in exon 9) (Jonefsal., 1996). Amplification of mdm?2
varied between normal mammary tissue and the D2 tumors, but@®NA from D2 tumors and the pregnant control with the
ConS|St.ent d|ﬁerence in the pattern or levels of mdm2 mRNé’A_3’M|D primer pair y|e|ded a 1,134_bp PCR product expected
transcripts was evident. from full-length 3.3 kb mdm2 transcripts (Figay Additional

To determine whether the truncated mdm2 transcripts contain@d@i-PCR analyses using thélBprimer, which is contained in all 3
deletions of coding sequences, exon-specific probes were usedhiim2 transcripts, resulted in the amplification of a single 573-bp
Northern blot analyses of a panel of D2 tumors and pregnafinagment in all tissues examined (Fido)4No evidence of internal

210L D2 Tu
211IR D2 Tu
216R D2 Tu
182R D2 Tu
180L D2 Tu

285—p —.. ‘ h < 3.3Kkb
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FIGURe 2 — Northern blot
analysis of murine mdm2
mRNA transcripts expressed in

288 —’ mammary tumors derived from

D2 preneoplastic outgrowths.

. 4— 3.3 kb RNA samples (10 pg) from a
panel of D2 tumors were frac-
4 tionated on an agarose-formal-

dehyde gel, transferred to a
nylon membrane and hybrid-
ized with @) a 1,500-bp cDNA
probe corresponding to the
complete open reading frame
of murine mdm2 and ) a
529-bp cDNA probe from exon
12 of murinemdm?2
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FIGURE 3 — Schematic representation of the murimelm2gene with locations of the primers for RT-PCR and functional domains. P1,
transcriptional start-site for the p53-independent promoter; P2, transcriptional start-site for the p53-dependent promoter; nt, nucleetide num
All locations are based on the nucleotide sequence for morga2(Fakharzadebkt al.,1991).
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FIGURE 4 — RT-PCR analysis of murine mdm2 mRNA transcripts expressed in pregnant mammary tissue and D2 tumors. Total RNA (1 pug) was
amplified by RT-PCR usingg) the 5A-3’MID and (b) the 5A-3'D primer pairs. The products were separated on a 1% agarose gel and visualized
by staining with ethidium bromide and UV illumination. Sizes of m.w. markers are 1444, 943, 754, 585, 458, 341, 258 and 153 bp.

deletions of coding sequences were seen in any of the mdw&ll lines (Gudagt al.,1995). The levels of MDM2 mRNA varied
mRNA transcripts as determined by RT-PCR in 15 D2 tumors.  quite markedly with only one breast carcinoma (IDC18) expressing
. : high levels of the 6.7 and 4.7 kb transcripts. A cDNA probe specific
Anszf;lse?; tgli tt r;:;la t;: rc:jr&%thgDnnyNn;ReﬁArzzgii%niprfshuma for the last exon of humamMDM2 hybridized only to the 6.7 and

y P 7 kb transcripts (Fig.18, which is consistent with exon 12 being

infiltrating ductal carcinomas was undertaken using analogoagsem from the 1.9 kb transcript. Some residual non-specific

If;gtllgﬂ%mﬁ gdfﬁﬁ_c:g%:ﬁCr']fLIJth;ngn,\?ZMCZDCS A’\\l srg[)c;b%se.nlii%tégdé hybridization to the 18S ribosomal RNA was seen because the 1.9

distinct mRNA transcripts (Fig. &. The sizes of the 3 mRNA Kb transcript co-migrates with the 18S rRNA. To confirm this
transcripts were determined to be 6.7, 4.7 and 1.9 kb aftégsult, the levels of all 3 MDM2 transcripts were quantitated by
electrophoresis of poly(®) mRNA with RNA m.w. standards (data Phosphorimage analysis. Th_|s demonstrated tha_t the ratios of the
not shown). The 6.7 and 4.7 kb mRNA transcripts correspond €7 and 4.7 kb mRNA transcripts were the same with the full-length
MDM2 mRNAs identified previously in human breast carcinomand exon 12-specific probes but that the levels of the 1.9 kb
cell lines, whereas the 1.9 kb transcript was not observed in thesgnscript were reducet+80% in the blot probed with the exon
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:. FIGURE 6 — RT-PCR analysis of human MDM2 mRNA transcripts
188 —» 5 -y expressed in malignant breast tissue. Total RNA (1 pg) isolated from
i infiltrating ductal carcinomas (IDC1-19) was amplified by RT-PCR

using the H5A- H3'MID primer pair. The products were separated on
a 1% agarose gel and visualized by staining with ethidium bromide and
UV illumination. Sizes of m.w. markers are 1444, 943, 754, 585, 458,
Ficure 5— Northern blot analysis of truncated human MDM2341, 258 and 153 bp.
mRNA transcripts demonstrating variable levels of expression in
invasive ductal carcinomas. RNA samples (10 pg) from a panel of
glr\]/g?]i\geg gr‘ifstgl ?(?r:%g?jg]r?;dgDggllf’r;fs)i‘eeregntg ;?])y;/(\;ﬁrﬁq ;r%%;ggitﬁﬂﬁugh mechanisms other than direct mutation. Nuclear accumula-
- ‘ o~ i i 0
hybridized with @) a 1,445-bp cDNA probe corresponding to thetﬁl?mgrfs\’\zﬂgggtpjs fg%?;gﬁg%g%iﬁiﬂ;?ﬂ? rr?a(rﬂrzgrg/iﬂr?wrggg
complete open reading frame arix) & 461-bp cDNA probe from exon =" ) -
12 of humarViDM2. arising from D2 preneoplastic outgrowths (Jeey al., 1994).
Cytoplasmic sequestration of wild-type p53 protein has been
observed frequently in human breast tumors as well (Mbkl.,
1992). However, the molecular lesions that allow proliferation of
tumors despite elevated levels of wild-type p53 protein remain to
be identified.
RT-PCR analysis of MDM2 in human breast tissues _ TheMDM2 proto-oncogene is an attractive candidate to mediate
. . . _inactivation of p53 during tumorigenesis. It was originally sug-
To correlate the findings in murine mammary tumors Withesied that MDM2 and p53 act in an autoregulatory feedback loop
human breast tumors, a panel of infiltrating ductal carcinomas Wes control p53 transcriptional activity (Baraét al., 1994). In
examined by RT-PCR for alternative splicing of internal MDM2g,, 50t of this hypothesis are reports demonstrating that amplifica-
protein coding sequences. The complete exon structure of humply "3 overexpression of MDM2 correlate strongly with wild-
the MDM2 gene has not been rep())or_ted, but the murine and humghle 153 in 4 variety of human tumors. This suggested that MDM2
homologs share greater then 80% identity at the amino acid leygl jia1e 4 tumorigenesis through direct interaction with and inacti-
and greater then 90% identity at the nucleotide level. The 9eN0MYLtion of p53. Complicating the situation are reports demonstrating
sequence of the first 3 exons of humdDM2 have been reported y ¢y jiiple MDM2 mRNA transcripts and protein isoforms are
and show conservation of exon structure and promoter SequentLsressed in a variety of human and rodent cell lines, tissues and

Ev&tgguhrﬂig?\ﬂn;dmizﬁébﬁg&%rg Eé)ll'j ;?SSQHGSF;SSHLCep”mﬁ;SrSTO(; tumors. Alternative splicing of internal MDM2 mRNA sequences
9 p as reported in nearly 50% of human ovarian and bladder

scribed earlier were used to analyze the structure of MDM2 mR . - :

transcripts expressed in human %reast tissues. ThA-H3'MID rcmonegs alnd \tNaT sirggg)ly ﬁorrelated -\tN'th the Tcaretagg_r esds ve
. - fy i " umors (Sigalaset al., . However, it was not determine

primer pair amplified a 1,142-bp PCR product in 18 of 19 of th hether the truncated MDM2 products amplified by RT-PCR

human invasive ductal carcinomas (Fig. 6, IDC1-IDC19). N A
: ; - : rresponded to truncated MDM2 mRNAs and protein isoforms
evidence of truncated MDM2 transcripts containing deletions ressed at detectable levels in that panel of tumors. Several

internal coding sequences were seen in any of the malignant br% cated MDM2 isoforms of 76/74 and 57 kDa were identified in a

tissues. X X
panel of human breast carcinomas by Western blot analysis,
suggesting alternative splicing may occur, but an RT-PCR based
approach, which only amplified a portion of the open reading
frame, did not detect any deletion of sequences coding for the
Aberrant patterns of expression of wild-type p53 protein haygs3-binding domain (Bueso-Ramesal.,1996). Multiple MDM2
been reported suggesting that {h®3 pathway can be abrogatedmRNA transcripts were documented in normal and malignant

12-specific probe as compared with the full-lenfDM2cDNA
probe.

DISCUSSION
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human breast epithelial cell lines, but the transcripts were netDM2 isoform lacking C-terminal sequences maintained its
analyzed for deletions of protein coding sequences (Getas, ability to interact with p53 but was unable to target it for proteolytic
1995). degradation. Complicating the situation are reports demonstrating
In the present study, multiple MDM2 mRNA transcripts werdhat MDM2 is itself a target for proteolytic cleavage by caspase-3
detected in murine and human breast tissues, and a subset ofg@erating a C-terminally truncated protein isoform (Erhatet.,
transcripts were shown to contain novel deletions bfc8ding 1997). The stability and function of the caspase-3 cleaved MDM2
sequences. The relative abundance of the full-length 3.3 kb and getein species has not been determined. From these data, it would
1.6 and 1.5 kb alternate mRNA transcripts varied among pregn@pear that the 57 kDa MDM2 isoform expressed in human breast
mouse mammary tissue and D2 tumors, but no consistent difféesues should be resistant to proteolytic degradation by caspase-3
ences were seen in the patterns or levels of the transcriptbile retaining the ability to interact with p53. This may represent a
expressed. In human breast tumors, MDM2 mRNA transcripts Bfechanism to sequester p53 in an inactive state but not target it for
6.7, 4.7 and 1.9 kb were detected which correlates well withbiquitin-mediated proteolytic degradation.
MDM2 mRNAs identified in human mammary epithelial cell lines Our results clearly demonstrate that alternatively spliced forms
(Gudaset al., 1995), but the 1.9 kb transcript has not been reportesf MDM2 mRNA lacking internal coding sequences are not
previously. expressed at detectable levels during breast tumorigenesis. In
The structures of the MDM2 mRNA transcripts expressed ipontrast, novel MDM2 mRNA transcripts lacking’ 3oding
murine and human breast tissues were analyzed by RT-PCR usseguences were expressed in all normal and malignant breast
primers designed to amplify the complete coding sequencissues examined. These data are preliminary in nature as they
(primer pairs 5A/3’MID and H5 A/H3’'MID, Figs. 4, 6). Initially, report alternate MDM2 mRNA transcripts, and their potential role
the 5 coding sequences of MDM2 were analyzed because previdosnormal and neoplastic breast development awaits their cloning
reports have identified mRNA transcripts that resulted fromnd further biochemical analysis. In addition, our results reveal that
differential promoter usage and alternative splicing of sequenoaspression of MDM2 is very complex with multiple RNAs and
coding for the p53-binding domain in cell lines (Fakharzaeledl., protein isoforms being expressed in both normal and neoplastic
1991; Baraket al., 1994). No alternative splicing was observed iriissues. Reagents that can distinguish the alternate isoforms will be
murine breast tissues by RT-PCR usirigpimers in exons 1, 2 and essential to accurately determine the patterns of MDM2 expression.
3 in conjunction with primer 3MID and 3D (Fig. 4 and data not
shown). However, Northern blot analysis revealed that the 1.6 and
1.5 kb transcripts in mouse and the 1.9 kb transcript in human
breast tissues failed to hybridize to a probe containing sequences
within exon 12 (Figs. B, 5b). The presence of the 1.9 kb MDM2 ACKNOWLEDGEMENTS
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