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Referat:

Den Schwerpunkt der vorliegenden Arbeit bildete die Aufklarung der Mechanismen, die
zur Fehlregulation des p53-MDM2-MDMX-Pathways in zwei vollig unterschiedlichen Tumor-
arten, den Weichteilsarkomen und den Ovarialkarzinomen, fihren. Dies umfasste die Analy-
se von Alterationen wie z.B. Mutationen und Polymorphismen, Genamplifikationen, Uberex-
pression der mRNA bzw. des Proteins sowie die Expression von Splei3varianten und die
Frage, ob diese Veranderungen kdénnen mit dem Krankheitsverlauf bzw. dem individuellen
Todesrisiko betroffener Patienten korrelieren. In 28 % der von uns untersuchten
Weichteilsarkomproben konnte ein amplifiziertes MDM2-Gen nachgewiesen werden. Dies
war mit einer erhéhten Expression der MDM2-mRNA assoziiert. Interessanterweise korrelier-
ten sowohl die MDM2-Genamplifiation als auch eine leicht erhéhte MDM2-mRNA-EXxpression
mit einer guten Prognose bei Weichteilsarkompatienten. Patienten ohne MDM2-
Genamplifikation wiesen ein 4,5-fach erhdhtes Risiko auf, am Tumor zu versterben. Demge-
genlber war jedoch fur Patienten, deren Tumor durch eine MDMX-Genamplifikation charak-
terisiert war, das relative Risiko um das 2,8-fache erhoht. Das MDMX-Gen war in 27 % der
Weichteilsarkome amplifiziert. Neben dem MDMX-Genamplifikationsstatus wurde auch die
Expression der ,full-length“-MDMX-mRNA und der MDMX-S-Splei3variante untersucht. Es
stellte sich heraus, dass das Verhaltnis ,full-length® MDMX/MDMX-S einen unabhéngigen
Prognosefaktor fiir Weichteilsarkome darstellt. Patienten, deren Tumor eine Uberexpression
der MDMX-S-SpleiRvariante aufwiesen, verstarben durchschnittlich 13 Monate nach Diagno-
sestellung, wahrend Patienten, bei denen das Verhéltnis zu Gunsten der FL-MDMX-mRNA
verschoben war, 53 Monate Uberlebten. Bei der Sequenzanalyse des p53-sensitiven MDM2-
P2-Promotors, die in Zusammenarbeit mit A.J. Levine und G.L. Bond (Princeton, USA)
durchgefuhrt wurde, konnte ein Einzelnukleotid-polymorphismus (T>G; SNP309) identifiziert
werden. Das G-Allel war in Weichteilsarkompatienten mit einem 12 Jahre frilheren Tumor-
auftreten assoziiert. Weitere Untersuchungen zeigten, dass das G-Allel die Tumorentwick-
lung vor allem in pre-menopausalen Frauen, nicht jedoch bei Mannern, beschleunigen konn-
te. Bei den Ovarialkarzinomen konnte die Assoziation des G-Allels mit einem friheren Alter
der Tumorentstehung nur bei einer Uberexpression des Ostrogen-Rezeptors beobachtet
werden. Diese Daten stiitzen die Hypothese, dass Geschlechtshormone (hier: Ostrogen), die
Entwicklung von Tumoren bei Individuen mit einem G/G-Genotyp beschleunigen kénnen. Bei
einem SNP im 3“-UTR des MDMX-Gens zeigte sich ebenfalls eine Abhangigkeit von Ostro-
gen-Rezeptor. Bei den von uns untersuchten Ovarialkarzinomen konnten wir ebenfalls zahl-
reiche Veranderungen des p53-MDM2-MDMX-Pathways detektieren, die einen Einfluss auf
das rezidiv-freie und Gesamtuberleben der Patientinnen haben. Interessant war der Befund,
dass Patientinnen, deren Tumor das Wildtyp-p53-Protein Uberexpremierte, die kiirzeste
Uberlebenszeit aufwiesen. Dies zeigt deutlich, dass die isolierte Betrachtung des p53-Gen-
bzw. Proteinexpressionsstatus nicht aussagekraftig ist. Des Weiteren zeigen unsere Arbei-
ten die Bedeutung der Ostrogenrezeptorexpression beim Ovarialkarzinom. Obwohl der ER-
Status selbst keine prognostische Aussagekraft besitzt, jedoch war das G-Allel des SNP309
bei Patientinnen mit einem ER-positiven Tumor mit einem signifikant friheren Auftreten des
Ovarialkarzinoms verbunden.

Bartel, Frank: Genetische Veranderungen im p53-Tumorsuppressorpathway und deren
prognostische Relevanz in Weichteilsarkomen und Ovarialkarzinomen. Martin-Luther-
Universitat Halle-Wittenberg, Medizinische Fakultat, Habilitation, 2008, 59 S., 160 Lit., 12
Abb., 2 Tab., Anlagen
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1 Einleitung

1.1 Der p53-MDM2-MDMX-Pathway und seine Bedeutung im Tumorprozess

Die Kontrolle und das Aufrechterhalten der genomischen Integritat sowie eine strikte
Regulation des Zellzyklus sind unerlasslich fur die Tumorsuppression, aber auch fur das
Ansprechen auf eine Chemotherapie und/oder Bestrahlung. Ein Schlisselprotein fiir die
Wirksamkeit einer Vielzahl von Chemotherapeutika ist der Tumorsuppressor p53. Nach einer
Schadigung der DNA, z.B. durch Carboplatin, aktiviert p53 verschiedene Signalwege, die ei-
nerseits zum Zellzyklusarrest flihren andererseits Apoptose auslésen kénnen. Obwohl p53 in
etwa 50 % der der malignen Tumoren KEINE Mutationen aufweist, ist der p53-
Tumorsuppressor-Pathway in seiner Funktion gestort, z.B. aufgrund der Uberexpression von

negativen Regulatoren. Dazu zdhlen unter anderem die Proteine MDM2 und MDMX.

Im Rahmen meiner Forschungstatigkeit habe ich mich intensiv mit der Aufklarung der
Mechanismen, die zur Fehlregulation des p53-MDM2-MDMX-Pathways in Tumoren fihren,
beschaftigt. Dies schlieBt Alterationen wie z.B. Mutationen und Polymorphismen, Genamplifi-
kationen, Uberexpression der mRNA bzw. des Proteins sowie die Expression von
SpleiBvarianten ein. Alle diese Veranderungen kdnnen eng mit dem Krankheitsverlauf und
dem individuellen Progression betroffener Patienten korrelieren. Des Weiteren stand die Auf-
gabe im Mittelpunkt, neue molekulare Targets flir alternative und/oder ergéanzende Tumor-
therapien zu identifizieren. Untersuchungsobjekte waren die seltene, histologisch und tu-
morbiologisch duBerst heterogene Gruppe der Weichteilsarkome und die vergleichsweise

haufigen, klinisch jedoch ebenso problematischen Ovarialkarzinome.

1.2 Weichteilsarkome

Alle malignen Tumoren des nichtepithelialen und extraskeletalen Gewebes sowie
neuroektodermale Malignome des peripheren und autonomen Nervensystems mit Ausnahme
des retikuloendothelialen Systems, der Glia und des Stiitzgewebes parenchymatdser Organe
werden unter dem Begriff Weichteilsarkome (WTS) zusammengefasst %°. Der Anteil der WTS
an malignen Geschwiilsten im Erwachsenenalter betrégt ca. 1 % 2%, Fiir die Bundesrepublik

Deutschland bedeutet dies, dass jahrlich etwa 800 bis 1500 Neuerkrankungen auftreten *°.

WTS stellen eine sehr heterogene Tumorgruppe dar. Man unterscheidet etwa 150 Enti-
taten und Subtypen. Die Histogenese der WTS ist weitgehend ungeklart. Es wird angenom-

men, dass sich WTS aus undifferenzierten, mesenchymalen Stammzellen entwickeln. Die
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Tumorbezeichnung spiegelt nicht deren Histogenese wider, sondern vielmehr den durch Dif-
ferenzierungs- bzw. Dedifferenzierungsprozesse erreichten Phanotyp >*®°. Ein Liposarkom ist
demnach ein WTS mit Differenzierungsmerkmalen, die denen des Fettgewebes dhneln. Etwa

15 % aller WTS lassen sich keiner bestimmten Entitit zuordnen %°.

Neben der Einteilung in die verschiedenen histologischen Subklassen dient die Definiti-
on des Malignitatsgrades (Grading) als wichtigstes Kriterium dem Ziel, das biologische Ver-
halten eines Tumors mdglichst genau vorauszusagen. Bei der Bestimmung der einzelnen
Faktoren zur Ermittlung des Gradings kommt es sowohl bei einfachen als auch bei komple-
xen Systemen zu individuellen Begutachtungsschwankungen. Die Einteilung von Tumoren in
verschiedene Stadien (,Staging") beruht neben dem Grading auch auf der TumorgréBe, der
Tumorlokalisation, dem Verhalten zur Umgebung, dem Lymphknotenbefall sowie dem Vor-

liegen von Fernmetastasen °.

Ein weiteres charakteristisches Merkmal von WTS, das ebenfalls zur besonderen klini-
schen Problematik dieser Tumorgruppe beitragt, ist ihre ausgepragte Lokalisationsvielfalt.
Dies flihrt zusammen mit einem oftmals beschwerdefreien Wachstum haufig zu einer spaten
Diagnosestellung, so dass bis zu 20 % der Patienten zu diesem Zeitpunkt bereits nachweis-
bare Fernmetastasen haben **°, Die Prognose der WTS ist vergleichsweise ungiinstig. So
betrdgt die 5-Jahres-Uberlebensrate fiir alle WTS-Entititen 55 %, die 10-Jahres-
Uberlebensrate wird mit 38 % angegeben **!%°, Als Hauptgriinde fiir diese schlechte Progno-
se werden die bereits erwdhnte spate Diagnosestellung mit dem daraus folgenden hohen
Stadium sowie eine inadaquate Erstbehandlung, aber auch besondere tumorbiologische, nur
molekular erfassbaren Eigenschaften genannt. Eine friihe und umfassende Ausnutzung der
diagnostischen Méglichkeiten ist daher flir eine erfolgreiche Therapieplanung und die Sen-

kung der Mortalitdtsrate unerlésslich >°.

Die radikale chirurgische Entfernung des Tumors (RO-Resektion) bildet die Hauptsaule
der Therapie von WTS 3, da diese Tumoren oft eine ausgeprigte Resistenz gegeniiber
Strahlen- und Chemotherapie zeigen. Diese Therapieformen spielen bei der Planung des Ge-
samttherapiekonzepts deswegen eine untergeordnete Rolle. Die Anwendung der Chemothe-

rapie zeigt daher oftmals nur eine geringe Verbesserung des Gesamtiiberlebens *%°.

Fir WTS-Patienten eine individualisierte Prognose zu erstellen oder eine pradiktive
Aussage Uber den Effekt einer Therapie zu treffen, gestaltet sich duBerst schwierig. WTS
gelten im Vergleich zu anderen Tumorarten wegen ihrer Charakteristika als Sonderfalle der

Onkologie und der Chirurgie.
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Als Konsequenz der genannten Besonderheiten ist es notwendig, zusatzlich zu den bis-
herigen klinischen und histomorphologischen Prognosemarkern, WTS intensiv molekularge-
netisch zu charakterisieren und Gene bzw. Proteine zu identifizieren, die maBgeblich an der
Genese von WTS beteiligt sind und exaktere prognostische Vorhersagen erlauben. Daraus
leiten sich schlieBlich mdglicherweise alternative Therapieverfahren ab, die den Tumor fir
eine Bestrahlung oder Chemotherapie sensibilisieren oder einen flir den Tumor essentiellen

Signalweg beeinflussen.

1.3 Ovarialkarzinome

Das Ovarialkarzinom ist in vielen westlichen Landern nach dem Zervix- und dem
Endometriumkarzinom das dritthaufigste weibliche Genitalkarzinom. Es weist jedoch von
allen gynakologischen Malignomen die hdchste Sterblichkeitsrate auf. In Deutschland erkran-
ken jahrlich mehr als 8000 Frauen an einem Ovarialkarzinom. Aufgrund des relativ be-
schwerdefreien Wachstums befinden sich zum Zeitpunkt der Diagnosestellung etwa 75 %
der Tumoren bereits in einem fortgeschrittenen Stadium %. Jahrlich versterben mehr als
6000 Patientinnen an einem Ovarialkarzinom. Damit steht es an funfter Stelle bei den Krebs-
todesursachen der Frauen. Die Sterberate hat sich seit vielen Jahrzehnten nicht verringert.
Das Manifestationsalter liegt meist zwischen dem 50. und 60. Lebensjahr. Ovarialkarzinome
kénnen jedoch auch bei Madchen und jungen Frauen auftreten. Die Uberlebensraten fiir Pa-
tientinnen mit Ovarialkarzinomen sind gering. Sie betragen ein Jahr nach der Diagnose 66
%, 45 % nach drei Jahren sowie 37 %, in spezialisierten Zentren 45 %, flnf Jahre nach Di-

agnosestellung .

Trotz der Verbesserungen in der Medizin sind die Langzeitliberlebenschancen flir Pati-
entinnen mit einem fortgeschrittenen Ovarialkarzinom nach wie vor sehr schlecht. Deswegen
ware es hier von besonders groBer Bedeutung, die Tumoren bereits im Frihstadium zu er-
kennen. Da auch molekulare Ursachen weitestgehend unbekannt sind, ist es wichtig, epide-
miologische Risikofaktoren zu kennen und diese in die Pravention und Friherkennung einzu-
beziehen. Zu diesen Risikofaktoren zahlen u.a. das Alter der Frau sowie hormonelle Einflis-
se. Eine frihe Menarche, Kinderlosigkeit, fehlende Stillzeiten wirken sich unglinstig aus. Die
Einnahme hormoneller Ovulationshemmer, Schwangerschaften sowie Laktation sind hinge-
gen mit einem verminderten Risiko verbunden 112613614 Dje Ursache der protektiven Wir-
kung von oralen Kontrazeptiva oder Schwangerschaften liegt vermutlich darin, dass sie die
Reparationsphasen des ovariellen Oberflachenepithels post ovulationem reduzieren. Etwa 5-

10 % der Ovarialkarzinome sind genetisch bedingt. Bei diesen Patientinnen findet man
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Keimbahnmutationen in den Genen BRCA1 und BRCA2, deren Genprodukte an der DNA-

Reparatur beteiligt sind '*.

Dadurch wird das Risiko, an einem Ovarial- oder
Mammakarzinom zu erkranken, stark erhdht. Die Friherkennung des Ovarialkarzinoms be-
schrankt sich zurzeit auf regelmaBige gynakologische Untersuchungen. Als weitere Methode
ist das Screening des Tumormarkers CA125 hinzugekommen. Bei 25-50 % der Tumoren im
Stadium I und 90 % der Tumoren im Stadium II ist der CA125-Wert im Blut erhoht '°, Es
gibt jedoch eine Reihe weiterer gynakologischer und nicht-gynakologischer Krankheitsbilder,
bei denen der CA125-Wert ebenfalls erhdht ist, weswegen sowohl die Sensitivitat als auch

die Spezifitat dieses Tests ihn nicht als verlassliches Screening qualifizieren.

Histologisch gliedert man das Ovarium in ein Oberflachenepithel (Mdller-Epithel), das
ovarielle Stroma und die Keimzellen. Aufgrund dieser drei Gewebekomponenten werden laut
WHO-Klassifikation drei Hauptgruppen von Tumoren unterschieden: epitheliale, Keimstrang-
Stroma- und Keimzelltumoren. 90 % der Ovarialmalignome sind Karzinome. Diese lassen

sich in mehrere histologische Gruppen einteilen:
- serds: charakteristisches Merkmal sind tubenahnliche Entdifferenzierung

- muzinds: diese Tumoren sind durch ein hochprismatisches, schleimbildendes Epithel

gekennzeichnet

- endometroid: aus konfluenten, atypischen endometroiden Driisen aufgebaute Tumo-

ren
- klarzellig: ein wichtiges Merkmal ist das wasserhelle Zytoplasma
- transitionalzellig: also dem Urothel éhnelnd

- nicht klassifizierbare Tumoren.

Das serdse Ovarialkarzinom ist der haufigste maligne Tumor des Ovars, gefolgt vom

endometroiden und klarzelligen Ovarialkarzinom.

Zum Grading von Ovarialkarzinomen werden verschiedene Systeme verwendet. Oft-
mals gibt es jedoch Probleme in Bezug auf die Reproduzierbarkeit und die Konsistenz. Von
Silverberg wurde ein universelles Grading-System erarbeitet %, das praktikabel ist. Es gibt
eine signifikante Korrelation zwischen dem histologischen Grad, dem Tumorstadium und dem
Uberleben. Schlecht differenzierte Karzinome sind héufig in einem fortgeschrittenen Stadium,
wahrend die meisten der Grad-1-Tumoren sich in einem friihen Krankheitsstadium befinden.
Neben der Aszitesmenge ist das Grading der wichtigste Prognosefaktor flir Patientinnen im
Stadium I. Eine genaue Bestimmung des Tumorgrades ist gerade flir diese Patientinnen au-

Berordentlich wichtig, da sich daraus die weiteren therapeutischen MaBnahmen ableiten. Die
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Stadieneinteilung erfolgt nach Vorgaben der Fédération Internationale de Gynécologie et

d'Obstétrique (FIGO) und des American Joint Committee on Cancer (AJCC) .

Jeder klinisch nachgewiesene Tumor des Ovars muss operativ entfernt und histolo-
gisch beurteilt werden. Das Ausmal} des Eingriffs wird vor allem von der Art des Tumors und
dessen Ausbreitung bestimmt, aber auch das Alter der Patientin und ihr Allgemeinzustand
sind zu bericksichtigen. Wahrend der Operation erfolgen die Exploration des gesamten
Bauchraums und seiner Organe sowie eine Peritoneallavage des Beckens und die Bestim-
mung des Lymphknotenstatus. Die oberste Prioritat hat die komplette Tumorentfernung
wahrend des Ersteingriffs. Der operativen Entfernung schlief3t sich auf3er bei Patientinnen
mit Ovarialkarzinomen im FIGO Stadium IA eine adjuvante Chemotherapie an. Die momen-
tane Standardtherapie besteht in einer Kombinationsbehandlung aus einem Platinanalogon
und Paclitaxel. Nur etwa die Hélfte der Patientinnen mit fortgeschrittenem Ovarialkarzinom
erfahrt durch die Primartherapie mit einer Platin-Taxan-Kombination eine Komplettremission.
Bei den meisten Frauen tritt innerhalb der ersten 3 Jahre ein Rezidiv auf. Dabei unterschei-
det man zwischen einem priméaren Progress, einem Frih- bzw. einem Spétrezidiv (innerhalb
bzw. 6 Monate nach Primar-OP). Trotz der Fortschritte bei der chirurgischen und chemothe-
rapeutischen Behandlung von Ovarialkarzinomen zéhlen daher nur etwa 20 % der Patientin-
nen zu den Langzeitiberlebenden. Aus diesem Grund gehen die Bestrebungen dahin, die
Resistenzentwicklung zu beeinflussen bzw. zu prognostizieren, um auf diese Weise die The-

rapie zu individualisieren.

1.4 MDM2 und MDMX — Gemeinsamkeiten und Unterschiede
1.4.1 MDM2

Das MDM2-Gen wurde als eines von drei amplifizierten Genen ,double minute® Chro-
mosomen (dmin) in der spontan transformierten Mauszelllinie 3T3DM entdeckt '*. Bei der
Analyse der einzelnen Gene stellte sich heraus, dass nur das Produkt des murine double mi-
nute Gen 2 (MDM2) in der Lage ist, nach Transfektion in Fibroblasten die Zellen zu transfor-
mieren *2. Dies duBerte sich in unkontrolliertem und tumorauslésendem Wachstum der Zel-
len. Das MDM2-Onkoprotein geriet anschlieBend sehr schnell in das Blickfeld des Interesses,
weil entdeckt wurde, dass es an den Tumorsuppressor p53 binden *° und diesen effizient

inaktivieren kann .
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Das humane MDM2-Gen ist auf dem Chromosomenarm 12q13.14 lokalisiert, einer Re-
gion, die in nahezu 1/3 aller Sarkome amplifiziert vorliegt *® und in der Ovarialkarzinome
haufig Zugewinne aufweisen *°. Es kodiert fiir ein 90 kDa Protein **2. Von MDM2 sind ver-
schiedene Isoformen (Abb. 1-1) bekannt, die durch die Nutzung unterschiedlicher Promoto-
ren oder durch alternatives SpleiBen entstehen *9812%  Die wichtigste und bei weitem am
besten untersuchte Funktion von MDM?2 ist die Bindung und Inaktivierung von p53 *%, Mit
der N-terminalen Domane kann MDM2 an die o-Helix der transaktivierenden Domane von
p53 binden. Die am starksten konservierte Domane des MDM2-Proteins ist die C-terminale
RING-Finger-Region, die eine Ubiquitin-Ligase-Aktivitat gegenliber p53 besitzt, wodurch es
p53 flir den proteasomalen Abbau markiert. Somit kann MDM2 durch Bindung an p53 nicht
nur dessen transaktivierende Domane blockieren, sondern auch dessen Degradation einleiten

486997 " Gleichzeitig wird durch wt-p53 die Expression des MDM2-Gens induziert. Dies ge-

i i RING Finger
A NLS NES saure Doméne Zn Finger NolLS
L — e T B o1
| . == N o
1 1473
TP53 CBP/p300 RB
p73
E2F1 RNA
DP1
L5
B P14ARF
momz-A | [ = d | |
82 668
82 901
owe-c |- —— I . |
156 668
MDM2-D j B |
88 1166
vowp-c | [ 0
225 1449
Exons 1 1 — t 1 1 1 |
4 5 6 7 B8 S 10 11 12
Abb. 1-1: Struktur des Onkogens MDM2 und verschiedener Isoformen
A. Das Produkt des Onkogens MDM2 besteht aus 491 Aminosduren (die kodierende Region der cDNA aus
1473 Nukleotiden), die funktionellen Domanen sind durch farbige Boxen, die Bindungsstellen mit weiteren
Proteinen durch horizontale Linien symbolisiert. ID1 und ID2 reprasentieren die beiden wachstumsinhibieren-
de Domanen. B. Durch RT-PCR konnten verschiedene alternativ (A, B, C) und aberrant (D, E) gespleiBte
mRNA-Transkripte detektiert werden **. Diesen verkiirzten Transkripten fehlen Teile der p53-bindenden
Domane, sowie der NLS und der NES-Sequenz. Die Zahlen reprasentieren jeweils das letzte und das erste in
der cDNA der SpleiBform enthaltene Nukleotid in Bezug auf die full-length MDM2-cDNA. NLS bzw. NoLS —
Kernlokalisierungssequenz, NES — Kernexportsequenz.
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schieht Uber den p53-spezifischen Promotor P2, der im Intron 1 des MDM2-Gens lokalisiert
ist 18, Das Produkt des Onkogens MDM2 und der Tumorsuppressor p53 sind somit durch
einen so genannten autoregulatorischen ,,Feedback™-Loop (Abb. 1-2) miteinander verbunden
1% In diesem Zusammenhang ist interessant, dass das Transkript, das vom P2-Promotor
abgelesen wird, einen verkiirzten 5’-untranslatierten Bereich aufweist und im Vergleich zum
P1-Transkript wesentlich effektiver translatiert wird. Somit tragt die durch p53 induzierte
MDM2-Expression zu einem beschleunigten Abbau von p53 bei *. Es konnte bereits fiir viele
Tumorarten gezeigt werden, dass es zu Veranderungen des MDM2-Gens bzw. —Proteins im
Sinne von Genamplifkation bzw. Uberexpression kommt (Review in *). Sie stellen neben
Genmutationen eine zusatzliche Méoglichkeit zur Inaktivierung von p53 dar. Diese
Mechanismen sind auch mit flr die in der Klinik beobachteten Resistenzentwicklungen gegen

Therapien mit Chemotherapeutika bzw. Bestrahlungen verantwortlich.

Onkogene .
(E1A, c-myc) DNA-Schaden
(Zytotoxische Agenzien,
p14 ARF Bestrahlung)
ATM
/ p300 DNA-PK
MDM2

| |
ti'iﬁ i/ \,//\\M

MDMX

Numb E2F1/DP1 Inhibierung
pRB
Caspasen Aktivierung
Interaktion
—>
S-Phase
3 A ose
Progression popt
p107 Ze"zykIUS'

arrest

Abb. 1-2:  Schematische Darstellung der funktionellen Wechselwirkung von MDM2 (HDM2), MDMX
(HDMX) und p53 (Erlauterungen s. Text)

1.4.2 MDMX

MDMX ist ein Protein, das sehr groBe Ahnlichkeiten zu MDM2 aufweist ', Das Gen
ist auf dem Chromosom 1 in der Region 1g32 lokalisiert, einer Region, die in Ovarialkarzino-
men ebenfalls hiufig Verdnderungen aufweist “**°. Es konnte gezeigt werden, dass MDMX

ebenfalls an p53 binden und so dessen Aktivitat inhibieren kann. MDMX besitzt jedoch im
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Gegensatz zu MDM2 keine Ligaseaktivitat und kann daher p53 nicht fiir den proteasomalen

Abbau markieren >’

. Daten aus Knock-out-Experimenten zeigten, dass MDMX-null-Mause
sehr friih wahrend der Embryonalentwicklung sterben. Dies kann durch die gleichzeitige
Inaktivierung des p53-Gens verhindert werden. Somit konnte bewiesen werden, dass neben
MDM2 auch MDMX eine wichtige Funktion bei der Regulierung der p53-Aktiviat spielt %,
aber auch, dass beide Proteine in voneinander unabhingigen Pathways integriert sind .
Bislang gibt es nur sehr wenige Untersuchungen zur Bedeutung von MDMX in Tumoren. Ei-
nige Daten weisen darauf hin, dass das MDMX-Gen in besonders aggressiven Glioblastomen
amplifiziert vorliegt *”''® und in vielen Tumorzelllinien (einschl. Ovarialkarzinomzelllinien)
das Protein tiberexprimiert wird ''2. Aktuelle Untersuchungen an der Zelllinie MCF-7 (einer
Mammakarzinomzelllinie) von Danovi et al. zeigen, dass das onkogene Potential von MDMX
auf die Amplifikation des MDMX-Gens und die Uberexpression des Proteins zuriickzufiihren
ist 2*. Im Hinblick auf eine klinische und prognostische Relevanz von MDMX-Veranderungen

im Ovarialkarzinom gibt es noch keine Daten aus der Literatur.

1.4.3 SpleiBvarianten der MDM2- und MDMX-mRNA

Vor Beginn dieser Arbeit sind insgesamt finf alternativ bzw. aberrant gespleiBte
mRNA-Transkripte in Blasen- und Ovarialkarzinomen beschrieben worden '**. Diesen ver-
kirzten Transkripten fehlen unterschiedlich groBe Teile der p53-bindenden und der sauren
Doméne sowie die Kernlokalisierungs- und die Kernexportsequenz (NLS bzw. NES). In einem
in vitro-Assay zeigte sich, dass alle Isoformen in der Lage sind, Fibroblastenzellen zu trans-
formieren. Sie besitzen demnach tumorigene Eigenschaften. Bemerkenswert ist auBerdem
eine Korrelation zwischen dem Auftreten von Spleiformen und einem aggressiveren Tumor-
verhalten (héherer Tumorgrad, Tumorstadium, Invasivitit) in verschiedenen Tumorarten %,
Die Tatsache, dass die bisher beschriebenen Isoformen von MDM2 nicht mehr an p53 binden
kdnnen, hat u.a. zur Folge, dass der autoregulatorische MDM2-p53-feedback-Loop aus dem
Gleichgewicht gerat. Dadurch wird auf diese Weise unter Umstdnden die Tumorbildung ge-
fordert. Es wird auch vermutet, dass bestimmte onkogene Eigenschaften von MDM2 in der
C-terminalen Region (enthalt den RING-Finger) lokalisiert sind und diese in den Isoformen

verstarkt zur Geltung kommen.

Trotz oder gerade wegen der hier geschilderten Ergebnisse wirft die Existenz von

MDM2-Isoformen zahlreiche bislang unbeantwortete Fragen auf, z.B.:

1. Ist die Expression von MDM2-Splei3formen auf Tumoren beschrankt oder findet

man sie auch in Normalgewebe?
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2. Wenn ja, haben die Produkte der alternativen SpleiBformen eine hormale physio-

logische Bedeutung, z.B. bei der Differenzierung?

3. Welche der Aktivitaten (Transformation, Apoptoseinduktion usw.) lassen sich
dem ,full-length®"-MDM2 (FL-MDM2) bzw. den SpleiBformen zuordnen?

4, Welchen Einfluss haben die SpleiBformen auf die p53-Stabilitdt und —Aktivitat?

5. Gibt es einen Zusammenhang zwischen der Amplifikation des MDM2-Gens und

dem Auftreten von Spleiformen?

6. Hat die Expression von MDM2-SpleiBvarianten einen Einfluss auf die individuelle

Prognose eines Patienten und das Ansprechen auf bestimmte Therapieformen?

Die oben genannten Fragen zeigen, dass die Analyse der Expression und der Funktion
von alternativen SpleiBformen der MDM2-mRNA in Tumoren im Allgemeinen und bei WTS im
Speziellen eine auBerordentliche Bedeutung hat. Gleichzeitig wird auch die Notwendigkeit
deutlich, Methoden zu entwickeln, die eine schnelle Charakterisierung von SpleiBformen er-

mdglicht, da auch von vielen anderen Genen SpleiBvarianten exprimiert werden .

1999 wurde auch fiir die MDMX-mRNA eine verkirzte Form identifiziert, welche als
MDMX-S (short) bezeichnet wurde (Abb. 1-3). Diese SpleiBvariante ist durch eine Deletion
von Exon 6 (68 bp) charakterisiert. Diese Deletion fiihrt nach Codon 114 zu einer Verschie-

bung des Leserahmens. Dadurch entsteht ein Stopcodon bei Aminosaurerest 127 im Maus-

5.UTR | STOR, 3-UTR
>
TP53 binding domain adidic domain Zn Finger RING finger
— —_— l | Marker Tumor-
zellen
AB
HDMX-S FL-HDMX
1 2 3 4 5i 7 8 9 10 " /
600 bp
5-UTR A6 STQR, 3-UTR
TP53 binding domain
HDMX-S
—

26 novel Amino Acids of HDMX-S

Abb. 1-3: Struktur der FL-MDMX und MDMX-S mRNA

Die Abbildung zeigt die Struktur der full-length MDMX-mRNA (oben links) und die Domanenstruktur des
translatierten Proteins bzw. der MDMX-S SpleiBvariante (unten links). Diese ist durch den Verlust von Exon 6
charakterisiert. Dadurch kommt es zu einer Verschiebung des Leserahmens und den Einbau eines vorzeitigen
Stop-Codons nach 26 Aminosauren. Deutlich erkennbar ist, dass MDMX-S praktisch nur aus der p53-bindenden
Domadne besteht. Das Agarose-Gel zeigt beispielhaft die PCR-Produkte mit Primern, um die relative Expression
von full-length MDMX (obere Bande) sowie MDMX-S (untere Bande) zu untersuchen. Abbildung enthommen aus
Bartel et al., 2005 '
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protein bzw. ein Stopcodon bei Aminosiurerest 140 im humanen Gewebe *°, Diese Isoform
enthédlt die komplette p53-Bindedomdne und einige alternative C-terminale Aminosauren
(Abb. 1-2). Es konnte gezeigt werden, dass MDMX-S mit einer hdheren Affinitat als full-
length MDMX an p53 bindet und effizienter in den Zellkern transportiert wird. MDMX-S un-
terdriickt die p53-vermittelte Transkription starker als MDMX. Ursache fiir diese hohe Affini-
tat sind die durch Verschiebung des Leserahmens neu entstandenen C-terminalen Aminosau-
ren. Weiterhin ist das MDMX-S Protein stabiler als MDMX, da es aufgrund der fehlenden
RING-Fingerdoméne nicht mit HDM2 interagieren kann und so vor dem MDM2-vermittelten
Abbau geschiitzt ist !**. MDMX-S stellt somit eine weitere Méglichkeit zur Blockierung der
p53-Aktivitat dar.

1.5 Veranderungen des p53-MDM2-Pathways und deren Bedeutung als mole-

kulare Prognosefaktoren
1.5.1 Weichteilsarkome

Das Onkogen MDM2 und das Tumorsuppressorgen p53 spielen auch in WTS eine Rolle.
In einer Studie von Taubert et a/. *! wurde in WTS von insgesamt 146 Patienten der p53-
Mutationsstatus bestimmt. Dabei konnte in 16 % der Félle ein mutiertes p53-Gen detektiert
werden %131, Das MDM2-Gen ist in WTS in bis zu 30 % der Félle amplifiziert *°, wobei die
Amplifikationsfrequenz zwischen den einzelnen WTS-Entitdten stark variiert: wahrend in
Leiomyosarkomen kein bisher untersuchter Tumor ein amplifiziertes MDM2-Gen aufweist, lag
in ca. 30 % der untersuchten Liposarkome das MDM2-Gen amplifiziert vor. Weiterhin wurde
in zahlreichen WTS sowohl eine Uberexpression der mRNA *” als auch des Proteins beschrie-

ben 74107

Von zwei Arbeitsgruppen wurde eine Korrelation zwischen der MDM2-
Proteiniiberexpression und einer schlechten Prognose nachgewiesen 2°%!°2, In Abhéngig-
keit vom eingesetzten Antikérper (N-terminales vs. C-terminales Epitop) erwies sich die allei-
nige MDM2-Uberexpression als negativer Prognosemarker (RR=2,6; p=0,0035). Es zeigte
sich, dass Patienten, die zusatzlich p53 liberexprimieren, ein 4,6-fach erhohtes Risiko besit-
zen (p=0,00001), am Tumor zu versterben. Fir Patienten mit Extremitatentumoren war die
prognostische Relevanz dabei am hdchsten (RR=19; p=0,006) **!. Diese Daten zeigen, dass
die gemeinsame Uberexpression von MDM2 und p53 ein unabhidngiger negativer

Prognosefaktor fiir WTS ist.

Ein anderes Bild ergibt sich, wenn man den Einfluss der MDM2-mRNA-Expression auf

die Prognose betrachtet, denn in diesem Fall besitzen Patienten mit einer sehr niedrigen
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(RR=13) bzw. einer sehr hohen mRNA-Menge eine schlechtere Prognose im Vergleich zu
Patienten mit einer nur leicht erhdhten MDM2-mRNA-Expression *°>. Demgegeniiber weisen
Patienten mit einer stark erhohten MDM2-mRNA-Menge ebenso eine schlechtere Prognose
auf. Fir diese Patienten ist das Risiko, am Tumor zu versterben, 3,2-fach erhéht *°. Diese
Befunde kdnnen dadurch erklart werden, dass im Tumor die Menge an MDM2-mRNA-
Transkripten, die vom p53-sensitiven Promotor P2 stammen, aufgrund einer p53-
Fehlfunktion reduziert ist . Eine leicht erhéhte MDM2-mRNA-Menge entspricht daher eher
dem physiologischen Normalzustand und MDM2 kann so seine Funktionen, wie z.B. die Re-
gulierung der p53-Menge, erfilllen. Demzufolge kann eine verdanderte MDM2-mRNA-
Expression (erhéht oder vermindert) als Ausdruck einer biologisch relevanten Fehlregulation

aufgefasst werden.

1.5.2 Ovarialkarzinome

Trotz vielfaltiger Bemiihungen, molekulare Veranderungen als Prognosemarker zu etab-
lieren, sind die GréBe des Resttumors und die Aszites nachwievor in der multivariaten Analy-
se die einzigen signifikanten Marker mit prognostischer Bedeutung fiir Patientinnen mit ei-
nem fortgeschrittenen Ovarialkarzinom. Ein wichtiger Faktor der Zellantwort auf die Wirkung
der platin-basierten Chemotherapie ist p53, dessen Funktionalitat durch Mutationen der
Keimbahn oder durch somatische Mutationen von p53 selbst oder durch Veranderung von
regulatorischen Proteinen im p53-Pathway eingeschrankt ist. Ein Grund fir die
Chemoresistenz kénnte demzufolge im Fehlen des funktionell aktiven p53-Proteins liegen.

Die Mutationsrate des p53-Gens liegt bei Ovarialkarzinomen zwischen 40-80 % 333%°%116,

3 47,62,76,119,139

Laut vieler Studien ist eher die Uberexpression von p5 als die Mutation des p53-

Gens 33,66,70,82

mit einer schlechten Prognose verbunden. Andere Autoren konnten jedoch
keinen Zusammenhang zwischen der p53-Uberexpression und der Prognose fiir Ovarialkarzi-
nompatientinnen nachweisen ®7%%:1211% "Fin Problem bei der separaten Analyse von p53-
Mutationen und der p53-Proteinexpression ist, dass bei immunhistochemischen Studien viele
p53-Mutationen nicht erkannt werden; beispielsweise Non-sense-Mutationen oder Insertio-
nen/Deletionen, wodurch ein verkiirztes Protein entsteht. Andererseits ist eine Uberexpressi-
on des p53-Proteins nicht notwendigerweise auf eine Mutation des p53-Gens zurlickzufiih-
ren. Daher ist es wichtig, sowohl die Proteinexpression als auch den Genstatus von p53 zu
analysieren. In einigen Studien wurde zwar neben der p53-Proteinexpression auch der p53-

t 50116

Mutationsstatus untersuch , aber in keiner dieser Arbeiten wurde der kombinierte Sta-
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tus der p53-Alterationen mit dem Uberleben oder dem Ansprechen auf die Chemotherapie

korreliert.

1.6 Die MDM2-MDMX-p53-Interaktion als Ziel einer therapeutischen

Intervention

Bei der Suche nach Angriffspunkten flir eine Therapie, die auf der Beeinflussung kau-
saler Regulationsmechanismen basiert, deutet sich flir das Onkoprotein MDM2 eine zentrale
Rolle an. Da das MDM2-Protein den Abbau des Tumorsuppressors p53 beeinflusst, ist eine
MDM2-Uberexpression in seiner funktionellen Auswirkung mit einer Alteration des p53-Gens
vergleichbar. Durch die Inhibierung der MDM2-Genexpression kann die Menge an MDM2-
Protein in der Zelle reduziert werden, was meist zu einer Erhéhung der Menge an funktionel-
lem p53-Protein flihrt. Hierdurch sollte Apoptose induzierbar und das Ansprechen eines Tu-
mors auf eine Chemo- oder Strahlentherapie verbessert werden kdénnen.

In mehreren /n-vitro-Studien konnte an Glioblastom- und Myelom-Zelllinien die Spezifi-
tit verschiedener MDM2-Antisense-Oligonukleotide (AS-ODNs) nachgewiesen werden %%,
Untersuchungen zeigten, dass nach Behandlung von Tumorzellen mit MDM2-AS-ODNs die
MDM2-Proteinmenge signifikant reduziert werden konnte. Weitere Effekte der MDM2-AS-
ODNs waren u.a. der Wachstumsarrest der Zellen in der G;-Phase des Zellzyklus und eine
deutlich verminderte Zellvitalitat. Erste Versuche an WTS-Zelllinien, die von unserer Arbeits-
gruppe durchgefiihrt wurden, ergaben, dass es in der MDM2-liberexprimierenden Zelllinie

US8-93 zur Reduzierung der Zellkoloniebildungsrate um bis zu 80 % kam .

Aus den bisherigen Studien in Bezug auf die Behandlung von Tumorzellen mit MDM2-
AS-ODNs lassen sich die folgenden allgemeinen Schlussfolgerungen ziehen (Ubersicht in
Chen et al. °):

- MDM2-AS-ODNS stimulieren p53 Uber eine Reduktion der MDM2-Proteinmenge, der
MDM2-p53-Proteinkomplexe und iber einen MDM2-mRNA-Abbau,

- eine p53-Reaktivierung und Inhibierung von p53-unabhdngigen Onkogen-Aktivitaten
des MDM2-Genproduktes ist in Tumoren mit vorherrschender MDM2-Uberexpression

prinzipiell erreichbar,

- nichtmaligne Zellen sind toleranter gegeniber einer temporaren MDM2-Inhibierung,
was einer indirekten Selektivitat der MDM2-AS-Therapie auf maligne Zellen gleich-

kommt.
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Erste Resultate bestdtigen die Wirkung von AS-ODNs als effektive Antitumor-
Agenzien auch in vivo *3*, In Nacktmausmodellen wurde (ber eine signifikante GréBenre-
duktion (>50 %) und ein im Vergleich zu Kontrollgruppen stark verzégertes Wachstum von
Xenotransplantattumoren berichtet. Zusatzlich konnte ein kooperativer antiproliferativer Ef-
fekt durch Kombination mit Cisplatin, Taxol oder Topotecan beobachtet werden 3%, Ahnliche
Effekte sind auch bei einer Kombinationstherapie von AS-ODNs und Irinotecan, einem
Topoisomerase I-Inhibitor, in Mausmodellen fiir verschiedene Krebsarten (u.a. das Prostata-
und Mammakarzinom) beobachtet worden '*. Fiir WTS liegen bisher keine vergleichbaren
Ergebnisse vor. Die an WTS-Zellkulturen erzielte Reduzierung des klonogenen Uberlebens
um bis zu 80 % durch eine MDM2-AS-Behandlung ® zeigt jedoch deutlich das Ansprechen
von WTS auf diese Therapie. Es schien daher dringend erforderlich, die gewonnenen Ergeb-

nisse auf ein klinisch relevantes Tiermodell zu (ibertragen.
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1.7 Zielstellung der Arbeit

Das Hauptziel dieser Arbeit bestand in der umfassenden Aufkldrung von Alterationen
des p53-MDM2-MDMX-Pathways in Tumoren mesenchymalen Ursprungs, den Weichteilsar-
komen, sowie epithelialen Tumoren, hier am Beispiel der Ovarialkarzinome. Dabei stand die
Analyse der bedeutsamen Tumorsuppressorproteine p53 und p14**" sowie der Onkoproteine
MDM2 und MDMX in Bezug auf Alterationen der Expression bzw. auf Genebene (Uberexpres-
sion, Genamplifikation, Mutationen, Mikrosatelliteninstabilitaten,
Einzelnukleotidpolymorphismen) im Vordergrund. Durch die Korrelation der molekularen Da-
ten mit klinischen Parametern sollte anschlieBend ermittelt werden, ob bestimmte Verande-
rungen prognostische Relevanz besitzen (Thematik 1 — WTS, Thematik 2 - Ovarialkarzi-

nome).

Die Detektion und Charakterisierung von alternativ gespleiBten Transkripten der
MDM2- und MDMX-mRNA in adulten WTS und in juvenilen RMS war ein weiterer Schwer-
punkt der vorliegenden Arbeit. Darliberhinaus sollte untersucht werden, ob ein Zusammen-
hang zwischen dem Auftreten von SpleiBformen und dem p53-Mutationsstatus bzw. einer

p53-Proteiniberexpression besteht. (Thematik 3).

Aufbauend auf den Studien von Meye et a/. ®, in denen in vitro durch Behandlung mit
MDM2-AS-ODNs eine Wachstumsinhibierung von bis zu 80 % erzielt werden konnte, sollten
Strategien fur eine /n-vivo-Applikation zur WTS-Therapie entwickelt werden. Das Ziel war
zunachst die Etablierung eines Modells zur Behandlung von WTS-Rezidiven im Peritoneum in
der Nacktratte, an dem die Wirksamkeit und p53-unabhdngige Effekte der MDM2-AS-
Konstrukte untersucht werden sollte. Diese Arbeiten sollen auch eine Grundlage fiir zukunfti-
ge Planungen von Kombinationstherapien von konventionellen Therapieformen (Zytostatika,

Bestrahlung) mit einer Gentherapie flir bestimmte WTS-Patienten sein (Thematik 4).
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2. Material und Methoden
2.1. Methoden

Die in dieser Arbeit angewandten Methoden und Techniken sind ausfihrlich in den je-
weiligen Publikationen beschrieben oder zitiert worden (s. Ubersicht der eigenen Publikatio-
nen). Die Experimente wurden unter meiner Leitung bzw. unter meiner maBgeblichen Mit-

wirkung durchgefiihrt. Unter anderem handelt es sich um folgende Methoden:

- Isolieren von DNA, RNA und Protein aus Zellkulturen, Blut, Tumorfrischmaterial
sowie aus fixiertem Tumormaterial

- reverse Transkription und PCR

- quantitative PCR (,real-time PCR")

- Sequenzierung von DNA

- Klonieren von PCR-Produkten, Isolieren von Plasmid-DNA

- Western Blot zum Nachweis der Proteinexpression

- Immunhistochemie

- Kultivierung von Zelllinien

- Transfektion von Zellkulturen mit Antisense-Oligonukleotiden, Plasmiden sowie
SiRNA

- Durchlicht- und Fluoreszenzmikroskopie

- Xenotransplantation von humanen Tumorzellen auf Nacktratten

- Statistik (u.a. Kreuztabellen, Kaplan-Meier-Analysen, Cox-Regression, t-Test)

2.2. Tumormaterial und Patientenkollektive

2.2.1. Tumorzelllinien

Die verwendeten Zelllinien sind im Institut flr Pathologie der Universitat Halle-
Wittenberg bzw. im Department of Molecular Pharmacology des St. Jude Children’s Research
Hospital (SJCRH, Memphis, TN, USA) kultiviert worden. Die kommerziell erhaltlichen ATCC-
Zelllinien (Manassas, VA, USA) wurden tber WAK-Chemie (Bad Homburg) oder die ,Deut-
sche Sammlung von Mikroorganismen und Zellkulturen GmbH" (Braunschweig) bezogen. Die
Zelllinien Rh18, 28, 30, 36, 41 sind groBziigiger weise von Prof. Peter Houghton vom SJCRH
zur Verfigung gestellt worden. Die genannten Linien wurden im Department of Molecular

Pharmacology des SJCRH aus Tumorproben als Primarkulturen etabliert.
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2.2.2. Patientenkollektive

Weichteilsarkome

Die in dieser Arbeit verwendeten Tumorproben wurden freundlicherweise von der Chi-
rurgischen Klinik des Universitatsklinikums Leipzig durch PD Dr. Peter Wirl zur Verfliigung
gestellt, der die betreffenden Patienten operiert hat. Von samtlichen Patienten wurden zu-
satzlich zum Tumormaterial auch Normalgewebe (Muskel) und Blutproben entnommen. So-
wohl das Tumor- als auch das Normalgewebe sind bis zur weiteren Verwendung in flissigem
Stickstoff kryokonserviert worden. Die Verschliisselung der Proben und die Anonymisierung
der klinischen Daten erfolgten gemaB einer am Institut fiir Pathologie erstellten Datenbank
und entsprechend ihres chronologischen Eingangs (LZ6 z.B. entspricht der 6. Tumorprobe
aus der Chirurgischen Klinik des Universitatsklinikums Leipzig). Die Proben wurden durch
erfahrene Pathologen histologisch charakterisiert und entsprechend der giltigen WHO-
Klassifikation fiir WTS von 1993 eingeordnet %.

Ovarialkarzinome

Paraffin-fixierte Proben von 107 invasiven Ovarialkarzinomen wurden nach Verfugbar-
keit des Materials ausgewahlt. Die Falle wurden zwischen 1997 und 2005 am Institut fur Pa-
thologie der Martin-Luther-Universitat Halle diagnostiziert. Die Studie wurde durch das lokale
Ethikkomitee genehmigt. Alle histologischen Schnitte wurden durch zwei Pathologen (Elise
Gradhand & Steffen Hauptmann) reevaluiert. Die Tumorproben und das Patientenkollektiv
wurden in mehreren Publikationen ausfiihrlich beschrieben ***. Die histologische Klassifika-

125 Klinische Daten

tion erfolgte nach den Richtlinien der WHO, das Grading nach Silverberg
wie Patientenalter, ResttumorgréfRe, FIGO Stadium, adjuvante Chemotherapie und Verlauf

sind in Tabelle 2-1 zusammengestellt.

2.3. Versuchstiere

Alle Nacktratten (RH-nu/nu) stammten aus dem Zuchtbetrieb Harlan-Winkelmann
(Borchen). Jeweils 3 - 4 Tiere wurden semisteril in Kafigen mit Einzelbellftung im Tierstall
der Veterindrmedizinischen Fakultat der Universitat Leipzig mit einem 12/12 h Hell-Dunkel-
Rhythmus gehalten. Den Tieren standen steriles handelsiibliches Trockenfutter und Wasser
ad libitum zur Verfligung. Es wurde darauf geachtet, dass die Tiere flir eine Versuchsreihe
jeweils aus der gleichen Lieferung stammten und etwa das gleiche Alter und Gewicht hatten
(Alter bei Versuchsbeginn ca. 8-10 Wochen, Gewicht 80-110 g).
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Tabelle 2-1: Zusammenfassung klinischer Daten der Ovarialkarzinompatientinnen

Patientinnen (107)

Klinische Parameter No. %
Tumortyp
serds 62 57.9
endometroid 14 13.1
gemischt 11 10.3
klarzellig 9 8.4
transitionalzellig 1 0.9
undifferenziert 8 7.5
muzin0s 2 1.9
Tumorstadium
FIGO I 30 28.0
FIGO II 9 8.4
FIGO III 63 58.8
FIGO IV 5 4.7
Alter der Patientinnen
Durchschnitt 63.5
Median 64.0
Therapie
Cisplatin+Taxol 62 57.9
Platin-haltig, ohne Taxol 21 29.7
andere 2 1.9
keine (FIGO Ia) 5 4.7
abgelehnt, gestorben 13 12.1
keine Daten 4 3.7
Resttumor
kein 39 41.0
<1lcm 22 23.1

>1cm 34 35.8
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3. Ergebnisse

3.1 Thematik 1 — Genetische Veranderungen von MDM2, MDMX, p53 bei WTS

und Ovarialkarzinomen

3.1.1 Nachweis der Amplifikation des MDM2-Gens im WTS und Korrelation mit
dem Uberleben *

Von insgesamt 75 Tumorproben wurde der MDM2-Genstatus mittels einer semiquanti-
tativen Multiplex-PCR ® untersucht, von 63 Patienten stand auch Referenz-DNA von Lym-
phozyten aus dem peripheren Blut zur Verfiigung. Insgesamt konnte in 28 % (21 von 75)
der untersuchten WTS-Proben eine Amplifikation des MDM2-Gens detektiert werden *. Ein-
zelne Proben wiesen ein bis zu 12-fach amplifiziertes MDM2-Gen auf (Abb. 3-1). Die MDM2-
Genamplifikationen korrelierte mit einem geringeren Tumorstadium (p=0,022; y>-Test). Es
war weiterhin von Interesse, ob die Amplifikation des MDM2-Gens eine erhdhte MDM2-
mRNA-Expression zur Folge hat. Wir fanden heraus, dass die Amplifikation des MDM2-Gens
signifikant mit einer erhdhten Expressionsrate der mRNA des MDM2-Gens Kkorreliert
(p=0,007, x*-Test). In allen Tumoren mit einer Amplifikation wurde gleichzeitig eine erhohte
mRNA-Expression detektiert, wohingegen keine Probe mit einer geringen Menge an MDM2-
mRNA ein amplifiziertes MDM2-Gen aufwies. Mit Hilfe der Kaplan-Meier-Analyse wurde der
Einfluss der Amplifikation des MDM2-Gens auf das Uberleben von WTS-Patienten ermittelt
(Tab. 3-1). Bemerkenswert war, dass die durchschnittliche Uberlebenszeit fiir Patienten, in
deren Tumor keine Amplifikation des MDM2-Gens nachweisbar war, 36 Monate betrug, wah-
rend Patienten mit nachgewiesener MDM2-Genamplifikation im Durchschnitt 98 Monate
Uberlebten (p=0,077, log-Rank-Test).

M LzZ1 LZ2 LZ3 LZ4 LZ5 LZ6 LZ7 LZ8 LZ9 LZ10 LZ11 - M

Prothrombin

MDM2

Abb. 3-1: Nachweis der Amplifikation des MDM2-Gens in WTS

Die Abbildung zeigt ein reprasentatives Agarosegel zum Nachweis von MDM2-Genamplifikationen. In einer
Multiplex-PCR wird genomische DNA mit Primern fir das MDM2 und das Prothrombin-Gen (Pro) zusammen
amplifiziert. AnschlieBend erfolgten die Auftrennung der Produkte im Agarosegel und die densitometrische
Analyse der Banden. Abbildung entnommen aus Bartel et a/,, 2001 *
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In der Cox-Regression zeigte sich, dass Patienten ohne MDM2-Amplifikation eine
schlechtere Prognose im Vergleich zu WTS-Patienten haben, deren Tumor ein amplifiziertes
MDM2-Gen tragt (p=0,04, relatives Risiko [RR] 4,5). Wird die Cox-Regression nach dem Tu-
morgrad adjustiert, ergibt sich flir Patienten ohne Amplifikation ein vergleichbares Risiko am
Tumor zu versterben (p=0,17, RR=4,4). Die Ergebnisse zeigen, dass der Nachweis einer
Amplifikation des MDM2-Gens ein unabhangiger Prognosefaktor flir WTS ist, und dass das

Auftreten einer Amplifikation mit einer besseren Prognose fiir WTS-Patienten korreliert.

3.1.2 Mikrosatellitenanalyse fiir die MDM2-Marker D12S80b und D12S83a bei
WTS 132

Im Rahmen einer Analyse auf Mikrosatelliteninstabilitaiten wurden WTS auch die beiden
MDM2 -Marker D12S80b (distal von kodierender Sequenz von MDM2) und D12S83a (proximal
der kodierenden Sequenz von MDM2) auf Verdnderungen hin untersucht. Von den 66 unter-
suchten Patientenproben wies nur ein geringer Anteil einen Verlust der Heterozygotie im
MDM2-Marker D12S83a auf, d.h. in 8 % (5/66) der Tumoren konnte ein LOH (,loss of
heterozygosity") nachgewiesen werden. In einer dieser Proben wurde zusatzlich auch eine

Tab. 3-1 Kaplan-Meyer-Analyse des Einflusses molekularer und klinischer Faktoren auf die Uberlebenszeit von
WTS-Patienten. log-Rank — log-Rank-Test, WB — Western Blot.

Anzahl der Uberlebenszeit in 3-Jahres-

.. P
LI Patienten = Monaten (Median) Uberlebensrate (%) (log-Rank)

MDM2 SpleiB3varianten

nein 34 68 60

ja 43 57 56 0,39
MDM2 Amplifikation

Nein 47 38 50

ja 18 96 80 0,077
MDM2 Expression (WB)

Keine 17 38 47

Gering 17 35 49

Erhéht 17 37 51

Stark erhoht 8 68 71 0,94
p53 Expression (WB)

Keine 15 68 85

Gering 9 35 31

Erhoht 11 25 36

Stark erhoht 24 57 55 0,19
Tumorstadium

; 22 96 94

3 27 68 61

4 25 24 34

18 5 0 0,00001
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Instabilitéat des Mikrosatellitenlocus festgestellt. Dem gegeniliber wiesen 18 % (12/66) der
WTS Veranderungen im MDM2-Marker D12S80b auf. Dabei wurde in jeweils 6 Tumoren ein
LOH bzw. eine MSI (Mikrosatelliteninstabilitat) detektiert.

Betrachtet man die Haufigkeiten des Auftretens von Veranderungen fir die beiden
MDM2 -Mikrosatelliten D12S80b und D12S83a, so zeigt sich, dass der Verlust der
Heterozygotie im Locus D12S80b signifikant mit der Amplifikation des MDM2-Gens korreliert
(p = 0,003; y*-Test). Patienten, deren Tumoren fiir diesen Mikrosatellitenmarker einen LOH
aufweisen, tragen in 4 von 5 Fallen (80 %) auch ein amplifiziertes MDM2-Gen. Demgegen-
Uber wiesen 83 % der Tumorproben ohne Alteration auch keine Amplifikation des MDM2 -
Gens auf. Bei Patienten mit Mikrosatelliteninstabilitdten in den untersuchten Markern
D12S80b und D12S83a konnte keine MDM2-Genamplifikation beobachtet werden.

3.1.3 MDMX-Genamplifikation in WTS 7

Im Laufe der Arbeiten erschienen mehrere Publikationen, die auf eine Bedeutung von
MDMX in Tumoren hindeuteten. Daher gingen wir der Frage nach, ob das MDMX-Gen ahnli-
che Alterationen aufweist wie MDM2. Die Amplifikation des MDMX-Gens wurde in insgesamt
66 WTS-Proben untersucht. Wir konnten nachweisen, dass das MDMX-Gen in 27 % (18 von
66) der untersuchten WTS amplifiziert vorlag. Die Bandenintensitat der MDMX-Bande war in
den einzelnen Tumorproben zwischen 3- bis 9-fach starker als in den Lymphozyten der je-
weiligen Patienten. Das Auftreten der MDMX-Genamplifikation korrelierte aber weder mit
dem Tumorgrad (x*-Test, p=0,074) noch mit dem Tumorstadium (3-Test, p=0,549). In der
Kaplan-Meier-Analyse zeigte sich, dass Patienten, deren Tumor ein amplifiziertes MDMX-Gen
aufweist, eine mittlere Uberlebenszeit von 44 Monaten im Vergleich zu 66 Monaten fiir Pati-
enten ohne MDMX-Genamplifikation (Abb. 3-2A). Dieser Unterschied war jedoch nicht signifi-
kant (log-Rank-Test, p=0,27). In einer multivariaten Cox-Regressions-Analyse (Abb. 3-2B),
adjustiert nach Tumorgrad und Art der Tumorresektion, konnten wir zeigen, dass das relati-
ve Risiko (RR), am Tumor zu versterben, flir Patienten mit nachgewiesener MDMX-
Genamplifikation signifikant erhéht war (RR=2,8; p=0,03). Zusammengefasst lasst sich sa-
gen, dass das MDMX-Gen in einem Teil der WTS amplifiziert ist und dass dies mit einer
schlechten Prognose fiir diese Patienten verbunden ist. Dies steht im Gegensatz zu dem Be-
fund, dass das Vorhandensein einer MDM2-Genamplifikation ein positiver Prognosefaktor fir
WTS ist.
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Abb. 3-2: Prognostische Bedeutung der MDMX-Amplifikation bei WTS

Die Amplifikation des MDMX-Gens war in WTS mit einem stark verkiirzten Uberleben (A — Kaplan-Meier-Kurve)
und mit einem erhdhten Risiko, am Tumor zu versterben, assoziiert (B — multivariate Cox-Regression). Die
Cox-Regression wurde nach dem Tumorgrad und dem p53-Mutationsstatus adjustiert. Beide Parameter sind
unabhéngige, prognostische Faktoren fiir WTS. Die Abbildung wurde aus Bartel et a/.,, 2005, 7 entnommen.

3.1.4 MDMX-mRNA-Expression in WTS &7

Neben der MDMX-Genamplifikation wurde auch die MDMX-mRNA-Expression in 57 der
66 WTS-Proben untersucht. Insbesondere waren wir an der Analyse der MDMX-S-
SpleiBvariante interessiert. Diese SpleiBvariante ist durch den Verlust von Exon 6 (68 bp)
charakterisiert und wurde erstmals von Rallapalli et a/. beschrieben '*°. Durch die Auswahl
geeigneter PCR-Primer war es uns mdglich, die PCR-Produkte, die von der cDNA der ,full-
length®-MDMX-mRNA (FL-MDMX) bzw. von der MDMX-S-SpleiBvariante abstammen, zu un-
terscheiden. Wir konnten die FL-MDMX-mRNA in 54 der 57 (95 %) WTS-Proben nachweisen.
In 12 von 54 Proben (22 %), die die MDMX-mRNA exprimierten, war nur die FL-MDMX-
mMRNA nachweisbar. In 42 von 54 WTS (78 %) wurden die Transkripte der MDMX-mRNA
sowie der SpleiBvariante MDMX-S exprimiert. Eine genauere Analyse ergab, dass in 48 % der
Falle (20 von 42) das FL-MDMX-Transkript und in 19 % (8 von 42) die MDMX-S-
SpleiBvariante wesentlich starker im Vergleich zum FL-Transkript exprimiert wurde. In 33 %
(14 von 42) der Falle waren beide Transkripte nahezu gleich stark vorhanden. Als Vergleich
haben wir die MDMX-mRNA-Expression in verschiedenen Normalgeweben untersucht und
konnten feststellen, dass die MDMX-mRNA erst nach insgesamt 70 PCR-Zyklen nachweisbar

war. Dabei dominerte in allen Normalgewebeproben das FL-MDMX-Transkript. In unserer
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Abb. 3-3: Prognostische Bedeutung der MDMX-S-Uberexpression bei WTS

Die Uberexpression der MDMX-S-SpleiBvariante war in WTS mit einem stark verkiirzten Uberleben (A — Kaplan-
Meier-Kurve) und mit einem erhéhten Risiko, am Tumor zu versterben, assoziiert (B — multivariate Cox-
Regression). Die Cox-Regression wurde nach der Tumorlokalisation und dem p53-Mutationsstatus adjustiert.

Beide Parameter sind unabhéngige, prognostische Faktoren fiir WTS. Die Abbildung wurde aus Bartel et al.,
2005, 7 entnommen.

Studie gab es einen signifikanten Zusammenhang zwischen dem Tumorgrad und der Uber-
expression der MDMX-S-SpleiBvariante (x*-Test, p=0,0005).

Berechnungen zur Uberlebenszeit zeigten, dass Patienten mit einer deutlichen MDMX-
S-Uberexpression durchschnittlich 13 Monate nach Diagnosestellung verstarben, wohingegen
Patienten, bei denen FL-MDMX-Menge grdBer oder gleich war im Verhaltnis zu MDMX-S,
durchschnittlich 53 Monate Uberlebten (p=0,0001). Die Cox-Regressionsanalyse, adjustiert
nach Tumorgrad und Art der Tumorresektion, ergab zudem, dass Patienten mit MDMX-S-
Uberexpression eine deutlich schlechtere Prognose aufweisen als Patienten mit geringer
MDMX-S-Expression (RR=9, p=0.0001). Zusammenfassend lasst sich festhalten, dass die
Uberexpression der MDMX-S-SpleiBvariante ein unabhéngiger prognostischer Faktor fiir WTS
ist und mit einer signifikant kiirzeren Uberlebenszeit korreliert (Abb. 3-3).

3.1.5 Polymorphismen im MDM2-Gen %134

Die Funktionalitat von p53 spielt eine wichtige Rolle bei der Verhinderung der Entste-
hung von Tumoren. p53 selbst ist in mehr als 50 % der Tumoren durch Mutationen inakti-
viert. Unsere Hypothese lautete, dass auch Sequenzvariationen von anderen Genen im p53-

Pathway die Wahrscheinlichkeit einer Tumorentstehung erhdéhen. Wir haben daraufhin
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Abb. 3-4: SNP309 ist mit einem friiheren Auftreten von sporadischen Weichteilsarkomen assoziiert

A — Das Diagramm zeigt die Verteilung der WTS-Subtypen in dieser Analyse. B — Patienten, die homozygot fiir
den SNP309 (G/G) sind, wiesen ein 12 Jahre friiheres Alter der Tumorentstehung auf. C — Im Diagramm ist
die Anzahl der Individuen, die an einem WTS erkrankten, gegen das Alter der Diagnose aufgetragen. Es wird
deutlich, dass Patienten mit einem G/G-Genotyp durchschnittlich friiher an ihrem Tumor erkrankten als Patien-
ten mit einem T/T-Genotyp (Wildtyp). D — Die Frequenz des G-Allels von SNP309 ist deutlich erhoht bei Pati-
enten, die in einem Alter von unter 41 Jahren an ihrem Tumor erkrankten (p=0.0262). E — SNP309 ist mogli-
cherweise ein ,rate-limiting event" bei Liposarkomen. Zur Entstehung einer Tumorzelle ist eine bestimmte
Anzahl (r) von Ereignissen notwendig, die entsprechend der Formel I(t)=kt™! berechnet. Der r-Wert, die Glei-
chung und der r>-Wert fiir jeden Genotyp sind angegeben. Die Abbildung ist der Publikation Bond et al., 2004,
entnommen 11,

untersucht, ob in Tumoren Mutationen und/oder Polymorphismen des MDM2-Gens auftreten.
Dazu wurde von 82 WTS-Patienten und 100 gesunden Probanden das Exons 12 des MDM2-
Gens sequenziert. Es konnte weder in den Patienten noch in den gesunden Blutspendern
eine Mutation detektiert werden. In den Untersuchungen fanden wir jedoch einen
Einzelnukleotidpolymorphismus (SNP) im Kodon 354 (GAA > GAG), der in 8 % der Blutspen-
der (8 von 100) und in 13 % der Tumorpatienten (11 von 82) auftrat. Der heterozygote Sta-
tus des SNP korrelierte mit einer verminderten MDM2-mRNA-Expression (p=0.0032). Daraus
lasst sich ableiten, dass das G-Allel moglicherweise zu einer verminderten mRNA-Stabilitat
fuhrt. In einer Kaplan-Meier-Analyse konnten wir zeigen, dass Patienten, die einen homozy-
goten Wildtyp-Status aufwiesen, im Durchschnitt 88 Monate nach Diagnosestellung verstar-
ben, wahrend dies bei Patienten die heterozygot bzw. homozygot flir den SNP waren, bereits

nach durchschnittlich 45 Monaten der Fall war. Dies und der hdéhere Anteil an Tumorpatien-
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ten mit dem SNP lassen den Schluss zu, dass dieser SNP mit einer erhohten

Tumorsuszeptibilitat assoziiert ist.

Nach der Analyse der Zinkfinger-Region haben wir zusammen mit Arnold Levine (Insti-
tute of Advanced Studies, Princeton, USA) und Gareth Bond (Ludwig Institute for Cancer
Research, Oxford, England) das Intron 1 des MDM2-Gens sequenziert. In dieser Region be-
findet sich der p53-sensitive P2-Promotor des MDM2-Gens '*®. Da die MDM2-Menge ent-
scheidend flr die p53-vermittelte Stressantwort ist, kann man davon ausgehen, dass nattir-
lich vorkommende Sequenzvariationen (SNPs) die MDM2-Expression und die Funktionalitat
von p53 und somit die Fahigkeit von p53, die Entstehung von Tumoren zu verhindern, be-
einflussen kdnnen. Es konnte an der 309. Position des Introns 1 ein T > G-Austausch identi-
fiziert werden (SNP309). Dies flihrt zu einer verstarkten Bindung des Transkriptionsfaktors
Spl an den Promotor und zu einer erhdhten MDM2-mRNA und —Proteinexpression '!. Das
Vorhandensein des G-Allels von SNP309 ist demnach mit einer Schwachung des p53-
Pathways assoziiert. An unserem WTS-Patientenkollektiv konnten wir zeigen, dass der
SNP309 mit einem friiheren Auftreten von sporadischen WTS korreliert (Abb. 3-4). So entwi-
ckelten Patienten, die homozygot fiir SNP309 (G/G) waren, durchschnittlich 12 Jahre friher
den Tumor als Patienten ohne SNP309 (T/T; p=0,01). Wir fanden weiterhin heraus, dass das
G-Allel bei jlingeren Patienten deutlich haufiger auftrat. Die Allelfrequenz betrug bei Patien-
ten unter 41 Jahren 50 % im Vergleich zu 33 % bei Patienten, die alter als 41 Jahre waren
(p=0,026; Abb. 3-4D). Des Weiteren zeigen unsere Berechnungen, dass das G-Allel von
SNP309 ein so genanntes ,rate-limiting event" bei Liposarkomen ist (Abb. 3-4E). Das bedeu-
tet, dass die Anzahl der notwendigen Ereignisse zur Tumorentstehung (z.B. Mutationen,
Uberexpression von Genen) herabgesetzt ist. Wahrend bei Patienten, die homozygot fiir das
T-Allel sind (Wildtyp), durchschnittlich 4,8 Ereignisse zur Tumorentstehung nétig sind, so
sind es bei Patienten, die homozygot fiir das G-Allel sind, nur noch 2,5 Ereignisse . Diese
Ergebnisse zeigen eindeutig, dass das G-Allel von SNP309 mit einer Schwachung des p53-
Pathways assoziiert ist, so dass die Entstehung von Tumoren in diesen Individuen beschleu-

nigt wird.

Das untersuchte Patientenkollektiv besteht aus 58 Frauen und 47 Mannern. Betrachtet
man die geschlechtsspezifische Verteilung von SNP309, so fallt auf, dass nur 3 der 47 Man-
ner einen G/G-Genotyp aufweisen. Das bedeutet, dass der Effekt einer friihen Tumorentste-
hung bei WTS nur bei Frauen mit einem G/G-Genotyp assoziiert ist. Bei weiblichen Patienten
mit einem G/G-Genotyp trat der Tumor durchschnittlich 14 Jahre friher auf als bei Patientin-
nen mit einem T/T-Genotyp (T/T-Frauen: 59 Jahre; G/G-Frauen: 45 Jahre, p=0.028). Man

kann daher vermuten, dass Ostrogen eine wichtige Rolle in diesem Zusammenhang spielt.
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Dies zeigt sich auch daran, dass bei 67 % der GG-Patientinnen der Tumor vor dem 51. Le-
bensjahr diagnostiziert wurde, bei den TT-Patientinnen war dies nur bei 27 % der Fall
(p=0,05, exakter Test nach Fisher). Der Anteil der GG-Patientinnen betrug bei Frauen, deren
Tumor vor dem 51. Lebensjahr auftrat, 27 %, bei Patientinnen tber 51 Jahren nur 8% und
bei mannlichen Patienten 6 % (p=0,017, exakter Test nach Fisher). Diese Daten stlitzen die
Hypothese, dass Geschlechtshormone, wie z.B. Ostrogen, die Entstehung von Tumoren bei

Individuen mit einem G/G-Genotyp weiter beschleunigen kénnen.
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Abb. 3-5: Prognostische Bedeutung der MDM2-P1- und P2-Expression bei WTS

Die multivariate Cox-Regression (adjustiert nach Tumorstadium, Tumorlokalisation und Resektionsgrad)
zeigt, dass die geringe Expression des P1- und P2-Transkripts mit einem stark erhdhten Risiko, am Tumor zu
versterben, assoziiert ist. Die Abbildung ist der Publikation Taubert et al., 2008 entnommen %3,

3.1.6 MDM2-P1- und P2-Transkriptlevel bei WTS-Patienten **3

Wir konnten in vorangegangenen Arbeiten nachweisen, dass sowohl die MDM2-
Genamplifikation * als auch eine erhdhte MDM2-mRNA-Expression ** mit einer guten Prog-
nose flir WTS-Patienten verbunden sind. Des Weiteren zeigen unsere Daten, dass Patienten,
die homozygot fiir den SNP309 sind, im Durchschnitt 12 Jahre friiher einen Tumor entwi-

1

ckeln ™ als Patienten mit dem Wildtyp. Daher war es naheliegend zu fragen, ob auch das



Habilitationsschrift F. Bartel 3 Ergebnisse 26

Expressionsniveau der mRNA-Transkripte, die von den beiden MDM2-Promotoren abgelesen
werden, mit dem Alter bei Tumorentstehung bzw. der Prognose assoziiert sind. Die
Transkriptmengen wurden mittels transkriptspezifischer Real-Time-PCR-Assays bestimmt.
Wir nutzten den Median der Transkriptmengen, um die Werte in ,geringe Expression™ bzw.
~hohe Expression" einzuteilen, wenn die Werte der Patienten unter bzw. Gber dem jeweiligen

Median lagen.

Das durchschnittliche Alter bei Tumordiagnose betrug bei Patienten mit einer hohen
P1-Expression 50,5 Jahre im Vergleich zu 61,5 Jahren bei Patienten mit einer geringen P1-
Expression (p<0,0001; t-Test). Uberraschenderweise konnten wir bei Patienten mit einer
hohen bzw. geringen P2-Expression keinen Unterschied bezliglich des Alters bei Diagnose-
stellung ermitteln (56 vs. 55 Jahre; p=0,72; t-Test). Bei Patienten, die homozygot fiir den
SNP309 waren (G/G) und geringe Mengen P2 expremierten, wurde der Tumor durchschnitt-
lich 29 Jahre friiher diagnostiziert als bei Patienten, die homozygot fiir das T-Allel des
SNP309 waren (31,4 vs. 59,8 Jahre; p<0,0001, t-Test). Dies war nicht der Fall bei Patienten
mit hohen P2-Mengen und unterschiedlichem SNP309-Status. Demgegeniiber zeigte sich,
dass Patienten mit geringer als auch mit hoher P1-Expression und dem G-Allel des SNP309
durchschnittlich friilher an ihrem Tumor erkrankten. Der Altersunterschied war jedoch nur fiir
Patienten mit geringer P1-Expression signifikant (GG + P1 niedrig: 45,1 Jahre vs. TT + P1
niedrig: 60,5 Jahre; p=0,015). Um den Effekt der MDM2-mRNA-Expression unabhangig vom
Geschlecht und dem MDM2-Amplifikationsstatus zu untersuchen, haben wir das Alter der
Diagnose bei Frauen berechnet, deren Tumor kein amplifiziertes MDM2-Gen aufwies. Es
stellte sich heraus, dass der Tumor bei Frauen mit einem ,single-copy" MDM2-Gen und einer
hohen P1-Expression durchschnittlich 10 Jahre friher im Vergleich zu Frauen mit einer ge-
ringen P1-Expression diagnostiziert wurde (51 Jahre vs. 61 Jahre; p=0,086). Diese Ergebnis-
se zeigen, dass die MDM2-Genamplifikation zwar mit einer erhdhten MDM2-Expression korre-
liert, jedoch nicht den Effekt der P1- und P2-Transkriptlevel auf das Alter der Tumorentste-

hung bei WTS-Patienten maskiert.

Wahrend eine hohe P1-Expression mit einem friheren Auftreten eines Weichteilsar-
koms assoziiert ist, so zeigte sich in der Kaplan-Meier-Analyse, dass Patienten mit einer ho-
hen P1-Expression eine signifikant lingere Uberlebenszeit (Median: 119 Monate) als Patien-
ten mit einer geringen P1-Expression (26 Monate, p=0,0001, log-Rank-Test) aufwiesen
(Abb. 3-5). Bezliglich des Gesamtiiberlebens zeigten sich auch deutliche Unterschiede zwi-
schen Patienten mit geringer bzw. hoher P2-Expression (26 vs. 96 Monate, p=0,0023, log-
Rank-Test). Der Effekt, dass eine hohe P1-Expression mit einer lingeren Uberlebenszeit as-

soziiert ist, war unabhdangig vom Status der MDM2-Genamplifikation (MDM2 single-copy:
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p=0,043; MDM2 amplifiziert: p=0,035; log-Rank-Test). In einer multivariaten Cox-
Regressions-Analyse (adjustiert nach Tumorstadium, Lokalisation und Resektionsgrad) konn-
ten wir geringe P1- und P2-Expressionslevel als unabhangige, negative Prognosefaktoren fir
Weichteilsarkompatienten identifizieren (relatives Risiko [RR] P1 gering = 3,7, p<0,0001; RR
P2 gering = 2,5, p=0,001). Das Risiko, am Tumor zu versterben, war flir Patienten, deren
Tumor vor dem 51. Lebensjahr diagnostiziert wurde und durch eine geringe P1- bzw. P2-
Expression charakterisiert war, um das 7,7-fache (P1; p=0,002) bzw. um das 13,1-fache
(P2; p<0,0001) erhdht. Wir konnten diese Daten auch flir Patientinnen mit einem ,single-

copy" MDM2-Gen bestatigen, um Einfllisse der MDM2-Amplifikation auszuschlieBen.

3.2 Thematik 2 - Genetische Veranderungen von p53, MDM2 und MDMX bei

Ovarialkarzinomen 3
3.2.1 p53-Mutationen und p53 Proteinexpression

Fir die Analysen zu molekularen Veranderungen des p53-Pathways stand uns Material
von 107 Ovarialkarzinomen zur Verfligung, das wir zunachst auf p53-Sequenzalterationen
hin analysiert haben (Abb. 3-6). Wir konnten insgesamt 111 Sequenzveranderungen nach-
weisen. Dabei handelte es sich in 44 Fallen und Mutationen in den Exonen 4 — 8 (einschlieB3-
lich 2 Mutationen in einem Intron), in den weiteren Fallen um bekannte Polymorphismen in
Intron 3 bzw. Im Kodon 72. Die p53-Proteinexpression wurde von uns mittels
Immunhistochemie an Paraffinschnitten untersucht (Abb. 3-6). In 51,4 % der Falle (55 von
107) detektierten wir eine p53-Uberexpression. 20 Falle (18,7 %) wiesen nur eine geringe
Farbung auf, und 32 Falle (30,2 %) zeigten keine p53-Expression. Es zeigte sich, dass die
p53-Proteinexpression nicht mit dem p53-Mutationsstatus korrelierte (p=0.59; y*-test). Der
Anteil an Fallen mit einer p53-Uberexpression und einem mutierten p53-Gen betrug 54 %
(24 von 44). In 49 % der Falle (31 von 63) konnte jedoch trotz eines p53-Wildtyp-Gens eine
verstarkte p53-Expression detektiert werden. Wir haben daher die Tumoren entsprechend
ihres kombinierten p53-Mutations/-Proteinexpressionsstatus in vier Gruppen eingeteilt. Falle
mit einem p53-Wildtyp-Gen und ohne immunhistochemisch nachweisbare p53-Expression
wurden als ,,p53 normal® bezeichnet (29.9 %; 32 von 107). Hier gehen wir davon aus, dass
p53 funktionell aktiv ist. Die anderen Gruppen enthielten Félle mit einer p53-Alteration und
setzten sich folgendermaBen zusammen: (i) p53-Uberexpression, jedoch p53-Wildtyp-Gen
(29 %; 31/107), (ii) p53-Mutation und p53-Uberexpression (22.4 %); 24/107) sowie (jii) p53-
Mutation, aber keine p53-Expression (18.7 %; 20/107).



Habilitationsschrift F. Bartel 3 Ergebnisse 28

A #81  #82  #83 #84 1
s 3 & I

1 Il 1 1
GC CAAC T GCAAGACCT (o |

Om=

.
GC

Codon 138: del GC

e ol

SSCP of Exon 5 direct sequencing
B : !
#95 #96 #97 #98 #99
; W OTITrrnd I TTTm
GTTGT GAGG|CAC|TGC CCCCA

3 “v." Py, 4
:». b\« / » ,‘. @ e
Immunostaining SSCP of Exon 5

direct sequencing
#79 #78 control

OVCA 78 Exon 8, del 32 bp

‘ A SSCP of Exon 8
fl.&lll‘.)u!lhnu“hhlhhu MNAAANANNA

Immunostaining direct sequencing

[ =

Abb. 3-6: SSCP, DNA-Sequenzierung und immunhistochemischer Nachweis der p53-Expression im Ovarial-
karzinom

A — Die SSCP-Analyse von Exon 5 bei Fall Nr. 84 (ser6ses Ovarialkarzinom) zeigt eindeutig eine zusatzliche
Bande (*). Die anschlieBende Sequenzierung bestétigte eine 2-bp-Deletion (GC) im Kodon 138, die zu einem
friihzeitigen Stopp-Kodon fiihrt. Daher war p53 bei diesem Fall immunhistochemisch nicht nachzuweisen. B —
Durch SSCP und DNA-Sequenzierung von Exon 5 konnte im Fall Nr. 98 (serdses Ovarialkarzinom) eine
Missense-Mutation im Kodon 175 (CGC>CAC; Arg>His) detektiert werden. Dieser Fall zeigte eine deutliche
Uberexpression von p53. C — SSCP, DNA-Sequenzierung und Immunhistochemie des Falls Nr. 78 (klarzelliges
Ovarialkarzinom), der durch eine 32-bp-Deletion im Exon 8 charakterisiert ist. Die Abbildung ist der Publikation
Bartel et a/,, 2008, entnommen 3,

3.2.2 p53-Status und Ansprechen auf die Chemotherapie

Patientinnen, deren Tumor eine p53-Veranderung (Mutation und/oder Uberexpression)
aufwies, waren resistenter gegenuber einer Chemotherapie als Patientinnen mit normalem
p53-Status (78 % vs. 52 %; p=0,027). Bei diesen Patientinnen war auch die Zeit bis zum
Auftreten eines Rezidivs kirzer als bei Patientinnen ohne p53-Alteration (28 vs. 51 Monate,
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p=0,075). In Bezug auf den Mutationsstatus wiesen Tumoren mit einem mutierten p53-Gen

eine héhere Resistenz auf (79 %) als Tumoren mit einem p53-Wildtyp-Gen (64 %, p=0,148).

3.2.3 Status des SNP309 im MDM2-P2-Promotor bei Ovarialkarzinomen

Der Anteil an Patientinnen, die einen heterozygoten Genotyp (T/G) aufwiesen, war ho-
her (52.4 %) und der Anteil mit einem homozygoten Genotyp (G/G) war etwas niedriger
(7.8 %) als in gesunden Kontrollpersonen (T/G: 40 %; G/G: 12 %, ). Dieser Unterschied
war jedoch nicht signifikant (p=0,53). Am Beispiel der Weichteilsarkome konnten wir zeigen,
dass der SNP309 vor allem in Frauen mit einem aktiven Ostrogen-Signalpathway einen Effekt
hat '2. Wir haben daher auch bei den Ovarialkarzinompatientinnen den Einfluss des Ostro-
genrezeptor (ER)-Status untersucht. In unserem Patientenkollektiv wiesen 40 % (43 von
107) eine sehr hohe und 17 % (18 von 107) eine geringe ER-Expression auf, wahrend 43 %
(46 von 107) keinen ER expremierten. In Patientinnen im FIGO III-Stadium mit ER-positiven
Tumoren war das G-Allel von SNP309 mit einem 6 Jahre friiheren (T/T: 70,6 Jahre;
T/G+G/G: 64,4 Jahre, p=0,101) und bei Patientinnen mit einer sehr starken ER-Expression
mit einem 8,5 Jahre friiheren Auftreten des Tumors assoziiert (p=0,048). In ER-negativen
Patientinnen fanden wir keine Unterschiede beim Alter der Tumorentstehung (p=0,44). Die-
se Daten unterstiitzen die Hypothese, dass das G-Allel von SNP309 einen intakten Ostrogen-

Signalpathway benétigt, um die Tumorentstehung zu beschleunigen 2.

3.2.4 p53- und SNP309-Status und der Einfluss auf das Gesamtiiberleben.

Die kirzeste Uberlebenszeit (42,8 Monate) wiesen Patientinnen auf, deren Tumor
durch eine Uberexpression von Wildtyp-p53 charakterisiert war. Besonders deutlich war der
Unterschied im Vergleich zu Patientinnen mit einem p53-Wildtyp, jedoch ohne nachweisbare
p53-Proteinexpression (p=0,019, log-Rank-Test). Zusammenfassend lasst sich sagen, dass
Patientinnen mit einem ,normalen® p53 (Wildtyp-Gen, keine Proteinexpression) eine langere
Uberlebenszeit aufweisen als Patientinnen mit einer p53-Genmutation und/oder p53-
Uberexpression. Interessanterweise iiberlebten Patientinnen im FIGO IlI-Stadium und einem
mutierten p53-Gen langer als Patientinnen mit einem p53-Wildtyp-Gen (59 vs. 41 Monate,
p=0,058). Ein ahnliches Ergebnis - dass, ein geschwachter p53-Pathway mit einem langeren
Uberleben assoziiert war - fanden wir auch, als wir den Einfluss von SP309 auf das Ge-
samtiiberleben der Ovarialkarzinompatientinnen untersuchten. Die durchschnittliche Uberle-
benszeit betrug fur Patientinnen mit einem T/T-Genotyp (wt) 59 Monate und fur Patientinnen
mit dem G-Allel (T/G+G/G) 62 Monate (p=0,994). Im FIGO llI-Stadium jedoch korrelierte das
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G-Allel - also ein geschwéchter p53-Pathway - mit einem langeren Uberleben im Vergleich
zum SNP309 Wildtyp-Status (57,5 Monate vs. 35,3 Monate, p=0.045, log-Rank-Test). Der
Effekt des G-Allels auf das Gesamtiiberleben war, wie schon beim Alter der Tumorentste-
hung, vom ER-Status des Tumors abhangig. Wahrend bei Patientinnen ohne ER-Expression
ein noch deutlicherer Unterschied in Bezug auf die Gesamtiberlebenszeit zu finden war
(p=0,024, log-Rank-Test), so konnte bei Patientinnen mit ER-Expression kein signifikanter
Unterschied der Uberlebenszeiten detektiert werden (geringe ER-Expression: p=0,424; star-
ke ER-Expression: p=0,828). Aus diesen Daten lasst sich ein Modell ableiten, nachdem ein
geschwachter p53-Pathway—d.h. durch eine p53-Mutation oder das G-Allel von SNP309—

mit einer besseren Prognose fir Ovarialkarzinompatientinnen assoziiert ist.

3.2.5 MDMX-Alterationen in Ovarialkarzinomen (unveroffentlichte Daten)

Neben Veranderungen des MDM2-Gens haben wir auch den Status von MDMX in Ova-
rialkarzinomen untersucht. Wahrend die klinische Bedeutung von MDM2-Veranderungen in

Tumoren, u.a. in Ovarialkarzinomen 2

® gut dokumentiert ist, existieren zum Einfluss von
MDMX-Veranderungen auf den Tumorprozess nur sehr wenige Daten. Wir haben daher Se-
quenzveranderungen (Mutationen und SNPs) des MDMX-Gens in Ovarialkarzinomen unter-
sucht. Dabei haben wir uns zunachst auf die RING-Finger-Domane (Exon 11) konzentriert,
da diese Region mit dem RING-Finger von MDM2 interagiert. Sequenzveranderungen in die-
sem Bereich kdnnten aus diesem Grund die Stabilitét von MDMX und auch von MDM2 erhg-
hen und so den p53-Pathway weiter abschwachen. In nur zwei Fallen detektierten wir im
Tumormaterial eine heterozygote Punktmutation im Kodon 421 (AGA > CGA). Dies fihrt zu
einem Austausch von Arginin zu Glycin. Damit ist eine wesentliche Anderung der Protein-
struktur verbunden. Darliberhinaus konnten wir einen SNP im 3'-untranslatierten Bereich des
MDMX-Gens identifizieren. Es handelt sich um einen A/C-Austausch an der Position 34091
des MDMX-Gens (SNP34091), 31 bp nach dem Stop-Kodon. Der Anteil an Individuen mit
einem A/A-Genotyp von SNP34091 (wt) war bei ,low-grade™ Ovarialkarzinomen mit 48 %
niedriger als bei gesunden Kontrollpersonen (55 %), bei ,high-grade" Ovarialkarzinomen
dagegen hoher (62 %). Das A-Allel des SNP34091 war in den untersuchten Ovarialkarzino-
men mit einer gesteigerten MDMX-mRNA- und Proteinexpression assoziiert (p=0,056;
p=0,096). Dies konnte auf eine erhdhte mRNA-Stabilitat zurlickzufiihren sein. Durch Daten-
bankrecherchen haben wir gefunden, dass der 3'-UTR bei Vorhandensein des C-Allels eine
Bindungsstelle fir die die microRNA miR-191 und miR191* darstellt. Durch die Bindung die-
ser microRNAs an die MDMX-mRNA werden mdglicherweise deren Stabilitét und Translation

negativ beeinflusst. Im Falle des A-Allels entsteht keine Bindungsstelle flir diese microRNAs.
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Die mdgliche Regulation der MDMX-Expression durch microRNA und deren Einfluss auf die
Aktivitat des p53-Pathways wird zurzeit in einem Kooperationsprojekt mit der Arbeitsgruppe
um Jean-Christophe Marine vom IMB in Gent, Belgien, untersucht. In multivariaten Cox-
Regressionsanalysen (adjustiert nach der GroBe des Resttumors) konnten wir zeigen, dass
das A-Allel des SNP34091 mit einem erhdhten Rezidivrisiko als auch mit einem erhdhten Ri-
siko, am Tumor zu versterben, assoziiert war. Dieser Effekt war auch vom ER-Status der
Patientinnen abhdngig. Bei Patientinnen mit einem A/A-Genotyp und einem ER-negativen
Karzinom war das Rezidivrisiko um das 8,2-fache(p=0,009) und das Risiko, am Tumor zu
versterben, um das 5,5-fache (p=0,01) erhdht. Unsere Daten zeigen erstmalig, dass Veran-
derungen von MDMX, insbesondere der SNP34091, eine wichtige Rolle bei Ovarialkarzinomen

spielen.

3.3 Thematik 3 - SpleiBvarianten von MDM2 und MDMX - Auftreten, Prognose

3.3.1 Detektion verkiirzter Transkripte der MDM2-mRNA in WTS *2

Von Sigalas et al. konnten 1996 '%*

u.a. in Blasentumoren insgesamt 5 verschiedene
Transkripte der MDM2-mRNA nachgewiesen werden. Vorarbeiten aus unserer Arbeitsgruppe
zeigten an ausgewahlten WTS-Zelllinien, dass ebenfalls Transkripte verschiedener GréBe im
Northern Blot detektierbar waren %. Es sollte daher die Frage geklart werden, ob auch in
WTS-Tumorproben SpleiBvarianten der MDM2-mRNA nachweisbar sind. Fir die Analyse

stand von 87 Patienten Tumorgewebe zur Verfligung.

Neben der Bande, die das FL-Transkript reprasentiert, waren in 51 von 85 Proben
(60 %) zusatzlich kiirzere Banden unterschiedlicher Lange nachweisbar. Die Anzahl der zu-
satzlichen Banden variierte zwischen den einzelnen Tumorproben. Wahrend in einigen Pro-
ben nur eine weitere Bande mit starkerer Intensitat als die FL-Bande auftrat, war in anderen
Proben eine Vielzahl von Banden mit geringerer Intensitdt detektierbar (Abb. 3-7). Es ge-
lang, von 47 der 51 Proben einzelne Banden zu charakterisieren und eindeutig SpleiBformen
der MDM2-mRNA zuzuordnen, d.h. 55 % aller von uns untersuchten WTS-Proben
exprimierten MDM2-mRNA-SpleiBvarianten. In den untersuchten WTS-Proben konnten insge-
samt 13 verschiedene Transkripte der MDM2-mRNA, einschlieBlich der FL-Form, nachgewie-
sen werden. Davon sind zwei Formen (MDM2-A und MDM2-B) bereits beschrieben worden
124 Die anderen 10 Formen wurden im Rahmen dieser Studie erstmalig detektiert, charakte-
risiert und bezeichnet. Eine Ubersicht (iber alle detektierten SpleiBvarianten findet sich in

Bartel et al. 8.
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Abb. 3-7: Expression alternativ bzw. aberrant gespleiBter MDM2-Transkripte in WTS

Die Abbildung zeigt ein reprasentatives Agarosegel einer nested-RT-PCR zum Nachweis der MDM2-mRNA-
Expression in WTS (oben). Zusétzlich zur Bande des FL-Transkripts sind in allen hier gezeigten Tumorproben
weitere Banden erkennbar, die MDM2-SpleiBvarianten zugeordnet werden konnten. Im unteren Teil der Abbil-
dung ist schematisch die SpleiBvariante DS2 mit den Sequenzen der SpleiBstellen dargestellt. Die Abbildung ist
der Publikation Bartel et al., 2001, entnommen *.

In Zusammenarbeit mit Linda Harris vom St. Jude Children’s Research Hospital (Mem-
phis, USA) wurden RMS-Zelllinien und —gewebeproben analysiert. Insgesamt wurden 11 ver-
schiedene SpleiBvarianten der MDM2-mRNA detektiert. FlUnf dieser SpleiBformen wurden

bereits in anderen Tumoren beschrieben *%*

, wahrend weitere sechs SpleiBformen (MDM2-
FB25 [Genbank-Eintrag: AF385322], -FB26 [AF385323], -FB28 [AF385324], -FB29
[AF385325], -FB30 [AF385326], -FB55 [AF385327]) von uns erstmals beschrieben wurden.
Sieben der gefundenen SpleiBformen waren alternativ gespleit, d.h. an Exon/Intron-
Grenzen. Der Leserahmen wurde dadurch nicht verschoben. Die SpleiBvarianten FB25, FB26,
F28 und FB29 dagegen sind Produkte eines aberranten SpleiBprozesses. Durch die daraus
resultierende Verschiebung des Leserahmens der mRNA weisen die abgeleiteten Proteinse-
quenzen eine veranderte Aminosauresequenz am C-Terminus auf. Haufig sind die Proteine
durch die Bildung eines frilhen Stopp-Kodons weiter verkirzt. Mit der Ausnahme der

SpleiBform FB26 weisen alle hier gefundenen Varianten teilweise Verluste von Sequenzen der
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p53-bindenden Domane auf. Mit der SpleiBvariante FB26 wurde von uns zum ersten Mal eine
MDM2-SpleiBvariante beschrieben, die eine vollstandige, intakte p53-bindende Domane auf-

weist. Es ist jedoch noch unklar, ob diese Isoform auch an p53 binden kann.

3.3.2 Detektion von MDM2-SpleiBformen in Normalgewebe und Lymphozyten °

Von einigen Patienten konnte auch an den Tumor grenzendes Normalgewebe (Muskel)
mit in die Untersuchungen einbezogen werden. Als weitere Kontrolle stand Gesamt-RNA aus
Blutlymphozyten gesunder Spender sowie eine Knochenmarksprobe zur Verfligung. Von den
7 Normalgewebsproben wurde in 4 Fallen das FL-Transkript der MDM2-mRNA nachgewiesen.
Davon wiesen 3 zusatzliche verkiirzte Banden im Agarosegel auf. In nur einem Fall konnte
lediglich die Expression des FL-Transkripts gezeigt werden. Uberraschenderweise
exprimierten 3 der untersuchten Normalgewebeproben kiirzere Varianten der MDM2-mRNA,
jedoch nicht das FL-Transkript. Einige der Banden konnten nach der Reinigung aus dem Gel
reamplifiziert und anschlieBend sequenziert werden. Dabei konnte eine neue MDM2-
SpleiBform (MDM2-N) identifiziert werden.

In den untersuchten Blut- und Knochenmarkproben konnten zusdtzlich zum FL-
Transkript jeweils eine kiirzere Bande detektiert werden. Die Sequenzanalyse ergab, dass es
sich in beiden Fallen um bislang noch nicht beschriebene SpleiBvarianten der MDM2-mRNA
handelt. Wir konnten somit zeigen, dass die Expression von MDM2-Spleivarianten nicht auf
das Tumorgewebe beschrankt ist. Dies spricht flir eine hormale physiologische Funktion der
MDM2-Isoformen. In weiterfiihrenden Arbeiten ware daher die Frage zu klaren, ob es spezi-
fische, tumorassoziierte MDM2-Isoformen gibt und wie das SpleiBen der MDM2-mRNA regu-

liert wird.

3.3.3 Charakterisierung der SpleiBvarianten der MDM2-mRNA

Die Banden, die vermutlich verkirzte Transkripte der MDM2-mRNA reprasentierten,
wurden aus dem Agarosegel ausgeschnitten und gereinigt. Es gelang in nahezu allen Fallen,
die gereinigten Fragmente mit dem Primerpaar MDM2-1/MDM2-8 zu reamplifizieren. Die so
erhaltenen PCR-Produkte wurden direkt sequenziert. Die Sequenzen der PCR-Produkte sind
mit der Sequenz der FL-MDM2-cDNA (Genbank-Eintrag NM002392) verglichen worden, um
zu ermitteln, welche Domanen in den SpleiBformen noch vorhanden sind. Einzelheiten zu
den Varianten sind den Publikationen zu entnehmen, in denen die Transkripte ausfihrlich

beschrieben wurden %*°#8,
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3.4 Thematik 4 - MDM2 als ein therapeutisches Target fiir WTS >%°
3.4.1 Etablierung eines WTS-Xenotransplantationsmodells in nu/nu-Ratten

Im Rahmen eines experimentellen /in-vivo-Therapieansatzes sollten die Effekte einer
MDM2-Antisense-Therapie studiert werden. Flr die Etablierung eines
Xenotransplantationsmodells flir WTS in nu/nu-Ratten wurde die ATCC-Zelllinie RD verwen-
det. Zum Einen, weil diese Zelllinie nur ein mutiertes p53-Allel aufweist (das zweite Allel ist
deletiert) und dadurch die Effekte einer MDM2-AS Therapie unabhangig von wt-p53-Protein
untersucht werden konnten. Zum Anderen war durch Arbeiten aus unserer Arbeitsgruppe
bekannt, dass diese Linie im Maus- und Rattenmodell reproduzierbar Tumoren bilden kann
8. Diese Versuche wurden unter meiner maBgeblichen Mitarbeit an der Klinik fiir Allgemein-

chirurgie der Universitat Leipzig durchgefiihrt.

3.4.2 Behandlung von Xenotransplantattumoren mittels MDM2-AS
Oligonukleotiden

In den Versuchsreihen wurde die Behandlung der Xenotransplantattumoren der STS-
Zelllinie RD in den nachfolgenden Studien wie folgt durchgefiihrt: (i) es wurden verschiedene
Konzentrationen des MDM2-AS2-ODNs eingesetzt und (i) die Implantation der osmotischen
Minipumpen erfolgte eine Woche nach der Xenotransplantation des Tumorgewebes. Es
wurden insgesamt 24 Ratten behandelt, davon je 7 Tiere mit 100 pug bzw. 200 pg des
MDM2-AS-ODN ¢ und jeweils 5 Tiere als Kontrolle mit entweder 100 ug MDM2-SE-ODN oder
physiologischer Kochsalzlésung. Die Behandlung der Tumoren mit MDM2-AS2-ODNs (100
bzw. 200 ug) fuhrte zu einer signifikanten Reduzierung der Gesamttumormasse im Vergleich
zu den mit Kochsalzlésung behandelten Tieren (p = 0,016 bzw. p = 0,007, Student t-Test).
Nach 7 Tagen Behandlung mit 200 ug MDM2-AS-ODNs lag die durchschnittliche Tumormasse
in dieser Gruppe bei 0,78 g + 0,53 g (Abb. 3-8), dies entspricht etwa einer 71 %igen Ver-
minderung im Vergleich zu der Kontrollgruppe, die mit physiologischer Kochsalzlésung be-
handelt worden ist (2,64 + 1,33 g), und einer 56 %igen Reduzierung der Tumormasse im
Vergleich zu der Gruppe, die mit MDM2-SE-ODNs behandelt wurde (1,74 + 1,17 g). Die kon-
tinuierliche intraperitoneale MDM2-AS-Behandlung inhibierte nicht nur die MDM2-
Proteinexpression, sondern bewirkte auch einen Rickgang der mt-p53-Proteinmenge. Die
erzielten Ergebnisse in dieser in-vivo-Studie zeigen somit das Potenzial einer Therapie mit
MDM2-AS-ODNs unabhéngig vom p53-Status des Tumors auf. Damit kénnte MDM2 von

allgemeiner Bedeutung fiur die Behandlung von Tumoren sein.
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Abb. 3-8: Effekte der Behandlung von Xenografttumoren mit MDM2-AS-ODNs

Es ist deutlich die Reduzierung der Tumormasse (links) und der Tumorzahl (rechts) durch die MDM2-AS-
Behandlung der Xenografttumoren erkennbar (Details s. Text). Die Abbildung ist der Publikation Wiirl et al.,
2002, *° entnommen.
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4. Diskussion

Das MDM2-Onkogen wurde urspriinglich in einer transformierten BALB/c-Mauszelllinie
entdeckt, in der das Gen vielfach amplifiziert vorlag und das Protein Uberexprimiert wurde

432 Das MDM2-Protein ist in der Lage, mit p53 Komplexe zu bilden und dadurch dessen

Funktion als Transaktivator zu hemmen **%*%’

. Andererseits wird die Expression von MDM2
durch p53 positiv reguliert. Damit sind das Onkogen MDM2 und der Tumorsuppressor p53
durch einen so genannten ,autoregulatorischen“ Feedback-Loop miteinander verbunden '*.
Ein weiterer negativer Regulator der p53-Aktivitat ist das MDM2-Homologe MDMX #2123,
MDMX kann sowohl an p53 als auch MDM2 binden. In einer Vielzahl von Tumorarten kommt

137 Eine Ursache

es zu Stdrungen des Gleichgewichts zwischen MDM2, MDMX und p53
kénnen Mutationen des p53-Gens sein, wie dies in bis zu 50 % der Tumore der Fall ist *°.
Dies fuhrt vielfach zur Expression eines funktionell inaktiven oder dominant negativen p53-
Proteins. Andererseits ist das MDM2-Onkoprotein in vielen Tumorarten (u.a. in WTS)
tiberexprimiert *. Dies ist bei einem Tumor mit wt-p53 einer Mutation des p53-Gens ver-
gleichbar. Eine verstérkte Expression von MDM2 ist oftmals mit einer schlechten Prognose,
2810 Dje Ursache fur die MDM2-

Uberexpression kann eine Amplifikation des MDM2-Gens sein. Oftmals kann dies aber auch

insbesondere fir WTS-Patienten, verbunden

auf verstarkte Transkription und/oder auf Transkripte mit einer unterschiedlichen Translati-
onseffizienz zuriickgefiihrt werden “"*"°. Ein weiterer Mechanismus, der zu einer verander-
ten MDM2-Expression in Tumoren beitragen kann, ist das Vorkommen von SpleiRvarianten
der MDM2-mRNA und verschiedener MDM2-Isoformen, wie es flr verschiedene Tumorzellli-

nien aus Mausmodellen beschrieben worden ist #4994

. Es war daher von Interesse zu pri-
fen, ob es in WTS (mesenchymalen Ursprungs) und Ovarialkarzinomen (epithelialen Ur-
sprungs) zu Veranderungen im p53-MDM2-MDMX-Pathway kommt und ob diese eine prog-

nostische Aussagekraft besitzen.

4.1 Molekulare Veranderungen des p53-MDM2-MDMX-Pathways und deren

prognostische Bedeutung

Die Charakterisierung der Veranderungen des p53 —Pathways in WTS umfasste u.a.
die Analyse des Amplifikationsstatus des MDM2- und des MDMX-Gens sowie die MDM2-
Proteinexpression. AnschlieRend wurden die molekularen mit klinischen Daten korreliert, um
zu prufen, ob diese Einfluss auf den Krankheitsverlauf haben und eventuell als neue unab-

hangige Prognosefaktoren fur WTS dienen kénnen.

In unseren Untersuchungen konnte in 28 % (21 von 75) der untersuchten WTS-Proben

eine Amplifikation des MDM2-Gens detektiert werden *, wobei die meisten Proben eine 3 —
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10-fache Amplifikation aufwiesen. Dieser Anteil ist etwas hoher als die fur WTS in einer
MDM2-Amplifikationsdatenbank publizierten Werte *. Dort wird eine durchschnittliche Ampli-

23,37,71,91,92,96,101,102,107,113,140

fikationsfrequenz von 20 % fur WTS angegeben . Cordon-Cardo et

al., die ein Kollektiv von 73 WTS-Patienten auf eine MDM2-Genamplifikation hin untersucht

haben, fanden eine Rate von 15 % positiven Fallen #

, Florenes et al., die insgesamt 97
WTS verschiedener Subtypen analysiert haben, berichten iber eine Rate von 10 % *'. Diese
Unterschiede lassen sich moglicherweise auf die histologische Heterogenitat und den diffe-
rierenden Anteil der Tumoren in den einzelnen Malignitdtsgraden der untersuchten WTS-
Patientenkollektive zuriickfihren. Interessanterweise war die Amplifikation des MDM2-Gens
mit einem geringen Tumorgrad verbunden. Wahrend 58 % der Grad | Tumoren eine Amplifi-
kation aufwiesen, so waren dies nur 15 % der WTS mit dem Tumorgrad Il und Il (p = 0,001,
y>-Test). Ahnliche Befunde wurden Nakayama et al. ** sowie von Nilbert et al. ** beschrie-
ben. Die beiden Arbeitsgruppen konnten in benignen Lipomen eine Amplifikationsfrequenz
von 30 % nachweisen. In einer multivariaten Cox-Regression erwies sich die Amplifikation

des MDM2-Gen als unabhangiger prognostischer Faktor fir WTS (RR = 4,4, p = 0,17) *.

Die Amplifikation des MDM2-Gens war in unseren Untersuchungen sehr stark mit einer
hohen MDM2-mRNA-Expression verbunden (p = 0,005, y >-Test). In den von Florenes et al.
untersuchten WTS wiesen alle Tumoren mit einem amplifizierten MDM2-Gen auch eine
stark erhohte MDM2-mRNA-Menge auf *’. Da jedoch ebenfalls in Proben ohne Genamplifi-
kation hohe mRNA-Level detektiert wurden, ist anzunehmen, dass noch weitere Mechanis-
men zu einer verstarkten MDM2-mRNA-Expression beitragen. In weiteren Arbeiten konnten
wir zeigen, dass moderat erhéhte MDM2-mRNA-Mengen ebenfalls mit einer guten Prognose

fur WTS-Patienten korrelieren **°

. Der Befund, dass nachweisbare MDM2-mRNA-Mengen
mit einer guten Prognose fir die Patienten verbunden sind, konnte durch andere Arbeits-
gruppen unabhangig voneinander an Ovarialkarzinomen *?° und Lungenkarzinomen ° besta-
tigt werden. In diesen Arbeiten wurden jedoch keine Angaben zum Amplifikationsstatus des

MDM2-Gens gemacht.

Im Gegensatz zu p53- und MDM2-Veranderungen gibt es bislang nur sehr wenige Da-
ten in Bezug auf die MDMX-Genamplifikation und MDMX-mRNA-Expression in Tumoren
1211718 Wir konnten erstmals zeigen, dass die MDMX-Genamplifikation und die MDMX-S-
Uberexpression unabhangige prognostische Bedeutung fiir WTS besitzen und mit einer
schlechten Prognose fir WTS-Patienten korrelieren. Unsere Daten deuten darauf hin, dass
neben p53 und MDM2 auch MDMX einen Einfluss auf die Progression von WTS haben drf-

te.

In dem von uns untersuchten WTS-Kollektiv war das MDMX-Gen in 27 % der Féalle

amplifiziert. Riemenschneider et al. beschrieben, dass die MDMX-Genamplifikation und die



Habilitationsschrift F. Bartel 4 Diskussion 38

mRNA-Uberexpression (iberwiegend in Glioblastomen gefunden wurde, die keine p53-
Mutationen aufwiesen ™" und schlussfolgern daraus, dass die MDMX-Amplifikation ein neuer
Mechanismus fur die Entstehung maligner Gliome sein kénnte, um sich der p53-
kontrollierten Wachstumskontrolle zu entziehen. Dies konnte auch fir unsere Patientenkol-
lektive bestatigt werden: nur ein Tumor von 16 mit einer MDMX-Amplifikation wies auch eine
p53-Mutation auf (eine intronische Mutation, F. Bartel, unveréffentlichte Daten). Daraus lasst
sich schlussfolgern, dass die MDMX-Genamplifikation und/oder MDMX-Uberexpression und
p53-Mutationen unabhdngige Mechanismen reprasentieren, um das p53-Protein in Tumoren

zu inaktivieren.

Neben der MDMX-Genamplifikation haben wir auch die MDMX-mRNA-Expression in
WTS untersucht. Wir konnten zeigen, dass ein Teil der Tumoren durch eine Uberexpression
der SpleiRvariante MDMX-S charakterisiert ist, und dass dies mit einem 9-fach erhdhten
Risiko, am Tumor zu versterben, korreliert. Weiterhin ist dies mit einer drastisch verkiirzten
Uberlebenszeit fiur diese Patienten verbunden. Dies ist in Ubereinstimmung mit Befunden
von Riemenschneider und Mitarbeitern, die berichten, dass besonders hohe Mengen an
MDMX-S im Vergleich zu FL-MDMX vor allem in Glioblastomen, jedoch nicht in anaplasti-

schen Gliomen bzw. niedriggradigen Gliomen gefunden wurden **’

110

. Daten von Rallapalli et
al. ™° und de Graaf et al. *® zeigen, dass das verkiirzte Protein MDMX-S sehr viel effektiver
die p53-vermittelte Transaktivierung und die Apoptoseinduktion inhibieren kann als FL-
MDMX. Es ist daher denkbar, dass die Aktivierung von MDMX-S zur Transformierung von

Zellen beitragt, indem es Wildtyp-p53 inaktiviert.

In Zusammenarbeit mit der Gruppe um Arnold J. Levine und Gareth Bond vom Institute
of Advanced Studies, Princeton, USA, haben wir den Einfluss von SNPs im p53-Pathway auf
die Tumorentstehung und den Krankheitsverlauf untersucht. Ein SNP im p53-sensitiven
MDM2-P2-Promotor kdnnte das Gleichgewicht zwischen p53 und MDM2 stéren und eine
Schwachung der p53-Aktivitat bewirken. Der identifizierte SNP309 (T>G) erhoht die Affinitat
des Transkriptionsfaktors Spl zum MDM2-Promotor, was eine erhéhte MDM2-Expression in
Zellen mit einem G/G-Genotyp zur Folge hat ™. Sowohl transformierte als auch nicht-
transformierte Zellen, die homozygot fir SNP309 (G/G) waren, zeigten eine deutlich abge-
schwachte Antwort (Apoptose, Zellzyklusarrest) nach Behandlung mit DNA-schadigenden
Agenzien im Vergleich zu SNP309-Wildtyp Zellen (T/T). AnschlieRend haben wir in unserem
WTS-Kollektiv den Einfluss des SNP309 auf die Tumorentstehung und den Krankheitsver-
lauf untersucht. Es zeigte sich, dass Patienten mit dem G/G-Genotyp 12 Jahre friher an
einem WTS erkrankten als Patienten mit dem T/T-Genotyp (Wildtyp). Die Allelverteilung in
den Tumorproben entsprach der Verteilung wie sie auch in der Kontrollgruppe (gesunde
Blutspender) gefunden wurde. Es scheint also keine Anreicherung des G-Allels in den Tu-

morproben zu geben. Neben der Korrelation mit einer friheren Tumorentstehung gab es
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keine weitere Assoziation mit anderen klinischen Daten. Um die Frage zu klaren, warum der
SNP309 mit dem Alter bei Tumorentstehung korreliert, nicht jedoch mit einem generell er-
hdhten Risiko, am Tumor zu erkranken, sind vergleichende Studien mit héheren Fallzahlen
notwendig. In Liposarkomen wiesen wir nach, dass das G-Allel ein so genanntes ,rate-
limiting event® ist, d.h. dass die Zahl der zur Tumorentstehung notwendigen Alterationen
(z.B. Mutationen) stark herabgesetzt ist **. Andererseits kénnte es gewebespezifische Un-
terschiede in der Expression des Transkriptionsfaktors Spl geben, so dass der Effekt von

SNP309 nicht in allen Geweben bzw. Tumorarten zum Tragen kommt.

Seit der erstmaligen Beschreibung des SNP309 konnte in zahlreichen anderen Tumor-
arten ein Zusammenhang mit einem friheren Auftreten des Tumors und auch mit einem

erhohten Risiko, am Tumor zu erkranken, gezeigt werden, u.a. bei B-Zell CLL .

156 # und dem Magenkarzinom *°. Demgegeniiber

Mammakarzinom °, Kolorektalkarzinom
konnte bei Basalzellkarzinomen **’, Lungenkarzinomen '®® sowie dem Prostatakarzinom **'
kein Einfluss des SNP309 auf die Tumorentstehung nachgewiesen werden. Die Ursache
dafur kdnnte darin liegen, dass es neben dem SNP309 noch andere Polymorphismen gibt,
die die Funktionalitdt von p53 beeinflussen. Ein weiterer Aspekt ist die Geschlechtsspezifitat
von SNP309. Bei WTS und dem Kolonkarzinom kommt es insbesondere bei Frauen, nicht
jedoch bei Mannern, zu einer beschleunigten Tumorentstehung bei Patienten mit dem G/G-
Genotyp im Vergleich zum T/T-Genotyp . Dies lasst den Schluss zu, dass das G-Allel bei

einem intakten Ostrogenrezeptor-Signalweg den p53-Pathway negativ beeinflusst.

In weiteren Arbeiten haben wir die Expression der promotorspezifischen Transkripte
(P1, P2) der MDM2-mRNA und deren Einfluss auf die Tumorentstehung und Prognose von
WTS-Patienten untersucht. Wir konnten erstmalig zeigen, dass eine hohe Expression des
P1-Transkripts, nicht jedoch des P2-Transkripts, mit einem friheren Auftreten eines WTS
verbunden ist, und dass eine geringe Expression von P1 und P2 mit einem stark verklrzten

133

Gesamtuberleben assoziiert ist =. Diese Ergebnisse deuten darauf hin, dass MDM2 in Be-

zug auf Tumorenstehung und Krankheitsverlauf unterschiedlich wirken kann. Die Expression
von p53 und MDM2 oszilliert bei der zellularen Stressantwort, wobei die der Anstieg bzw.
Abfall der MDM2-Menge der von p53 zeitverzogert folgt . Hu et al. fanden, dass geringste
Anderungen der MDM2-Expression (erhéhte oder verminderte Expression) zu Stérungen der

Oszillation und somit zu einer Inaktivierung des p53-Pathways fiihren **. Des Weiteren gibt

13,20

es Unterschiede in der Translationseffizienz der beiden Transkripte . Laut Cheng und

MDMZ translatiert, wahrend vom P1-

MDM2

Cohen wird vom P2-Transkript hauptséchlich das p90

MDM2

Transkript sowohl das p90 als auch das verkirzte p75™ "-Protein gebildet wird. Die

Autoren zeigten, dass p90"°™ am p53-MDM2-Feedback-Loop beteiligt ist, nicht jedoch

Y
gen der MDM2-Expression einen starken Effekt auf die Bildung von Tumoren haben kénnen.

75"°M2 Aktuelle Daten von Mendrysa et al. deuten darauf hin, dass bereits kleine Anderun-



Habilitationsschrift F. Bartel 4 Diskussion 40

Es wurde in APC™*-Mausen (diese Mause weisen einen Defekt im adenomus polyposis
coli-Gen auf und entwickeln spontan Adenome im Darm) untersucht, ob die erhohte p53-
Aktivitat infolge einer verminderten MDM2-Expression die Bildung solider Tumoren verhin-
dern kann. Wahrend Mause mit einer normalen MDM2-Expression nach 5 Monaten 48 Ade-
nome aufwiesen, so waren dies bei Mausen mit einer um 20 % reduzierten MDM2-
Expression nur 16 Adenome. Bei Mausen mit ~30 % der normalen MDM2-Expression entwi-
ckelten noch weniger Tumoren ®. Dies bestatigt die Daten aus unseren Studien, wonach

eine erhdhte MDM2-Expression mit einer beschleunigten Tumorentstehung assoziiert ist **°,

Neben den Weichteilsarkomen untersuchten wir in unserer Arbeiten auch Veranderun-
gen des p53-Pathways in Ovarialkarzinomen, u.a. den p53-Mutationsstatus, dessen Protein-
expression sowie den im p53-sensitiven MDM2-P2-Promotor liegenden SNP309 in einer
Gruppe von 107 Ovarialkarzinomen. In 39 % (42 von 107) der Tumoren fanden wir p53-
Mutationen, die eine Veranderung der Aminosauresequenz bewirken. Dieser Prozentsatz ist
nahe dem Bereich von 40-80 %, welcher in der Literatur fir Ovarialkarzinome beschrieben
wird **. Eine positive p53-Immunfarbung von 51 % liegt in dem publizierten Bereich von 29-

62 % fur FIGO I-IV Patientinnen 2341:4751.62.76:118.139.

Unsere Ergebnisse zeigen deutlich, dass die Immunhistochemie kein sicherer Marker
fur den p53-Genstatus ist. Wir fanden, dass die Halfte der Falle mit einem Wildtyp p53-Gen
auch positiv fir die p53-Immunfarbung waren, ein Prozentsatz der Uber dem liegt, was bis-
her von anderen Arbeitsgruppen veréffentlicht wurde *°**°. Havrilesky et al. fanden in 28 % *°
und Reles et al. *® in 38 % der von ihnen untersuchten Tumore eine Uberexpression des
p53-Proteins bei Vorhandenseins eines Wildtyp-Gens. Wildtyp-p53 ist normalerweise sehr
instabil und ist in der Zelle mittels Immunhistochemie nicht nachweisbar *’. Unter diesem
Gesichtspunkt ist es Uberraschend, dass es sich bei 90% der Wildtyp-p53
Uberexpremierenden Tumore um high-grade Karzinome handelt. Die Ursache fir diese un-
normale Stabilitat ist bisher unbekannt. Es ist moglich, dass es Veranderungen in der Funk-
tionalitat von p53-interagierenden Proteinen, wie MDM2 oder MDMX, gibt **°. Weitere Studi-
en sind notig, um die Grinde fur diesen Befund zu klaren, besonders unter dem Aspekt,
dass in unserer Studie 82 % dieser Tumoren ein Rezidiv bildeten, wahrend dies nur 52 %
der Patientinnen mit normalem p53 (Wildtyp-Gen, keine Expression) der Fall war.

119,139

In der Literatur gibt es Hinweise, dass eher die Uberexpression von p53 als Muta-

tionen 37

mit einem verkurzten Gesamtiberleben korrelieren. Es muss jedoch hinzugefugt
werden, dass in diesen Studien der p53-Mutations- und Proteinexpressionsstatus separat
betrachtet wurden. Unsere Ergebnisse zeigen, dass eine Immunfarbung von >10 % der Tu-
morzellen mit einem verringertem Gesamtiberleben korreliert (p = 0,0065) und, dass das

Auftreten von p53-Mutationen (p = 0,86) allein keinen Einfluss auf das Uberleben hat. Wir
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konnten dagegen zeigen, dass Patientinnen mit p53-Veranderungen generell eine schlech-
tere Prognose (p = 0,047) und eine verkirzte Gesamtiberlebenszeit (p = 0,05) hatten, im
Vergleich zu Patientinnen mit normalem p53. Bei den Patientinnen mit verandertem p53 ha-
ben Uberraschender Weise die Frauen mit Wildtyp-p53-Uberexpression die kiirzeste Uberle-

benszeit. Da bisher nur wenige Studien **%

sowohl den p53-Genstatus als auch die Pro-
teinexpression untersucht haben, wurde der prognostische Wert einer Uberexpression von
Wildtyp-p53 bisher unterschatzt. Weitere Studien sind notwendig um die Mechanismen der
Wildtyp-p53-Uberexpression zu klaren, weil dies Einblicke in die Mechanismen der Resis-
tenzentwicklung verspricht. Zusatzlich unterstreicht diese Studie die Bedeutung der p53-
Funktionalitat. Dies erscheint wichtiger als die getrennte Untersuchung von p53-Mutation

oder Proteinexpression.

Zusatzlich zum p53-Status haben wir auch den SNP309 im p53-sensitiven P2-
Promotor des MDM2-Gens untersucht und dabei gefunden, dass das G-Allel des SNP309
mit einem niedrigen Erkrankungsalter bei Frauen, aber nicht bei Mannern, mit Weichteilsar-
komen verbunden ist *2. In unseren Studien an Ovarialkarzinomen konnten wir nachweisen,
dass das G-Allel des SNP309 nur bei Tumoren mit einer sehr starken ER-Expression mit
einem niedrigen Diagnosealter (8 Jahre friiher; p = 0,048) verbunden ist >. Wenn das Niveau
der ER-Expression in Ovarialkarzinomen nicht bertcksichtigt wird, findet sich bei den ver-
schiedenen SNP309-Genotypen kein Unterschied im Erkrankungsalter, wie es bereits vor
kurzem publiziert wurde *°. Hervorzuheben ist auRerdem, dass das G-Allel des SNP309—
das aufgrund zahlreicher Befunde mit einem geschwéachten p53-Pathway assoziiert ist—
ebenso wie ein mutiertes p53-Gen bei Patientinnen im FIGO IlI-Stadium mit einem langeren
Gesamtuberleben korreliert. Dies zeigt die Komplexitat der Wechselwirkung und den unter-
schiedlichen Einfluss von p53 und MDM2 auf die Entstehung und die Progression von Tu-

moren im Allgemeinen und Ovarialkarzinomen im Speziellen.

Alterationen des MDMX-Gens und deren Einfluss auf die Tumorentstehung und
-progression sind in Ovarialkarzinomen bislang nicht untersucht worden. In einer kirzlich
publizierten Studie von Reincke et al. Uber Sequenzveranderungen von MDMX in 43 Féllen
von familidrem Brustkrebs zeigte deutlich, dass aktivierende Mutationen von MDMX sehr

15 'Nur 3 der 43 Patientinnen wiesen MDMX-Mutationen auf. Dies bestati-

selten auftreten
gen auch erste Daten zum Mutationsstatus des MDMX-Gens bei Ovarialkarzinompatientin-
nen. Bei 3 von 102 untersuchen Patientinnen wurde eine Mutation detektiert (Bartel et al.,
unveroffentlichte Daten). Wir konnten im Rahmen dieser Arbeit erstmals zeigen, dass der
SNP im 3’-untranslatierten Bereich des MDMX-Gens (SNP34091) mit einem stark verkirzten
Gesamtiiberleben und einem kirzeren rezidivireien Uberleben korreliert. Das A-Allel von
SNP34091 ist mit einer erhdhten MDMX-mRNA- und —Proteinexpression assoziiert, und dies

fuhrt in der Folge zu einer Inaktivierung des p53-Pathways. Der negative Effekt des A/A-
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Genotyps auf das rezidivireie und das Gesamtiberleben wurde von uns nur in den ER-
negativen Fallen beobachtet. Der SNP im MDMX-Gen war jedoch nicht mit dem Alter der
Tumorentstehung verknilpft. Daraus lasst sich ableiten, dass MDMX eher mit dem klinischen
Verlauf und der Chemotherapieresistenz assoziiert ist als mit der Tumorentstehung. Im Ge-
gensatz zum MDM2-Gen weist das MDMX-Gen keine Bindungsstellen fur den Ostrogen-
Rezeptor auf. Daher kann die MDMX-Expression auch nicht durch den ER werden, wie dies

193 In unserem WTS-Kollektiv

fur MDM2 in MCF-7-Zellen nachgewiesen werden konnte
konnten wir eindrucksvoll zeigen, dass der Effekt des G-Allel von SNP309 durch einen intak-
ten ER-Signalweg verstarkt wird >*2. Wir vermuten daher, dass der Effekt des SNP309 (also
erhohte MDM2-Mengen) vor allem in ER-positiven Tumoren (Geweben) eine Rolle spielt,
und so den Effekt von SNP34091 (d.h. die Inaktivierung des p53-Pathways durch erhéhte
MDMX-Mengen) in diesen Tumoren “Uberlagert’, wahrend in ER-negativen Tumoren (Ge-

weben) der Effekt des SNP34091 starker ist.

Der ER-Status und das Risiko an einem Ovarialkarzinom zu erkranken ist auch im Zu-
sammenhang mit der menopausalen Hormontherapie (MHT) von Bedeutung. Frauen in den
Wechseljahren werden entweder mit Ostrogen allein oder einer Kombination aus Ostrogen
und Progestin behandelt, um die Beschwerden wie beispielsweise Hitzewallungen zu min-
dern. Ob durch die MHT das Risiko steigt, an einem Ovarialkarzinom zu erkranken, ist bis-
lang jedoch nur unzureichend untersucht worden. Eine aktuelle Meta-Analyse nach Auswer-
tung von 42 Studien von Greiser et al. * kommt zu dem Schluss, dass das Risiko bei einer
Behandlung mit Ostrogen um das 1,28-fache ansteigt, wohingegen das Risiko, an einem
Mammakarzinom infolge der MHT zu erkranken, nicht erhoht ist *°. Unsere Daten belegen
eindeutig einen Zusammenhang zwischen einer hohen ER-Expression, dem SNP309 und
einem friheren Auftreten eines Ovarialkarzinoms. Es ist denkbar, dass bei Patientinnen, die
eine MHT erhalten und heterozygot bzw. homozygot fir den SNP309 sind (T/G bzw. G/G-
Genotyp), ein hoheres Risiko besitzen, infolge der MHT ein Ovarialkarzinom zu entwickeln.
Es ware daher interessant, in den im Review von Greiser et al. ** beschriebenen Patienten-
kollektiven retrospektiv die Allelfrequenz des SNP309 zu bestimmen, um einen moglichen

Zusammenhang zwischen der Gabe von Ostrogen und dem SNP309-Status zu ermitteln.

Eine mdogliche Erklarung fur die erhhten MDMX-mRNA und —Proteinmengen bei Pati-
entinnen mit dem A/A-Genotyp koénnte die unterschiedliche Bindung von Faktoren sein, die
die mRNA-Stabilitat und /oder die Translationseffizienz regulieren. Bei der Analyse des 3'-

UTR der MDMX-mRNA (http://mirna.imbb.forth.gr/microinspector/) stellte sich heraus, dass

durch das C-Allel eine Bindungsstelle fir die microRNAs hsa-miR191 und hsa-miR191* ent-
steht. Diese microRNAs binden jedoch nicht an das A-Allel von SNP34091. Daraus lasst sich
ein Modell ableiten, in dem die MDMX-Expression in Individuen mit dem A/C und C/C-
Genotyp von SNP34091 durch microRNAs beeinflusst wird. In aktuellen Arbeiten in Koope-
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ration mit der Arbeitsgruppe um Jean-Christoph Marine vom IMB in Gent (Belgien) untersu-
chen wir den genauen Mechanismus der Regulation der MDMX-Expression durch hsa-
mMiR191 und hsa-miR191* und den Einfluss auf die Funktionalitat des p53-Pathways. Erste
Ergebnisse zeigen, dass die Uberexpression von hsa-miR191 in Zellen mit dem C/C-
Genotyp (Efo-21) nicht jedoch in Zellen mit dem A/A-Genotyp (OAW-42) zu einer Reduzie-
rung der MDMX-Proteinmenge kommt. Da die mRNA-Menge unverandert bleibt, beruht die
Wirkung der microRNA hsa-miR191 auf einer Blockierung der Translation und nicht auf der

Destabilisierung der mRNA.

Zusammenfassend lasst sich festhalten, dass der A/A-Genotyp von SNP34091 ein un-
abhangiger Prognosefaktor fur Ovarialkarzinome ist und mit einem stark verkirzten
rezidivfreien und Gesamtuberleben assoziiert ist. Das A-Allel korreliert mit einer erhfhten
MDMX-Expression, was zu einer Inaktivierung des p53-Pathways in den betroffenen Tumo-
ren fuhrt. Obwohl der genaue Mechanismus noch nicht geklart ist, deuten unsere Daten auf
allelspezifische Unterschiede bei der Chemoresistenz bei Ovarialkarzinomen hin. Damit
kénnte MDMX ein vielversprechendes Zielprotein sein, um die Tumoren gegeniber einer

Chemotherapie zu sensitivieren.

4.2 Expression von SpleiBvarianten der MDM2-mRNA

Zu Beginn der Arbeiten wurden von Sigalas et al. insgesamt funf verkiirzte MDM2-
mRNA-Transkripte in Blasen- und Ovarialkarzinomen nachgewiesen ***. In 50 % der Ovari-
alkarzinomproben wurden alternativ gesplei3te Transkripte detektiert. Fiir die von uns unter-

suchten WTS konnte ein &hnlich hoher Anteil ermittelt werden.

In unseren Studien korrelierte die Expression der Spleil3formen mit dem Tumorgrad.
Wahrend nur 30 % der WTS mit Grad | verkiirzte MDM2-Transkripte exprimierten, so betrug
der Anteil bei den Malignitatsgrade 1l und Ill Gber 60 % *. Obwohl das Vorkommen der
SpleiRformen mit einem hoheren Malignitatsgrad einhergeht, zeigte sich jedoch kein Einfluss
auf das Uberleben der Patienten. Vergleicht man unsere Ergebnisse mit Daten aus der Lite-
ratur, so bestatigt sich, dass MDM2-Splei3formen bevorzugt in Tumoren mit einem aggres-
siveren Phanotyp exprimiert werden. So wurden in 80 % der ,high-grade® Ovarialkarzinome
verkurzte Transkripte gefunden, wahrend nur 37 % der ,low-grade“ Ovarialkarzinome davon

124

betroffen waren ~". Des Weiteren sind in 58 % der Tumoren im Stadium Il und 1V, aber nur

in 22 % der Tumoren im Stadium | und Il Spleil3formen der MDM2-mRNA detektiert wor-
den "*. Von den ebenfalls von Sigalas et al. untersuchten Blasenkarzinomen exprimierten
57 % der invasiv wachsenden Tumoren, aber nur 6 % der oberflachlichen Tumoren

Spleil3formen. In der Untersuchung von Lukas et al. exprimierten von 38 Mammakarzinomen
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13 Proben verkiirzte Transkripte zusatzlich zur FL-Form . Es zeigte sich kein Einfluss auf
das Uberleben der Patienten. Weitere Studien befassten sich mit Alterationen der MDM2-

128 Glioblastomen ®, nicht kleinzelligen Lungenkar-

MRNA-EXxpression u.a. in Liposarkomen
zinomen * sowie Riesenzelltumoren des Knochens *'. Ubereinstimmend wurde ein Zusam-
menhang zwischen der Expression von MDM2-Spleil3varianten und einem erhéhten Maligni-

tatsgrad gefunden 3°3-8:128

. Unsere Ergebnisse zeigen hingegen keinen eindeutigen Zu-
sammenhang zwischen alternativem bzw. aberrantem Spleil3en und einem aggressiverem
Phanotyp. Sie deuten vielmehr darauf hin, dass auch die Expression von mRNA-
Transkripten, die nicht an regularen Donor-/Akzeptorstellen gespleil3t werden, der ,norma-
len“ physiologischen Situation entsprechen. Die von uns in Normalgewebe von Patienten
und in peripheren Blutlymphozyten gesunder Spender nachgewiesenen Splei3varianten
MDM2-N sowie MDM2-BL sind beispielsweise an Sequenzen gespleildt worden, die inner-

halb bekannter Exone lokalisiert sind °.

Unsere Ergebnisse und die Analyse der Sequenzmotive zeigten, dass das aberrante
SpleiBen mdglicherweise auf Alterationen des SpleiBapparates zuriickzuftihren ist. Die von
uns identifizierten Sequenzmotive (z.B. 5-TGCCCAGTAT-3’) beinhalten potenzielle Donor-
und Akzeptorstellen. In einer Reihe von Genen (z.B. BRCAL, RB1, NF1) befinden sich in
den Introns, aber auch in den Exons, eine Vielzahl von potenziellen Splei3stellen und Bin-
dungsstellen fiir das heterogene nukledre Ribonukleoprotein A1 (hnRNP Al), einer Kompo-
nente des SpleiBapparates '°. Es konnte gezeigt werden, dass schon geringe Anderungen
der Affinitat von hnRNP Al zu den regularen Bindungsstellen zu einem fehlerhaften Aus-
schneiden von Exons filhren kénnen '°. So kann beispielsweise durch Mutationen die Se-
kundarstruktur der mRNA beeinflusst werden, wodurch dann das hnRNP Al-Protein an al-
ternative Sequenzen bindet. Die Folge kdnnte das alternative und/oder aberrante Splei3en
der unreifen mRNA sein. Ein weiterer Aspekt ist der Einfluss von DNA-Schaden auf das
SpleiBverhalten von MDM2 (und MDMX). Chandler et al. zeigten, dass es nach Behandlung
von Zellen mit ionisierender Strahlung nicht zu einer Anderung der Expression von MDM2-
SpleiBvarianten kommt. Werden die Zellen jedoch mit Cisplatin behandelt, so geht der Antell
des FL-MDM2 zuriick, und es werden verstarkt verklrzte Transkripte der MDM2-mRNA
expremiert '® Interessant sind in diesem Zusammenhang Arbeiten von Filipov et al., wonach
das SpleiRverhalten der CD44-mRNA durch den ATM/ATR-Pathway reguliert wird *. Dies
lie3 sich auf die veranderte Expression von wichtigen Spleil3faktoren zurtickfiihren. Aktuelle
Arbeiten unserer Arbeitsgruppe beschéftigen sich u.a. mit der Fragestellung, wie das
SpleiBverhalten der MDM2/-X-mRNA in Ovarialkarzinomzelllinien reguliert wird und ob es
einen Zusammenhang zwischen der Expression bestimmter Varianten (z.B. MDMX-S) und
der Chemoresistenz gibt. In Vorversuchen unserer Arbeitsgruppe stelle sich heraus, dass es

in den untersuchten Zelllinien (OAW-42, ES-2) unabhangig vom p53-Status zu einer Ande-
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rung des Verhéltnisses FL-MDMX/MDMX-S zugunsten von MDMX-S kommt (Wolf et al.,
unveroffentlichte Daten). Da die MDMX-S-Isoform die p53-Aktivitat wesentlich starker inhi-
bieren kann als MDMX selbst *°, kénnte die in p53-wt-Zelllinien zu einem schlechteren An-

sprechen der Zellen auf die Chemotherapie fiihren und somit zur Resistenz beitragen.

4.3 MDM2 als Ziel einer Gentherapie fiir WTS

In dieser Arbeit wurde erstmalig die Wirkung von MDM2-AS-ODNs auf WTS in vivo
untersucht. Die Grundlage unseres Modells sind abdominale und intraperitoneale WTS, die
durch konventionelle Therapieformen (chirurgische Eingriffe, Strahlen- und Chemotherapie)
schwierig zu behandeln sind. Die peritoneale Tumoraussaat hat einen limitierenden Einfluss
auf die Prognose. Daher ist es notwendig, alternative Therapiekonzepte, wie z.B. Antisense-

Therapien gegen das MDM2-Onkogen, fur diese WTS zu entwickeln. Unsere Ergebnisse

A B Antisense
DNA Schaden DNA Schaden
MDM2 P53 MDM2 P53
Expression + Aktivierung Expression + Aktivierung
\"‘ -\\\.
+ ()= () X+ X0
\j A
Tumorzellarrest/ Tumorzellarrest/
Tumorwachstum Apoptose Tumorwachstum* Apoptose

Abb. 4-1: Die MDM2-p53-Interaktion als Ziel einer therapeutischen Intervention

A. MDM2 ist ein negativer Regulator der p53-Funktion. p53 induziert die MDM2-Expression, z.B. nach einem
DNA-Schaden. MDM2 wiederum inhibiert die Aktivitaten von p53 durch Komplexbildung und den Abbau von
p53. Des Weiteren kann eine Uberexpression von MDM2 unabh&ngig von p53 zur Progression des Zellzyk-
lus, und damit zum Tumorwachstum, fihren. B. Der postulierte Mechanismus einer MDM2-AS-Therapie. Die
Inhibierung der MDM2-Expression fihrt zu einem Anstieg an freiem, und damit funktionellem p53 in der
Zelle. Durch die p53-Aktivitdt kommt es zur Auslosung der Apoptose oder zum Zellzyklusarrest. Es wird
weiterhin angenommen, dass durch die Reduzierung der MDM2-Proteinmenge in der Zelle die p53-
unabhéngigen Funktionen von MDM2 in Bezug auf das Tumorwachstum inhibiert werden.

zeigen die prinzipielle Eignung von MDM2 als Ziel einer molekular-basierten Therapie mittels
Hemmung durch AS-ODNs auch in Tumoren mit mutiertem p53-Gen. Alle bisher in der Lite-
ratur beschriebenen in vivo Studien mit MDM2-AS-ODNs wurden mit Xenotransplantaten
von Zelllinien durchgefihrt, die ein wt-p53-Gen trugen. In unserer Arbeit ist erstmalig eine

Zelllinie (RD) mit einem mutierten p53-Genstatus fur die Untersuchungen verwendet worden.

Erste Studien zur Behandlung von WTS mittels MDM2-AS-ODNs wurden von Meye et
al. an der MDM2-uberexprimierenden Zelllinie US8-93 durchgefiihrt % Es konnte gezeigt
werden, dass die als Lipidkomplexe applizierten MDM2-AS-ODNs sowohl die MDM2-
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Proteinexpression reduzieren als auch das klonogene Uberleben der WTS-Zelllinie stark
hemmen. In unseren Untersuchungen konnten wir in den Tieren, die mit verschiedenen Do-
sen an MDM2-AS-ONDs behandelt wurden, eine signifikante Reduzierung der Tumormasse
und erstmals auch der Tumorzahl nachweisen. Dies stimmt mit Ergebnissen anderer Auto-
ren Uberein, die ebenfalls Uber eine Verringerung der TumorgroR3e, ein verzégertes Tumor-
wachstum und eine langere Lebensdauer von Méausen berichten, die mit MDM2-AS-ONDs

behandelt wurden %,

Der Mechanismus fur die antitumorale Wirkung der MDM2-AS-ODNs in Folge der Re-
duzierung der MDM2-Proteinmenge konnte ist in Abb. 4-1 dargestellt. In vielen Tumoren mit
einem wt-p53-Gen fuhrt die Verringerung von MDM2 zu einer Erhdhung der p53-
Proteinmenge und anschlieRend zu Wachstumsarrest und Apoptose *°. Die Annahme, dass
MDM2-AS-ODNs nur in Zellen mit wt-p53 wirksam sind, konnte bislang nur fur B-Zell-
Lymphom-Zelllinien *°, jedoch nicht fir andere Zellen **°, bestatigt werden. Studien von Chen
et al. ™ an drei Zelllinien mit wt-p53-Genstatus zeigen wiederum, dass es nach Behandlung
MDM2-AS-ODNs neben einer deutlichen, dosisabhéngigen Reduzierung der MDM2-
Proteinmenge zusatzlich zu einer 6-fachen Steigerung der p21-Expression kommt (jedoch
nicht in einer als Kontrolle mitgefiihrten p53-defizienten Zelllinie). Dies deutet eindeutig auf
eine durch die MDM2-AS-Behandlung hervorgerufene p53-Transaktivierung hin. Auf Grund
der Reduzierung der MDM2-Proteinmenge steigt der Anteil an freiem (und somit funktionel-
lem) p53-Protein, da dieses nicht mehr durch MDM2 komplexiert und zur Ubiquitinylierung
markiert werden kann. Chen et al. '° beobachteten in den behandelten Zellen auch eine
Steigerung der Apoptoserate auf bis zu 80 % nach 24 h, die durch die Aktivierung von p53

erklart werden kann.

Es ist jedoch auch denkbar, dass die Behandlung von Tumorzellen mit MDM2-AS-
ONDs nicht nur den p53-MDM2-Feedback-Loop stort (Abb. 4-1), sondern auch die p53-
unabhangigen, wachstumsférdernden Aktivitaten von MDM2 in vivo inhibiert. Aus der Litera-
tur ist bekannt, dass MDM2 auch unabhangig vom p53-Genstatus onkogene Eigenschaften

. 23,27,59,79,80,114,124,143,150,154
besitzt

. Die Ergebnisse dieser Arbeit zeigen, dass durch die Behand-
lung von WTS-Xenotransplantattumoren mit MDM2-AS-ODNs auch ohne funktionelles p53

die Tumormasse und die Anzahl der gebildeten Tumoren reduziert werden kann.

Uberraschend war der Befund, dass es zu einer signifikanten Reduzierung der p53-
Proteinexpression in den mit AS-ODNs behandelten Tieren kam. Es ist bekannt, dass MDM2
an wt- und mt-p53 binden kann *, d.h. dass eine Reduzierung der MDM2-Proteinmenge in
Folge einer Behandlung mit MDM2-AS-ODNSs zu einer Stabilisierung von p53 fuhren kdnnte.
Eine dieser beschriebenen Zelllinien tragt die gleiche Mutation im p53-Gen wie die Zelllinie

RD, die in unseren in vivo Therapiestudien verwendet worden ist. In den von uns beschrie-
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benen Experimenten wurde erstmalig eine Reduzierung der mt-p53-Proteinmenge auf Grund
einer verringerten MDM2-Expression nachgewiesen **°. Dies deutet darauf hin, dass mt-p53
durch MDM2 stabilisiert wird; d.h. MDM2 kann zwar an p53 binden, es jedoch nicht fur den
proteasomalen Abbau markieren. Fir die Therapie von Tumorpatienten wéare die Reduzie-
rung der mt-p53-Proteinmenge von grof3er Bedeutung, da etwa 50 % der Tumoren Mutatio-
nen im p53-Gen tragen **, und Mutationen zu einer Stabilisierung von p53 beitragen kénnen
%7 Unsere Ergebnisse zeigen in einem WTS-Xenotransplantatmodell, dass eine Reduzie-
rung der Tumormasse und der Tumoranzahl durch MDM2-AS-ODNs unabhangig vom p53-
Genstatus moglich ist. Dadurch wird die Hypothese unterstitzt, dass eine MDM2-AS-ODN-
Therapie in allen Tumoren, die durch eine MDM2-Uberexpression charakterisiert sind, er-

folgreich ist **°.

4.4 Zusammenfassung und Ausblick

Den Schwerpunkt der vorliegenden Arbeit bildete die Aufklarung der Mechanismen, die
zur Fehlregulation des p53-MDM2-MDMX-Pathways in zwei vollig unterschiedlichen Tumor-
arten, den Weichteilsarkomen und den Ovarialkarzinomen, fiihren. Dies umfasste die Analy-
se von Alterationen wie z.B. Mutationen und Polymorphismen, Genamplifikationen, Uberex-
pression der mRNA bzw. des Proteins sowie die Expression von Spleil3varianten und die
Frage, ob diese Veranderungen koénnen mit dem Krankheitsverlauf bzw. dem individuellen

Todesrisiko betroffener Patienten korrelieren.

In 28 % der von uns untersuchten Weichteilsarkomproben konnte ein amplifiziertes
MDM2-Gen nachgewiesen werden. Dies war mit einer erhthten Expression der MDM2-
MRNA assoziiert. Interessanterweise korrelierten sowohl die MDM2-Genamplifiation als
auch eine leicht erhohte MDM2-mRNA-Expression mit einer guten Prognose bei
Weichteilsarkompatienten. Patienten ohne MDM2-Genamplifikation wiesen ein 4,5-fach er-
hohtes Risiko auf, am Tumor zu versterben. Demgegeniber war jedoch fir Patienten, deren
Tumor durch eine MDMX-Genamplifikation charakterisiert war, das relative Risiko um das
2.8-Fache erhoht. Das MDMX-Gen war in 27 % der Weichteilsarkome amplifiziert. Neben
dem MDMX-Genamplifikationsstatus wurde auch die Expression der ,full-length“-MDMX-
MRNA und der MDMX-S-Spleil3variante untersucht. Es stellte sich heraus, dass das Ver-
haltnis ,full-length® MDMX/MDMX-S einen unabh&angigen Prognosefaktor fur Weichteilsar-
kome darstellt. Patienten, deren Tumor eine Uberexpression der MDMX-S-SpleiRvariante
aufwiesen, verstarben durchschnittlich 13 Monate nach Diagnosestellung, wahrend Patien-
ten, bei denen das Verhaltnis zu Gunsten der FL-MDMX-mRNA verschoben war, 53 Monate

Uberlebten.
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Bei der Sequenzanalyse des p53-sensitiven MDM2-P2-Promotors, die in Zusammen-
arbeit mit A.J. Levine und G.L. Bond (Princeton, USA) durchgefuhrt wurde, konnte ein
Einzelnukleotidpolymophismus (T>G; SNP309) identifiziert werden. Das G-Allel war in
Weichteilsarkompatienten mit einem 12 Jahre friiheren Tumorauftreten assoziiert. Weitere
Untersuchungen zeigten, dass das G-Allel die Tumorentwicklung vor allem in pre-
menopausalen Frauen, nicht jedoch bei Mannern, beschleunigen konnte. Bei den Ovarial-
karzinomen konnte die Assoziation des G-Allels mit einem friiheren Alter der Tumorentste-
hung nur bei einer Uberexpression des Ostrogen-Rezeptors beobachtet werden. Diese Da-
ten stiitzen die Hypothese, dass Geschlechtshormone (hier: Ostrogen), die Entwicklung von
Tumoren bei Individuen mit einem G/G-Genotyp beschleunigen kénnen. Bei einem SNP im
3-UTR des MDMX-Gens zeigte sich ebenfalls eine Abh&ngigkeit von Ostrogen-Rezeptor.
Ausgehend von diesen Daten sollten sich prospektive Studien anschlief3en, in denen die hier
beschriebenen Prognosefaktoren evaluiert werden. Dazu zahlen der Status des SNP309, die
Expression der MDMX-S-Spleil3variante sowie der Transkripte des MDM2-P1- bzw. —P2-

Promotors.

Bei den von uns untersuchten Ovarialkarzinomen konnten wir ebenfalls zahlreiche
Veranderungen des p53-MDM2-MDMX-Pathways detektieren, die einen Einfluss auf das
rezidiv-freie und Gesamtiberleben der Patientinnen haben. Interessant war der Befund,
dass Patientinnen, deren Tumor das Wildtyp-p53-Protein Uberexpremierte, die kirzeste
Uberlebenszeit aufwiesen. Dies zeigt deutlich, dass die isolierte Betrachtung des p53-Gen-
bzw. Proteinexpressionsstatus nicht aussagekraftig ist. Somit lasst sich auch erklaren, wa-
rum speziell beim Ovarialkarzinom sehr widersprichliche Daten zur prognostischen Bedeu-
tung des p53-Genstatus in der Literatur zu finden sind. Es sollten daher in Zukunft—wie in
dieser Arbeit geschehen—der kombinierte p53-Gen- und Proteinexpressionsstatus ermittelt
werden, um die Gruppe der Patientinnen zu identifizieren, die durch eine Uberexpression
von wt-p53 charakterisiert sind. Des Weiteren zeigen unsere Arbeiten die Bedeutung der
Ostrogenrezeptorexpression beim Ovarialkarzinom. Obwohl der ER-Status selbst keine
prognostische Aussagekraft besitzt, jedoch war das G-Allel des SNP309 bei Patientinnen mit
einem ER-positiven Tumor mit einem signifikant friheren Auftreten des Ovarialkarzinoms
verbunden. Wie bereits fur die WTS beschrieben, mussen sich auch beim Ovarialkarzinom
prospektive Studien anschlieRen, um die Aussagekraft der genannten Prognosefaktoren zu
untersuchen. Dabei sollten folgende Faktoren bestimmt werden: Genotyp des SNP309 im
MDM2-Gens und des SNP34091 im MDMX-Gen, der p53-Gen- und Expressionstatus sowie

der ER-Status der Ovarialkarzinome.

In weiterfihrenden Arbeiten werden wir die Regulation des SpleiBmusters der
MDM2/MDMX-mRNA nach Behandlung mit Carboplatin und einen mdglichen Zusammen-

hang der Expression bestimmter SpleiRvarianten mit der Chemoresistenz beim Ovarialkarzi-
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nom untersuchen. Des Weiteren konnten wir in ersten Versuchen zeigen, dass das C-Allel
des SNP34091 im MDMX-Gen eine Bindungsstelle fiir die microRNA hsa-miR191 bildet und
dass die Uberexpression von miR191 in Zellen mit einem C/C-Genotyp zu einer Verminde-
rung der MDMX-Proteinmenge fihrt. Ziel der Versuche ist es daher nun zu untersuchen,
welche Bedeutung microRNAs bei der Regulation des p53-MDM2-MDMX-Pathways spielen.
Genaue Kenntnisse uber die Alterationen und die Regulation dieses zentralen Pathways
kénnen in Zukunft dazu beitragen, die Chemoresistenz von Tumoren sowie den Verlauf von

Tumorerkrankungen besser vorhersagen und somit die Resistenz tberwinden zu kénnen.
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The MDM2 gene encodes a 90-kDa oncoprotein that is
overexpressed in several human carcinomas, osteosarcomas,
gliomas and soft tissue sarcomas (STSs). This overexpression
is the result of several mechanisms, for example, enhanced
transcription or translation, gene amplification and alterna-
tive splicing. We found that 19 of 67 (28.4%) STS specimens
contained an amplified MDM2 gene. The amplification was
more likely to be present in grade | tumors than in grade 2
or 3 tumors (58% of grade | tumors vs. 15% of grade 2 or 3
tumors, p = 0.001, x“ test). Furthermore, patients with tu-
mors that contained an amplified MDM2 gene had a survival
estimate (87 months) that was longer than that of patients
with tumors that lacked an amplified gene (40 months; p =
0.02, log-rank test). Alternatively and aberrantly spliced
MDM2 mRNAs were detected in human STSs by a highly
sensitive reverse transcription-polymerase chain reaction
method. Of 71 tumor samples, 38 (54%) showed evidence of
the spliced forms, which included MDM2-A, MDM2-B and
several variants exclusively expressed in STSs. A common
feature of all forms was the absence of the MDM2 N-terminal
region, which includes the TP53-binding region. Further-
more, the presence of the spliced forms was associated with
elevated levels of TP53 (p = 0.01, x? test). Although the
presence of spliced forms was associated with late-stage tu-
mor phenotypes (p = 0.05, x? test), we observed no relation-
ship between the presence of splice variants and patient
outcome.
© 2001 Wiley-Liss Inc.

Key words: murine doubke minute 2 gene alternative splicing soft
tisste sarcoma mRNA amplification

The murine doubke minute 2 (MDM2) gere was originally
isolatad from the spontaneousgltransformel BALB/3T3 cel line
by virtue of the genes amplification? Overexpressio of the
MDM2 gere is correlatel with tumorigeniciy in nude mice2
Amplified MDM2 genes hawe been detecte in severd human
malignancies especialy in human sott tisste sarcoma (STSs;
30%)3-° The oncogent potentid of the MDM2 gere produd is
mostly a resut of its interaction with the tumar suppressogene
TP531° MDM2 seens to play an importart role in TP53 degra-
dation MDM 2 binds to TP53 and acts as an ubiquitin ligase and
thee actiors lead to inhibition of TP53-mediatd apoptoss and
growth arrest* This effed of MDM 2 can be modulatel by other
proteins for example RB1 or p19°RF 12,13

Overexpressioof MDM 2 is acharacteristi featue tha is often
associaté with a poa prognosis particulary in STS and espe-
cially when TP53 is also overexpressedi4 However overexpres-
sion may occu independenyl of gere amplificatiacn and may be
correlatel with enhancd transcription or translationt>-2°For pa-
tients with STS* or non—small-céllung cancer? strory MDM2
MRNA expressia is correlate with abette prognosis.

In addition to amplification othe alteratiors of MDM2 include
mutation$® or alternative splicing24-26 The occurrene of differ-
ert MDM2 mRNAs has been well describedand recenty inves-
tigatois hawe evaluate the impad of spliced variat MDM2
mRNAs on certan malignanciesfor example astrocytomashlad-

der cancers ovarian cances ard leukemiag4.25 Less is known
abou the occurrene of truncatel MDM2 mRNAs in STS ard their
relation to MDM2 amplification and proten expressia ard their
impad on patiert outcome Therefoe we comprehensivgl ana-
lyzed the MDM2 statis of STS sample with respet to the ex-
pressim of splice variants gere amplificatin status anrd mRNA
ard proten levels In addition we determiné whethe amplifica-
tion of the MDM2 gere ard the expressio of MDM2 splice
varians are associaté with particula tumar characteristis and
patiert outcome.

MATERIAL AND METHODS
Patiens and tuma samples

Tuma tisste was collectad from 71 patiens with STS who
underwem surgicad procedurs at the University of Leipzig. None
of the patiens underwem preoperatie treatmemn for STS Tissue
specimes were taken intraoperativelyimmediatey frozen in lig-
uid nitrogen ard stored at —80°C. A surgem (P.W) examine the
cryosectios histologically According to the classification stan-
dards of Enzinge and Weiss27 the 71 tumar sample comprisel 23
liposarcomas15 malignan fibrous histiocytoma (MFH), 7 ma-
lignart neurd tumors 7 leiomyosarcomas6 fibrosarcomas5
rhabdomyosarconsand 8 othe sarcomasStagirg indicated that
19.9% were stage |, 35.9% were stag 2, 23.3% were stage 3and
22.1% were stage 4.

Extraction methods

Totd RNA from ead tuma sampé (10 30-wm-thick cryosec-
tions) was isolated with the RNeay Mini Kit (Qiagen Hilden,
Germany accordimg to the manufactures instructions DNA was
extractel eithe from paraffin-embedditissie or cryosectios by
following standad protocok that included the use of phenol-
chloroform28 To extrad¢ protein 10 30-wm-thick cryosections
were incubatel in Laemml buffer and treatel accordirg to stan-
dad proceduress

Abbreviations amol attomol GAPDH, glyceraldehyde-3-phospleade-
hydrogenaseMDM2, murine doubk minute 2; MFH, malignar fibrous
histiocytomasRR, relative risk; STS sott tisste sarcomazmol, zeptomol
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Reverse transcription-polymerase chain reaction (RT-PCR) forWestern blot analysis

detection ofMDM2 mRNA splice variants Total protein (30wg) was subjected to electrophoresis in a 10%
Total RNA (250 ng) was reverse-transcribed by using the Mpolyacrylamide-sodium dodecyl sulfate (SDS) gel (Minigel sys-
MLV reverse transcriptase Superscript RT (Life Technologietggm, Biometra Gtiingen, Germany). Proteins were transferred to
Karlsruhe, Germany) at 42°C for 1 hr with random hexamet PVDF Immobilon membrane (Millipore, Eschborn, Germany) at
primers in a total volume of 2@u. The integrity of RNA was 200 mA for 90 min (Miniblotter, Biometra). After nonspecific
tested by amplifying the cDNA with intron-spanning primers thapinding sites were blocked by 0.1% Tween-20 containing 3%

were specific for the glyceraldehyde-3-phosphate dehydrogenf§¥ine serum albumin, the membrane was incubated for 1 hr with
(GAPDH) gene (not shown). an anti-TP53 antibody (DO-7; 1:500 dilution; Dianova, Hamburg,

The nested PCR method of detecting spliced products descri@ rmany) or with an anti-MDM2 antibody (N20; 1:200 dilution;

. o . X ta Cruz Biotechnology, Heidelberg, Germany). The incubation
previously* was modified. Briefly, 1/10th of the first-strand reac > ; N ' e ; t
tion was used in a 5Q4 PCR mixture containing ¥ PCR reaction with the primary antibody was followed by a 1-hr incubation with

. . horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse
buffer, 2.5 mM MgC}, 25 pmol of the external primer pair ; . TRV )
(mdm>2-5 and mdm2--6, see Table I), 2081 of each dNTP and IgG antibody (1:1,000 dilution; Dako, Denmark) at room temper

) ’ ture. For visualization of the bands, the membrane was placed
2.5 U of HotStarTaq DNA Polymerase (Qiagen). The first round @fi5 enhanced chemiluminescence substrate (Amersham, Braun-

PCR was carried out in a PTC-2000 thermal cycler (MJ Researqéhweig, Germany) for 1 min and then exposed to a Biomax film
Biozym, Hess. Oldendorf, Germany) for 25 cycles. Each cyc|godak, Stuttgart, Germany). Bound antibodies were removed
consisted of a 1-min period at 95°C, a 1-min period at 55°C antk@m the membrane by incubation in washing buffer (2% SDS;
4.5-min period at 72°C. After the last cycle, an extension reacti@no625 M Tris-HCI, pH 6.7, 0.05 M3-mercaptoethanol) for 30
was performed for 10 min at 72°C. min at 50°C; the membrane was then washed twice with Tris-
The second round of nested PCR was performed with 1/10th lafiffered saline with Tween-20 at room temperature. Blots were
the first-round PCR product and 2 different sets of internal primegtored at 4°C until further use. The amounts of MDM2, TP53 and
(set 1, mdm2-1 and mdm2-8; set 2, mdm2-9 and mdm2-10). Eetactin were compared with those of the same proteins isolated
of the 35 cycles of PCR consisted of a 1-min period at 95°C, fgom a positive control cell line [RD cells (CCL 136, American
1-min period at 58°C and a 4.5-min period at 72°C. After the 3bype Culture Collection, Manassas, VA), which overexpress a
cycles were complete, the final extension step (10 min at 72°gptant form of TP53]. Afterward, densitometry (Imagemaster
was performed. The products of the second PCR reaction wgés_ 3.0 software, Pharmacia) was performed to determine the
analyzed on a 1.5% agarose gel and visualized under ultravidigi@tive levels of MDM2 and TPS3 protein. The relative amounts
light after the gel had been stained with ethidium bromide. Splicéi MDM2 and TPS3 were standardized to thaf®éctin from the
transcripts of the appropriate size were isolated from the gel §¢Me Sample. The resulting values were classified according to a
using a QIAEX kit (Qiagen), reamplified and directly sequence mi-quantitative scale as no, moderate, marked, or strong expres-
(Thermosequenase TSIl kit, Amersham Pharmacia, Freiburg, GeRn-
many) by an ABI 370 automatic sequencer (Perkin Elmer, Weits

istical analysi
erstadt, Germany). tatistical analysis

We used SPSS 9.0 software (SPSS Inc., Chicago, IL) to perform
. Y . . statistical analyses, which included univariate Kaplan—Meier anal-
a%n;/ll%uantltatlve PCR for the detection of amplified ysis, Cox regression analysis, thétest, and the log-rank test. A

genes probability (o) of less than 0.05 was considered to indicate statis-

In semi-quantitative multiplex PCR,100 ng of genomic DNA tical significance.
was amplified with primers for thMDM2 gene (mdm2-7 and
mdm2-8) and with primers for the prothrombin gene (prot-1 and
prot-2). The PCR mixture consisted ok1PCR reaction buffer, RESULTS
2.5 mM MgClL, 25 pmol of each primer pair, 20QM _of each MDM2 gene amplification and mRNA expression
dNTP and 2.5 U of HotStarTaq DNA Polymerase (Qiagen). PCR \ye inyestigatedDM2 gene amplification in 67 of 71 tumor
was performed under the conditions used in the first round ghmplesMDM2 gene amplification was detected in 28.4% of the
nested PCR. The PCR products were separated on a 1.5% agagos§ samples (19 of 67), and the intensity of the bands representing
gel, and the gel was stained with ethidium bromide. The gel wagnplified MDM2 genes were 3- to 12-fold greater than that of
scanned, and the band intensity was measured by densitomeiyds representing unamplified genes (Fig. 1). A more detailed
(ImageMaster VDS 3.0 Software, Amersham Pharmacia). Finallfnalysis revealed that amplifiedDM2 genes were present in
we calculated the ratio of the intensity of the MDM2 bands to th§3.8% (7 of 13) of stage 1 tumors, in 31.8% (7 of 22) of stage 2
intensity of the prothrombin band. We considered any ratio greateimors, in 15.4% (2 of 13) of stage 3 tumors and in 7.1% (1 of 14)
than 3 to indicate amplification of ttdDM2 gene. Genomic DNA of stage 4 tumors. The association that the amplified MDM2 gene
extracted from peripheral blood leukocytes of healthy volunteewgas more likely to be present in stage 1 tumors than in stage 4
served as a control. tumors was significanty€ test;p = 0.025).

TABLE | —PRIMERS USED FOR RT-PCR, CYCLE SEQUENCING AND MULTIPLEX PCR

Target gene Primer Sequence Reference
mdm2 mdm2-1 sens€ HCTGTACCTACTGATGGTGC3 This study

mdmz2-5 sense’'SCTGGGAGTCTTGAGGAAT-3 Sigalaset al24

mdm2-6 antisense’ CAGGTTGTCTAAATTCCTAG-3 Sigalaset al24

mdm2-7 sense’SGCTGACTATTGGAAATGCAC-3 Schlottet al23

mdm2-8 antisense’ ATTGGTTGTCTACATACTGGGC-3 Schlottet al23

mdm2-9 sense’SCGCGAAAACCCCGGGCAGGCAAATGTGCA-3 Sigalaset al24

mdm2-10 antisense’ &ZTCTTATAGAC AGGTCAACTAG-3 Sigalaset al24
Prothrombin prot-1 sens€-FCATCCTCAGTCCTAATGC-3 This study
prot-2 antisense’'SAGACCCCAAGAAAGAAATGG-3' This study

RT-PCR, reverse transcription-polymerase chain reaction.



170 BARTEL ET AL.

M LZ1 LZ2 LZ3 LZ4 LZI5 LZ6 LZT LZ8 LZ9 LZ10 LZ11 - M

Frothrombin
+—

MDM2

Ficure 1— Amplified MDM2 gene in soft tissue sarcoma (STS) samples. A representative agarose gel showing the avitplifiedene in
an STS sample. Note the amplifiDM2 genes in samples LZ3 and LZ9: densitometry showed that the intensity M2 bands in LZ3
is 12-fold greater than that in samples without amplified genes, and thdb®&2 band in LZ9 is 9-fold greater than that in samples without
amplified genes.

In our investigation, amplification was also associated with the TABLE 1l —UNIVARIATE ANALYSIS OF CLINICAL AND MOLECULAR
grade of the tumor: in 58.8% of grade 1 tumors MBM2 gene ~ CHARACTERISTICS AND THEWR IMPACT ON SURVIVAL OF PATIENTS
was amplified, whereas only 15.2% of grade 2 and grade 3 tumors
(7 of 46) showed evidence of amplificatiog®(test;p = 0.001). o No.of Median Si‘}(,?j‘gl X
Interestingly, amplifiedMDM2 genes were present in 50% of the Characteristic patients (ﬁ%‘r’]'tﬁ;') estimate P
fibrosarcomas (3 of 6); this percentage was noticeably higher than (%)

that for other types of sarcomas. For example, only 7.1% of \ipm2 splice variants

malignant fibrous histiocytomas (1 of 14, = 0.05), 20% of No 29 30 29

neurogenic sarcomas (1 of 5) and 36.4% of liposarcomas (8 of 22, Yes 35 64 56 0.19

p = 0.07) contained amplifieMDM2 genes. All 4 rhabdomyo- MDM2 gene amplification

sarcomas that were tested fdiDM2 gene amplification were No 44 40 31

negative_ Yes . 16 87 83 0.02
We analyzed whether amplification of thdDM2 gene was MI,D\]'\C/,IZ expresston 16 45 51

associated with increased expression of MDM2 mRNA or protein.  \weak 15 62 58

The expression dIDM2 mRNA and its relevance as a prognostic ~ Moderate 20 29 25

factor in STS has been described elsewRéie found a strong Strong 8 96 nd. 0.2

association between the amplification of td®M2 gene and the ~ TP53 expression

expression level oMDM2 mRNA (x? test,p = 0.005): 16 of the No 14 62 67

17 tumors with an amplifiedDM2 gene showed an elevated  Weak 9 13 57

Moderate 11 27 18

amount ofMDM2 mRNA (>100 zmolMDM2 mRNA per amol

GAPDHmMRNA), whereas only 1 tumor sample with an amplified strong 24 55 47 035

umor stage

MDM2 gene had a low amount dfiDM2 mRNA (<100 zmol 1 12 47 66
MDM2 mRNA per amolGAPDH mRNA). 2 23 81 76
The survival estimates for patients with an STS that contained an 3 16 49 57
amplified MDM2 gene were significantly longer than those for pa-___ 4 13 15 0 0.0001
tients with an STS that lacked an amplifistbM2 gene (Table Il; 1 4 not determinediThe log-rank test was used to determine

p = 0.02). Cox regression analysis showed that the patients whasgistical significance.
tumors lacked the amplifieldDM2 gene had a worse prognosis<€
0.04, RR= 4.5) than patients whose tumors contained the amplified

gene. Multivariate Cox regression analysis (Fig. 2), when adjusted ot MDM2 transcript was present, or MDM2 transcripts were
tumor stage, revealed that the relative risk of tumor-related death Witected (data not shown).

comparable for patients with and without amplifisDM2 genes All splice forms of theMDM2 mRNA contained at least part of

(p = 0.17, RR= 4.4). Adjusting the multivariate regression analysi - . i - .
for other factors, such as tumor type, was not meaningful, becaus&! i N-terminal region of the TP53-binding domain (Figs. 3-5). In
gltlon, the splice variants lacked the nuclear export signal, the

the heterogeneity of the STSs and the small number of representatnucIear localization signal and the acidic domaMDMZ-A,

of some tumor types (data not shown). MDM2-B and MDM2-KB2 are alternatively spliced transcripts,

Expression of alternatively and aberrantly splickibM2 but the other 7 forms represent aberrantly spliced messages. The
mMRNA splice varianMDM2-KB2 is comparable t&IDM2-B, except that

After nested PCR amplification of the complete coding region, won 4 is still present iMDM2-KB2 (Fig. 4). The other aberrantly
detected a pattern of specific PCR products of multiple sizes in 3g3t!iced transcripts exhibited a common pattern of splicing (Fig. 5).
the 71 tumor samples (53%; Fig. 3). Reamplification and diretf Prief, theMDM2 mRNAs contained as many as 4 5- to 9-bp
sequencing of the different PCR products yielded evidence that Céﬁpeatseﬁ.g.S -GAAAGAG-3') that served as aberrant splice sites.
firmed the presence of splicddDM2 mRNAs. We detected the 0T €xample, the splice variaMDM2-PM2 consisted of exons 1
known variantsiDM2-A (891 bp) andviDM2-B (657 bp) described and_3 and part of _exon 4 to which exon 12 (the part of exon 12_that
by Sigalaset al24 and the newly discovered formdDM2-DS2 (364 Pegins at nucleotide 1232 of the open reading frame) was spliced;
bp), MDM2-DS3 (294 bp)MDMZ—KBZ (732 bp),MDMZ—KB3 (219 this variant retained onIy 1 of the 4 GAAAGAG repeats.
bp), MDM2-PM2 (393 bp) MDM2-IS1 (456 bp) MDM2-EU2 (297 _ _ _
bp) and MDM2-IN1 (207 bp). The splice variaMDM2-A was Relation of splice variants to tumor type and stage
detected in 7 tumor samples; the splice varfdbtVi2-B, in 17 tumor Only 25% (1 of 4) of rhabdomyosarcomas, 30% (7 of 23) of
samples; anMDM2-PM2, in 2 tumor samples (Figs. 3-5, Table lll).liposarcomas and 28% (2 of 7) of leiomyosarcomas contained
Each of the other forms was present only in single tumor samples.splicedMDM2 transcripts. The spliced transcripts were more fre-
the corresponding connective tissue of the patients, only the fuljuently detected in fibrosarcomas (50%, 3 of 6) and in neurogenic
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Ficure 2 — Multivariate Cox model for analysis of amplification of tREDM2 gene and survival estimates for patients with soft tissue sarcoma
(all stagesn = 67, adjusted to tumor stage).
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Ficure 3 — Expression of alternatively or aberrantly spliddddM2 transcripts. Top) Results of a nested reverse transcription-polymerase
chain reaction. LZ9, LZ31 and LZ36 represent 3 different liposarcomas; LZ32, a fibrosarcoma; LZ1, 33 malignant fibrous histiocytomas; LZ30
and LZ1/95, 2 different neurogenic sarcomas; LZ28, a rhabdomyosarcoma; LZ6 and LZ12/95, 2 different leiomyosarcomas; and LZ38, an
unclassified sarcomaBétton) Schematic representation of the splice varisidiM2-DS2. The sequences of the splice sites are shown.

sarcomas (57%, 4 of 7). Nine of 14 (64%) malignant fibrous The results of our Kaplan—Meier analysis showed that the
histiocytoma samples were positive for the spliced forms; thimedian survival estimate for patients in whom truncaaM2
number of positive samples was significantly greater than tleanscripts were expressed (64 months) was not significantly
number of positive liposarcomag?test;p = 0.03). different from that for patients in whom only full-lengMiDM2
Next, we investigated whether the splicing dDM2 mRNA is transcripts were expressed (30 montps= 0.19; Table Il1).
related to a particular tumor stage. Spliced transcripts were detectedfter patients with stage 1 or stage 4 tumors were excluded
31% (4 of 13) of stage 1 tumors and in 65% (26 of 40) of stage 2 &lom this analysis, the effect of expressing spliced forms of
stage 3 tumorsy@ test;p = 0.03). These results indicate that splicingDM2 mRNA on outcome was even less significamt« 0.69).
of the MDM2 mRNA is associated with late-stage tumors. Therefore, the expression of alternatively or aberrantly spliced
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Ficure 4 — Comparison of th#1DM2 splice variants. Schematic representation of the full-length transcript and the alternatively spliced forms
of the MDM2 mRNA in human soft tissue sarcoma samples. Most spliced forms lack the TP53-binding domain, the nuclear localization signal
and the nuclear export signal sequences. The sequencBOb2-KB2 (accession number AJ278979)|DM2-DS2 (accession number
AJ276888),MDM2-IS1 (accession number AJ278978JDM2-PM2 (accession number AJ278977), akiDM2-EU2 (accession number
AJ278978) were submitted to GenBank. The dotted vertical lines indicate the borders between the exons starting with extMTBZ gene.

1078

MDM2 transcripts is not a predictor of outcome for patientaeak, moderate or strong expression (Table Il). Most tumor samples

with STS in our study. showed either no (23%) or strong (39%) expression of TP53. This
o result could occur if the tumors lost 1 or bofP53alleles or if the
Levels of MDM2 and TP53 protein in STSs tumors expressed TP53 protein abnormally. We found a strong asso-

Levels of MDM2 and TP53 protein were detected by Western blotation between the presence of alternatively and aberrantly spliced
analysis and normalized to the amountséctin in the respective MDM2 transcripts and an elevated level of TP§3 fest;p = 0.01).
tumor samples (Fig. 6). The resulting levels were categorized as BEighty percent (20 of 25 samples) of the tumor samples with high
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Ficure 5— Representation of the splicing pattern fddDM2-PM2. The regions encoding the different domains of the MDM2 protein are
indicated.

TABLE Il — SUMMARY OF CLINICAL AND MOLECULAR DATA FOR THE STS
Liposarcomas Fibrosarcomas MFH sturg%g'sc Rhabdomyosarcomas Leiomyosarcomas sa?(t:rc])?rrms
Total number 23 6 15 7 5 7 5
Tumors ) 10/7/2/4 2/3/1/0 0/4/8/3 0/5/2/0 0/0/5/0 1/2/1/3 0/3/0/2
per stage
1/2/3/4
Tumors ) 12/9/2 2/4/0 0/5/10 21312 0/0/5 1/4/2 0/3/2
per grade
1/2/3
Amplification 8/14 3/3 1/13 1/5 0/4 3/4 1/5
(yes/no)
Splice forms 7116 3/3 10/5 4/3 3/2 5/2 5/0
(yes/no)
MDM2 2/5/9/6 2/1/2/1 3/1/10/1 1/0/3/3 4/0/0/1 3/0/3/1 0/1/3/1
mRNA
expression
(w/m/mal/s)
MDM2 3/6/9/4 2/3/0/0 5/3/4/1 2/1/2/1 1/2/210 2/1/2/1 2/1/1/1
protein
expression
(n/w/ml/s)
TP53 protein 10/4/1/7 1/1/1/2 2/1/416 0/1/2/3 2/1/0/1 0/1/2/3 0/0/2/3
expression
(n/w/ml/s)

STS, soft tissue sarcoma; MFH, malignant fibrous histiocytoma; w, weak; m, moderate; ma, marked; s, strong; n, no.

levels of TP53 protein had detectable levels of trunc&aM2 presence of alternatively splicédDM2 transcripts is not valuable
mRNAs, whereas only 33% of samples with no or moderate levelsaé an independent prognostic marker in STS.

TP53 protein expressed the_splice variar_lts_. However, our Westerfypm2 gene amplification was detected in 19 of 67 STS samples
blot analyses revealed no distinct association among the levels o) of different histologic origin. This rate is slightly higher than
MDM2 mRNA, MDM2 protein and TPS3 protein. Furthermore, weyreviously published values 6iDM2 amplification in STSs in gen-
found that amplification of théADM2 gene resulted in an elevated?rm (20%) The MDM2 gene locus was amplified in 36% of the

level of MDM2 mRNA but not necessarily in an increased level o . ; ; ;
MDM2 protein. Of the tumor samples with a high level MDM?2 3%2/sofetrcomas, the average of all published data for liposarcomas is

MRNA, 46% had an amplifiellDM2 gene but no detectable MDM2 e S om i
protein § test:p < 0.05). Western blot analysis of MDM2 expres MDM2 amplification in our study (7%) is lower than the percentage

X ; - L ’ 0%) calculated by Momandt al® The finding that noMDM2
sion showed no obvious relationship with prognosis (data not ShOWa hplification was present in 4 rhabdomyosarcomas is in agreement

with the reports of Tayloet al,3°who found that only 2 of 20 samples
(10%) contained amplifieMDM2 genes. Interestingly, in our study
DISCUSSION the amplification of theMDM2 gene appeared to be significantly

In this study, we analyzed in detail the relationship amon@ssociated with tumor stagg®(test;p = 0.002). Furthermore, our
MDM2 gene amplification, mMRNA and protein expression, and wésults indicate thaiDM2 gene amplification is a favorable prog-
evaluated the occurrence of alternatively and aberrantly splicegstic factor in STS. Patients without the amplified gene have a
transcripts in 71 STS samples. Our results showMaM2 gene 4.4-fold greater risk of tumor-related death than patients with an
amplification is significantly related to a better prognosis foamplifiedMDM2 gene. The median survival estimate for patients with
patients with STSH{ = 0.02, log-rank test) and that alternative oran amplified MDM2 gene was 87 months, and that for patients
aberrant splicing oMDM2 mRNA occurs frequently in STSs andwithout an amplifiedMDM2 gene was only 40 monthg & 0.02).
is associated with a more malignant phenotype. However, tfibe finding that an amplifieMDM2 gene rather than a single-copy

The percentage of malignant fibrous histiocytomas with an
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Ficure 6 — Western blot analysis of MDM2 and TP53 protein expression in soft tissue sarcoma sampl@sadtive protein served as a
control, and its expression level was used to standardize the MDM2 and TP53 protein expression levels (see Material and Methods). For
description of the tumor samples refer to Figure 2.

MDM2 gene is related to a better prognosis is somewhat surprisiapmain, fail to bind TP53 in am vitro assay?* This failure to bind
Furthermore, one would expect that an amplifiédM2 gene would TP53 might contribute to stabilization of either mutant or wild-type
coincide with overexpression of MDM2. However, there was n®P53. The possibility that a stabilized wild-type or mutant TP53 could
association between the amplification status and the level of MDMgyger the aberrant splicing &iIDM2 mRNA through an unknown
protein detected by Western blot methods. mechanism has been proposéddowever, the disruption of the

It is accepted that many malignant tumors, especially sarcomgsli-cycle inhibitory domain, which occurs in most of the splice
possess elevated levels of MDM2, a feature that is mostly relatedv@fiants, may induce tumorigenesis. In mbEDM2 splice variants,
a poor prognosig4 However, these findings are based on immunddcluding some aberrantly spliced transcrigéDM2-D, -E24 -LN
histochemical data. In the present study, we identified a strong asé@9, -LN 18, -G 116, -G 15€; -IS1, -PM2, -EU2 [this study]), the
ciation between an amplifieMDM2 gene and an elevated level ofC-terminal region, which contains the RING finger and 2 zinc finger
MDM2 mRNA (x2 test;p = 0.005). In previous investigations, wedomains, is retained, but whether the structure and the function of
found that an increased, not diminished, levelMDM2 mRNA  these domains change is unknown. We and others found that a shiftin
appeared to be a favorable independent prognostic marker ig:iST#1€e original open reading frame may result in inactivation of the
Our current findings indicate that amplification of th#idM2 gene MRNA due to the introduction of a stop codon near theeBminus of
results in an increased MRNA level but is not necessarily associalé®l MRNA or lead to a protein with an even further disrupted RING
with an increased accumulation of MDM2 protein. Several possibiger domain. A recently detected polymorphism in exon 12 of the
explanations could be given for this contrast. First, MDM2 overeXDM2 gené®does not seem to affect either the frequency of splicing
pression might be the result of increased mRNA stabilization rath@the level ofMDM2 mRNA, but we observed a noticeable relation-
than enhanced transcription; similar findings have been observed 8P between the occurrence of the polymorphism and a low level of

proteins such as heat-shock protein hsp70, insulin-like growth factffDM2 protein (data not shown). It must be emphasized that, to our
binding protein 3, and waf-3:-33Second, it is known that because ofknowledge, no one has determined whether splice variants detected

a promoter switch, tumor cells preferentially transcribéiSm2 by RT-PCR or Northern blot methods are translated into functional
mRNA, which has a h|gher translation potentia| than tAsIDM2 protelns. |nVeStlgat|0nS to elucidate this questlon are In progress.
MRNA 34 In our approach to quantifying the actual amounviiiM2 One could postulate that splicing of distinct mRNAs is a com-
mRNA, we could not distinguish between transcripts that arose framon event during transformation, because of the differential ex-
different promoters. Thus, it is possible that in some cells withression of splicing regulatory facto¥sIntronic mutations may
increased levels dfIDM2 mRNA but no increase in MDM2 protein, also lead to an increased occurrence of splice variants. Alternative
the mRNA was of the L type. Third, it is noteworthy that there i&ind aberrant splicing has been described for several mRNAs, such
generally little correlation between the abundance of mRNA specias CD4438 bax3° ATM*© and TP534 The expression of multiple
and the amount of protein that the mRNAs encode; this lack @D44 isoforms may result in a higher risk of metastasis, multiple
correlation suggests that post-transcriptional regulation of gene @R53isoforms may result in altered regulation of apoptosis and
pression is a frequent phenomerién. multiple ATM isoforms may cause an increased risk of microsat-

In our study, splice variants ®fiIDM2 mRNA were expressed in €llite instability. Although the transforming ability oMDM2
53% of the STS samples and were present in all tumor types at alnfggice variants could be showin vitro, the effect of MDM2
the same frequency, but the percentage of MFH samples that c®forms on other target proteiims vivo remains unclear.
tained these transcripts was significantly greater than that of liposarin summary, patients with STS that contains the amplifiaM2
comas (64%s.30%;x? test;p = 0.03). Recent findings have showngene have a more favorable outcome than those whose tumors do not
that the presence of short splice variantdtidM2 mRNA is corre- contain the amplified gen&DM2 amplification is also associated
lated with a higher grade of ovarian cancers, bladder cancers, gligth an elevated level d1lDM2 mRNA but not with overexpression
blastomas and astrocytontd€s A striking finding in our study was of MDM2 protein. Furthermore, the finding that the frequent occur-
the association between the presence of short spliced forms andréree of shortMDM2 splice variants is associated with an elevated
overexpression of TP53 protein, which was detected by Westdewel of TP53 suggests that in additiontB53mutations and MDM2
blotting methods. If one distinguishes between alternatively and aterexpressionyIDM2 mRNA splice variants affect the tumor sup-
errantly spliced transcripts, a highly significant correlation can h@essor function of TP53 in STS.
found between alternatively spliced transcripts and an overexpression
of TP53 ? test;p = 0.005). AlthoughMDM2 mRNA splice variants
seem to be associated with stabilized TP53, their function with respect
to tumorigenesis remains unclear. However, the varitidd12-A, We thank Mrs. I. Wiederhold, Mrs. B. Wypior, Mrs. G. Bauer and
MDM2-B, MDM2-C and MDM2-D, which lack the TP53-binding Mrs. M. Wolff for excellent technical assistance and Mrs. C. Burns-Klein
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Significance of HDMX-S (or MDM4) mRNA splice variant overexpression and
HDMX gene amplification on primary soft tissue sarcoma prognosis

Frank Bartel'*, Jordis Schulz',
Hannelore Schmidt', Peter Wirl®,

Anja Bohnke', Karen Bliimke', Matthias Kappler?, Matthias Bache?,
Helge Taubert! and Steffen Hauptmann'

Unstitute of Pathology, Faculty of Medicine, University of Halle-Wittenberg, Halle/Saale, Germany
*Department of Radiotherapy, Faculty of Medicine, University of Halle-Wittenberg, HallelSaale, Germany
3Surgical Clinic I, Faculty of Medicine, University of Ulm, Ulm, Germany

The product of the HDMX (or MDM4) gene is structurally related
to the MDM2 oncoprotein and is also capable of interacting with
the tumor suppressor protein p53. The aim of our study was to
determine the amplification status of the HDMX gene and the
expression of the HDMX mRNA (particularly that of the HDMX-S
splice variant) in soft-tissue sarcomas (STS). Patients with STS
were evaluated for the status of HDMX gene amplification (n = 66)
and HDMX-S mRNA expression (n = 57) within their tumors.
DNA, total RNA and protein were isolated from frozen tumor tis-
sue. We determined that the HDMX-S splice variant transcript was
predominant in a subset (14%) of tumor samples and that its
expression was correlated with decreased patient survival (15 vs. 53
months, p < 0.0001, log-rank test) and with a 17-fold increased risk
of a tumor-related death (p < 0.0001, multivariate Cox’s regression
model). The tumors from these patients also expressed elevated lev-
els of HDMX-S protein. The HDMX gene was amplified in 17% of
STSs, and the gene amplification was associated with poor progno-
sis (RR = 6.5, p < 0.0001). There was no correlation between the
HDMX gene amplification and overexpression of the HDMX-S
splice variant. In summary, our data indicate that both the overex-
pression of the HDMX-S transcript as well as HDMX gene amplifi-
cation are important prognostic markers for STS.

© 2005 Wiley-Liss, Inc.

Key words: HDMX; amplification; overexpression; oncogene; prog-
nosis; alternative splicing; cancer

Recently, a protein related to the product of the murine double
minute gene 2 (MDM?2), designated as HDMX, has been 1dent1ﬁed
and the HDMX gene was mapped to chromosome region 1q32.'
has been shown that HDMX (also referred to as MDM4 or MDMX
in the mouse) is able to bind to p53, thereby inhibiting its activity.
However, it fails to induce the nuclear export of pS3 or its proteoso-
mal degradation.® Although HDMX bears resemblance to MDM2,
it has some distinct features. For example, whereas expression of
MDM2 can be induced by DNA damaging agents, HDMX levels
are not." This suggests that the HDMX promoter, unlike the P2-pro-
moter of the MDM?2 gene, is not transcriptionally transactivated by
pS3. Data from gene knockout experiments indicate that embryonic
lethality of both MDMX '~ and MDM2 ™'~ mice can be rescued by
the loss of p53.*° Therefore, it seems likely that MDM2 and
MDMX act in nonoverlapping pathways to regulate p53.> However,
data also show that HDMX actlvely regulates p53 activity through
its interaction with MDM2,° suggesting that HDMX/MDMX is
another important regulator of the p53-MDM2 network (reviewed
in Michael and Oren’). These data raise the possibility that
increased levels of HDMX result in the inactivation of p53 that may
contribute to tumor development. In fact, several studies have
revealed that the HDMX gene is a target of amplification at the
1932 gene locus in mah%nant gliomas that have no p53 mutations
or MDM?2 amphﬁcatlon In addltlon the HDMX gene has been
shown to be amphﬁed in breast cancer,'® and the HDMX protem is
aberrantly expressed in a variety of human tumor cell lines."' Fur-
thermore, several sphce variants of the MDMX/HDMX mRNA have
been detected both in murine and human tumor cell lines.'*'® For
example, the MDMX-S/HDMX-S variant (also referred to as
HDMX-E) is characterized by the loss of exon 6, which produces a
shift of the reading frame, resulting in a premature stop codon and
the incorporation of 13 and 26 unique amino acids in MDMX-S and

Eﬁﬁ\ - Publication of the International Union Against Cancer
& UICC

Biotal cancer contrl

HDMX-S, respectively (Fig. 1). The truncated proteins are much
more effective than full-length MDMX in the inhibition of 353—
mediated transcriptional activation and induction of apoptosis.'*"

To date, no information is available regarding the clinical sig-
nificance of HDMX alterations in STS. Therefore, we were inter-
ested in evaluating gene amplification and mRNA expression of
HDMX in STS. Here, we report that the HDMX gene is amplified
in a subset of STSs and that HDMX gene amplification is associ-
ated with poor prognosis. Furthermore, higher levels of HDMX-S
mRNA, when compared to the FL-HDMX transcript, predict a
poor outcome and a 17-fold increased risk of a tumor-related death
for STS patients.

Material and methods
STS patients and clinical data

For our study, tumor tissue samples from 66 adult patients with
histologically verified STS were collected. These dtlents and tis-
sue samples have been previously described.'*™> The material
included 18 liposarcomas (7 well differentiated, 8 myxoid, 1
round cell, 1 pleomorphic, 1 dedifferentiated), 14 malignant
fibrous histiocytomas (MFH, 11 pleomorphic, 2 myxoid, 1 giant
cell MFH), 14 rhabdomyosarcomas (9 embryonal, 5 alveolar), 4
leiomyosarcomas, 6 synovial sarcomas (4 biphasic, 2 monopha-
sic), 5 neurogenic sarcomas (4 malignant schwannomas, 1 neuroe-
pithelioma), 2 fibrosarcomas and 3 other sarcomas (2 malignant
hemangiopericytomas, 1 malignant epithelial mesothelioma). The
tissues were collected after surgical resection, snap-frozen in
liquid nitrogen and stored at —80°C. The tumors were classified
accordmg to the van Unnik grading system'® and the UICC guide-
lines.'” None of the tumors had been exposed to any type of ther-
apy prior to the samples being obtained.

RNA and DNA extraction, reverse transcription, PCR analysis
and p53 sequence analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), and genomic DNA was isolated using the
QIAamp DNAMini Kit (Qiagen) according to the manufacturer’s
instructions. Subsequently, 250 ng RNA was reverse transcribed
with random hexamer primers and the Superscript II™ reverse
transcriptase (Invitrogen, Karlsruhe, Germany). The resulting
cDNA was amplified by primers selected to allow the full-length
HDMX transcript and the HMDX-S splice variant to be distin-
guished. The sequences of the primers used to amplify the HDMX
cDNA were: MDMX-3 5-GCAGTTTCTTCACTACCA-3" and
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Ficure 1 — Sequence comparison of FL-HDMX and HDMX-S.
The alignment shows both the FL-HDMX (top) and the HDMX-S
mRNA sequences (bottom) and the proteins that are translated from
the respective transcripts. HDMX-S consists of only the p53-binding
domain and 26 unique amino acids that are generated after shift in the
open reading frame due to the loss of exon 6.
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FIGURE 2 — HDMX gene amplification in soft-tissue sarcomas.
Results of the semiquantitative multiplex PCR to determine HDMX
gene amplification status in the tumor samples (T) and the lympho-
cytes (L) of the respective patients are shown. For example, in this
representative agarose gel, the HDMX gene in sample #55 was consid-
ered to be amplified (marked with an asterisk).

MDMX-8 5'-AGCCTAGATGTTTCATCTTG-3'. Each PCR reac-
tion was carried out in a total volume of 50 pL, which included
1/10 of the c¢cDNA reaction, 1X reaction buffer, dNTP mix,
2.5 mM MgCl,, 20 pmol of each primer, 1 U HotStarTaq (Qiagen),
and 1X Q-solution (Qiagen). The PCR consisted of 35 cycles with
30 sec of denaturation at 95°C, 30 sec of primer annealing at 58°C
and synthesis at 72°C for 60 sec. The PCR products were analyzed
on a 1.5% agarose gel. The HDMX-S transcript is 68 bp smaller
than the FL-HDMX transcript (Fig. 3).

Quantitative real-time RT-PCR was used to confirm the relative
expression levels of the FL-HDMX and the HDMX-S mRNA. The
reactions were carried out on a Rotor-Gene 3000 (Corbett
Research, Sydney, Australia). We used a common forward primer
for both FL-HDMX and HDMX-S; X quant fw 5'-CAG-
CAGGTGCGCAAGGTGAA-3" and reverse primers specifically
designed for amplification of either FL-HDMX, FL-AS 6 5'-
CTGTGCGAGAGCGAGAGTCTG-3" or HDMX-S, XS AS 5'-
GCACTTTGCTGTAGTAGCAGTG-3'. Each reaction included 1/
10 of the cDNA reaction, 10 pL of 2X Quantitect Sybr Green
Master Mix (Qiagen) and 20 pmol of the respective primers in a
total volume of 20 pL. The PCR consisted of 50 cycles with 30
sec of denaturation at 95°C, 30 sec of primer annealing at 58°C
and synthesis at 72°C for 30 sec.

The p53 mutational status was assessed by sequencing exons 4
through 10. Primers and conditions are available on request.

Duplex-PCR analysis

Genomic DNA (20 ng) isolated from the tumor and peripheral
blood lymphocytes of each patient was amplified with primers for

BARTEL ET AL.

HDMX and Prothrombin, as a reference for a single copy gene.
The primer sequences were: MDMX-5 5-CCTTGAGGAAG-
GATTGGTATT-3’, MDMX-2 5-CTCTGACAGGTTGGAAA-
TAA-3', Prot-1 5-TCATCCTCAGTCCTAATGC-3', Prot-2 5'-
AGACCCCAAGAAAGAAATGG-3'. The PCR reaction com-
prised of 1X reaction buffer, 2.5 mM MgCl,, dNTP mix, 20 pmol
of each primer, 1 U HotStarTaq (Qiagen) and 1X Q-solution in a
total volume of 50 pL.. The PCR was carried out for 30 cycles in a
PCR machine (MJ Research, Waltham, MA). The PCR products
were separated on a 2% agarose gel, and the band intensity was
measured by densitometry. The HDMX/Prothrombin ratio was
calculated. The HDMX gene was considered as amplified when
the HDMX/Prothrombin ratio of the tumor sample was more than
3-fold greater than the ratio in the patient’s corresponding lym-
phocytes.

In the samples where HDMX was found to be amplified, the
amplification status of the following neighboring genes were also
analyzed by duplex-PCR: GAC! (glioma amplified on chromo-
some 1), REN (renin), ELK4 (Ets-domain protein 4), PIK3C2B
(phosphatidylinositol-3-kinase class 2), ELF3 (E74-like factor 3)
as well as the anonymous gene HDCMD38P. The primers and
PCR conditions for these genes have been previously described by
Riemenschneider e al.’

Western blot hybridization

Protein extracts were electrophoresed by SDS-PAGE and the
proteins were electrophoretically transferred onto nitrocellulose
membranes. The membranes were then blocked with 10% nonfat
dry milk in TBST buffer (10 mM Tris, pH 7.6, 150 mM NaCl,
0.05% Tween 20) for 1 hr at room temperature. The blots were
then incubated with several antibodies independently; a rabbit pol-
yclonal antiserum generated against HDMX-S (6658/2, 1:200
dilution), the respective preimmune serum, a rabbit polyclonal
antiserum against FL-HDMX (p55, 1:200 dilution) and with an
anti-actin antibody (1:2,000 dilution). The blots were then washed
3 times with TBST (5 min each wash) prior to incubation with a
1:2,000 dilution of the respective secondary peroxidase-conju-
gated antibody (anti-mouse or anti-rabbit) for 30 min at room tem-
perature. Three washing steps (5 min each) were then followed by
visualization of the bands by incubating the membranes at room
temperature in ECL-substrate (Amersham, Freiburg, Germany)
and exposure to BioMax film (Kodak, Stuttgart, Germany).

The p55 antiserum against FL-HDMX was kindly provided by
A.G. Jochemsen from the Leiden University Medical Center.

Statistical evaluation

All statistics, including the Cox’s proportional hazard model
and the Kaplan-Meier survival estimates, were carried out using
the SPSS 11.0 software (SPSS Science, Chicago, IL). A probabil-
ity of p < 0.05 was considered as significant.

Results
HDMX gene amplification in STS

HDMX gene amplification in 66 STS samples was evaluated by
multiplex PCR using Prothrombin as a single-copy reference
gene. HDMX gene amplification was detected in 17% of the STS
samples (11 of 66), with the intensities of the bands representing
amplified HDMX genes measuring up to 9-fold greater when com-
pared to the bands representing unamplified genes (Fig. 2). The
highest frequency of HDMX gene amplification was present in
leiomyosarcomas (4/14, 28%, Table I). Only 17% (3/18) of the
liposarcomas and 7% (1/14) of MFH contained amplified HDMX
genes, whereas all 6 synovial sarcomas and all 4 neurogenic sar-
coma samples were negative with respect to HDMX gene amplifi-
cation. The occurrence of an amplified HDMX gene correlated
with the tumor’s staging (p = 0.015, »* test). However, there was
no association between the tumor’s 2grading and the presence of an
amplified HDMX gene (p = 0.92, y~ test).
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TABLE I - SUMMARY OF CLINICAL AND MOLECULAR DATA FOR THE STS

HDMX amplification

HDMX-S expression

Total Single copy' Amplified’ Total “‘Normal®*? Overexpression”
n =66 n=>55 n=11 n=>57 n=49 n=238
Men/women 29/37 24/31 5/6 28/29 27/22 1/7
Tumor type
Liposarcoma 18 15 3 15 14 1
MFH 14 13 1 12 8 4
Fibrosarcoma 2 2 0 2 2 0
NS 4 4 0 5 5 0
RMS 4 3 1 4 3 1
LMS 14 10 4 11 10 1
Other STS 10° 8’ 2 8’ 7 1
Tumor stage
1 10 10 0 11 11 -
11 30 26 4 23 21 2
111 19 16 3 13 9 4
v 7 3 4 10 8 2
Tumor localization
Extremities 39 36 3 37 31 6
Thorax 4 3 1 3 1 2
Head 1 1 - 2 2 -
Abdomen 19 13 6 14 14 —
Other 3 2 1 1 1 —
Follow-up stage I-IV
Alive 31 30 1 30 29 1
Expired 35 25 10 27 20 7

LMS, leiomyosarcomas; MFH, malignant fibrous histiocytomas; RMS, rhadomyosarcomas; STS, soft-tissue
sarcomas.—ISingle copy, ratio HDMX/prothrombin < 3; amplified, ratio HDMX/Ij)rothrombin > 3.-2“Nor-
mal”’, HDMX-S/FL-HDMX < 1; overexpression, HDMX-S/FL-HDMX > 1.—"One tumor could not be

classified.

To investigate the size of the amplicon at the 1q32 locus, the
amplification status of neighboring genes of HDMX, including
GACI, REN, ELK4, PIK3C2B, ELF3 as well as HDCMD38P, were
analyzed by duplex-PCR. The adjacent gene GAC/ (distal to
HDMX) was coamplified in 4 of 10 tumors (2 low-level and 2 high-
level amplifications). The other distal located genes HDCMD and
ELF3 were amplified in 3 of 10 samples. PIK3 and REN (which
map proximal to HDMX) were not amplified in the 10 samples with
HDMX amplification. However, the most proximal located gene,
ELK4, showed high-level amplifications in 3 out of 10 samples.
There was one example (LZ55) in which the largest amplicon
included the genes HDMX, GACI, HDCMD38P and ELF3 (distal
to HDMX). In another sample (LZ79), the most distal and most
proximal located genes, ELF3 and ELK4, respectively, were ampli-
fied, whereas other neighboring, more adjacent genes were not. In
5 tumor samples that showed no HDMX amplification, none of the
neighboring genes were amplified (data not shown).

HDMX mRNA expression in STS

Expression of full-length HDMX and HDMX-S mRNA was
evaluated in 57 STS samples. Primers were used that allowed the
PCR products obtained from either FL-HDMX or HDMX-S cDNA
to be distinguished, as described in Material and Methods. We
detected HDMX mRNA in 54 of 57 (95%) samples (Fig. 3). In
1 of the 3 tumors that did not express HDMX mRNA, the HDMX
gene was amplified. In 12 of 54 (22%) samples with detectable
HDMX mRNA expression, only the full-length transcript could be
detected (Fig. 3). In 42 of 54 (78%) of the samples, both tran-
scripts were expressed, and of these the FL transcript was predom-
inantly expressed in 48% (20 of 42), there was equivalent expres-
sion of both transcripts (FL-HDMX and HDMX-S) in 33% (14 of
42) of the samples, and the expression level of HDMX-S relative
to FL-HDMX was elevated (referred to as HDMX-S overexpres-
sion) in 19% (8 of 42) of the samples. There was no association
between HDMX-S overexpression and the p53 mutational status.
Three of 8 patient samples contained a wild-type p53 gene, and
5 of 8 were characterized by a mutated p53 gene (Table II).

In the samples that showed HDMX-S overexpression, the
expression ratio of HDMX-S compared to FL-HDMX was also
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FiGure 3 — Expression analysis of both full-length HDMX and
HDMX-S mRNAs in soft-tissue sarcomas. The forward primer
MDMX-3 was located in exon 2 just upstream of the translation start,
and the reverse primer MDMX-8 was located in exon 8. Therefore, it
was possible to distinguish between the full-length HDMX-mRNA
(577 bp) and the HDMX-S mRNA (509 bp) RT-PCR products. The
lanes marked with an asterisk represent samples in which the HDMX-
S transcript was overexpressed compared to the full-length HMDX-
mRNA.

analyzed by quantitative real-time RT-PCR. Samples (n = 5) with
low HDMX-S expression were used as controls. We confirmed the
densitometry results demonstrating that HDMX-S-mRNA was
overexpressed in these samples. The ratio of HDMX-S/FL-HDMX
in the samples that overexpressed HDMX-S ranged from 1.5-fold
to 4.5-fold. In all of the control samples, the FL-HDMX transcript
was predominantly expressed (data not shown).

The expression of HDMX-mRNA was also evaluated in normal
tissues from several patients, including kidney, lung and spleen.
The transcripts of FL-HDMX and HDMX-S were undetectable
in normal tissues when analyzed under the same conditions as
the tumor samples (data not shown). However, faint bands were
visible after 2 rounds of PCR amplification (70 cycles). The
FL-HDMX transcript was predominant in all normal tissues
analyzed.

HDMX-S and FL-HDMX protein expression

To evaluate expression of proteins that are translated from the
FL-HDMX and HDMX-S mRNA when HDMX-S mRNA is over-
expressed, we generated a rabbit polyclonal serum (6658/2)
against the 26 unique amino acids in HDMX-S (Fig. 1). For the
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TABLE II - CHARACTERISTICS OF PATIENTS WITH OVEREXPRESSION OF THE HDMX-S SPLICE VARIANT AND HDMX GENE AMPLIFICATION

Case Tumor subtype Grade Tumor localization Status agglji\/gc(d ovggﬁﬂplr)g;fion anl;[p[l)i[\t;]ezdl p53 mutational status
HDMX-S overexpression

LZ2 Pleo. MFH 111 Lower extr. E No Yes No wt

LZ13 Emb. RMS I Thor. E Yes Yes No mt

LZ723 Pleo. MFH 111 Lower extr. E No Yes No mt

Lz47 Myx. LS 111 Thor. E No Yes No mt (intr.)

LZ57 Pleo. MFH 111 Lower extr. E No Yes No mt (intr.)

LZ794 Syn. I Lower extr. E No Yes No wt

LZ98 LMS 111 Lower extr. A No Yes No mt

LZ100 Pleo. MFH 11T Lower extr. E No Yes Yes wt
HDMX gene amplified

LZ3 Wd-LS I Retroperitoneal E Yes No Yes wt

LZ5 LMS 111 Intraabdominal E Yes No No wt

LZ10 Pleo. LS 11 Lower extr. E Yes No No wt

LZ11 Myx. LS 11 Multi E Yes No No wt

LZ13 Emb. RMS 111 Thor. E Yes Yes No mt

LZ18 MPNST I Intraabdominal E Yes No No wt

LZ20 Pleo. MFH I Pelvis E Yes No No wt

LZ49 LMS 11 Intraabdominal E Yes No No mt

LZ55 Fib. MT I Intraabdominal E Yes No No mt (intr.)

LZ76 LMS I Lower extr. A Yes No Yes n.d.

LZ79 Epith. LMS I Intraabdominal E Yes No No wt

Pleo. MFH, pleomorphic malignant fibrous histiocytoma; MPNST, malignant peripheral nerve sheath tumors; fib. MT, fibrous mesothelioma;
neu-epith, neuroepithelioma; emb. RMS, embryonic rhabdomyosarcoma; myx. LS, myxoid liposarcoma; wd-LS, well-differentiated liposarco-
mas; LMS, leiomyosarcoma; syn, synovial sarcoma; E, expired; A, alive, F, female; M, male; lower extr., lower extremities; upper extr., upper
extremities; thor., thoraxwall.— 'The results of the HDM2 amplification were published in Bartel et al.

detection of the FL-HDMX protein, another rabbit antiserum p55
(kindly provided by A.G. Jochemsen, Leiden, NL) was used. The
antiserum 6658/2 detected a band of approximately 22 kDA,
which is barely visible in protein extracts from tumor cell lines
when incubating the membrane with the preimmune serum (Fig.
4a). The calculated weight of the HDMX-S protein is 15 kDa, and
the difference compared to the apparent weight observed after
Western analysis suggests that HDMX-S undergoes posttransla-
tional modification.'? In our analysis, HDMX-S protein could be
detected in cell lysates isolated from the samples that also showed
elevated HDMX-S/FL-HDMX mRNA ratios. The band intensities
have been analyzed by means of densitometry and were normal-
ized against the actin expression levels within the same sample.
We have found that the HDMX-S/FL-HDMX ratios were higher
in these samples, at the protein level; however, the effect was not
as pronounced as on the mRNA level. Since we have used differ-
ent antisera with possibly different binding affinities to detect
HDMX-S and FL-HDMX protein expression, it is not appropriate
to draw conclusions about the exact HDMX-S/FL-HDMX protein
ratio. Nonetheless, overexpression of the HDMX-S mRNA in STS
is associated with but does not appear to correlate with elevated
HDMX-S protein levels and averagely higher HDMX-S/FL-
HDMX protein ratios.

Clinical significance of HDMX gene amplification and HDMX-S
overexpression

Kaplan-Meier analysis revealed that patients whose tumors do
not contain HDMX gene amplification have a mean survival time
of 68 months compared to 25 months for patients with an ampli-
fied HDMX gene (log-rank test, p = 0.0004, Fig. 5a). In a multi-
variate Cox’s proportional-hazards regression model, which was
adjusted to tumor grade and p53 mutational status, we demon-
strated that the relative risk (RR) of tumor-related death for
patients whose tumors carry an amplified HDMX gene was signifi-
cantly increased (RR = 6.5; p < 0.0001, Fig. 5b). When the status
of MDM?2 gene amplification, which predicts a favorable progno-
sis for STS patients,'® was also included in the Cox’s regression
model, the relative risk for STS patients with an amplified HDMX
gene alone was even greater compared to patients with MDM?2
gene amplification (data not shown). In summary, our data demon-
strate that the HDMX gene is amplified in a subset of STS and that
it predicts a poor prognosis for STS patients.

The clinical significance of HDMX-S overexpression in STS
was also evaluated. Data demonstrated an association between
tumor grade and overexpression of the HDMX-S splice form. Of
the 8 tumors that overexpressed the HDMX-S variant, 1 was clas-
sified as a grade 2 tumor and 7 as grade 3 tumors (Table II). Fur-
thermore, we analyzed whether HDMX-S overexpression was
associated with a particular tumor type. It was determined that the
frequency of overexpression was higher in MFHs (4 of 12, 33%)
than in other tumor types (Table I). For example, in only 1 of 15
liposarcomas was the HMDX-S transcript predominantly ex-
pressed, and in fibrosarcomas and neurogenic sarcomas the levels
of FL-HMDX mRNA were greater than that of the HDMX-S splice
variant.

The survival estimates for patients whose tumors overexpressed
the HDMX-S variant were significantly shorter than those for
patients with lower or equal levels of HDMX-S compared to FL-
HDMX (15 vs. 53 months, p = 0.0001, Fig. 6a). Remarkably, 7 of
8 patients with HDMX-S overexpression died within the observa-
tion time of 55 months. Cox-regression analysis, which was
adjusted for the tumor localization and p53 mutational status (Fig.
6b), demonstrated that the patients whose STS overexpressed
HDMX-S had a worse prognosis than patients with lower amounts
of the HDMX-S splice form (RR = 17, p < 0.0001). A detailed
analysis of MFHs and fibrosarcomas revealed that patients whose
tumor overexpressed the HDMX-S variant had an 8.1-fold
increased risk of tumor-related death (adjusted for tumor localiza-
tion, p = 0.017, data not shown). In summary, our data demon-
strate that overexpression of the splice variant HDMX-S is a prog-
nostic factor that predicts a poor outcome and a significantly short-
ened survival time for STS patients.

Discussion

Alterations of the p53-MDM2-p14ARF-pathway, such as p53
gene mutations and MDM2 overexpression, have been shown to
be independent prognostic markers for the outcome of STS
patients.'*' However, few studies have described gene amplifi-
cation and overexpression of the homologue of the human MDM?2
gene, HDMX, in human tumors.®>*'! To our knowledge, our study
is the first demonstration and analysis of the consequences of
HDMX gene amplification and overexpression of the HDMX-S
splice variant in human soft tissue sarcomas. Our results clearly
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FIGURE 5§ — HDMX gene amplification in the tumor samples was
associated with decreased patient survival () and an increased risk of
tumor-related death for STS patients (b). Cox’s proportional-hazard
regression model was adjusted to the tumor grading and p53 muta-
tional status, both of which are independent prognostic factors in STS.

indicate that both HDMX gene amplification and HDMX-S overex-
pression have a significant impact on the prognosis of STS
patients.

To study the role of HDMX amplification in STS, we analyzed
its amplification status in primary STS. We found the HDMX gene
to be amplified in 17% of the tumor samples. Riemenschneider
et al. reported that amplification and overexpression of HDMX
was exclusively found in glioblastomas without p53 mutations,
more specifically in tumors without hot spot mutations, and they
suggest that HDMX amplification represents a novel mechanism
by which a small subset of malignant gliomas might escape p53-
dependent growth control.® This is at least partially true for STS
patients whose tumors carry HDMX gene amplifications because 7
of 11 STS tissue samples with an amplified HDMX gene contain a
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wild-type p53 gene (Table II), 1 sample had a silent mutation
(codon 213) and 1 had an intronic mutation, whereas only 1 STS
sample had a mutation resulting in an amino acid change in codon
280 in 1 allele. Furthermore, findings from Ramos et al. support
this hypothesis.!' They have shown for a series of melanoma and
ovarian cancer cell lines that there is an association between
HDMX overexpression and the presence of a wild-type p53 gene.
It can be concluded from these data that HDMX amplification
(and/or overexpression) and a mutated p53 gene represent inde-
pendent mechanisms resulting in the inactivation of p53 tumor
suppressor protein.

In our study, we also observed that in well-differentiated liposar-
comas and in a subset of MFHs either HDMX (located within 1q32)
or MDM?2 (12q14-15) are co-amplified or neither of these 2 genes
are amplified. In contrast, pleomorphic and myxoid liposarcomas
contain only amplified HDMX, not MDM?2. This has been confirmed
by analyzing liposarcomas and MFHs by CGH and array-based
CGH (H. Schmidt, data not shown). Previously, we demonstrated
that the lack of MDM?2 gene amplification is correlated with a poor
prognosis in STS.'® When combining these data with the results of
this study concerning HDMX gene amplification, it is apparent that
patients whose tumor carries an amplified MDM?2 gene have the best
outcome, whereas amplification of the HDMX gene is correlated
with the worst prognosis. Patients with tumors in which either both
of the genes or neither of the two is amplified demonstrate an inter-
mediate phenotype. Furthermore, our studies show that HDMX is
the main amplification target at the 1q32 locus and that other neigh-
boring genes variably co-amplify.

We also evaluated our tumor samples for expression of HDMX
mRNA, including the HDMX-S splice variant. Data demonstrate that
HDMX-S is overexpressed in a subset of STS, and this amplification
is associated with a 17-fold increased risk of tumor-related death for
those patients. Furthermore, these patients are characterized by a
strikingly decreased overall survival. Our data show that the HDMX-
S transcript is predominantly expressed in a subgroup of MFHs with
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Ficure 6 — Kaplan-Meier survival estimates revealed decreased
survival for STS patients who overexpressed the HDMX-S splice var-
iant in their tumors (@). The multivariate Cox’s proportional-hazard
regression model (adjusted to p53 mutational status and tumor local-
ization) for HDMX-S expression in STS demonstrated that elevated
HDMX-S mRNA expression is an independent prognostic factor and
predicts a poor outcome for STS patients (b).

a particularly malignant phenotype. This is in accordance with data
from Riemenschneider et al.,” who reported that expression of
HDMX-S was elevated in glioblastomas compared to full-length
HDMX. However, this association was not observed in anaplastic
gliomas and low-grade gliomas.® Studies of Rallapalli ef al.'> and de
Graaf et al."® revealed that the truncated proteins encoded by both
MDMX-S and HDMX-S are more efficient at suppressing p53-medi-
ated transactivation and induction of apoptosis than FL-MDMX or
FL-HDMX, respectively. It is therefore conceivable that the upregu-
lation of HDMX-S might contribute to the neoplastic transformation
of cells by inactivating wt-p53. On the other hand, HDMX-S may
possess other functions besides abrogating p53’s activity. Regarding
the correlation of HDMX-S overexpression and p53 mutational sta-
tus, no data can be found in the literature. Riemenschneider et al®
report that the amount of HDMX-S is higher in relation to FL-
HDMX in glioblastomas than in gliomas, and Rallapalli e al.'?
describe that HDMX-S is upregulated in transformed cells and
downregulated in low passage cells. However, no information is
given on the p53 mutational status of the tumors or cells described.
We screened more than 40 human tumor cell lines with known p53
status. The screening revealed that FL-HDMX was the predominant
transcript in wt-p53 cell lines such as the mamma carcinoma cell line
MCEF-7 and in the prostate cancer cell line LnCap. In these cell lines,
the HDMX-S transcript was almost undetectable by RT-PCR. On the
other hand, in cell lines that are p53-null, like Saos-2 (osteosarcoma
cell line) and PC3 (prostate cancer), HDMX-S was predominantly
expressed, and FL-HDMX was hardly detectable. In cell lines with
p53 point mutations, it appears that the ratio HDMX-S/FL-HDMX is
dependent on the type of the mutation (inactivating or silent, which
domain, etc.; Bartel et al., data not shown). These data suggest that
there is a feedback mechanism between p53 and HDMX/HDMX-S
expression. However, it has previously been shown that HDMX can-
not be transcriptionally activated by p53, for example, after DNA
damage.! Our data are preliminary and could not be confirmed in the
tumor samples (Table II). We conclude that the expression, espe-
cially of HDMX-S, is independent of the p53 mutational status as it
has been shown by the Cox’s regressional hazard model.

In addition to mRNA analyses, we have also evaluated the
expression of the proteins that are encoded by the HDMX-S and
FL-HDMX transcripts. It is apparent from the Figures 3 and 4b that
elevated mRNA levels do not always correlate with higher protein
levels. It is generally accepted that there is not necessarily a corre-
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lation between the abundance of a given mRNA and the amount or
protein it encodes,?” suggesting that posttranscriptional regulation
of gene expression is a frequent phenomenon. Reasons for this
include the stability of the mRNA, the transcription and/or the
translation efficacy and the stability of the protein, etc. Regarding
HDMX-S and FL-HDMX, the ratio of the 2 proteins might be
more important than their absolute expression levels because both
proteins compete for pS3 binding. It has been shown that HDMX-
S has a greater affinity to p53 compared to FL-HDMX.'? In our
study, the average HDMX-S/FL-HDMX protein ratio was higher
in those samples that were characterized by HDMX-S transcript
overrepresentation. However, this was not as pronounced as on the
mRNA level. Although the band intensities have been determined
by densitometry and the values for the bands representing HDMX-
S and FL-HDMX were normalized against the actin expression
level within the same sample, the data should be used with caution.
We have used different antisera for the detection of HDMX-S and
FL-HDMX. The antisera could have different binding affinities for
the respective protein. In future studies, the expression of FL-
HDMX and HDMX-S should be analyzed with an antibody that
recognizes an epitope that is present in both proteins. Nonetheless,
we have clearly shown that the HDMX-S/FL-HDMX mRNA ratio
is a strong, independent predictor of survival for STSs.

We demonstrated that HDMX mRNA is expressed at considerably
higher levels in STS compared to corresponding normal tissues from
several patients. The transcripts of both FL-HDMX and HDMX-S
were undetectable after RT-PCR amplification of normal tissues
when analyzed under comparable conditions as for tumor samples
(data not shown). However, faint bands were visible after 2 rounds
of PCR amplification (70 cycles), whereas in the tumor tissue detect-
able amounts were produced after only 35 amplification cycles. Rie-
menschneider er al. observed that HDMX-S mRNA is constitutively
expressed in nonneoplastic brain tissue.® However, HDMX mRNA
was expressed at higher levels in gliomas as shown by both RT-PCR
and Northern blotting. This result was more pronounced in tumor
samples that carried HDMX gene amplifications.® However, there
was no correlation between HDMX gene amplification and HDMX-S
overexpression in our STS samples. Therefore, it can be concluded
that (i) both FL-HDMX and HDMX-S may be expressed in normal,
untransformed tissues, albeit at very low, almost undetectable levels,
and (ii) FL-HDMX compared to HDMX-S is the predominant tran-
script in normal tissues.

In summary, our data clearly indicate that HDMX gene amplifi-
cation is a common event in STS and appears to be associated with
poor prognosis. Furthermore, overexpression of the smaller
HDMX-S transcript correlated with an unfavorable prognosis for
STS patients. However, the mechanism by which HDMX-S
expression is regulated must still be elucidated. Taken together,
the data presented here suggest that the HDMX gene represents an
important target of amplification in a subset of STS and that over-
expression of HDMX-S could be another mechanism of inactivat-
ing p53 contributing to the process of immortalization and/or neo-
plastic transformation.
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Abstract

The humarMDM2 oncogene, well known as the tumor suppressor @&3s partner, plays an important role in tumorige-
nesis whether it is dependent on or independefRH3 In this study, we investigated in a PCR-sequencing analysis the exon
11 of the humamDM2 gene for gene alterations.Mball polymorphism occurs in 8% of normal blood donors (8 out of 100
probands) and in 13% of the soft tissue sarcoma patients (11 out of 82 patients). Of note was that two STS patients carried
the gene alteration only in the tumor specimens heterozygously but not in normal tissue. In a Kaplan—Meier analysis, patients
without the polymorphism, indicated a median survival rate of 57 months, whereas, patients with the polymorphism survived
on average only 38 months. We suggest that this polymorphism might be associated with an increased cancer susceptibility.

© 2000 Elsevier Science B.V. All rights reserved.

Keywords:Murine double minute gene 24DM2); DNA polymorphism; Soft tissue sarcoma; Cancer susceptibility

1. Introduction

The humanMDM2 oncogene, located on chromo-
some 12q13-14 is called the “big brother p53'
[1]. The reason behind this is that the MDM2 protein
inhibits the tumor suppressor function P53 It
promotes inactivation oFP53through its rapid degra-

* Corresponding author. Tek:49-345-557-1293; faxi49-345-
557-1295.
E-mail address:helge.taubert@medizin.uni-halle.de (H. Taubert).

dation, inhibition ofTP53mediated apoptosis/growth
arrest and by masking the transactivation domain of
TP53 thus impairing interaction with the transcrip-
tional machinery (reviewed in [2]). Furthermore,
MDM2 can act independently afP53 e.g. it inter-
acts with the transcription factors of the E2F-family
and the human TATA-binding protein [3,4], inhibits
Rb growth regulatory function [5], contributes to
tumorigenesis inTP53/- mammary epithelial cells
[6], mediates TGF-R1 resistance [7] and inhibits the
Go/G1-S-phase transition in normal human diploid

0027-5107/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
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cells [8]. This all suggests a general regulating role samples from blood donors were sequenced in sense
in the complex interaction of tumor-associated genes. direction. Striking cases were double checked to ex-
What is especially well described is: a disturbance clude errors from the Taq polymerase and further
of normal MDM2 function in tumors and tumor cell  confirmed by a restriction endonuclease digest.
lines by gene amplification, different mRNA levels
or mRNA splice products, and protein overexpression 2.3. Restriction endonuclease digest
including soft tissue sarcomas [2,9-19]. However, ] . ]
to date, except for three studies, mutational analysis 1€ 548bp PCR product was first digested with
and investigations concerning polymorphisms in the Hindlll (Promega, Germany) and the 254bp band
humanMDM2 gene have not been comprehensively Was cut out and the DNA was regained by a clean-
done. The above mentioned studies dealt with: one INg kit (QIAquick Gel extraction kit/Qiagen, Hilden,
polymorphism [20], some mutations in different tu- Germany). The DNA was digested further bboll -
mors [21] and the absence of mutations in codon 17 (Amersham Pharmacia, Freiburg, Germany) overnight
[22]. Data concerning gene alterations and their po- @nd separated in a 2.5% agarose gel.
tential effects are yet to be collected and investigated.
3. Results

2. Material and methods A 548 bp fragment located in exon 11 of the human
MDM2 gene was amplified with PCR from samples
taken from 100 normal blood donors and samples from
82 soft tissue sarcoma patients (108 samples) as pre-

Blood from 100 healthy donors and frozen tissue Viously described [21]. An A— G (GAA — GAG)
from 82 soft tissue sarcoma patients were collected polymorphism located in codon 354 was identified by
from the Institute of Human Genetics and Medical sequencing (Fig. 1) (GeneBank/EMBL accession no.
Biology and from the Institute of Pathology at the AJ251943). This polymorphism does not change the
Martin-Luther University Halle-Wittenberg, Germany coded amino acid; it remains a glutamine. It was ob-
between 1995—1999. served in 8% of the normal blood donors (8 out of 100
probands) and in 13% of soft tissue sarcoma patients
(11 out of 82 patients).

This polymorphism, located 162 bp downstream of

2.1. Tissue specimens and patients

2.2. DNA preparation, PCR and sequencing

The DNA was isolated from 10 to 15 cryo-sections
(30um thick in diameter) as previously described
[23,24]. In a PCR reaction, a 548 bp fragment was am-
plified starting at base four of exon 11 of the human
MDM2 gene (GenBank AJ251943). The 20 oligomer
primers, OL7 in sense direction: GCTGACTATTG-
GAAATGCAC 3 OL8 in antisense direction:’5
ATTGGTTGTCTACATACTGG 3 were applied as
described by Schlott et al. [21]. In brief, PCR condi-
tions are described as the following: pre-denaturation
at 95C for 5min and 40 cycles of denaturation at
95°C for 45 s, annealing and DNA synthesis for 1 min
at 55C. Cycle sequencing was done using the same
primers and conditions as for the PCR amplification
products (TMII sequenase kit/Amersham Pharmacia,

the B-end of exon 11, is part of boll recogni-
tion site (Fig. 2). Since the restriction enzyrakball
usually performs incomplete digestion, the 548 bp
PCR fragment was cut wittHindlll first, result-
ing in a 254bp and a 294 bp fragment, each with a
reduced number oMball sites. Following further
digestion of the 254 bplindlll fragment with Mball
109 + 79 4+ 66 bp fragments could be identified in
the DNA without a polymorphism and 1068 145 bp
fragments were detected in the DNA with a poly-
morphism (Fig. 2). The allelic frequency estimated
in 100 blood donors was 4.5% and it was 8.5% in
the 82 unrelated soft tissue sarcoma patients, which
is remarkable but not significanP(= 0.2; Fisher's
exact test) in comparison to the blood donors. But this

Freiburg, Germany). Products were sequenced on anis rather related to the still small number of patients

ABI373 (Perkin Elmer, Weiterstadt, Germany). All

and blood donors investigated than to a too small

tumor samples were sequenced in both directions anddifference of the allelic frequencies.
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A\CAAGCTGAAG AGGGCTTTGATAT TC \WCACAAGCTGAGGAGGGCTTTGATGT T¢ ACACAAGCTGAGGAGGGCTTTGATGTTC

h.

Fig. 1. Sequence polymorphism in codon 354 of exon 11 of Mi2M2 gene. The normal sequence (left part), the polymorphism
heterozygously (middle part) and the polymorphism homozygously (right part) is shown.

- 254 bp

- 145 bp

- -109bp
~ -79bp
B - 66 bp

Fig. 2. An Mboll digest recognizes the normal sequence but not the polymorphism in codon 354. An ethidium bromide-stained agarose
gel of amplified genomic DNA digested witkiboll is shown. A 254 bpHindlll fragment from exon 11 of humakiDM gene results after
digestion withMboll in 109+ 66+ 79 bp fragments for samples without a polymorphism (lane 2) and an additional band at 145bp in the
presence of a heterozygous polymorphism (lane 3, note the weaker 99 and 66 bp bands). Gni45®@p fragments are seen for the
sample with a homozygous polymorphism (lane 4). For comparison an undigested sample (lane 1) and a 100bp ladder (M) (Amersham
Pharmacia, Freiburg, Germany) were used.

One blood donor carried the polymorphism ho- without the polymorphism survived on the average for
mozygously. Out of the STS patients one carried this 57 months (median survival; 95% confidence interval
gene alteration in normal tissue heterozygously but 14—-100 months).
homo(hemi)zygously in the tumor sample. What we
found striking was that two STS patients carried the
gene alteration only in the tumor specimens heterozy- 4. Discussion
gously but not in normal tissue.

A Kaplan—Meier analysis was performed to test  Despite the important role th®IDM2 oncogene
if the occurrence of this gene alteration could have plays in malignant tumorigenesis, especially in soft
an effect on the prognosis of the STS patients. Pa- tissue sarcomas, [1] only a few mutations [21] and
tients without the polymorphism showed an average just one polymorphism in the transcribed but untrans-
survival time of 38 months (median survival; 95% lated B-region of the humamMDM2 gene [20] have
confidence interval 14—-62 months), whereas, patients been previously described in other tumors. The gene
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alteration we found occurred in about 8% of healthy in STS (Bartel et al. unpublished results) is currently

blood donors and in 13% of STS patients. Therefore, under investigation.

this study describes a second polymorphism found in ~ Summing up, a polymorphism in exon 11 of the hu-

the MDM2 gene. man MDM2 gene occurring in normal blood donors
Surprisingly, we have found that the identified gene and soft tissue sarcoma patients has been described

alteration was observed in two cases in soft tissue sar-for the first time in our investigations. Its sporadic

coma specimens but not in normal tissue of the same occurrence in STS but not in normal tissue of the

patients. Furthermore, while investigating five AML same patients and its association with a decreased av-

patients, in one case, a polymorphism was found, but erage survival rate suggests a role in cancer suscepti-

not in normal lymphocytes from the same patient (Dr. bility.

T. Schlott, unpublished results). These findings sug-

gest that gene alteration can also occur somatically.

Furthermore, what is remarkable is the result that in a Acknowledgements
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a covert, or more subtle cancer risk [25,26]. In view

of this, an interesting example for hypothesis is the
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Summary

The tumor suppressor p53 gene is mutated in mini-
mally half of all cancers. It is therefore reasonable to
assume that naturally occurring polymorphic genetic
variants in the p53 stress response pathway might
determine an individual’s susceptibility to cancer. A
central node in the p53 pathway is the MDM2 protein,
a direct negative regulator of p53. In this report, a
single nucleotide polymorphism (SNP309) is found in
the MDM2 promoter and is shown to increase the affin-
ity of the transcriptional activator Sp1, resulting in
higher levels of MDM2 RNA and protein and the subse-
quent attenuation of the p53 pathway. In humans,
SNP309 is shown to associate with accelerated tumor
formation in both hereditary and sporadic cancers. A
model is proposed whereby SNP309 serves as a rate-
limiting event in carcinogenesis.

*Correspondence: alevine@ias.edu
8These authors contributed equally to this work.

Introduction

The tumor suppressor protein, p53, is activated upon
cellular stresses such as DNA damage and oncogene
activation and initiates a transcriptional program which
leads to DNA repair, cell cycle arrest, and in some cases,
apoptosis (Jin and Levine, 2001). The p53 stress re-
sponse pathway has been shown to be crucial for the
prevention of tumor formation. For example, both mice
and humans harboring a germline inactivating mutation
in one allele of the p53 gene develop tumors very early
in life and at dramatically high frequencies (Donehower
et al., 1992; Garber et al., 1992; Li et al., 1990). Somatic
inactivating mutations of the p53 gene are also found
in over 50% of all human tumors (Lain and Lane, 2003).
Together, these observations and many others support
the importance of the p53 pathway in tumor suppres-
sion. It is therefore reasonable to assume that naturally
occurring polymorphic genetic variants in critical nodes
of the p53 pathway might underlie the variation seen
between individuals in their susceptibility to cancer and
the progression of their disease.

The search for genetic variation in the p53 pathway
was begun by looking in the MDM2 gene, which encodes
an important negative regulator of p53. MDM2 directly
binds to and inhibits p53 by regulating its location, sta-
bility, and activity as a transcriptional activator (Michael
and Oren, 2003). MDM2 is an essential gene in murine
development, as a knockout embryo dies before implan-
tation in the uterus. This lethal phenotype is rescued by
knocking out the p53 gene, clearly demonstrating an
important genetic interaction between these two genes
in murine development (Jones et al., 1995; Montes de
Oca Luna et al., 1995). Mendrysa et al. (2003) demon-
strated the importance of this interaction in the adult
mouse by genetically altering mice to express reduced
levels of Mdm2. These mice are small, lymphopenic,
and radiosensitive, with increased apoptosis in both
lymphocytes and epithelial cells. These phenotypes
were all shown to be p53 dependent, thereby further
demonstrating that Mdm2 is a key negative regulator of
p53 in both the developing and mature mouse. In hu-
mans, a subset of tumors overexpress MDM2 mRNA
and protein; this overexpression is associated with ac-
celerated cancer progression and lack of response to
therapy (Freedman and Levine, 1999). In a subset of
these tumors, overexpression of MDM2 was mutually
exclusive to p53 mutation, which could suggest that
overexpression of MDM2 can substitute for inactivating
p53 by mutation (Leach et al., 1993; Oliner et al., 1992).

As MDM2 expression levels seem to be vital to a well-
regulated p53 response, naturally occurring sequence
variations in the MDM2 promoter may result in altered
expression of the MDM2 protein, thereby impacting p53
tumor suppression and potentially cancer in humans. In
this report, data are presented which support this hy-
pothesis.
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Figure 1. The MDM2 Promoter Contains a Single Nucleotide Polymorphism Which Alters the Affinity of the Transcriptional Activator Sp1

(A) A schematic diagram depicts the intronic promoter of the MDM2 gene. The position of SNP309 is indicated in relation to the exon/intron
boundaries and the transcription factor binding sites for p53 and Ets/AP-1. The region analyzed for sequence variation is marked by the bar
drawn below the diagram.

(B) The analysis of transcription factor binding sites in the region containing SNP309 is depicted. Potential Sp1 sites are underlined.

(C) An autoradiograph of an electrophoretic mobility shift assay is depicted where varying concentrations of purified Sp1 protein were incubated
with biotin-labeled oligonucleotides containing either SNP309 (G/G; lanes 6-10), wild-type sequence (T/T; lanes 1-5), or an Sp1 optimal binding
site (lane 11, oligo alone, and lane 12, oligo and Sp1). The arrow indicates the specific Sp1-DNA complex.

(D) Chromatin immunoprecipitations (ChlP) were preformed using antibodies against either Sp1 or lamin A. The presence of the MDM2
promoter was assayed for using PCR. The PCR products are depicted here after electrophoreses on an 8% nondenaturing polyacrylamide
gel and subsequent staining with EtBr.

(E) The relative measured luciferase levels are depicted in a bar graph, whereby pGL2 luciferase reporter plasmids containing either SNP309
sequence or wild-type sequence were cotransfected with pPac (control) or pPac-Sp1 expression plasmids. Each value is the average of at

least three independent experiments and the error bars represent the standard deviations.

Results

The search for genetic variation in the MDM2 promoter
was focused to a well-characterized region in the first
intron of the intronic promoter, which is utilized by both
the p53 and ras pathways to activate MDM2 transcrip-
tion (Ries et al., 2000; Zauberman et al., 1995). To look
for sequence variation in this region, 300 base pairs
from genomic DNAs isolated from 50 healthy volunteers
were amplified by PCR and sequenced (Figure 1A). Two
single nucleotide polymorphisms (SNPs) were found in
this region. One of these, SNP309 (a T to G change at
the 309" nucleotide in the first intron), was found at
relatively high frequency both in the heterozygous state
(T/G, 40%) and in the homozygous state (G/G, 12%).
The other SNP, SNP344 (a T to A change at the 344"
nucleotide in the first intron), is rare and is not further
studied (found only in the heterozygous state in 8%
of people).

Analysis of this region of the MDM2 promoter using a
computer algorithm (AliBaba) revealed several putative
binding sites for the transcription factor Sp1 (Figure 1B).
Interestingly, the presence of SNP309, a T to G change,
extended the length of one of the putative Sp1 DNA
binding sites, suggesting that the presence of SNP309
could increase the affinity of Sp1 to this region of the
MDM?2 promoter.

In order to characterize the potential Sp1 binding sites
identified by computer analysis and to investigate the
functional consequences of SNP309, electro-mobility
shift assays (EMSAs) were performed. EMSAs were car-
ried out with purified recombinant human Sp1 protein
and labeled double-stranded oligonucleotides contain-
ing either the wild-type sequence (T/T) or the SNP309
sequence (G/G). Interestingly, as predicted by the com-
puter analysis, the binding affinity of oligonucleotides
containing SNP309 to a range of concentrations (150
ng-450 ng) of purified Sp1 is much higher (2-4-fold) than
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that of the wild-type sequence (Figure 1C, lanes 2-5
versus lanes 7-10). The same assays were carried out
using Hela cell nuclear extracts as a source of protein
instead of purified Sp1, and similar results were obtained
(data not shown). These data suggest that Sp1 can bind
to its putative consensus site in the MDM2 promoter
and that SNP309 can greatly enhance its binding affinity
of this site.

To verify the presence of Sp1 on the MDM2 promoter
in vivo, a chromatin immunoprecipitation (ChlP) was per-
formed. Lysates were prepared from growing Manca
cells, homozygous for SNP309 (G/G), and immunopre-
cipitations were carried out using antibodies against
either Sp1 or lamin A. After extensive washing and elu-
tion, the DNA was purified and the presence of the
MDM?2 promoter was assayed for using PCR. As seen
in Figure 1D, the MDM2 promoter was detected in the
ChlIP using the Sp1 antibody (lane 3) but not using the
lamin A antibody (lane 2). These data suggest that Sp1
binds this region of the MDM2 promoter in vivo.

Toinvestigate a possible role of Sp1 in the transactiva-
tion of the MDM2 promoter and the influence of SNP309,
Drosophila SL2 cells, which are deficient in Sp-related
proteins, were utilized. SL2 cells were transiently trans-
fected with an Sp1 expression vector (pPac-Sp1) and a
luciferase reporter plasmid driven by the MDM2 pro-
moter either wild-type (T/T) or homozygous (G/G) for
SNP309. As shown in Figure 1E, cotransfection of Sp1
strongly stimulated luciferase expression of the reporter
plasmid driven by the MDM2 promoter, as measured by
luciferase activity, suggesting that Sp1 can bind to this
region of the MDM2 promoter and activate transcription.
Interestingly, the presence of SNP309 in the reporter
plasmid consistently showed higher Sp1-induced lucif-
erase expression (~50%) over the presence of wild-
type sequence in the reporter plasmid, as the increased
binding affinity of Sp1 to SNP309-containing oligonucle-
otides would have predicted. Similar results were ob-
tained when both reporter plasmids were transfected
into the mammalian HelLa cell line which has an abun-
dance of Sp1. The reporter plasmid containing SNP309
(G) yielded significantly higher luciferase levels (60%)
than the plasmid containing the wild-type sequence (T)
(data not shown).

Together, these data suggest that Sp1 can bind to
the MDM2 promoter and activate transcription and that
the presence of SNP309 further stimulates the activity of
Sp1 by enhancing its DNA binding affinity to the MDM2
promoter. If true, individuals homozygous for SNP309
(G/G) should show heightened levels of MDM2 when
compared to individuals wild-type for SNP309 (T/T). To
address this, cells in culture were employed. Forty-three
tumor-derived cell lines were genotyped for SNP309.
SNP309 was present at a frequency similar to that found
in the normal volunteers. MDM2 RNA and protein levels
were compared in four cell lines homozygous for
SNP309 (G/G) to the levels found in four cell lines wild-
type for SNP309 (T/T). To compare MDM2 RNA levels,
total RNA was isolated from growing cells. MDM2 RNA
levels were measured by real-time PCR (TagMan). The
presence of SNP309 correlated with high expression of
the MDM2 transcript (on average 8-fold) when compared
to the levels seen in cells wild-type for SNP309 (T/T)

(Figure 2A). MDM2 protein levels were also found to
be significantly higher (on average 4-fold) in cell lines
homozygous for SNP309 (G/G), as seen in the Western
blot analysis of total cell lysates (Figure 2B). Interest-
ingly, three of the four cell lines homozygous for SNP309
(A875, CCF-STTG1, and T47D) have been previously
reported to overexpress MDM2 when compared to cell
lines derived from similar tumor types (Landers et al.,
1997; Lu et al., 2002; Phelps et al., 2003). MDM2 protein
levels were found to be intermediate in four heterozy-
gous (T/G) cell lines (MDA-231, MCF-7, WM-9, and
CACL-7336): on average 1.9-fold higher than T/T cells
(data not shown). Thus, together these data support an
association of SNP309 with the increased levels of
MDM2.

To testif the Sp1 transcription factor is indeed respon-
sible for the heightened levels of MDM2 in cells homozy-
gous for SNP309, endogenous Sp1 was inhibited, and
the resulting effect on endogenous MDM2 levels was
analyzed. Sp1 was inhibited using two different ap-
proaches. First, Sp1 levels were reduced by transfecting
siRNAs specific to Sp1 RNA. Second, Sp1 activity was
inhibited by treating cells with mithramycin A, an aureo-
lic antibiotic that has been shown to selectively inhibit
Sp transcription factor-mediated transcriptional activa-
tion (Blume et al., 1991).

Sp1 siRNA reduced the protein levels of Sp1 over
2-fold in all three cell lines tested, as shown in Figures
3A and 3B, when compared to Sp1 levels in cells trans-
fected with either a nonspecific siRNA (NS, Figure 3A,
lanes 3, 6, and 9) or siRNAs targeted against lamin A/B
transcripts, although lamin A/B protein levels were dra-
matically reduced (Figure 3A, lanes 1, 4, and 7). Sp1
siRNA had no effect on another Sp family member, Sp3
(Figure 3A). As expected, reduction of Sp1 levels lead
to the reduction of the protein levels of one of its known
target genes, cyclin D1, in all three cell lines tested
(Figure 3A; Grinstein et al., 2002). As predicted, reduc-
tion of Sp1 levels dramatically decreased MDM2 levels,
up to 3-fold in cells homozygous for SNP309 (A875 and
T47D), while in cells wild-type for SNP309 (HeLa), reduc-
tion of Sp1 levels had no significant effect on MDM2
levels (Figures 3A and 3B). Inhibition of Sp1 activity by
treating cells with mithramycin A showed similar effects
on MDM2 levels. A cell line homozygous for SNP309
(T47D) and a cell line wild-type for SNP309 (HL60) were
treated with various concentrations of mithramycin A
for 24 hr, and MDM2 protein levels were analyzed as
shown in Figure 3C. In cells homozygous for SNP309
(T47D), mithramycin A treatment significantly decreased
MDM2 levels. Specifically, 200 nM mithramycin A re-
duced MDM2 levels more than 5-fold in T47D, while no
significant effect was seen in cells wild-type for SNP309
(HL 60). Similar effects were seen in other cell lines as
shown in Figure 3D. In two more cell lines homozygous
for SNP309 (Manca and A875), mithramycin A treatment
significantly decreased MDM2 levels. However, mithra-
mycin A only slightly reduced the MDM2 levels in two
more cell lines wild-type for SNP309 (HeLa and ML-1).
In summary, both methods of Sp1 inhibition can prefer-
entially reduce the heightened levels of MDM2 in cells
homozygous for SNP309, thereby supporting the hy-
pothesis that the Sp1 transcription factor is indeed re-
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Figure 2. SNP309 Associates with the Overexpression of MDM2

(A) The levels of MDM2 RNA from tumor-derived cell lines are shown as measured by real-time PCR (TagMan). All values have been normalized
to the level of GAPDH and are the averages of three independent readings. The standard deviation is given in the parenthesis next to each value.
(B) A Western blot analysis of MDM2 levels found in total cell lysates is shown. The upper panel is a Western blot using a monoclonal MDM2
antibody (SMP-14). Full-length MDM2 protein runs as a doublet and is indicated by arrows. The middle panel is a Western blot of the same
filter using a monoclonal antibody to p53 (Do-1) and the lower panel is a Western blot of the same filter using a monoclonal antibody to actin.

sponsible for the heightened levels of MDM2 in cells
homozygous for SNP309.

Overexpression of MDM2 can lead to the inactivation
of the p53 pathway (Lain and Lane, 2003). We therefore
reasoned that the SNP309-homozygous cell lines, with
higher levels of MDM2, should have an attenuated p53
response. To test the p53 response, these cells were
treated with the chemotherapeutic drug etoposide
(VP16) to induce DNA damage. This DNA damage acti-
vates the p53 pathway, leading to DNA repair, cell cycle
arrest, and apoptosis. Significant death (20%-35% of
the total cell population) was observed in cells that are
wild-type at p53 and wild-type for SNP309 (T/T) (H460,
ML-1, Tera-2: Figure 4A, lanes 1-3). Interestingly, cells
with wild-type p53 that are homozygous for SNP309
(G/G) (Manca, CCF-STTG1, and A875: Figure 4A, lanes
6-8) showed much lower death rates (on average
2%-3% of the total cell population). In fact, the percent-
age of cells dying after treatment was similar to that
seen in cells either mutant (T47D) or null (Saos?2) for the
p53 gene itself (compare lanes 5 and 4 with 1-3). Four
cell lines heterozygous for SNP309 (T/G) and wild-type
for p53 were also assayed for their response to etopo-
side and found to be intermediate in their response: on
average 5%-7% of the total cell population (data not
shown). Together, these data demonstrate that the DNA
damage response pathway is attenuated in the SNP309
homozygous cell lines.

These data support the model that the heightened
MDM2 levels in SNP309 cells attenuate the p53 pathway.
If true, reducing the MDM2 levels should allow for the
p53 pathway to be activated in the SNP309 homozygous
cells lines. To test this, MDM2 levels were reduced by

blocking Sp1-mediated transcription by mithramycin A
treatment, and the activity of the p53 pathway was as-
sessed by measuring the apoptotic response after DNA
damage (etoposide treatment). Specifically, Manca (ho-
mozygous for SNP309) and ML-1 (wild-type for SNP309)
were treated with various concentrations of mithramycin
A and etoposide for 48 hr, after which the percentage
of cells undergoing apoptosis was measured. Interest-
ingly, as shown in Figure 4B, the percentage of etopo-
side-induced cell death increased significantly (2-3 fold)
in Manca (SNP309 homozygous cell line) with mithra-
mycin A treatment. However, in ML-1 (SNP 309 wild-
type cell line), mithramycin A treatment had no obvious
effect on etoposide-induced cell death. Similar results
were obtained using various incubation times (data not
shown). These data demonstrate that reduction of
MDM2 levels by inhibiting Sp1 activity can reverse the
attenuated p53 response in the SNP309 homozygous
cell lines, thereby supporting the model that the height-
ened MDM2 levels due to increased Sp1 activity on the
MDM2 promoter in SNP309 cells result in the attenuation
of the p53 pathway.

p53 responds to DNA damage by activating a tran-
scriptional program (Jin and Levine, 2001). If the low
death rates, seen after etoposide treatment in the homo-
zygous SNP309 cell lines, is due to inhibition of p53,
the p53 transcriptional program should be weakened in
these cells. To test this, cells with wild-type p53 were
treated with etoposide, and then the induction of 27
known p53-responsive genes was compared in the cells
either homozygous for SNP309 or wild-type for SNP309.
RNA was isolated from cells before and after etoposide
treatment, and gene expression was analyzed using the



A SNP in Mdm2, the p53 Pathway, and Tumor Formation
595

A AB75 T47D Hela G
f 1T 1T 1 T47D (G/G) HL60 (T/T)
SiRNA  TLamin Spl NS LaminSpl NS LaminSpl NS
Mithramyein A (nM) 0 100 200 300 400 0 100 200 300 400
| - eEmeEn - Spl
i - e | 4 Mdm2
| - . — - IiMdmZ
|.—-—--—-—-‘-'—CyclinDl | ’
% 4+—GAPDH
_——— = == Lamin A/C
|---———---'__Sp3 D _—
— ""i_GAPDH
I A875 Manca
| 2 3 4 5 67 8 9
[ 1 [ ]
B spl Mithramycin A (n M) 0 400 600 0 400 600
ANt - s |4 Mdm2
5 -—— -
E 08
9w |'- --| k-.qq—GAPDH
z i /T
- 17D e H460 Mi-1
@ MDM2 :
514
— a2
g 1 Mithramycin A (n M) 0 400 600 0 400 600
Q 08
E 06 ‘ n- -— | ‘ }‘—f\-idmz
= 04 —~
.'—<=3 02
& ok i . ol |- - a» | ‘ - an -‘ < GAPDH

ABTS T4TD Hela

Figure 3. Inhibition of Endogenous Sp1 Can Reduce the Heightened Levels of Endogenous MDM2 in Cells Homozygous for SNP309

(A) Cell lines homozygous for SNP309 (G/G; A875 and T47D) and wild-type for SNP309 (T/T; HelLa) were transfected with siRNA specific for
Sp1, for lamin A/B, or a nonspecific siRNA (NS). Depicted here are autoradiographs of Western blots using antibodies specific for Sp1, Sp3,
MDM2, cyclin D1, lamin A/B, and Gapdh. Arrows indicate the positions of the proteins.

(B) The bar graphs represent the quantification of Western blot analysis in (A). The relative expression levels in cells transfected with siRNA
for Sp1 was determined as the percentage of either Sp1 or MDM2 in the cells transfected with Sp1-siRNA to those transfected with nonspecific
siRNA. Each value is the average of at least three independent experiments and the error bars represent the standard deviations.

(C and D) Cell lines either homozygous for SNP309 (G/G; T47D, A875, and Manca) or wild-type for SNP309 (T/T; HL60, H460, and MI-1) were
treated with various concentrations of mithramycin A for 24 hr. Autoradiograms of Western blots using either MDM2 or Gapdh antibodies are

shown. Arrows indicate the positions of the proteins.

AffyMetrix GeneChip array (Human Genome U95A Array).
Cells wild-type for SNP309 induced multiple known p53-
responsive genes above 5-fold (Figure 4C). Specifically,
nine genes in the lung carcinoma cell line, H460 (Figure
4C, lane 1), six genes in the myeloid leukemic cell line,
ML-1 (Figure 4C, lane 2), and four genes in the testicular
teratoma cell line, Tera-2 (Figure 4C, lane 3), were in-
duced. In contrast, cells homozygous for SNP309 showed
a much-weakened p53-dependent transcriptional re-
sponse. The melanoma cell line, A875 (Figure 4C, lane 4),
did not induce any known p53-responsive gene above
5-fold and both the astrocytoma cell line, CCF-STTG1
(Figure 4C, lane 6), and the Burkitt’s lymphoma cell line,
Manca (Figure 4C, lane 5), only induced one gene above
5-fold. These data demonstrate that the ability of p53
to act as a transcriptional activator for known target
genes is attenuated in cells homozygous for SNP309.
Taken together, these data support a model that cells
homozygous for SNP309 (G/G) express higher levels of
MDM2, thereby attenuating the p53 pathway. MDM2 has
been shown to inhibit p53 minimally by three different
mechanisms. One well-studied mechanism is its ability
to serve as an E3 ubiquitin ligase, targeting p53 for

proteosamal degredation (Haupt et al., 1997; Honda et
al., 1997; Kubbutat et al., 1997). Upon certain cellular
stresses, such as DNA damage, p53 levels rise, as the
half-life of p53 dramatically increases. The increase of
the half-life of p53 has been attributed to the inability of
MDM2 to target p53 for degradation after DNA damage.
Specifically, immediately after DNA damage, MDM2 lev-
els decrease dramatically as does its affinity for p53
binding (Michael and Oren, 2003).

To address what effect the elevated MDM2 levels in
G/G cells have on p53 levels, the levels of wt p53 in
cells before and after stress (DNA damage) were moni-
tored. As seen in Figure 2B there are no significant differ-
ences in basal wild-type p53 levels between cells wild-
type or homozygous for SNP309 (compare p53 levels
in lanes 1, 2, and 3 to those in lanes 5, 7, and 8). To rule
out the possibility that MDM2 cannot target p53 for
degradation in G/G cells, MDM2 levels were artificially
reduced in nonstressed cells, and p53 levels were moni-
tored. As seen in Figure 4D, reduction of MDM2 levels,
using siRNAs, in the two G/G cell lines tested led to
the significant stabilization of p53. The stabilized p53 is
active, as p21 levels also rise, and p21 is a well-known
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Figure 4. p53 Activity Is Attenuated in Cells Homozygous for SNP309

(A) In the bar graph, the percent of the population of cells which are dead after 24 hr of either 1 .M (black) or 5 .M (gray) etoposide treatment
is plotted for each cell line. Each value is the average of three independent experiments and the error bars represent the standard deviations.
(B) Inhibition of Sp1 activity by mithramycin A treatment increases DNA damage-induced cell death in cells homozygous for SNP309. Manca
(homozygous for SNP309) and ML-1 (wild-type for SNP309) were treated with either 1 puM (black) or 5 uM (gray) etoposide and various
concentrations of mithramycin A for 48 hr. The percentage of the dead cell induced by etoposide and mithramycin A treatment was measured
and subtracted with any death induced by mithramycin A treatment alone. Fold induction of cell death is depicted in the bar graph. Each
value is the average of at least three independent experiments and the error bars represent the standard deviation.

(C) In the bar graph, the number of known p53 target genes induced after DNA damage (etoposide treatment) above 5-fold from levels found
in untreated cells is plotted for each cell line.

(D) MDM2 can inhibit p53 in cell lines homozygous for SNP309 (G/G; A875 and CCF). Cells were transfected with siRNA specific for MDM2,
for lamin A/B or a nonspecific siRNA (NS). Depicted here are autoradiographs of Western blots using antibodies specific for MDM2, p53, p21,

and Gapdh.

p53 transcriptional target. These data suggest that
MDM2 can target p53 for degradation in G/G cells, but
that, in nonstressed cells, heightened levels of MDM2
in G/G cells do not further reduce the levels of wt p53.

As mentioned above, the heightened MDM2 levels
could also inhibit the proper stabilization of p53 in re-
sponse to stress, thereby attenuating the p53 pathway.
To address this possibility, the stabilization of p53 after
etoposide treatment was monitored (Figures 5A and 5B).
Cells were treated with etoposide and harvested after
1,2, and 3 hr of treatment. The p53 levels were measured
by Western blotting and the fold induction of p53 levels
after etoposide treatment was calculated for each cell
line and each time point. The values are depicted in the
bar graph in Figure 5B. As expected, the p53 levels in
cells wild-type for SNP309 (T/T) increased 4-fold or

above after only 1 hr of etoposide treatment. Interest-
ingly, there was no significant stabilization of p53 in cells
homozygous for SNP309 (G/G) in the times tested. These
data support the hypothesis that the heightened levels
of MDM2 in SNP309 cells resultin the inability to properly
stabilize p53 in response to cellular stresses like DNA
damage but that the heightened levels of MDM2 do not
further reduce the levels of wt p53 in nonstressed cells.
The inability to properly stabilize p53 in response to
DNA damage provides one possible mechanism for the
observed attenuation of p53 pathway in cells homozy-
gous for SNP309 (G/G).

The data thus far support a model that cells homozy-
gous for SNP309 express higher levels of MDM2,
thereby weakening the p53 pathway. Humans who carry
a germline p53 mutation in one allele (Li-Fraumeni Syn-
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Figure 5. The Stabilization of p53 after DNA Damage Is Impaired in Cells Homozygous for SNP309, and the p53 DNA Damage Response Is
Attenuated in Li-Fraumeni Fibroblasts Homozygous for SNP309 with High MDM2 Levels

(A) Cell lines either wild-type (T/T) or homozygous (G/G) for SNP309 were treated with etoposide and harvested after 1, 2, and 3 hr of treatment.
Depicted here are autoradiographs of Western blots using antibodies specific for p53 and ran. The autoradiograms are depicted, and exposures
were chosen to highlight the induction of p53 after etoposide treatment for each cell line. The p53 levels were measured and normalized to
ran levels from the autoradiograms in (A), and the fold induction of p53 after etoposide treatment from basal levels was calculated for each
cell line and each time point. The values are depicted in the bar graph in (B).

(C) A Western blot analysis of MDM2 levels found in total cell lysates is shown. The upper panel is a Western blot using a monoclonal MDM2
antibody. Full-length MDM2 protein is indicated an arrow. The lower panel is a Western blot of the same filter using a monoclonal antibody
to ran.

(D) The fibroblastoid cell line derived from a germline p53 mutation carrier (Li-Fraumeni) and homozygous for SNP309 has an altered DNA
damage response when compared to Li-Fraumeni fibroblastoid cell lines wild-type for SNP309. Histograms are depicted of the DNA content

in cells after 24 hr of varying concentrations of etoposide treatment (0, 1, and 5 puM, indicated above the panels).

drome) develop tumors at very high frequencies (Garber
et al.,, 1992; Li et al., 1990). These individuals develop
tumors on average at very young ages and can develop
multiple primary tumors throughout a lifetime. We hy-
pothesized that increased levels of MDM2 by SNP309
could further weaken the p53 pathway in Li-Fraumeni
individuals and further impact tumorigenesis. To test
this, the first approach was to analyze MDM2 levels
and the DNA damage response (etoposide treatment)
in fibroblasts derived from Li-Fraumeni individuals who
were either wild-type for SNP309 (T/T) or homozygous
for SNP309 (G/G). MDM2 levels were analyzed by West-
ern blotting for two fibroblast cell lines wild-type for
SNP309 (T/T) and one fibroblast cell line derived from
the Li-Fraumeni individual homozygous for SNP309
(G/G). As predicted by the analysis of tumor-derived cell

lines, the G/G fibroblasts showed significantly higher
MDM2 levels (above 3-fold) when compared to those
found in both T/T fibroblast cell lines (Figure 5C). Upon
etoposide treatment, the two fibroblast cell lines wild-
type for SNP309 (T/T) showed a characteristic p53-
mediated G2 arrest as noted by the accumulation of
cells with tetraploid DNA content (Figure 5D). In contrast,
the fibroblast cell line homozygous for SNP309 (G/G)
did not show such a response. In fact, no significant
difference in the DNA content of the SNP309 homozy-
gous (G/G) cells was seen. These data suggested that
both MDM2 levels and the p53 pathway in Li-Fraumeni
individuals, as measured by the DNA damage response
in fibroblasts, could be greatly affected by the presence
of SNP309.

If SNP309 further debilitates the p53 pathway in Li-
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Figure 6. SNP309 Associates with an Accelerated Age of Onset of Tumors and the Occurrence of Multiple Subsequent Tumors in Li-

Fraumeni Individuals

(A) Of the 88 individuals in the Li-Fraumeni cohort, 66 were diagnosed with at least one cancer at a median age of 22 years old. The first
cancers the 66 individuals were diagnosed with are shown in the pie chart. Individuals either T/G or G/G are diagnosed on average 7 years
earlier than wild-type (T/T) individuals as depicted in (B). The cumulative number of individuals either with SNP309 (heterozygous or homozygous)
(circles) or wild-type for SNP309 (triangles) is plotted against the age of onset of STS (C) and breast cancer (D).

(E) The bar graph depicts the number of individuals who were first diagnosed with STS (black) and then with subsequent cancers (second,
third, fourth, and fifth) for individuals either wild-type (T/T), heterozygous (T/G), or homozygous (G/G) for SNP309.

Fraumeni individuals, tumor development might also be
affected. To address this possibility, 88 individuals who
are members of Li-Fraumeni families and have germline
mutations in one allele of p53 were studied, and the
frequency of SNP309 was found to be similar to the
frequencies found in the 50 normal volunteers (Hwang
et al., 2003). Sixty-six have been diagnosed with at least
one cancer so far. Soft tissue sarcomas (STS) (20 individ-
uals), breast cancer (17), and osteosarcomas (13) were
the most prevalent first cancers (Figure 6A). Interest-

ingly, individuals who carried SNP309, in either the het-
erozygous or homozygous state, showed a significantly
earlier age of onset for all tumor types (Figure 6B). For
individuals with SNP309, the median age of tumor onset
was 18 years old, while in wild-type individuals the me-
dian age of tumor onset was 27 years old (p = 0.031).
Specifically, the median age of onset of STS in wild-
type individuals was fourteen years old, while in SNP309
individuals the median age of onset was two years old
(p = 0.019, Figure 6C). In those who developed breast
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cancer, the median age of onset in wild-type individuals
was 39 years old, and in SNP309 individuals the median
age of onset was 29 years old (p = 0.01, Figure 6D).
Taken together, those carrying SNP309 developed all
tumor types 9 years earlier, STS on average 12 years
earlier and breast cancer on average 10 years earlier
than those who do not carry SNP309. These data sup-
port the hypothesis that the presence of SNP309 further
debilitates the p53 pathway in Li-Fraumeni individuals,
resulting in an even earlier tumor onset.

As mentioned above, another hallmark of the Li-
Fraumeni syndrome is the occurrence of multiple pri-
mary tumors in a lifetime. Interestingly, the presence of
SNP309 also correlated with the occurrence of multiple
tumors in those individuals first diagnosed with STS (p =
0.0014, Fisher’s exact test, Figure 6E). Specifically, both
individuals homozygous for SNP309 (G/G) developed a
second and a third cancer, and one developed a fourth
and a fifth cancer. Of the nine people heterozygous for
SNP309 (T/G), seven developed a second cancer, four
a third, and one a fourth and a fifth cancer. In contrast,
of the nine people wild-type for SNP309 (T/T), only two
developed a second cancer and none a third, a fourth,
or a fifth cancer. These data indicate an association
with the presence of SNP309 and the occurrence of
independent subsequent cancers. Together, these data
support a model whereby the presence of SNP309 in
the promoter of the MDM2 gene leads to overexpression
of the MDM2 protein, which then inhibits p53 and im-
pacts two major hallmarks of the Li-Fraumeni Syndrome,
namely the early age of onset of tumors and the occur-
rence of multiple primary tumors in a lifetime.

The next question raised was if SNP309 caused a
weakened p53 pathway, did this SNP act upon sporadic
cancers as well as genetically altered individuals with a
p53 defect. To address this question, a group of patients
who develop sporadic adult STS and had no known
hereditary cancer predisposition and no known germline
p53 mutation was studied. As seen in the pie chart in
Figure 7A, the sarcomas come from a variety of tissues.
Interestingly, as in the Li-Fraumeni individuals, SNP309
associates with an earlier age of onset of STS (Figure
7B). Specifically, those individuals homozygous for
SNP309 were diagnosed on average 12 years earlier
than those individuals without SNP309 (p = 0.01, Figure
7C). As seen in Figure 7D, the frequency of the SNP309
G allele was greatly increased in those individuals who
developed STS at a young age. Those who developed
STS below the age of 41 years old had an allele fre-
quency for SNP309 of 50%, while the allele frequency
is only 33% for the whole group (p = 0.0262, Figure 7D).
These data demonstrate that SNP309 does not require
the presence of an inactivating germline p53 mutation
to associate with earlier STS tumor formation.

Discussion

Experimental data have been presented in this report
which support the hypothesis that single nucleotide
polymorphisms in the tumor suppressor p53 pathway
can be a part of the genetic variation which underlies the
phenotypic variation seen in individuals’ susceptibility to
cancer. To summarize, the results in biochemical assays

in cell culture systems demonstrate that SNP309 in the
promoter of the MDMZ2 gene increases the binding affin-
ity of the transcriptional activator Sp1, which results in
high levels of MDM2 RNA and protein. The heightened
MDM2 levels were shown to lead to the attenuation of
the p53 DNA damage response, in concordance with the
observations that MDM2 is as a key negative regulator
of p53. The results of clinical epidemiological studies
demonstrated that SNP309 associates with minimally a
9-year earlier onset of tumors in both hereditary and
sporadic cancers. Together, these data support a model
whereby SNP309 enhances the affinity of the transcrip-
tional activator Sp1 to the promoter of the MDM2 gene,
resulting in heightened transcription. Heightened levels
of MDM2 lead to the direct inhibition of p53, which re-
leases the cell from p53 tumor suppression. Inhibition
of endogenous Sp1 using either siRNA or mithramycin
A can significantly reduce SNP309-related overexpres-
sion of MDM2. The experiments presented here demon-
strate that reduction of SNP309-related overexpression
of MDM2 by mithramycin A treatment can reverse the
attenuated p53 response. Mithramycin A is an aureolic
antibiotic that has been used in humans to treat several
types of cancer and hypercalcemia associated with can-
cers (Hurtado and Esbrit, 2002). The data presented here
suggest that treating cancer patients homozygous for
SNP309 with mithramycin A may enhance their response
to chemotherapeutic drugs by reducing MDM2 levels
to allow for a p53-dependent apoptotic response in-
duced by most chemotheraputic agents.

The model proposed here states that the heightened
levels of MDM2, due to SNP309, result in accelerated
tumor formation in humans. There is much evidence in
the literature to support the claim that high MDM2 levels
can positively impact tumorigenesis. For example,
Jones et al. (1998) created mice which overexpress
Mdm2 by using the entire MDM2 gene as a trans-gene.
These mice expressed an average of 4-fold more Mdm2
in various tissues relative to nontransgenic mice. Inter-
estingly, 100% of the Mdm2-overexpressing mice devel-
oped spontaneous tumors in a lifetime. Lundgren et
al. (1997) also showed that targeted overexpression of
Mdmz2 in the murine mammary epithelium results in tu-
mors, albeit with a lower penitence (16%). These two
studies, together with numerous accounts of MDM2
overexpression or amplification in a variety of human
cancers, support the idea that heightened levels of
MDM2, by SNP309, could positively impact tumor for-
mation (Cordon-Cardo et al., 1994; Momand et al., 1998;
Oliner et al., 1992; Taubert et al., 2000).

MDM2 is a key negative regulator of p53. MDM2 can
regulate the degradation of p53 as an E3 ubiquitin ligase,
targeting p53 for proteosamal degredation (Michael and
Oren, 2003). Observations in this report support the hy-
pothesis that the heightened levels of MDM2 in SNP309
cells (G/G) result in the inability to properly stabilize p53
in response to cellular stresses like DNA damage; this
hypothesis offers one possible mechanism of p53 atten-
uation by MDM2 in SNP309 (G/G) cells. Interestingly,
the heightened levels of MDM2 do not further reduce
the levels of wild-type p53 in nonstressed cells. One
explanation for these observations is that the ability of
MDM2 to regulate p53 levels may not be limiting in
nonstressed cells, so heightened levels of MDM2 would
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Figure 7. SNP309 Associates with an Accelerated Age of Onset of Tumors in Sporadic Soft Tissue Sarcoma

(A) The subtypes of STS are depicted in the pie chart. Individuals homozygous for SNP309 showed a significantly earlier age of onset of STS,
on average 12 years earlier (B). The cumulative number of individuals either homozygous for SNP309 (circles) or wild-type for SNP309 (triangles)

is plotted against the age of onset of STS (C).

(D) SNP309 is at a higher frequency in the population with early onset STS. The cumulative number of individuals either homozygous for
SNP309 (circles), heterozygous for SNP309 (squares), or wild-type for SNP309 (triangles) is plotted against the age of onset of STS in those
who were diagnosed below the age of 41 years old (one standard deviation from the median age of onset).

(E) SNP309 could serve as a rate-limiting event in liposarcoma. The number of rate-limiting events required to create a cancer cell and
subsequent tumor was calculated using I(t) = kt "', whereby r is the number of rate-limiting events. The R value was calculated for each
genotype by plotting the cumulative number of individuals either homozygous for SNP309 (circles), heterozygous for SNP309 (squares), or
wild-type for SNP309 (triangles) against the age of onset of liposarcoma and performing a nonlinear regression as a power function to obtain
the exponent for each curve. The equations for the trend-line, R? value, and R value are displayed for each genotype.

have no further impact on p53 levels. Only when MDM2
activity is reduced after cellular stress (or artificially,
e.g., siRNA in nonstressed cells, Figure 4D) does MDM2
become limiting, where heightened MDM2 levels would
result in less induced p53 (Figures 5A and 5B).

The results presented in this report suggest that
SNP309 can impact tumorigenesis in humans who carry
a germline inactivating mutation in one p53 allele (Li-
Fraumeni Syndrome). The data suggest that SNP309
can further lower the age of onset of tumors in these
individuals on average 9 years and increase the occur-
rence of multiple primary tumors in a lifetime. One possi-
ble scenario to explain these observations is that high
levels of MDM2 and just one wild-type p53 allele in those
Li-Fraumeni individuals with SNP309 produce a severely
weakened p53 tumor suppressor pathway resulting in
a higher mutation rate, poorer DNA repair processes,
and reduced apoptosis leading to faster and more fre-
quent tumor formation.

Fifty years ago it was noted that age-specific inci-

dence of many tumors increases with the power of age,
and it was proposed that the age-specific increase could
be correlated to the number of rate-limiting steps in-
volved in the formation of a cancer cell and subsequent
tumor. Specifically, the function I(t) = kt"~' was used to
describe the incidence of cancer () observed at a given
age (t), whereby r is the number of rate-limiting events
which have to occur in cells at the constant rate (k). This
equation or derivatives thereof have been successfully
used to describe many cancers (Knudson, 2001), most
notably in Alfred G. Knudson’s description of hereditary
and nonhereditary forms of retinoblastoma, which later
became known as the two hit theory. As shown in Fig-
ures 6 and 7, the age-incidence curves of those patients
with SNP309 (G/G) vary greatly from those individuals
with a genotype of T/T or even T/G. Interestingly, when
the number of rate-limiting events (R value) is calculated
for each genotype at the SNP309 locus in sporadic lipo-
sarcomas, T/T gives a value of 4.8, T/G 3.5, and G/G
2.5 (Figure 7E). The fact that the heterozygote reduces
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the R value by one and the homozygote by two suggests
that the G allele can serve as a rate-limiting event in the
formation of a sarcoma.

It is not difficult to propose a model to explain why
SNP309 could be a rate-limiting event in carcinogenesis.
Over the past 50 years, it has become clear that age-
specific incidence of cancer is dependent minimally on
three factors: the number of rate-limiting mutations re-
quired for a given cancer, the mutation rate per mitosis,
and the net proliferation rate of the effected cells (cell
division rate minus cell death rate; Knudson, 2001). Inhi-
bition of the p53 pathway by SNP309 could potentially
affect all three of these factors (Jin and Levine, 2001;
Lain and Lane, 2003). The p53 gene itself is thought of
as a rate-limiting mutation in many cancer types, as it
is found mutated in over 50% of all human tumors, and
humans who carry a germline p53 mutation develop
cancer with increased incidence and on average early
in life. The wild-type p53 pathway is also thought to
reduce mutation rates per mitosis, as loss of p53 leads
to defective centrosome replication and numerous chro-
mosomal abnormalities. Finally, the p53 pathway also
impacts the net proliferation rate of cells, as it functions
to arrest the cell cycle and induce apoptosis upon stress
signals like DNA damage and oncogene activation.
Therefore, inhibition of the p53 pathway by SNP309
could affect all three factors, which have been shown
to influence the age-specific incidence of cancer to ac-
celerate carcinogenesis in an individual.

Experimental Procedures

Sequence Analysis

The MDM2 promoter was analyzed for sequence variation by PCR
amplification and subsequent sequencing, primer 1: CGGGAGTT
CAGGGTAAAGGT and primer 2: AGCAAGTCGGTGCTTACCTG.

Electrophoretic Mobility Shift Assays (EMSA)

EMSAs were performed with a LightShifftTM Chemiluminescent
EMSA Kit (PIERCE, Rockford, lllinois). The binding reactions were
performed for 20 min at room temperature in 10 mM Tris-HCI ([pH
7.5] at 25°C), 1 mM MgCl,, 50 mM NaCl, and 0.5 mM DTT, 4%
glycerol, 50 pg/ml poly (dI-dC) (dI-dC), 10 fmol biotin 3’-end-labeled
double-stranded oligonucleotides, and purified recombinant Sp1
protein. After incubation, samples were separated on a native 4%
polyacrylamide gel and then transferred to a nylon membrane. The
positions of the biotin end-labeled oligonucleotides were detected
by a chemiluminescent reaction with streptavidin-horseradish per-
oxidase according to the manufacturer’s instruction and visualized
by autoradiography. The nucleotide sequence of the double-
stranded oligonucleotides with either wild-type sequence or the
SNP is as follows: 5'-CCGGGGGCTGCGGGGCCGCTT/GCGGCGC
GGGAGGTCCGGATG-3'.

Chromatin Immunoprecipitation

Proteins were crosslinked to DNA in 1% formaldehyde. After wash-
ing, cells were lysed in detergent lysis buffer. Lysates were washed
and sonicated. Two micrograms of antibodies were added and incu-
bated overnight. Protein A/G Plus beads (Santa Cruz) were used,
and after extensive washing, crosslinks were removed at 65°C over-
night in an elution buffer (1% SDS, 0.1 M NaHCO,). DNA was isolated
using the QIAquick PCR purification kit (Qiagen). Ten percent of
purified DNA was analyzed by PCR. The entire PCR reaction was
analyzed by gel electrophoreses on an 8% nondenaturing polyacryli-
mide gel and subsequent ethidium bromide staining.

Luciferase Reporter Assays
The MDM2 promoter-luciferase reporter plasmids containing either
the wild-type sequence or the SNP309 sequence were constructed

by tandemly inserting two copies of double-stranded oligonucleo-
tides containing the same sequence as used for the EMSAs into
pGL2 luciferase reporter plasmid (Promega). The clones were con-
firmed by DNA sequencing.

Drosophila Schneider’s SL2 cells were seeded at 1.5 X 10° cells
per well in a six-well plate 24 hr before transfection. Transient trans-
fections were preformed using CellfectAMINE (Invitrogen) according
to the manufacturer’s instructions. The DNA transfection mixture
contained 250 ng reporter plasmid, varying amounts of pPac-Sp1
plasmid, and empty pPac vector to normalize DNA concentrations.
The expression plasmids pPac and pPac-Sp1 were kindly provided
by Dr. Richard D. Kolodoner (La Jolla, California). Cells were har-
vested 48 hr after transfection in reporter lysis buffer (Promega)
and assayed for luciferase activity. Each extract was analyzed in
duplicate, and at least three independent experiments were per-
formed. Luciferase activities were normalized to cellular protein,
measured by the Bio-Rad protein assay system.

RNA Analysis

To analyze MDM2 RNA levels, total RNA was isolated from cell
pellets using RNeasy (Qiagen). cDNAs were made using TagMan
reverse transcription reagents from Applied Biosystems. Real-time
PCR was carried out using the ABI Prism 7000 sequence detection
system. Probe and primer sets for MDM2 and Gapdh were pur-
chased as predeveloped assays from Applied Biosystems.

Protein Analysis

To analyze protein levels, total cell extracts were made by using a
detergent lysis buffer (50 mM Tris [pH 7.5] 150 mM NaCl, 1% NP40,
0.1% SDS, 0.5% deoxycholic acid, 5mM EDTA, and a protease
inhibitor cocktail [Complete Mini, Roche]). Thirty micrograms of total
protein was run on a 4%-20% tris-glycine gel (Invitrogen) and trans-
ferred to a PVDF membrane. MDM2 was detected using the mouse
monoclonal antibody SMP-14; Sp1 and Sp3 were detected using
the rabbit polyclonal antibody PEP2 and D-20, respectively. Lamin
A/C, cyclin D1, p53, and actin were detected using the mouse mono-
clonal antibody 346, DCS-6, Do-1, and C-2, respectively. Gapdh
was detected using the goat polyclonal antibody V-18. All antibodies
were purchased from Santa Cruz.

Gene Silencing with siRNA

Sp1 siRNA targeted to AATGAGAACAGCAACAACTCC was used to
lower Sp1 expression. Two hundred picomoles siRNA duplex was
transfected into cells at 30%-50% confluencey using oligofectamine
reagent (Invitrogen) according to the manufacturer’s instructions.
Control siRNA duplex has no known target in mammalian genomes
and was used as follows: sense UUCUCCGAACGUGUCACGUdTAT,
antisense ACGUGACACGUUCGGAGAAdTAT. Lamin A/C siRNAs
were purchased from Qiagen and MDM2 siRNAs from Dharmacom.
Cells were lysed 48 hr after transfection, and protein levels of Sp1,
Sp3, and MDM2 were analyzed as described above.

Mithramycin A Treatment

Logarithmically growing cells were treated with various concentra-
tions of mithramycin A (Sigma) for 24 hr. After treatment, cells were
lysed and protein levels of MDM2 were analyzed.

Cell Viability Analysis

To analyze induction of cell death after etoposide treatment, growing
cells were treated with either 1 .M or 5 pM etoposide for 24 hr. To
analyze etoposide-induced cell death after inhibition of Sp1, grow-
ing cells were treated with various concentrations of mithramycin
A and etoposide for 48 hr. After treatment, cells were harvested and
viability was measured using the Guava ViaCount assay (Guava).

Cell Cycle Analysis

To analyze the DNA damage response in fibroblasts, all cells were
treated with two concentrations of etoposide (1 .M and 5 uM) for
24 hr. Cells were harvested and fixed with methanol and kept
at —20°C for 40 min or overnight. After washing and equlibration in
PBS, the cell pellet was resuspended in 1 ml of staining solution
containing 50 wg of RNase A and 0.5 pg of propidium iodide per
ml in PBS and kept at room temperature for over 30 min. The cells
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were then applied to the fluorescence-activated cell sorter (FACS-
Calibur; Becton Dickson). The FACSCalibur program was used to
sort and count the cells.

Statistical Analysis

A randomization test is employed to determine the statistical signifi-
cance of the age of onset of cancer between the groups with and
without SNP309. The two groups are compared pair-wise, and each
instance of an element from the second group greater than an ele-
ment of the first group adds one to the distance. This total distance
is the cutoff. The lists are then randomly permuted, holding fixed
the number of elements of each list. The calculated p value is the
percent of randomized groups that have a distance less than the
cutoff as determined by a large Monte Carlo simulation.
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Abstract

The importance of the p53 stress response pathway in the
suppression of tumor formation is well documented. In a
previous report, a single nucleotide polymorphism (SNP309
T/G) was found in the promoter of the MDM2 gene resulting in
higher levels of MDM2 RNA and protein and, consequently, in
the attenuation of the p53 pathway both ir vitro and in vivo.
As the SNP309 locus is found in a region of the MDM?2
promoter, which is regulated by hormonal signaling pathways,
and the G-allele of SNP309 increases the affinity of a well-
described cotranscriptional activator of nuclear hormone
receptors (i.e., Spl), the hypothesis that the SNP309 locus
could alter the effects of hormones on tumorigenesis was
tested in vivo in humans. Data obtained from patients with
three different sporadic cancers, from four independent case
studies, support this hypothesis, providing an example for the
genetic basis of gender differences in cancer and showing that
the genotype at a specific locus can affect how hormones, like
estrogen, affect tumorigenesis in humans. (Cancer Res 2006;
66(10): 5104-10)

Introduction

On exposure to cellular stresses, the p53 protein is stabilized,
increases its concentration, and becomes active as a transcription
factor initiating a transcriptional program, which leads to DNA
repair, cell cycle arrest, cellular senescence, or apoptosis. The p53
stress response pathway functions as a critical tumor suppressor
pathway, which is underlined by the observation that the p53 gene
is one of the most commonly mutated genes in human tumors (1).
Furthermore, both mice and humans harboring a germ-line
inactivating mutation in just one allele of the p53 gene develop
tumors early in life and at very high frequencies (2-5). A previous
report provided evidence that naturally occurring polymorphic
genetic variant in the p53 stress response pathway influences an
individual’s susceptibility to cancer (6).

Both genetic and biochemical studies have shown that the
MDM?2 oncogene is a key negative regulator of the p53 protein (7).
Since the initial publication (6), multiple studies have shown that
the G-allele of the single nucleotide polymorphism (SNP309, T/G)
in the promoter of the MDM2 gene was associated with the
attenuation of the p53 pathway and an enhanced early onset of,
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and increased risk for, tumorigenesis (6, 8-14). In various reports,
results were presented that support the model that the G-allele of
SNP309 increases the DNA binding affinity of the transcriptional
activator Spl, which results in high levels of MDM2 mRNA and
protein in human cells and tissue with this allele (10, 15, 16). The
heightened MDM2 levels were shown to lead to the attenuation of
the p53 DNA damage response induced by various chemothera-
peutic drugs (6, 15), in concordance with the well-described role of
MDM?2? in the negative regulation of the p53 protein. In humans,
two independent reports have shown that germ-line p53 mutation
carriers who possessed the G-allele of SNP309 were diagnosed with
cancer, on average, 7 or 10 years earlier than those who were
homozygous for the T-allele (6, 9). It was proposed that high levels
of MDM2, resulting from the G-allele of SNP309 and just one wild-
type p53 allele, produce a severely weakened p53 tumor suppressor
pathway resulting in a higher mutation rate, poorer DNA repair
processes, and reduced apoptosis leading to faster and more
frequent tumor formation (6, 16).

Estrogen signaling has been shown to regulate MDM2 expression
levels. Many reports have shown that MDM2 mRNA and protein
levels are heightened in breast tumors which express the estrogen
receptor (ER), a critical component of the estrogen signaling
pathway (17-21). In fact, the expression of ERa was shown to
induce transcription of MDM2 (22). The regulation of MDM2
expression by estrogen, as well as by thyroid hormone, is mediated,
at least in part, through a well-characterized region of the MDM2
promoter (20, 22-24). Both the ER and the thyroid hormone
receptor are known to bind to this region of the promoter and
activate transcription of the MDM2 gene (23, 24). Interestingly,
SNP309 is found in this region of the promoter. The SNP309 locus
potentially could affect the transcriptional regulation of MDM2 by
hormone receptors as the G-allele of SNP309 increases the affinity
of the MDM2 promoter for Spl, which is a well-characterized
cotranscriptional activator for multiple hormone receptors,
including the ER (25-27). These observations suggest the possibility
that the SNP309 locus could alter the effects of hormones, like
estrogen, on tumorigenesis, and therefore contribute to the gender
differences observed in many different types of cancer. In this
report, data are presented from four independent studies that
support this hypothesis.

Materials and Methods

Statistical analysis. A randomization test is employed to determine the
statistical significance of the age of onset of cancer between the different
genotypes. The groups are compared pairwise and each instance of an
element from the second group adds one to the distance. This total distance
is the cutoff. The lists are then randomly permuted, holding fixed the
number of elements of each list. The calculated P value is the percent of
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randomized groups that have a distance less than the cutoff as determined
by a large Monte Carlo simulation.

Ashkenazi lymphoma and breast cancer cases. Lymphoma cases were
derived from 678 cases of non-Hodgkin’s lymphoma ascertained at a single
center in the New York metropolitan area during the period of April 2000 to
March 2005. Of these, 162 were classified as diffuse large B-cell lymphoma
(DLBCL). The breast cancer cases were derived from 658 individuals with
invasive ductal carcinoma (IDC). The patients were Caucasians and self-
identified as of Ashkenazi Jewish ethnicity. Pathology reports, and in the
case of breast tumors, ER status, of all cases were reviewed and age of
diagnosis was recorded. Germ-line DNA from cases was collected and
permanently stripped of identifiers before genotyping, in accord with an
Institutional Review Board-approved protocol.

Controls were drawn from DNA of 976 healthy men and women, all of
Ashkenazi ancestry by self-report of religion and country of origin of
parents and grandparents. Age range was 18 to 65 years. Control DNA
samples were available from the New York Cancer Project, an ongoing
cohort study of over 17,000 volunteers of varying ethnic backgrounds who
live in the New York metropolitan area (28).

Soft-tissue sarcoma cases. Samples originated from 105 sporadic soft-
tissue sarcoma (STS) cases diagnosed from 1991 to 2001 at the Surgical

Clinic 1, University of Leipzig and at the Institute of Pathology of the
Martin-Luther-University Halle, Germany. All patients had a RO-resection of
a their primary tumor done by the same team. The patients were of
Caucasian ethnicity with an age range of 14 to 84 years (average, 55 years).
The STS samples consisted of 29 liposarcomas, 23 malignant fibrous
histiocytomas, 16 leiomyosarcomas, 12 neurogenic sarcomas, 8 rhabdomyo-
sarcomas, 8 synovial sarcomas, 5 fibrosarcomas, and 4 other types. One
hundred four healthy blood donors of Caucasian ethnicity (non-Jewish)
from Germany served as controls.

Breast cancer cases. Between April 2004 and October 2005, 258
Caucasian women previously diagnosed with infiltrating ductal carcinoma
of the breast were accrued to this study at The Cancer Institute of New
Jersey (New Brunswick, NJ). Pathology reports were reviewed on all cases.
Venipuncture was done and genomic DNA was prepared from whole blood.
Age and menopausal status at diagnosis, ER status, and degree of positivity
were recorded. All information was devoid of identifiers and kept in a
database. Data collection was in accord with an approval by the
Institutional Review Board at the Cancer Institute of New Jersey.

Sequence analysis. The status of the SNP309 locus was determined for
the p53 germ-line mutation carriers, the unaffected non-Ashkenazi Jewish
individuals, the STS patients, and the second group of Caucasian IDC
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Figure 1. The G-allele of SNP309 associates with an accelerated age of onset of DLBCL in younger females but not in males. DLBCL has a well-documented
gender difference in tumor incidence. A, the cumulative incidence of cancer for both men (black squares) and women (gray diamonds) is plotted as a function

of age. The cumulative incidence of DLBCL for both the individuals T/T in genotype (black squares) and G/G in genotype (gray diamonds) is plotted as a function of age
for males (B) and females (C). Female DLBCL patients diagnosed below the average age of menopause (51 years) are enriched for the G-allele of SNP309.

D, relative ratios of the three genotypes at the SNP309 locus for the male DLBCL patients, the female DLBCL patients diagnosed at <51 years of age, and females

diagnosed >51 years of age.
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Figure 2. The G-allele of SNP309 associates with an accelerated age of onset of STS in younger females. A, the cumulative incidence of STS for both the women
T/T in genotype (black squares) and G/G in genotype (gray diamonds) is plotted as a function of age. Female STS patients diagnosed below the average age of
menopause (51 years) are enriched for the G-allele of SNP309. B, the relative ratios of the three genotypes at the SNP309 locus for the male STS patients, the
female STS patients diagnosed at <51 years of age, and females diagnosed >51 years of age.

patients by PCR amplification and subsequent sequencing (primer 1,
CGGGAGTTCAGGGTAAAGGT; primer 2, AGCAAGTCGGTGCTTACCTG).

The status of the SNP309 locus was determined for the unaffected
Ashkenazi Jewish individuals, DLBCL patients, and the first group of
Caucasian Ashkenazi Jewish IDC patients by using the combination of
MspIAl RFLP analysis and 5’ allelic discrimination assay (TagMan). For the
MspAl RFLP analysis, primers 5-CGGGAGTTCAGGGTAAAGGT-3' and
5-AGCAAGTCGGTGCTTACCTG-3" were used. PCR was done under stan-
dard conditions using 20 ng of genomic DNA and annealing temperature of
66°C. The resulting PCR product (351 bp) was digested by MspIAl. MspIAl
cleaves final PCR product on two sites, one is constitutive that served as an
internal control of enzymatic digestion and allele G of SNP309 generates
specific MspIAl restriction site.

The TagMan 5  allelic discrimination PCR assay was done in 384-well
plates. Each well contained 5.0 ng DNA, 2.5 pL TagMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA), 0.0625 puL of probe and
primer solution (Assays-on-Demand, Applied Biosystems), and 2.4375 pL
distilled water. The PCR reaction was initiated at 95°C for 10 minutes,
followed by 47 cycles of 92°C for 30 seconds and 60°C for 60 seconds.
Following PCR, fluorescence was measured in an ABI 7900 HT Sequence
Detector (Applied Biosystems) and the genotype clusters were manually
scored using Sequence Detection Software 2.0 (Applied Biosystems).

Results

Diffuse large B-cell lymphoma. To test if SNP309 can
contribute to the gender differences observed in cancer, a type of
cancer was studied with a well-documented gender difference in
tumor incidence (i.e., non-Hodgkin’s lymphoma). Non-Hodgkin’s
lymphoma is the fifth most common cancer in both men and
women but men have an increased risk for developing non-
Hodgkin’s lymphoma worldwide, as well as an earlier average age of
tumor diagnosis (29, 30). In this study, Caucasians of Ashkenazi
Jewish ethnicity with DLBCL were analyzed. It is interesting to note
that Ashkenazi Jewish individuals have a higher relative frequency
of the G-allele compared with Caucasians not of Ashkenazi
descent. Specifically, 976 Ashkenazi Jewish individuals who had
never been diagnosed with cancer, on sample ascertainment, were

found to have the following relative frequency of three different
genotypes at the SNP309 locus: T/T, 27%; T/G, 49%; G/G, 24%. One
hundred four Caucasians, not of Ashkenazi decent and who had
never been diagnosed with cancer, on sample ascertainment, were
found to have the following relative frequencies: T/T, 38%; T/G,
51%; G/G, 10%.

As previously observed (29, 30), in 162 Caucasians of Ashkenazi
Jewish ethnicity diagnosed with DLBCL, the 83 male patients were
diagnosed, on average, 5 years earlier than the 79 female patients
(Fig. 14). Specifically, the male patients were diagnosed, on average,
at 57 years of age (range, 25-85 years) and females at 62 years of age
(range, 21-93 years). The male DLBCL patients showed no large
differences in the age of tumor diagnosis when separated into the
different genotypes of the SNP309 locus (T/T males, 58 years of age
versus G/G males, 60 years of age; Fig. 1B). In contrast, G/G women
showed a 13-year earlier tumor diagnosis than T/T women [T/T
women, 68 years of age (range, 55-78 years) versus G/G women,
55 years of age (range, 21-87 years); Fig. 1C].

Estrogen has been proposed to play a role in the gender-specific
differences in DLBCL incidence, as women exposed to exogenous
estrogens have been observed to have altered risk for DLBCL
(31-33). Indeed, ER, a critical component of the estrogen-signaling
pathway, is expressed in multiple B-cell lymphomas (34-36). If
estrogen signaling is working to allow the G-allele of SNP309 to
accelerate tumor formation in women, then differences in the age-
dependent incidence of DLBCL between G/G women and T/T
women should be the largest in women below the average age of
menopause (51 years) when female specific hormones like estrogen
are at their highest levels. As seen in the Fig. 1C, where the
cumulative incidence of DLBCL for each genotype is plotted as a
function of age, the greatest differences in the age-dependent
incidence between the two genotypes are seen in women <51 years
of age. Indeed, there are no women with a T/T genotype in these
cases diagnosed with DLBCL under the age of 55 years. By contrast,
over half of the G/G women had already been diagnosed with
DLBCL by this age (P = 0.0027, two-tailed Fisher’s exact test). The
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G/G women make up 48% of the female DLBCL cases diagnosed by
the age of 51 years and only 19% of the female cases >51 years of age
and only 24% of the male DLBCL cases (Fig. 1D; P = 0.0166, two-
tailed Fisher’s exact test). Together, these data support the
hypothesis that estrogen could play a role in the ability of the
G-allele of SNP309 to accelerate DLBCL formation in women as the
greatest differences in the age-dependent incidence between G/G
women and T/T women are the greatest below the average age of
menopause when gender-specific hormones, like estrogen, are at
the highest levels.

Soft-tissue sarcoma. The G-allele of SNP309 in its homozygous
state (G/G) has been previously shown to associate with a 12-year
earlier age of onset of sporadic STS compared with T/T individuals
(6). The STS patients in this study were made up of 58 Caucasian
women and 47 Caucasian men. When separated by gender, it
became clear that the significant earlier age of onset of STS
observed in these cases is only associated with the G/G women, as
only 3 of 47 male patients had the G/G genotype. Specifically, G/G
women were diagnosed on average 14 years earlier than T/T women
[T/T women, 59 years of age (range, 30-78 years) versus G/G women,
45 years of age (range, 23-81 years); Fig. 24; P = 0.028, randomization
test]. As the presence of ER in STS is well documented (37-40), the
possibility that estrogen might be playing a role in the ability of
the G-allele of SNP309 to accelerate STS formation in women was
tested. Indeed, the largest differences in the age-dependent STS
incidence between G/G women and T/T women were also seen in
women below the average age of menopause (51 years) when
gender-specific hormones, such as estrogen, are at their highest
levels. Specifically, 67% of G/G women were diagnosed with STS by
the age of 51 years, but only 27% of T/T women (P = 0.05, one-tailed
Fisher’s exact test). In fact, the overall frequency of the G/G
genotype is 27% in female STS cases diagnosed by the age of
51 years and only 8% in female cases diagnosed >51 years of age and
6% in male STS cases (Fig. 2B; P = 0.0173, one-tailed Fisher’s exact
test). Together these data further support the hypothesis that
gender-specific hormones, like estrogen, could be playing a role in
the ability of the G-allele of SNP309 to accelerate both sporadic
DLBCL formation and sporadic STS tumor formation.

Invasive ductal breast carcinoma. To test if the G-allele of
SNP309 can indeed accelerate tumorigenesis only in the presence of
an active estrogen-signaling pathway in vivo, women with the same
tumor type were studied. The tumor type studied was sporadic IDC
of the breast, which accounts for the vast majority of all breast
cancers (41). Some women developed IDC with an intact estrogen
pathway whereas others did not. DNA was isolated from lympho-
cytes from women with IDC of the breast and the status of SNP309
was determined. All patients were Caucasians of self-identified
Ashkenazi Jewish ethnicity. Individuals with the most common
breast cancer susceptibility alleles of the BRCAI and BRCA2 genes
were excluded from this study. In each case, pathology reports,
including analysis of ER (when available), and age at diagnosis were
recorded. At diagnosis, the levels of the ER, a critical component of
the estrogen-signaling pathway, are measured in the tumor to
determine the most appropriate course of therapy. ER is detectable
in 60% to 70% of all breast cancers and its expression level correlates
with the tumor dependence on estrogen for growth (42, 43).

Of the 658 IDC patients, 136 patients were noted to have no
significant levels of ER expression (<10% of tumor cells stained
positive for ER) whereas 472 were noted to have significant levels of
ER staining (=10% of tumors cells stained positive for ER) and the
expression level of ER was not known for 50 patients. Of the 472
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Figure 3. The G-allele of SNP309 associates with an accelerated age of onset
in high ER-positive, but not in ER-negative, IDC of the breast in Caucasians
(Ashkenazi Jewish). The cumulative incidence of IDC for both the individuals T/T
in genotype (black squares) and G/G in genotype (gray diamonds) is plotted as a
function of age for high ER-positive tumors (>50% of the tumor cells stained
positive for ER; A) and ER-negative tumors (<10%; B). Female patients with
high ER-positive IDC (>50% of the tumor cells stained positive for ER) diagnosed
below the average age of menopause (51 years) are enriched for the G-allele
of SNP309. C, relative ratios of the three genotypes at the SNP309 locus for
the female high ER-positive IDC patients diagnosed at <51 years of age and
females diagnosed >51 years of age.

patients noted to have significant levels of ER staining, 127 patients
were known to have high levels of ER expression (=50% of the
tumor cells stained positive for ER).

If the G-allele of SNP309 can accelerate tumorigenesis only in the
presence of an active estrogen-signaling pathway, then an earlier
age of tumor onset for G/G women versus T/T women should be
greatest in the formation of tumors that express high levels of ER,
as the percent of tumor cells which stain positive for ER has been
shown to correlate with the tumor dependence on estrogen for
growth (42, 43). Indeed, in those 100 women whose tumors
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expressed high levels of ER (=50%), G/G women showed a 7-year
average earlier age of onset of IDC compared with T/T women and
an ll-year median earlier onset [T/T women, 60 years of age
(range, 33-81 years) versus G/G women, 53 years of age (range, 35-
84 years); P = 0.0094, randomization test; Fig. 34]. No significant
differences were observed in those women whose tumors
expressed low levels of ER [<10% (Fig. 3B) or <50% (data not
shown)]. Specifically, the ER-negative T/T patients were diagnosed
on average at 51 years of age and G/G patients at 56 years of age.
Interestingly, the acceleration of high ER-positive (=50%) IDC
formation in G/G women compared with T/T women was also
greatest below the average age of menopause (51 years) when
estrogen levels are at their highest. Fifty-four percent of the
patients with the G/G genotype had been diagnosed with high ER-
positive (=50%) IDC by the age of 51 years, in contrast to only 22%
of the T/T patients (Fig. 34; P = 0.0133, one-tailed Fisher’s exact
test). In fact, women with the G/G genotype make up 33% of high
ER-positive (=50%) IDC cases diagnosed by the age of 51 years, as
opposed to 16% of high ER-positive (=50%) IDC cases diagnosed

>51 years of age (Fig. 3C; P = 0.0272, two-tailed Fisher’s exact test).
These data further support the hypothesis that an active estrogen-
signaling pathway allows for the G-allele of SNP309 to accelerate
tumor formation in women.

To confirm these observations with an independent study, the
hypothesis was tested again in a second group of Caucasian IDC
patients not selected for Ashkenazi Jewish ethnicity. In the 258 IDC
patients in this study, 71 patients were noted to have no significant
levels of ER expression (<10% of tumor cells stained positive for ER)
whereas 184 were noted to have significant levels of ER staining
(>10% of tumor cells stained positive for ER) and the expression
level of ER was not known for 3 patients. Of the 184 patients noted
to have significant levels of ER staining, 117 patients were known to
have high levels of ER expression (=50% of the tumor cells stained
positive for ER).

As previously observed, in the 117 women in this second group
whose tumors expressed high levels of ER (>50%), G/G women
again showed a 7-year earlier onset of IDC compared with T/T
women [T/T women, 54 years of age (range, 29-76 years) versus
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Figure 4. The G-allele of SNP309 associates with an accelerated age of onset in high ER-positive but not ER-negative IDC of the breast in a second independent group
of Caucasians. The cumulative incidence of IDC for both the individuals T/T in genotype (black squares) and G/G in genotype (gray diamonds) is plotted as a
function of age for high ER-positive tumors (>50% of the tumor cells stained positive for ER; A) and ER-negative tumors (<10%; B). Female patients with high
ER-positive IDC (>50% of the tumor cells stained positive for ER) diagnosed below the average age of menopause (51 years; C) or premenopausal (D) are enriched for
the G-allele of SNP309. C and D, relative ratios of the three genotypes at the SNP309 locus for the female high ER-positive IDC patients diagnosed at <51 years
of age or premenopausal and females diagnosed >51 years of age or postmenopausal.
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G/G women, 47 years of age (range, 32-62 years); P = 0.025,
randomization test; Fig. 44]. Again, no significant differences were
observed in the 71 women whose tumors expressed lower levels of
ER [<10% (Fig. 4B) or <50% (data not shown)]. The acceleration of
high ER-positive (=50%) IDC formation in G/G women compared
with T/T women was also greatest below the average age of meno-
pause (51 years) when estrogen levels are at their highest. Eighty
percent of the G/G patients had been diagnosed with ER-positive
IDC by the age of 51 years, but only 39% of the T/T patients
(P =0.0061, one-sided Fisher’s exact test). In fact, G/G women make
up 20% of high ER-positive (=50%) IDC cases diagnosed by the age
of 51 years, as opposed to 5% of high ER-positive (=50%) IDC cases
diagnosed >51 years of age (Fig. 4C; P = 0.0133, one-sided Fisher’s
exact test). In this study, the menopause status of the patients at
diagnosis was available and, as predicted, individuals with the
G-allele of SNP309 were enriched in the premenopausal high
ER-positive (=50%) IDC cases compared with the postmenopausal
cases. Specifically, individuals with the G-allele of SNP309 made up
72% of the premenopausal cases and only 53% of the postmeno-
pausal cases (Fig. 4D; P = 0.0247, one-sided Fisher’s exact test).

Discussion

In summary, the results of four independent studies of three
different sporadic cancers (DLBCL, STS, and IDC) support the
model that an active estrogen-signaling pathway, either directly or
indirectly, allows for the G-allele of SNP309 to accelerate tumor
formation in women. Specifically, in DLBCL patients (Fig. 1), the
G-allele of SNP309 only associated with an earlier age of diagnosis
in female patients and not in male patients, similar to what was
previously observed in a study of male and female colorectal cancer
patients (8). That this gender-specific difference could be due to
gender-specific hormones was supported by the observations that
both in female DLBCL patients (Fig. 1) and in female STS patients
(Fig. 2), the differences in age-specific cancer incidence between
G/G and T/T women were the largest below the average age of
menopause (51 years) when gender-specific hormones, like
estrogen, are at their highest levels. That the estrogen-signaling
pathway could be either directly or indirectly involved was
supported by the observations that the G-allele of SNP309 only

associated with an earlier age of onset in high ER-positive (=50%),
but not in ER-negative, IDC formation, which was seen in two
independent case studies (Figs. 3 and 4). Further support came
from the observation that the differences in age-specific cancer
incidence between G/G and T/T women with high ER-positive
(=50%) IDC were the largest below the average age of menopause
(51 years) when estrogen levels are at their highest (Figs. 34 and
4A). This model, in which an active estrogen-signaling pathway
allows for the G-allele of SNP309 to accelerate tumor formation in
women, may help explain the genetic basis for the frequently
observed gender differences in cancer and shows that the genotype
at a specific locus can affect how hormones, like estrogen, will
affect tumorigenesis in humans.

The estrogen-signaling pathway can be regulated in humans for
a variety of reasons (e.g, contraception, relief of menopausal
symptoms, as well as cancer prevention and treatment). Estrogen
signaling manipulation has been shown to alter both cancer
incidence and progression (42-44). This study suggests that women
with a G/G genotype for SNP309 could be affected differently by
estrogen signaling manipulation than women with a T/T genotype.
Specifically, in the case studies of DLBCL, STS, and high ER-positive
(=50%) IDC of the breast, a total of 147 female cancer patients
diagnosed below the average age of menopause, when estrogen
levels are at their highest, were greatly and significantly enriched
for women with a G/G genotype (29.3%) when compared with the
234 female patients diagnosed after the average age of menopause
(12.8% G/G; P < 0.0001, two-sided Fisher’s exact test) when estrogen
levels in women measurably decrease (Figs. 1D, 2B, 3C, and 4C;
Table 1). These observations suggest that increasing estrogen levels
in postmenopausal women with a G/G genotype, to alleviate
menopausal symptoms, could significantly increase their risk to
develop these cancers. Indeed, studies have shown the association
of exogenous estrogen use by menopausal women lends to an
increased risk of developing ER-positive IDC and other cancers
(44-46). In contrast, these observations imply that women with
a G/G genotype and these cancers (DLBCL, STS, and high
ER-positive IDC) would benefit from decreasing estrogen levels
and this could significantly retard the progression of their disease.
Indeed, many studies have shown that reducing estrogen signaling
in patients with high ER-positive IDC significantly retards tumor

Table 1. Distribution of MDM2 SNP309 in patients from four independent case studies of three different tumor types
DLBCL, n (%) STS, n (%) IDC, n (%) IDC, n (%) Total, n (%)
Males Females Males Females ER+ (>50%) ER+ (=50%) Females
<51y >51y <51y >51y <51y >51y <51y >51y <51y >51y

T/T 18 (22%) 0(0%) 13 (22%) 24 (51%) 6 (27%) 16 (44%) 10 (22%) 31 (38%) 17 (29%) 27 (47%) 33 (22.4%) 87 (37.2%)
T/G 45 (54%) 11 (52%) 34 (59%) 20 (43%) 10 (45%) 17 (47%) 20 (44%) 38 (46%) 30 (51%) 28 (48%) 71 (48.3%) 117 (50.0%)
G/G 20 (24%) 10 (48%) 11 (19%) 3 (6%) 6 (27%) 3 (8%) 15 (33%) 13 (16%) 12 (20%) 3 (5%) 43 (29.3%) 30 (12.8%)
Total 83 21 58 47 22 36 45 82 59 58 147 234
P value for P =0.0166 P =0.0173 P =0.0272 P =0.0133 P < 0.0001

enrichment

of G/G
Fisher’s exact test two-tailed one-tailed two-tailed one-tailed two-tailed
Race Caucasian Caucasian Caucasian Caucasian Caucasian
Ethnicity Ashkenazi Jewish Ashkenazi Jewish
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growth and results in longer overall survival rates (43, 47). It will be
interesting to determine if reduction of estrogen signaling will also
prove to be an effective treatment for G/G women with DLBCL and

STS, as the results presented here predict.
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Abstract

The p53 stress response is crucial for the prevention

of tumor formation. The oncogene HDM2 is one of the
key negative regulators of p53 and is a central node

in the p53 pathway. P53 and HDM2 form an oscillating
feedback loop. HDM2 expression is regulated by
different promoters. To evaluate its clinical relevance,
we determined the levels of HDM2 transcripts originating
from the constitutive P1 and p53-sensitive P2 promoter
in 133 soft tissue sarcomas and correlated the results
with the age of diagnosis and the patients’ outcome.
We show that only high levels of the HDM2-P1 transcript
but not the P2 transcript are associated with an

11-year earlier age of onset (50.5 years) compared

with low P1 levels (61.5 years; P < 0.0001, { test).

In addition, low P1 and P2 mRNA expression levels were
independent predictors of poor outcome for patients
with soft tissue sarcomas (low P1: relative risk, 3.7;

P < 0.0001; low P2: relative risk, 2.5; P = 0.001). A change
in the expression levels of the HDM2 transcripts
originating from the two HDM2 promoters could disrupt
the oscillating P53-HDM2 feedback loop in a way that
elevated levels of HDM2-P1 transcript are associated
with an earlier age of tumor onset and that reduced
levels of HDM2-P1 or HDM2-P2 transcripts are correlated
with poor prognosis of patients with soft tissue
sarcomas. (Mol Cancer Res 2008;6(10):1-7)
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Introduction

HDM2, the human orthologue of the mouse MDM2
oncogene is well known as an antagonist of the tumor
suppressor p53 (1, 2). Transcription of HDM?2 is accomplished
by two promoters, the p53-independent P1 promoter and
the p53-sensitive P2 promoter (3). A third promoter, desig-
nated P3, has been identified in intron 3 of the HDM?2 gene (4).
In most cells, the transcription from the P1 promoter occurs
at low levels (5). The P2 promoter is highly induced by p53
due to the presence of p53-responsive elements (6). Because
translation starts in exon 3, the proteins that are translated
from the two respective transcripts are identical, but the dif-
ference in the 5™-untranslated region is responsible for the
higher translation efficiency of the P2 transcript (5, 7). A
polymorphism in the HDM2-P2 promoter (SNP309) adjacent
to an Spl binding site can enhance the binding of the Spl
transcription factor and subsequently increase the expression
of HDM2-P2 transcript and protein (8). Interestingly, the
homozygosity of SNP309 is associated with an accelerated
age of onset of tumors, e.g., by 12 years in soft tissue sar-
comas (STS; ref. 8). Furthermore, we have shown that HDM2
SNP309 accelerates tumor formation in a gender-specific
and hormone-dependent manner (9). In this study, we were
interested if the transcript levels from either the HDM2-P1 or
the HDM2-P2 promoter have a different clinical relevance.
We measured HDM2 mRNA expression originating from the
HDM2-P1 or HDM2-P2 promoters and correlated the results
with onset and survival of patients with sporadic STS.

Results
HDMZ2-P1 and HDMZ2-P2 Transcript Levels of Patients
with STS

The levels of the HDM2 transcript variants arising from
the P1 and P2 promoters were analyzed by quantitative
real-time reverse transcription-PCR. The median expression
levels of the PI-HDM2 and P2 HDM2 transcripts were 5.7
and 7.2 zmol per amol GAPDH, respectively. We classified
tumor samples with an expression below the median of
the respective mRNA as “low expression” and tumor samples
with expression levels above the median as “high expression.”
A high Pl expression was significantly correlated with a
high P2 expression, and vice versa (P < 0.0001, Xz test;
Table 1).
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Correlation of HDM2-P1 and HDMZ2-P2 Transcript Levels
with Age of Onset of STS

In our previous work, we have shown that HDM2 gene
amplification (10) and elevated HDM2 mRNA levels (10)
were correlated with a favorable prognosis for patients with
STS. Furthermore, we have recently published that a single
nucleotide polymorphism in the HDM2-P2 promoter (SNP309)
is associated with a 12-year earlier age of onset for those
individuals who are homozygous for SNP309 (8). Therefore,
we asked whether the expression of the two different HDM2
transcript variants derived from either the constitutive P1 or the
p53-sensitive P2 promoter is also associated with the age of
onset and prognosis in STS and if other mechanisms besides
gene amplification might influence HDM2 mRNA expression
in STS.

We found that the average age of onset for STS patients with
high expression of the P1 transcript was 50.5 years compared
with 61.5 years for low P1 expression (P < 0.0001; ¢ test).
Surprisingly, there was no difference regarding the average
age of onset for patients with low or high P2 transcript levels
(56 versus 55 years; P = 0.72; ¢ test).

Effect of HDM2-P1 and HDMZ2-P2 Transcript Levels on
Overall Survival and Prognosis in STS

Low P1 transcript levels were correlated with a significantly
decreased overall survival (median, 26 months) compared with

high P1 expression levels (median, 119 months; log rank test;
P =0.0001). There was also a significant difference in the mean
overall survival for patients whose tumors expressed low or
high levels of the HDM2-P2 transcript (26 versus 96 months;
P =0.0023).

In the multivariate Cox’s regression hazard analysis that was
adjusted to tumor stage, localization, and extent of surgical
therapy, we identified low P1 and low P2 levels (relative risk,
3.7; P <0.0001; relative risk, 2.5; P = 0.001, respectively), as
well as combined low amounts of P1 mRNA and P2 mRNA
(relative risk, 5.9; P < 0.0001) as independent risk factors
that were correlated with poor prognosis for patients with STS
(Fig. 1, Table 2).

Correlation of HDM2-P1 and HDM2-P2 Transcript Levels
with SNP309 Status

Previously, we could show that SNP309 status was
correlated with an early onset of tumor formation in female
patients with STS (9). Therefore, we investigated if P1 or P2
promoter transcript expression was correlated with SNP309
status. In a bivariate correlation, we did not detect an
association between SNP309 and P1/P2 promoter transcript
levels in all patients with STS. However, when we considered
only female patients, a correlation between SNP309 and P2
promoter transcript expression (P = 0.036), and as a trend, an
association with P1 promoter transcript expression (P = 0.062)

Table 1. Correlation of HDM2-P1 and HDM2-P2 Transcript Levels with Clinical Variables of Patients with STS
Characteristics Cases HDM2-P1 expression HDM2-P2 expression
Low (n =59) High (n = 74) Low (n = 58) High (n = 75)
Sex
Male 57 23 34 24 33
Female 76 36 40 34 42
Histologic subtype
LS 32 8 24 12 20
MFH 32 23 9 16 16
FS 9 3 6 2 7
RMS 9 4 5 6 3
LMS 21 9 12 12 9
NS 13 6 7 4 9
Syn 9 2 7 4 5
Other 8 4 4 2 6
Tumor grade
1 21 5 16 7 14
2 70 28 42 27 43
3 41 26 15 24 17
Tumor stage
I 20 5 15 7 13
I 55 22 33 20 35
11 45 24 21 26 19
v 13 8 5 5 8
Complete resection
Radical (Rg) 95 40 55 40 55
Not radical (R;) 38 19 19 18 20
Localization
Extremities 87 42 45 38 49
Trunc wall 11 6 5 7 4
Head/neck 4 2 2 2 2
Abdomen/retroperitoneum 26 8 18 9 17
Patients follow-up
Alive 71 21 50 23 48
Dead 62 38 24 35 27

Abbreviations: LS, liposarcomas; MFH, malignant fibrous histiocytoma; FS, fibrosarcoma; RMS, rhabdomyosarcoma; LMS, leiomyosarcoma; NS, neurogenic sarcoma;

Syn, synovial sarcoma.
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could be found. In a grouped analysis, in which P1 promoter
and P2 promoter expression was separated into low or high
expression, a correlation between heterozygous/homozygous
SNP309 and P1 promoter transcript expression (P = 0.015,
Fisher’s exact test), but not for the P2 promoter expression,
could be seen in female patients. Twenty-one out of 32 female
patients (66%) with heterozygous/homozygous SNP309 have a
higher transcript of P1 promoter compared with 7 out of 22
females (32%) with wild-type SNP309, whose tumors pos-
sessed a higher P1 promoter transcript level. There was no
correlation between SNP309 status and P1/P2 promoter
expression in male patients.

Correlation of HDM2-P1 and HDMZ2-P2 Transcript Levels
with HDMZ2 and p53 Protein Expression

We studied protein expression of HDM2 and p53 by
immunohistochemistry. Because HDM2 and P53 have short
half-lives in normal tissue, both proteins are not detectable in
most normal tissues. The detection of HDM2 or p53 protein is
considered an alteration in their protein expression. However,
there was no association between P1 or P2 promoter
transcription and HDM2 protein or p53 protein expression in
male or in female patients (independent if premenopausal or
postmenopausal female patients).

Mol Cancer Res 2008;6(10). October 2008

Correlation of SNP309 with HDMZ2 and p53 Protein
Expression

We did not see a correlation between SNP309 status and
HDM2 protein expression, either in male patients or in all
female patients. However, if we separate female patients into
premenopausal and postmenopausal groups, all 20 premeno-
pausal patients showed either expression of HDM2 and/or
heterozygous/homozygous SNP309 in their tumors (P = 0.035;
Fisher’s exact test). Furthermore, we found a correlation of
SNP309 status with p53 protein expression in female patients
(P = 0.019; Fisher’s exact test) but not in male patients.
Eighteen out of 21 female patients (87%) with wild-type
SNP309 were p53-positive, whereas 19 out of 34 patients
(56%) with heterozygous/homozygous SNP309 were p53-
positive. There seems to be a complementing effect of p53
positivity and heterozygous/homozygous SNP309 in female
patients with STS. After separating female patients into premen-
opausal and postmenopausal groups, we still see an association
between SNP309 and p53 protein expression only in premeno-
pausal women. All 5 female patients with wild-type SNP309 were
p53-positive, whereas 7 out of 15 patients with heterozygous/
homozygous SNP309 were p53-positive. In other words, all of the
premenopausal STS female patients either showed p53 positivity
or were heterozygous/homozygous for SNP309.
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Table 2. Prognostic Value of HDM2-P1 and HDM2-P2 Transcript Levels in STS

Variables Univariate analysis Multivariate analysis
RR (95% CD)* P RR (95% CD)* P

Tumor stage

I 1.00 1.00

I 2.82 (0.84-9.53) 2.43 (0.7-8.2)

I 6.76 (2.03-22.4) 6.93 (2.07-23.2)

v 31.4 (8.71-113.7) <0.001 20.04 (5.1-78.7) <0.001
Complete resection

Radical (Rg) 1.00 1.00

Not radical (R;) 2.31 (1.4-3.82) 0.001 1.64 (0.91-2.97) 0.09
Localization

Extremities 1.00 1.00

Trunc wall 1.11 (0.39-3.15) 1.22 (0.42-3.57)

Head and neck 0.84-9.27 1.06 (0.29-3.83)

Abdomen/retroperitoneum 2.08 (1.15-3.77) 0.015 1.48 (0.75-2.94) 0.259
HDM2-P1 expression

Low (<5.6 zmol) 2.82 (1.66-4.79) <0.001 3.77 (2.05-6.94) <0.001

Elevated (=5.6 zmol) 1.00 1.00
HDM2-P2 expression

Low (<7.1 zmol) 2.16 (1.3-3.6) 0.003 2.54 (1.44-4.48) 0.001

Elevated (=7.1 zmol) 1.00 1.00
Combined P1-P2 expression

P1 low, P2 low 4.14 (2.1-8.2) <0.001 5.95 (2.76-12.8) <0.001

P1 high. P2 low 1.36 (0.69-2.68) 1.33 (0.63-2.78)

P1 low, P2 high 1.92 (0.91-4.05) 2.15 (0.94-4.9)

P1 high, P2 high 1.00 1.00

NOTE: Multivariate Cox’s proportional-hazard regression model (adjusted to tumor’s stage, localization, and status of surgical resection).

For all results, please refer to Supplementary Fig. S1.
*RR, relative risk of tumor-related death.

Discussion

This is the first report about the effect of transcript levels
from two different HDM2 promoters, P1 and P2, on the age of
onset and outcome of STS. The key results of our study were
that (a) high levels of the P1 transcript, but not of the P2
transcript, are significantly associated with an earlier age of
onset for STS, and (b) with respect to overall survival, low
levels of the HDM2-P1 mRNA and P2 mRNA are correlated
with an unfavorable prognosis (Fig. 2). These results seem to be
contradictory. The group of Moshe Oren could show that
expression of p53 and HDM2 is oscillating in a feedback loop
(11). Based on this finding, Hu et al. recently showed that
changes, i.e., either an increase or a decrease in the expression
levels of p53 or HDM2, disturb this oscillation (12). They
found that higher levels of HDM2 in cells homozygous for
SNP309 do not permit coordinated p53-HDM2 oscillation after
stress. This might decrease the efficiency of the p53 pathway
and correlate with the development of cancers at an earlier age
of onset in females (12). Previously, we could show that
SNP309 (G/G) accelerates STS formation by 12 years (9), and
in this study, we show that P1 transcript expression results in an
early tumor onset by 11 years. In line with these results, an
increased expression of P1 promoter transcript was significantly
correlated with heterozygous/homozygous SNP309. This
finding is surprising but it still fits in our previous results that
SNP309 is correlated with increased HDM2 transcript levels
(8). Altogether, we see a strong correlation between P1 and P2
promoter expression which suggests that their regulation is
coordinated and/or that their expression levels might affect each
other. However, it is difficult to explain how a polymorphism in
the P2 promoter could affect the expression of P1 promoter.

Recently, Liang and Lunec (4) have described the existence of a
third promoter (P3) in intron 3 of the hdm2 gene. It has been
shown that wild-type p53 specifically binds to this region, and
surprisingly, this leads to a decreased activity of the P3
promoter. Furthermore, the P3 promoter had a suppressive
effect on P2, especially at high levels of p53 (4), thereby adding
a new level to the autoregulatory pS3-MDM2 feedback loop. It
would be of interest to investigate if the P3 or P2 promoters
could affect the P1 promoter. Furthermore, in cell lines
homozygous for SNP309, an increased resistance against
different chemotherapies and radiation has been shown (8,
13). From our results, it is tempting to speculate that this
resistance is rather associated with P1 promoter transcript than
with P2 promoter transcript level, which might be relevant for
future STS therapies.

Several studies describe a relationship between SNP309
and p53 mutational status in colorectal, bladder, ovarian, and
breast cancer (14-17). Patients with homozygous SNP309
(G/G) retain wild-type p53 and patients with wild-type SNP309
(T/T) carry p53 mutations which can effect either early onset
of tumor development and/or impair prognosis. In STS, the
p53 mutational rate is rather low (~18% in this study);
therefore, we investigated P53 protein expression by immuno-
histochemistry. P53 protein expression is normally not detect-
able in tissues because of its short half-life of ~20 minutes.
Detection of P53 protein expression can be associated with
mutational status and/or with conformational changes of
P53 and has a prognostic effect for patients with STS (18). In
our study group, we found a significant correlation between
wild-type SNP309 and the detection of P53 protein in female
patients but not in male patients. We suggest that there is a
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complementing effect between p53 positivity and heterozygous/
homozygous SNP309 both affecting the p53/hdm2 pathway in
female patients with STS.

Recently, Cheng and Cohen (19) showed that HDM2-P2
promoter preferentially produce p90"™™M? protein, whereas
HDM2-P1 promoter transcripts contribute equally to p90TPM?2
and p75"™™? protein products. They suggest that p90™™? par-
ticipates in the p53/HDM2 feedback loop, whereas p75™°M?
does not (19). In our study, P1 and P2 transcript levels did not
correlate with HDM2 protein levels detected by Western
analysis (75 and 90 kDa protein products) or detected by
immunohistochemistry (data not shown). However, several
studies provided evidence that there can be little correlation
between the mRNA and protein levels in yeast, in human liver,
and in lung adenocarcinomas (20-22).

The finding that low levels of HDM2-P1 and HDM2-P2
transcripts were correlated with poor overall survival is in
agreement with our previous result that, in general, HDM2
transcript levels are significantly associated with tumor-related
death for STS (23). Although a higher mdm2-mRNA
expression was associated with a better prognosis in patients
with ovarian carcinomas (24), several publications describe a
correlation between a high HDM2 transcript level and poor
outcome for different cancer patients (reviewed in ref. 23).
Further studies on the expression profiles of different HDM2
transcripts are necessary to resolve this contradiction.

Recent work from Mendrysa et al. (25) showed that a subtle
decrease in the levels of MDM2 has a profound effect on tumor
formation. After 5 months of age, mice with wild-type levels of

HDM2 — p53 oscillation
feedback loop

* heteroz./homoz.SNP309
* HDM2-P1 transcript high

MDM2 had 48 intestinal adenomas on average, whereas mice
expressing ~ 80% of the wild-type MDM2 levels had only 16
tumors, and mice with ~30% of wild-type MDM2 expression
had a further reduced number of tumors. These results are
confirmed by data from this study, in which an attenuated p53-
pathway (high HDM?2 expression) associates with an acceler-
ated onset of STS.

In conclusion, our results show that high levels of the
HDM2-P1 transcript accelerate the onset of STS. Additionally,
we have identified a group of patients whose tumors express
low levels of either the P1 or P2 transcript, which are
independent prognostic markers predicting poor outcome. Our
data supports the finding that changes in the HDM2 transcript
level can disturb the oscillating p53-HDM2 feedback loop. In
this study, we showed that up-regulation or down-regulation of
HDM2 transcripts could affect tumor onset or prognosis in
patients with STS.

Materials and Methods
Study Subjects

Tumor tissue samples from 133 adult patients with
histologically verified primary STS were analyzed (Table 1;
Supplementary Fig. S1). The patient and tissue samples have
been previously described (26, 27). The tissue was collected
following surgical resection and snap-frozen in liquid nitrogen.
The tumors were classified according to the van Unnik grading
system (28) and the International Union Against Cancer
guidelines (29). All patients gave their written consent. The
study was approved by the local ethics committee.

disturbed

by \
* HDM2-P1/-P2 transcript low
* HDM2 protein high

» mutant p53/P53 protein high

v

healthy probands

Early age of tumor onset

Tumor progression

Model is based on results of references 8,9,31,18,10,17 and 25.

and poor prognosis

FIGURE 2. Model of disturbance of HDM2-p53 oscillation feedback loop describes which changes in this oscillating equilibrium can affect the age of tumor
onset or prognosis of patients with STS. Model is based on the results of refs. (8-10, 17, 18, 25, 31).
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Measurement of HDMZ2-P1 and HDMZ2-P2 Transcript
Levels

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. Sub-
sequently, 250 ng of RNA was reverse-transcribed with random
hexamer primers and the Superscript II reverse transcript-
ase (Invitrogen). We used two custom-designed assays to
measure the levels of the HDM?2 transcripts from either
the constitutive P1 or the p53-sensitive P2 promoter (AJ
Roboscreen AG). PCR primers were modified after Phelps
et al. (ref. 30); Pl-fw (GACTCCAAGCGCGAAAACCQ),
Pl-bw (CCATCAGTAGGTACAGACATGTTGGT), P2-fw
(CGGACGCACGCCACTT), and P2-bw (CCATCAGTAGG-
TACAGACATGTTGGT). The GAPDH-mRNA expression
values were determined with a commercially available assay
according the manufacturer’s instructions (AJ Roboscreen AG).
The ¢cDNA amount in each patient sample was calculated
according to a simultaneously amplified reference DNA.
The P1 and P2 transcript levels in each patient sample are
given as zmol P1 (P2)-HDM2 mRNA (zeptomole, 107" mol)
per amol GAPDH-mRNA (attomole, 10~"® mol). The p53 gene
status of our patient cohort has been described previously
(ref. 31; Supplementary Fig. S1).

Immunohistochemical and Western Blot Detection of
HDMZ2 and P53 Protein

Immunohistochemical detection of HDM2 and p53 proteins
was done as previously reported (18, 32). We applied 19E3
antibody (Medac) for HDM2 and DO-1 antibody (Oncogene
Science) for P53 staining. Western immunoblot was carried out
as previously described (33) with the HDM2 antibody N20
(Santa Cruz Biotechnology).

Statistical Analyses

All statistics, including Cox’s proportional hazard model and
the Kaplan-Meier survival estimates, were carried out using the
SPSS 12.0G software (SPSS Science). P < 0.05 was considered
to be significant. Multivariate Cox’s regression models were
adjusted to the tumor’s stage, localization, and type of resection
unless otherwise stated.
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Einfluss von Mutationen und Polymorphismen im p53-
Tumorsuppressorpathway auf die Entstehung und Prognose

von Ovarialkarzinomen

Both somatic and germline genetics of the p53-pathway influence ovarian cancer

incidence and survival

Anja Bohnke', Juliane Jung', Helge Taubert?, Steffen Hauptmann? und Frank Bartel’

Abstract

Purpose: Although TP53 is one of the most studied
genes/proteins in ovarian carcinomas, the predic-
tive value of TP53 alterations is still ambiguous.
Experimental design: We performed analyses of the
TP53 mutational status and its protein expression by
immunohistochemistry. Moreover, the single nucle-
otide polymorphism SNP309 in the P2-promotor of
the HDM?2 gene was investigated. We correlated the
results with the age of onset and the outcome of 107
ovarian carcinoma patients. Results: In our study,
we identified a large group of patients with TP53
overexpression despite having a wild-type gene
(49 % of all patients with wild-type TP53). This was
associated with a significantly shortened overall sur-
vival time (p=0.019). Patients with TP53 alterations
(especially those with overexpression of wild-type
TP53) were also more refractory to chemotherapy
than patients with normal TP53 (p=0.027). The G-
allele of the SNP309 is associated with an earlier
age of onset in estrogen receptor expressing FIGO
stage I1I patients (p=0.048). In contrast, in FIGO III
patients, a weakened TP53 pathway (either G-allele
of SNP309 or a TP53 mutation) is correlated with
an increased overall survival compared with patients
whose tumors are wild-type for TP53 and SNP309
(p=0.0035). Conclusion: Our study provides evi-
dence that both germ line and somatic alterations of
the TP53 pathway influence incidence and survival
of ovarian carcinoma, and it underscores the impor-
tance of assessing the functionality of TP53 in order
to predict sensitivity of platin-based chemotherapies
and patient outcome.

Einleitung

Das Ovarialkarzinom weist in der westlichen
Welt unter den gynikologischen Tumoren die
hochste Sterblichkeitsrate auf (20). Die meisten

' Juniorgruppe, Institut fiir Pathologie, Universi-
titsklinikum Halle-Wittenberg

2 Institut fiir Pathologie, Universitdtsklinikum Halle-
Wittenberg, Halle/Saale

Patientinnen mit Ovarialkarzinomen befinden
sich zum Zeitpunkt der Diagnosestellung in
fortgeschrittenen Krankheitsstadien (22). Die
5-Jahresiiberlebensrate betrégt fiir die FIGO-
Stadien III und IV nur noch 15-25% (6,20).
Trotz grofler Bemiihungen, molekulare Verén-
derungen als prognostische Marker zu identi-
fizieren, bleiben in multivariaten Analysen die
Resttumorgrof3e und der Aszites die einzigen
signifikanten Parameter fiir Patientinnen in
fortgeschrittenen Stadien. Die Standardthera-
pie fiir Ovarialkarzinompatientinnen in die-
sen Stadien ist die Tumorentfernung, gefolgt
von einer Chemotherapie mit Carboplatin und
Taxol. Leider tritt aufgrund einer erworbenen
Chemoresistenz bei fast allen Patientinnen ein
Rezidiv auf. Daher sind Faktoren, die die Re-
sistenzentwicklung von Ovarialkarzinompati-
entinnen beeinflussen von groBlem Interesse.
Ein Schliisselprotein fiir die zelluldre Antwort
auf Platin-haltige Chemotherapeutika ist TP53,
dessen Funktionalitdt durch Mutationen oder
Polymorphismen im TP53-Signalweg verrin-
gert werden kann. Daher konnte eine Ursache
fiir die Chemoresistenz im Fehlen von funkti-
onsfihigem TP53 liegen.

Fiir das Ovarialkarzinom liegt die TP53-Mu-
tationsfrequenzen zwischen 40-80 % (9, 10,
13, 30). In der Literatur zeigt sich der Trend,
dass eher eine TP53-Uberexpression (12, 16,
23, 31, 34) als TP53-Mutationen (9, 19, 21,
25) mit einem verkiirzten Gesamtiiberleben
korrelieren. In anderen Studien wurde wiede-
rum kein signifikanter Zusammenhang zwi-
schen Uberexpression und Prognose gefunden
(18, 21, 27, 32, 35). Problematisch an diesen
Studien ist, dass einerseits in immunhistoche-
mischen Untersuchungen keine verkiirzten
Proteine erkannt werden, welche durch non-
sense Mutationen oder Insertionen/Deletionen
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entstehen konnen. Andererseits ist eine TP53
Uberexpression nicht zwangsliufig mit Muta-
tionen verbunden. Deshalb ist der Gesamtsta-
tus von p53-Verdnderungen (Genmutationen
und/oder Uberexpression) informativer als
Sequenzierung oder Immunhistochemie al-
lein. Obwohl einige Studien sowohl den TP53-
Gen- als auch den Proteinexpressionsstatus be-
stimmt haben (13, 30), wurde in Kkeiner dieser
Untersuchungen der Gesamtstatus von TP53
Verinderungen mit dem Uberleben oder dem
Ansprechen auf Chemotherapie korreliert.

Das HDM?2-Onkogen ist eines der wichtigs-
ten negativen Regulatoren des TP53-Proteins
(4). Es konnte gezeigt werden, dass das G-Allel
des Einzelnukleotid-Polymorphismus SNP309
im TP53-sensitiven P2-Promotors des HDM2-
Onkogens mit einer Abschwichung des TP53-
Tumorsuppressorsignalweges assoziiert ist (2).
Verschiedene Publikationen liefern Beweise,
dass das G-Allel des SNP309 mit einem er-
hohten Risiko fiir Tumorentstehung und einem
fritheren Auftreten der Erkrankung korreliert
(1, 5, 15, 26). Die HDM2-Expression wird
auch durch den Ostrogenrezeptor-Signalweg
beeinflusst, da die Transkription von HDM2-
P2 durch ERo induzierbar ist (29). Interessan-
terweise ist die ERo-Bindestelle in der Re-
gion lokalisiert, welche den SNP309 enthilt.
In einer vorherigen Publikation konnten wir
zeigen, dass der SNP309 den Effekt von Hor-
monen, wie Ostrogen, auf die Tumorgenese
verdndert, wodurch es zu geschlechtsspezifi-
schen Unterschieden in verschiedenen Karzi-
nomen kommt (3).

Ziel dieser Studie war es, den Status von
SNP309, TP53 Sequenzverdnderungen und
TP53-Proteinexpression einer Gruppe von 107
Ovarialkarzinompatientinnen (mit kompletten
klinischen Daten, gesammelt am Institut fiir
Pathologie der Universitit Halle) zu bestim-
men und zu untersuchen ob Polymorphismen
oder Mutationen im TP53-Signalweg als sig-
nifikante Marker fiir die Prognose von Ovari-
alkarzinompatientinnen genutzt werden kon-
nen.

Material und Methoden

Patientenkollektiv und klinische Daten. Pa-
raffin-fixierte Proben von 107 invasiven Ova-

rialkarzinomen wurden nach Verfiigbarkeit
des Materials ausgewihlt. Die Fille wurden
zwischen 1997 und 2005 am Institut fiir Pa-
thologie der Martin-Luther-Universitit Halle
diagnostiziert. Die Studie wurde durch das
lokale Ethikkomitee genehmigt. Alle histolo-
gischen Schnitte wurden durch 2 Pathologen
(EG & SH) reevaluiert. Die Tumorproben und
das Patientenkollektiv wurden bereits in an-
deren Arbeiten ausfiihrlich beschrieben (17).
Die histologische Klassifikation erfolgte nach
den Richtlinien der WHO, das Grading nach
Silverberg (33). Klinische Daten wie, Pati-
entenalter, Resttumorgrofle, FIGO Stadium,
adjuvante Chemotherapie und Verlauf sind in
Tabelle 1 zusammengestellt.

Immunhistochemie. Die Analyse der TP53
Proteinexpression erfolgte unter Verwendung
des monoklonalen Maus-Antikorpers DO-7
(DAKO, Hamburg) und die Analyse der Os-
trogenrezeptorexpression unter Verwendung
des anti-ER-Antikorpers SP1 (Labvision,
Deutschland). Die Immunreaktivitit fiir TP53
und ER wurde als Prozentzahl von gefirbten
Zellen bestimmt, durch das Auszihlen von
durchschnittlich 150 Tumorzellen. Tumore
mit mehr als 10 % geférbten Zellen wurden als
TP53 oder ER-positiv eingestuft.

Single Strand Conformation Polymor-
phism (SSCP) Analyse von TP53. Die DNA-
Isolation aus Paraffin-fixierten Proben erfolgte
nach Standardprotokoll (30). Ein Schnitt jeder
Tumorprobe wurde zur Feststellung des Tu-
morzellgehalts H&E gefirbt, um sicherzustel-
len, dass die Mehrheit des verwendeten Mate-
rials aus Tumorzellen besteht.

Mittels PCR wurden die Exone 3-9 des
TP53-Gens amplifiziert. Die Primer fiir jedes
Exon waren im Intron lokalisiert, wodurch
auch die Moglichkeit bestand, Spleistellen
mit zu untersuchen. Die Primersequenzen und
die PCR-Bedingungen wurden bereits verof-
fentlicht (30). 10-20 uL jedes PCR-Poduktes
wurden iiber Nacht bei —20°C gefillt und
Konformationsverdnderungen durch SSCP auf
einem denaturierenden Polyacrylamid-Gel be-
stimmt. Als Kontrolle diente DNA von gesun-
den Blutspendern.

TP53 Sequenzanalyse. Die Exone 5-8
wurden bei allen Proben sequenziert. War eine
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Tabelle 1: Zusammenfassung klinischer Daten der Ovarialkarzinompatientinnen.

Patientinnen (107)

Klinische Parameter

No. %
Tumortyp
seros
endometroid 62 579
. 14 13.1
gemischt 1 103
klarzellig 9 8' 4
transitionalzellig 1 0'9
umndlflflf(:jlrsen21ert 3 75
u 2 1.9
Tumorstadium
FIGO 1 30 28.0
FIGO II 9 8.4
FIGO III 63 58.8
FIGO IV 5 4.7
Alter der Patientinnen
Durchschnitt 63.5
Median 64.0
Therapie
Cisplatin+Taxol 62 57.9
Platin-haltig, ohne Taxol 21 29.7
andere 2 1.9
keine (FIGO Ia) 5 4.7
abgelehnt, gestorben 13 12.1
keine Daten 4 3.7
Resttumor
kein 39 41.0
<lcm 22 23.1
>lcm 34 35.8
Verdnderung im SSCP-Gel nachweisbar, wur-  Ergebnisse

den auch die Exone 3, 4 sowie 9 sequenziert.
Die Sequenzierung in sense und antisense
Richtung erfolgte unter Verwendung des Big-
Dye Terminator Cycle Sequencing 3.1 Kits
(Applied Biosystems, Darmstadt). Die Se-
quenzierreaktion erfolgte nach Angaben des
Herstellers.

Bestimmung des SNP309 Status. Der
SNP309-Status von 103 Ovarialkarzinomen
wurde durch PCR und anschlieBende direkte
Sequenzierung bestimmt (2).

Statistische Auswertung. Alle statistischen
Berechnungen, einschlieBlich Cox-Regression
und Kaplan-Meier-Analyse, wurden mit der
SPSS 11.0 Software durchgefiihrt (SPSS-Sci-
ence, Chicago, USA). Eine Wahrscheinlichkeit
von p<0,05 wurde als signifikant eingestuft.

TP53-Mutationen und TP53-Proteinexpres-
sion. In 107 Patientenproben konnten wir ins-
gesamt 111 Sequenzveridnderungen in exoni-
schen sowie intronischen Bereichen des TP53-
Gens nachweisen, davon lagen 44 Mutatio-
nen im Bereich von Exon 4-8, einschlief3-
lich zweier Mutationen im Intron. Bei 22 der
Sequenzverinderungen handelte es um eine
16bp-Insertion im Intron 3 und weitere 45 Ver-
dnderungen wurden im Codon 72 detektiert,
beides bereits bekannte Polymorphismen.
93% (39/42) der Mutationen, welche die
TP53-Proteinsequenz  beeinflussen, wurden
in Exon 5-8 gefunden. Dabei handelte es sich
in 63 % (27/42) um Missense-Mutationen und
9,3% (4/42) waren Nonsense-Mutationen,
bei denen der Basenaustausch zu einem vor-
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zeitigen Stopcodon fiihrt, 19 % (8/42) waren
Deletionen und bei 7 % (3/42) der Mutationen
handelte es sich um Insertionen. Am hiufigs-
ten von Veridnderungen betroffen waren dabei
mit jeweils 3 Fillen Codon 175 und Codon
245. 8 der 42 Mutationen im Exonbereich
konnten in dieser Arbeit das erste Mal im Ova-
rialkarzinom nachgewiesen werden, weitere 4
Mutationen wurden in dieser Studie erstmalig
beschrieben (28).

Wir konnten zeigen, dass 51,4 % (55/107)
der Fille eine Uberexpression des TP53-Pro-
teins aufwiesen. 20 Fille (18,7 %) zeigten eine
Fiarbung von 10% der Tumorzellen oder we-
niger und in 32 (30,2%) Fillen war die Fir-
bung negativ. Normales ovarielles Oberfliche-
nepithel diente als Kontrolle und zeigte keine
TP53-Expression.

Verhiiltnis von TP53-Expression und Gen-
status. In unserer Studie korrelierte eine
TP53-Uberexpression nicht mit dem Mutati-
onsstatus (p=0,59; y>-Test). 54 % (24/44) der
Fille mit mutiertem TP53 zeigten auch eine
Uberexpression des TP53-Proteins; jedoch lag
der Prozentsatz der Fille mit Wildtyp-Gen und
iiberexpremierten TP53 bei 49 % (31/63).

Fiir eine bessere Auswertbarkeit unterteilten
wir die Fille in 4 Gruppen. Proben mit Wild-
typ TP53-Gen und nicht nachweisbarem Pro-
tein wurden als ,,TP53 normal“ klassifiziert, da
hier vermutlich funktionsfihiges TP53-Protein
vorlag (32/107, 29,9 %). Die weiteren Grup-
pen enthielten Fille mit TP53-Verinderungen,
(i) Fille die Wildtyp-TP53 {iiberexpremieren
(31/107, 29 %), (ii) Fille mit TP53-Mutation
und Protein-iiberexpression (24/107, 22,4 %)
und (iii) Félle mit TP53-Mutation, jedoch

nicht detektierbarem TP53-Protein (20/107,
18,75 %).

TP53-Mutationen und TP53-Uberexpres-

sion konnten hidufiger in fortgeschrittenen
Stadien des Ovarialkarzinoms nachgewiesen
werden (Tabelle 2)
TP53 Status und Ansprechen auf Chemo-
therapie. Wir konnten zeigen, dass Patientin-
nen mit TP53-Verinderungen signifikant resis-
tenter (78 %) gegeniiber Chemotherapeutika
waren, als Patientinnen mit ,,normalem‘ TP53
(52 %, p=0,027). Dies galt auch fiir die Pro-
teinexpression beim Vergleich von Tumoren
mit TP53-Uberexpression (83 % p=0,02) mit
Tumoren ohne TP53 (58 %). Patientinnen mit
TP53-Mutationen waren ebenfalls resistenter
gegeniiber einer Chemotherapie (79 %) im
Vergleich zu Patientinnen mit Wildtyp TP53-
Gen (64 %). Jedoch war diese Assoziation
nicht signifikant (p=0,148). Patientinnen mit
verindertem TP53 (Mutation und/oder Uber-
expression) entwickelten schneller ein Rezidiv
als Patientinnen mit normalem TP53 (28 vs.
51 Monate, p=0,075).

SNP309 Status im HDM?2 P2-Promotor.
Der SNP309-tatus wurde in 103 der 107
Ovarialkarzinompatientinnen untersucht. Wir
konnten eine verhéltnisméBig hohe Frequenz
des heterozygoten Zustandes T/G (52,4 %) und
eine geringe Prozentzahl an homozygoten G/G
(7,8 %) Veranderungen im Vergleich zu ge-
sunden Blutspendern (T/G: 40 %, G/G: 12 %,
(21)) nachweisen. Wie wir bereits vor kurzem
zeigen konnten, spielt das G-Allel hauptsich-
lich bei Patientinnen mit aktivem Ostrogen-Si-
gnalweg eine Rolle. Deshalb untersuchten wir,
ob die Assoziation von SNP309 und dem Alter

Tabelle 2: Zusammenhang von TP53-Status und FIGO-Stadium beim Ovarialkarzinom.

TP53-Mutationsstatus

TP53-Expression

FIGO Stadium

Wildtyp mutiert negativ positiv
1 22 8 (26 %) 22 8 (27 %)
1I 7 2 (22%) 5 4 (44 %)
m 32 31 (49.2%) 23 40 (63 %)
v 2 3 (60 %) 2 3 (66 %)
Signifikanz (p) p=0.096 p=0.01
Zusammenfassung 63 44 (41.1 %) 53 55 (51.4%)
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Abbildung 1 A

Abb. 1:

A Gesamtiiberleben von
Ovarialkarzinompatien-
tinnen mit unterschied-
lichem TP53-Expressi-
onsstatus.

Abbildung 1 B

Abb. 1:

B Gesamtiiberleben von
Ovarialkarzinompatien-
tinnen mit kombinierten
TP53 Protein und Mu-
tationsstatus (siehe Text
fiir weitere Details).
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bei Diagnosestellung durch die Expression
des ER auch bei Ovarialkarzinompatientinnen
beeinflusst wird. 43 % (46/107) der Tumoren
waren ER-negativ, 17 % (18/107) zeigten eine
geringe und 40% (43/107) eine hohe ER-
Expression (Daten nicht gezeigt). In FIGO
III-Patientinnen ist die Existenz des SNP309
mit einem fast 6 Jahre fritheren Auftreten des
Tumors fiir Patientinnen mit nachweisbarer
ER-Expression verbunden (T/T: 70,6 Jahre; T/
G+G/G: 64,4 Jahre), obwohl der Unterschied
nicht statistisch signifikant ist (p=0,101). Fiir
Patientinnen mit stark erhohter ER-Expres-
sion betridgt der Unterschied sogar 8,5 Jahre
(p=0,048). In ER-negativen Patientinnen fand
sich kein Unterschied hinsichtlich des Alters
bei Diagnosestellung (p=0,44). Diese Ergeb-
nisse unterstiitzen die Hypothese, dass das
G-Allel des SNP309 einen intakten Ostrogen-
Signalweg benoétigt, um die Tumorentstehung
zu beschleunigen.

TP53, SNP309 und Gesamtiiberleben. Bei
Kombination des TP53 Mutations- und Prote-
inexpressionsstatus haben Patientinnen mit
einer Uberexpression des Wildtyp-Proteins
das kiirzeste Gesamtiiberleben (42,8 Monate)
im Vergleich zu Patientinnen mit Expression
des mutierten Gens (48,2 Monate) und Pati-
entinnen ohne nachweisbare TP53-Expression
(TP53 Wildtyp: 72,4 Monate, TP53 mutiert:
64,4 Monate). Allerdings ist der Unterschied
zwischen allen Gruppen nur geringfiigig signi-
fikant (p=0,077, log-Rank-Test, Abb. 1 B). Die
Uberlebenszeiten erreichten jedoch statistische
Signifikanz bei Vergleich der TP53-Expres-
sion bei Patientinnen mit Wildtyp TP53-Gen
(p=0,019, log-Rank-Test). Zusammenfassend
ldsst sich sagen, dass Patientinnen mit norma-
lem TP53 (Wildtyp-Gen und kein nachweisba-
res Protein) die lingste Uberlebenszeit hatten
im Vergleich zu Patientinnen, deren Tumore
eine Uberexpression von Wildtyp oder mutier-
tem TP53 zeigten.

Patientinnen mit TP53-Uberexpression hat-
ten im Vergleich zu Patientinnen mit keiner
oder schwacher Expression eine signifikant
verkiirzte Gesamtiiberlebenszeit (45,8 vs. 71,7
Monate; p=0,016; log-Rank-Test; Abb. 1A).
Wir fanden jedoch keinen Unterschied im Ge-
samtiiberleben fiir Patientinnen mit Wildtyp
oder mutiertem TP53-Gen (p=0,86; log-Rank-

Test). Es ist jedoch iiberraschend, dass Pati-
entinnen mit Tumoren im FIGO III-Stadium
und Wildtyp-P53-Gen ein verkiirztes Gesamt-
iberleben gegeniiber Patientinnen mit mu-
tiertem TP53-Gen hatten. Dieser Unterschied
erreicht nahezu statistische Signifikanz (41
vs. 59 Monate; p=0,058). Wir machten dhnli-
che Beobachtungen bei der Untersuchung der
Bedeutung des SNP309 auf das Gesamtiiber-
leben. Die durchschnittliche Uberlebenszeit
fiir Frauen mit T/T Status betrug 59 Monate,
fur Patientinnen mit G-Allel jedoch 62 Mo-
nate (p=0,994). Im FIGO III-Stadium ist das
G-Allel mit einem signifikant verldngertem
Gesamtiiberleben verbunden (57,5 Monate)
im Vergleich zu Frauen mit dem T/T Genotyp
(35,3 Monate; p=0,045; log-Rank-Test). Bei
weiterer Unterteilung der FIGO III-Patientin-
nen entsprechend des ER-Status (Abb. 2 A,
B) konnten wir zeigen, dass Patientinnen mit
ER-negativen Tumoren und mit T/G- bzw.
G/G-Status eine signifikant verlingerte Uber-
lebenszeit (p=0,024, log-Rank-Test) hatten
im Vergleich zu Frauen mit T/T-Genotyp des
SNP309 (69 vs. 34 Monate). Im Gegensatz
dazu beeinflusst das G-Allel nicht das Ge-
samtiiberleben von FIGO III-Patientinnen mit
ER-positiven Tumoren (geringe Expression:
p=0,424; starke Expression: p=0,828). Aus
diesen Ergebnissen kann man ableiten, dass
ein geschwichter TP53-Signalweg, sei es
durch mutiertes TP53 oder dem G-Allel des
SNP309, mit einer besseren Prognose fiir Ova-
rialkarzinompatientinnen verbunden ist.

In der univariaten Cox-Regression konnten
wir zeigen, dass die Uberexpression von Wild-
typ-TP53 (p=0,016) und ein immunhistoche-
mischer Proteinnachweis (p=0,018) prognosti-
sche Faktoren sind, wihrend die Existenz von
TP53-Mutationen allein das Risiko, am Tumor
zu versterben, nicht erhoht (p=0,864). Andere
prognostische Faktoren waren eine undiffe-
renzierte Histologie (p=0,032), das Auftreten
von Aszites (p=0,01), die Resttumorgrofie
(p<0,001), das FIGO-Stadium (p<0,001) so-
wie das Fortschreiten der Erkrankung (relati-
ves Risiko 22,3; p=0,002). In der multivariaten
Cox-Regression waren jedoch nur das FIGO-
Stadium (p=0,008) und die Resttumorgrofie
(p=0,008) unabhingige prognostische Marker
fiir das Gesamtiiberleben. Interessanterweise
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Abbildung 2 A

Abbildung 2 B

Abb. 2:

A, B Gesamtiiberleben von
Ovarialkarzinompatientin-
nen mit unterschiedlichem
SNP309-Genotyp und Os-
trogenrezeptor-Expression.
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korrelierte das Pro/Pro-Allel des Arg72Pro
SNP in der multivariaten Cox-Regression (ad-
justiert nach FIGO Stadium und Resttumor)
mit einem 6,4-fach erhohten Risiko, am Tu-
mor zu versterben.

Diskussion

In unserer Studie untersuchten wir das TP53-
Gen, dessen Proteinexpression sowie den Sta-
tus des im TP53-sensitiven HDM?2-P2-Pro-
motor liegenden SNP309 in einer Gruppe von
107 Ovarialkarzinomen. In 39 % (42 von 107)
der Tumore fanden wir TP53-Mutationen, die
eine Veridnderung der Aminosiuresequenz be-
wirken. Dieser Prozentsatz ist nahe dem Be-
reich von 40-80%, welcher in der Literatur
fiir Ovarialkarzinome beschrieben wird (10).
Eine positive TP53-Immunfirbung von 51 %
liegt in dem publizierten Bereich von 29-62 %
fiir FIGO I-1V Patientinnen (8, 11, 12, 14, 16,
23, 31, 34).

Unsere Ergebnisse zeigen deutlich, dass
die Immunhistochemie kein sicherer Marker
fiir den TP53-Genstatus ist. Wir fanden, dass
49,2% der Fille mit einem Wildtyp TP53-Gen
auch positiv fiir die TP53-Immunfidrbung wa-
ren, ein Prozentsatz der iiber dem liegt, was
bisher von anderen Arbeitsgruppen veroffent-
licht wurde (13,30). Havrilesky et al. fanden in
28 % (13) und Reles et al. (30) in 38 % der von
ihnen untersuchten Tumore eine Uberexpres-
sion des TP53-Proteins bei Vorhandenseins
eines Wildtyp-Gens. Wildtyp-TP53 ist nor-
malerweise sehr instabil und wird in der Zelle
nur in geringem Mafe expremiert, da TP53
ein Schliisselregulator fiir Zellwachstum und
Apoptose ist (24). Unter diesem Gesichtspunkt
ist es iiberraschend, dass es sich bei 90 % der
Wildtyp-TP53 iiberexpremierenden Tumore
um high-grade Karzinome handelt. Die Ursa-
che fiir diese unnormale Stabilitét ist bisher
unbekannt. Es ist moglich, dass es Verédnde-
rungen in der Funktionalitdt von TP53 inter-
agierenden Proteinen gibt, wie HDM2 (36)
oder HDMX (36). Weitere Studien sind notig,
um die Griinde fiir diesen Befund zu kldren,
besonders unter dem Aspekt, dass in unserer
Studie 82 % dieser Tumoren ein Rezidiv beka-
men. Wohingegen nur 52 % der Patientinnen
mit normalem TP53 (Wildtyp-Gen, keine Ex-
pression) ein Rezidiv bekamen.

In der Literatur gibt es Hinweise, dass
eher die Uberexpression von TP53 (31,34)
als Mutationen (9,21) mit einem verkiirzten
Gesamtiiberleben korrelieren. Unsere Ergeb-
nisse zeigen, dass eine Immunfirbung von
>10% der Tumorzellen mit einem verringer-
tem Gesamtiiberleben korreliert (p=0,0065)
und, dass das Auftreten von TP53-Mutationen
(p=0,86) allein keinen Einfluss auf das Uber-
leben hat. Wir konnten auch zeigen, dass Pa-
tientinnen mit TP53-Verdnderungen generell
eine schlechtere Prognose (p=0,047) und eine
verkiirzte Gesamtiiberlebenszeit (p=0,05)
hatten, im Vergleich zu Patientinnen mit nor-
malem TP53. Bei den Patientinnen mit verédn-
dertem TP53 haben iiberraschender Weise die
Frauen mit Wildtyp-TP53 Uberexpression die
kiirzeste Uberlebenszeit. Da bisher nur wenige
Studien (7, 13, 30) sowohl den TP53-Gensta-
tus als auch die Proteinexpression untersucht
haben, wurde der prognostische Wert einer
Uberexpression von Wildtyp-TP53 bisher un-
terschatzt.

Zusitzlich zum TP53-Status haben wir auch
den SNP309 im TP53-sensitiven P2-Promo-
tor des HDM2-Gens untersucht. Wie wir vor
kurzem zeigen konnten, ist das G-Allel des
SNP309 mit einem jiingeren Erkrankungsalter
fiir Frauen, aber nicht fiir Minner, mit B-Zell-
Lymphomen und Weichteilsarkomen verbun-
den (3). In dieser Studie konnte nachgewiesen
werden, dass das G-Allel des SNP309 nur bei
Tumoren mit einer sehr starken ER-Expressi-
on mit einem fritheren Diagnosealter (8 Jahre
frither; p=0,048) verbunden ist, aber nicht fiir
ER negative Ovarialkarzinome (1 Jahr friiher;
p=0,77). Wenn das Niveau der ER-Expres-
sion in Ovarialkarzinomen nicht berticksich-
tigt wird, findet sich bei den verschiedenen
SNP309-Genotypen kein Unterschied im Er-
krankungsalter, wie es bereits vor kurzem pu-
bliziert wurde (45).

Die beste Prognose konnten wir bei Patien-
tinnen mit normalem TP53-Status finden im
Gegensatz zu Patientinnen mit TP53-Uber-
expression unabhingig von der Existenz von
Mutationen. Wichtig ist, dass es eine grofle
Gruppe von Patientinnen gibt, deren Tumoren
Wildtyp-TP53 iiberexpremieren. Bei diesen
Frauen kommt es bei einer hohen Prozentzahl
zu einer frithen Rezidivbildung und sie zeigten,
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die kiirzeste Gesamtiiberlebenszeit. Weitere
Studien sind notwendig um die Mechanismen
der Wildtyp-TP53-Uberexpression zu kliren,
weil dies Einblicke in die Mechanismen der
Resistenzentwicklung verspricht. Zusétzlich
unterstreicht diese Studie die Bedeutung der
TP53-Funktionalitit. Dies erscheint wichtiger
als die alleinige Untersuchung von TP53-Mu-
tation oder Proteinexpression. Nur so wird es
moglich sein, das Ansprechen auf eine Platin-
haltige Chemotherapie und die Prognose von
Patientinnen verlésslich vorherzusagen.
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Both Germ Line and Somatic Genetics of the p53 Pathway
Affect Ovarian Cancer Incidence and Survival

Frank Bartel," Juliane Jung," Anja Bohnke," Elise Gradhand,? Katharina Zeng,?
Christoph Thomssen,® and Steffen Hauptmann?

Abstract

Purpose: Although p53 is one of the most studied genes/proteins in ovarian carcinomas, the
predictive value of p53 alterations is still ambiguous.

Experimental Design: We performed analyses of the 7”53 mutational status and its protein
expression using immunohistochemistry. Moreover, the single nucleotide polymorphism
SNP309 in the P2 promoter of the MDM?Z2 gene was investigated. We correlated the results with
age of onset and outcome from 107 patients with ovarian carcinoma.

Results: In our study, we identified a large group of patients with p53 overexpression despite
having a wild-type gene (49% of all patients with wild-type TP53). This was associated with a
significantly shortened overall survival time (P = 0.019). Patients with p53 alterations (especially
those with overexpression of wild-type TP53) were also more refractory to chemotherapy
compared with patients with normal p53 (P = 0.027). The G-allele of SNP309 is associated with
an earlier age of onset in patients with estrogen receptor — overexpressing FIGO stage Il disease
(P =0.048). In contrast, in patients with FIGO stage Ill disease, a weakened p53 pathway (either
the G-allele of SNP309 or a 7”53 mutation) was correlated with increased overall survival
compared with patients whose tumors were wild-type for both 7”53 and SNP309 (P = 0.0035).
Conclusion: Our study provides evidence that both germ line and somatic alterations of the
p53 pathway influence the incidence and survival of ovarian carcinoma, and it underscores the
importance of assessing the functionality of p53 in order to predict the sensitivity of platinum-

based chemotherapies and patient outcome.

Ovarian cancer is the leading cause of death among patients
with gynecological cancer in the Western world (1). Most
women with ovarian cancer present with advanced stages of
disease at the time of diagnosis (2). The 5-year overall survival
rates are only 15% to 25% for advanced stages (International
Federation of Gynecology and Obstetrics, FIGO stages III and
IV) of ovarian cancer (1, 3). Despite many efforts to establish
molecular alterations as prognostic markers, residual disease
and ascites are still the only significant variables in multivariate
analyses in patients with advanced disease. The standard
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treatment for patients with advanced ovarian carcinoma is
tumor debulking, followed by chemotherapy with carboplatin
and taxol. Unfortunately, the disease will recur in nearly all
patients due to acquired chemoresistance. Therefore, factors
modulating chemoresistance are of outmost importance in the
treatment of patients with ovarian carcinomas. An important
factor for a cellular response to platinum-based chemothera-
peutic agents is p53 whose functionality is attenuated by both
germ line and somatic genetic events of TP53 itself or of
regulators located upstream and downstream in the p53 tumor
suppressor pathway. Therefore, resistance to these drugs may be
due to the lack of functional p53.

In ovarian carcinomas, mutation frequencies, determined by
direct sequencing, range from 40% to 80% (4 -7). There seems
to be a trend in which overexpression of TP53 (8-12) rather
than mutation of TP53 (4, 13 -15), is correlated with shortened
overall survival. In other studies, no significant association
between p53 overexpression and a poorer outcome for patients
with ovarian cancer was found (15-19). A problem related
to studies separately analyzing TP53 mutations and p53 protein
is that immunohistochemistry will miss cases with truncating
mutations, such as nonsense mutations and deletions/insertions,
and on the other hand, overexpression of TP53 is not
necessarily associated with mutations. Therefore, the status of
p53 alterations (gene mutations and/or overexpression) will be
more informative than the mutational and protein expression
status alone. Although a few studies have evaluated both the
TP53 gene and protein expression status (i.e., refs. 5, 6), in
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none of them have the authors correlated the combined status
of p53 alterations with survival or response to chemotherapy.

The MDM2 oncogene is the key negative regulator of the p53
protein (20). It has been shown that the G-allele of a single
nucleotide polymorphism (SNP309) in the p53-sensitive P2
promoter of the MDM?2 gene is associated with the attenuation
of the p53 tumor suppressor pathway (21). Numerous reports
provide evidence that the G-allele of SNP309 is correlated with
an earlier age of onset and an increased risk of tumorigenesis
(22-25). MDM2 expression is also regulated by estrogen
receptor (ER) signaling with transcription of the MDM2-P2
transcript induced in ERa-positive cell lines (26). Interestingly,
the ERa-binding site is located within the region that contains
SNP309. In a previous report, we showed that SNP309 alters the
effect of hormones, such as estrogen, on tumorigenesis, and con-
tributes to the gender differences observed in many cancers (27).

The aim of this study was therefore to investigate the status of
SNP309, TP53 sequence alterations, and p53 protein expression
in a group of 107 ovarian cancer patients with complete clinical
data collected at the Institute of Pathology, University of Halle
(Germany) and to test whether both germ line and somatic p53
alterations were associated with tumor characteristics that could
be used as reproducible markers for clinical outcome.

Materials and Methods

Patient population and clinical data. Paraffin-embedded tissue
samples from 107 invasive ovarian carcinomas which were diagnosed
at the Institute of Pathology, Martin-Luther-University Halle-Wittenberg
between 1997 and 2005 were selected based on the availability of
tissue. The study was approved by the local ethical committee. All
histologic slides were re-evaluated by two pathologists (E. Gradhand
and S. Hauptmann) using a multihead microscope. Tumor patients and
tissue samples were, in part, described elsewhere (28). Histology was
classified according to the WHO, and grading was assessed according
to Silverberg (29). Data retrieved from clinical files included the
patient’s age, amount of residual tumor, FIGO stage, adjuvant chemo-
therapy, and follow-up (Table 1).

Immunohistochemistry. The analysis of the p53 protein expression
was carried out using the DO-7 mouse monoclonal antibody (DAKO), and
analysis of the ER used the anti-ER antibody SP1 (Labvision, Germany).
The immunoreactivity for p53 and ER was scored as the percentage of
stained cells by counting 150 tumor cells on average. Tumors with >10%
stained cells were considered to be either p53 or ER-positive.

Single-strand conformation polymorphism analysis for TP53. DNA
from paraffin-embedded tissue sections were isolated according to
standard procedures (30). One section of each tumor sample was
stained with H&E in order to confirm that the majority of the tissue was
comprised of tumor cells.

We used PCR to amplify exons 3 to 9 of the TP53 gene. The primers
for each exon were located in intronic sequences; therefore, flanking
splice sites could be analyzed. The sequences of the primers and the
condition for the PCR amplification have been published previously
(6). Ten to 20 pL of each PCR product was precipitated overnight at
-20°C and the conformational changes of the PCR products were
subsequently analyzed by single-strand conformational polymorphism
(SSCP) on a denaturing polyacrylamide gel. DNA from healthy
volunteers served as wild-type controls.

Sequence analysis for TP53. All samples identified as having
conformational changes, and in addition, all samples from exons 5 to
8, were analyzed by direct sequencing in both sense and antisense
directions using the BigDye Terminator Cycle Sequencing 3.1 Kit
(Applied Biosystems). The sequencing reactions were carried out
according to the manufacturer’s instructions.

Clin Cancer Res 2008;14(1) January 1, 2008

Determination of SNP309 status. The SNP309 status of 103 ovarian
carcinoma samples was determined by PCR and subsequent direct
sequencing of the P2-promoter region of the MDM?2 gene as described
elsewhere (21).

Statistical evaluation. All statistics, including Cox’s proportional
regression hazard model and the Kaplan-Meier survival estimates, were
carried out using the SPSS 12.0G software (SPSS Science). P < 0.05 was
considered to be significant.

Results

TP53 mutations and p53 protein expression. In 107 patient
samples, we detected a total of 111 sequence alterations in
exons and introns of the TP53 gene (Table 2; Fig. 1), of which
44 were mutations in exons 4 to 8, including two mutations in
introns. Twenty-two of the sequence alterations were a 16-bp
insertion in intron 3, and 45 sequence alterations were found in
codon 72, which are known as polymorphisms.

Of the mutations that affected the amino acid sequence of
P53, 93% (39 of 42) were found in exons 5 to 8 (Table 2).
Sixty-three percent (27 of 42) of the mutations were missense
mutations, 9.3% (4 of 42) were nonsense mutations in which a
single nucleotide exchange resulted in a premature stop codon.
Furthermore, we detected small frameshifting mutations of
which seven were deletions and three were insertions of 1 or
2 bp, respectively. In addition, there was one large deletion of
32 bp in exon 8 (Table 2). The most frequently affected were

Table 1. Summary of clinicopathologic data of
patients with ovarian cancer
Characteristics Patients (107)
No. (%)
Tumor cell type
Serous 62 (57.9)
Endometrioid 14 (13.1)
Mixed 11 (10.3)
Clear cell 9 (8.4)
TCC 1(0.9)
uc 8 (7.5)
MC 2(1.9)
FIGO tumor stage
I 30 (28.0)
II 9 (8.4)
111 63 (58.8)
v 5(4.7)
Patient age (y)
Mean 63.5
Median 64.0
SD 11.5
Type of therapy
Cisplatin + taxol 62 (57.9)
Platinum-based chemotherapy without taxol 21 (29.7)
Other 2(1.9)
None (FIGO Ia) 5(4.7)
Refused/dead 13 (12.1)
Missing 4 (3.7)
Residual tumor
None 39 (41.0)
<1lcm 22 (23.1)
>1cm 34 (35.8)
Abbreviations: TCC, transitional cell carcinoma of the ovary; UC,
undifferentiated carcinoma of the ovary; MC, mucinous carcinoma
of the ovary.
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Table 2. TP53 mutations in ovarian cancer
Case no. Histology Exon Codon Conserved Mutationtype Change* Wild-type Mutated Wild-type AA Mutated AA
region
9 Mixed 4 91 NC nonsense G>A TGG TAG Trp STOP
37 ser 4 91 NC nonsense G>A TGG TAG Trp STOP
64 ser 4 98 NC Missense C>T CCT CCT Pro Leu
84 ser 5 138 Co Deletion -GC (*)
115 mixed 5 141 Co Missense G>A TGC TAC Cys Tyr
116 ser 5 141 Co Missense G>A TGC TAC Cys Tyr
8 endo 5 149 NC Insertion +T TCC TTC Ser Phe
109 ser 5 150 NC Missense C>T ACA ATA Thr Ile
99 ser 5 152 NC Deletion C CCG STOP
68 ser 5 153 NC Insertion +T
34 un 5 175 Co Missense G>A CGC CAC Arg His
39 ser 5 175 Co Missense G>A CGC CAC Arg His
98 ser 5 175 Co Missense G>A CGC CAC Arg His
67 ser 5 178 Co Missense C>T CAC TAC His Tyr
111 ser 5 179 Co Missense A>G CAT CGT His Arg
31 un Int5
3 ser 6 195 NC Missense T>C ATC ACC Ile Thr
24 TCC 6 195 NC Missense T>C ATC ACC Ile Thr
20 EC 6 200 NC Deletion T
61 ser 6 201 NC nonsense T>A TTG TAG Leu STOP
91 ser 6 206 NC Deletion TT (*)
60 un 6 216 NC Missense G>A GTG ATG Val Met
32 ser 6 220 NC Missense A>G TAT TGT Tyr Cys
15 ser 7 225 NC Missense G>T GTT TIT Val Phe
106 endo 7 229 NC Insertion +T (*) GAC TGA Asp STOP
79 ser 7 239 Co Missense A>G AAC AGC Asn Ser
45 ser 7 245 Co Missense G>A GGC AGC Gly Ser
47 un 7 245 Co Missense G>T GGC TGC Gly Cys
59 ser 7 245 Co Missense G>A GGC GAC Gly Asp
4 ser 7 248 Co Missense G>A CGG CAG Arg Glu
69 ser 7 248 Co Missense G>A CGG CAG Arg GIn
40 clear 7 257 Co Missense T>A CTG CAG Leu GIn
33 clear 7 259 NC Missense G>T GAC TAC Asp Tyr
118 ser Int7  Splice
81 ser 8 267 NC Deletion -G
76 mixed 8 272 Co Missense G>A GTG ATG Val Met
42 mixed 8 273 Co Missense G>A CGT CAT Arg His
41 ser 8 274 Co Missense G>T GTT TIT Val Phe
27 ser 8 275 Co Missense G>T TGT TTT Cys Phe
80 mixed 8 280 Co Missense G>C AGA ACA Arg Thr
78 clear 8 285 Co Deletion -32 (%)
7 mixed 8 291 NC Deletion -G
43 ser 8 294 NC nonsense G>T GAG TAG Glu STOP
86 ser 8 306 NC Deletion -C CGA
Abbreviations: Ser, serous ovarian carcinoma; Endo, endometroid ovarian carcinoma; TCC, transitional cell carcinoma of the ovary; UC,
undifferentiated carcinoma of the ovary; MC, mucinous carcinoma of the ovary; NC, non-conserved region of the 7P53 gene; Co, highly
conserved region of the 7P53 gene.
*Mutations which have not been described as of October 2006 according to Petitjean et al. (31).

codons 175 and 245, with three cases each. To our knowledge,
12 of the 42 exonic mutations have been described here for
the first time to occur in ovarian cancer, including 4 that have
not been published thus far (31).

We found that 51.4% (55 of 107) cases showed over-
expression of p53. Twenty cases (18.7%) showed immu-
nostaining of 10% or less of the cells and 32 cases (30.2%)
were negative. Benign ovarian control tissue was negative for
TP53.

Relationship of p53 protein expression and TP53 gene
status. In our study, overexpression of p53, as detected by
immunohistochemistry, was not correlated with the TP53
mutational status (P = 0.59; x? test). Fifty-four percent (24
of 44) of cases with a mutated TP53 gene also showed over-

wwWw.aacrjournals.org

expression of p53 protein; however, the percentage of cases with
a wild-type TP53 gene that overexpress p53 was 49% (31 of 63).

We divided the cases according to their combined p53 muta-
tional/protein expression status into four groups. Cases with a
wild-type TP53 gene and undetectable p53 protein were
designated as “p53 normal” and considered to have functional
P53 (32 of 107 cases, 29.9%); other groups included cases with
an alteration of p53, i.e. (a) cases that overexpressed wild-type
p53 (31 of 107, 29%), (b) cases with TP53 mutations and
overexpression of the protein (24 of 107, 22.4%), and (c) cases
with TP53 mutations but undetectable p53 protein (20 of 107,
18.7%).

TP53 mutations and p53 overexpression were more frequent
in advanced stage ovarian carcinomas; however, only the latter

Clin Cancer Res 2008;14(1) January 1, 2008
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Fig. 1. SSCP, DNA sequencing, and immunohistochemical detection of p53 expression in ovarian cancer. A, the SSCP analysis of exon 5 from case no. 84 (serous ovarian
carcinoma) clearly shows the appearance of an additional band (*). The subsequent DNA sequencing confirmed a 2-bp deletion (GC) in codon 138 that results in a premature
stop codon. P53 was not detectable by immunohistochemistry in case no. 84. B, SSCP and DNA sequencing of exon 5 from case no. 98 (serous ovarian carcinoma) revealed
a missense mutation in codon 175 (CGC to CAC) resulting in an Arg to His substitution. P53 immunostaining showed overexpression of the TP53 protein. C, SSCP, DNA
sequencing, and immunohistochemical detection of TP53 expression in case no. 78 (clear cell ovarian carcinoma) which is characterized by a 32-bp deletion in exon 8 of the
TP53 gene and the absence of p53 immunostaining.

correlation was significant (P = 0.096 and P = 0.01, respec-
tively; Table 3). Table 3. Association of FIGO stage and p53 status
P53 status and response to chemotherapy. We found that in ovarian cancer

patients whose tumors have p53 alterations are significantly

more resistant (78%) than patients whose tumors harbor FIGO stage __ TP53 mutations P53 immunostaining
normal p53 (52%; P = 0.027). This was also true for protein Wild-type Mutated Negative  Positive
expression status when comparing tumors either with over- I 22 8 (26%) 22 8 (27%)
expression of p53 (83%; P = 0.02) or no p53 (58%). Patients I 7 2 (22%) 5 4 (44%)
with TP53 mutations were also more resistant to chemotherapy 11 32 31 (49.2%) 23 40 (63%)
(79%) compared with patients with wild-type TP53 (64%). LV 2 0.09 g’ (60%) 2 0.0 13 (66%)
However, this association was not significant (P = 0.148). Summary 63 44 (41.1%) 53 "5 (51.4%)
Patients with altered TP53 (mutation and/or overexpression)
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had a shorter time before relapsing than patients with normal
p53 (28 versus 51 months; P = 0.075).

Status of the SNP309 in the MDM2 P2 promoter. SNP309
was analyzed in 103 of 107 patients with ovarian carcinoma. We
found SNP309 with a relatively high frequency in the hetero-
zygous T/G state (52.4%) and at a lower percentage in the
homozygous G/G state (7.8%) compared with healthy volun-
teers (T/G, 40%; G/G, 12%; ref. 21), although the difference was
not significant (P = 0.53). We have previously shown that the
G-allele of SNP309 predominantly acts in women with an active
estrogen signaling pathway (27). Therefore, we analyzed whether
the association of SNP309 and the age of onset were affected
by the expression of ER in patients with ovarian carcinoma. We
found that 43% (46 of 107) of the tumors were ER-negative, 17%

(18 of 107) showed low ER expression, and 40% (43 of 107)
showed high ER expression (data not shown). In patients with
FIGO stage III disease, the occurrence of SNP309 was associated
with an onset almost 6 years earlier for patients with detectable
expression of the ER (T/T, 70.6 years; T/G + G/G, 64.4 years),
although the difference did not reach statistical significance
(P = 0.101) and was 8.5 years earlier in patients with strongly
elevated ER expression (P = 0.048). In ER-negative patients, there
was no difference regarding the age of onset (P = 0.44). These
results support the hypothesis that the G-allele of SNP309
requires an intact estrogen signaling pathway to accelerate
tumorigenesis (27).

P53, SNP309 status, and overall survival. When combining
the p53 mutational and protein expression status, patients with
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Fig. 2. A, overall survival of ovarian cancer patients with different p53 expression status. B, overall survival of ovarian cancer patients with combined p53 protein and
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Table 4. Prognostic significance of molecular and clinical factors identified by multivariate Cox regression
analysis
Variables Univariate analysis Multivariate analysis*
Unadjusted RR (95% CI) P Adjusted RR (95% CI) P

p53 immunostaining

Negative 1.00 1.00

Positive 2.021 (1.13-3.616) 0.018 1.331 (0.703-2.522) 0.38
TP53 mutations

Wild-type 1.00 1.00

Mutated 1.051 (0.596-1.851) 0.864 0.648 (0.333-1.26) 0.201
p53 immunohistochemistry + mutation

Normal 1.00 1.00

Wild-type, overexpression 2.548 (1.188-5.465) 0.016 1.598 (0.662-3.856) 0.297

Mutated, no expression 1.922 (0.87-4.246) 0.884 (0.336-2.325)

Mutated, overexpression 1.284 (0.524-3.145) 0.82 (0.299-2.246)
p53 altered

Normal 1.00 1.00

Altered 1.901 (0.985-3.667) 0.045 1.107 (0.498-2.461) 0.804
Arg72Pro SNP

Arg/Arg 1.00 1.00

Arg/Pro 0.747 (0.386-1.446) 1.693 (0.769-3.728)

Pro/Pro 1.371 (0.588-3.200) 0.412 6.452 (1.072-6.452) 0.035
Histology

Serous 1.00 1.00

Nonserous 1.938 (1.011-3.717) 1.449 (0.672-3.124)

Undifferentiated 3.679 (1.284-10.54) 0.032 1.590 (0.419-6.033) 0.496
Ascites

No 1.00 1.00

Yes 3.015(1.27-7.161) 0.01 1.681 (0.695-1.681) 0.249
Relapse

No 1.00 1.00

Yes 22.34 (3.072-162.54) 0.002 11.769 (1.374-100.77) 0.024
Residual disease

None 1.00 1.00

Any 6.556 (2.976-14.444) <0.001 5.255 (1.648-29.588) 0.008
FIGO stage

I 1.00 1.00

11 1.462 (0.449-4.764) 1.403 (0.378-5.210)

111 3.175 (1.505-6.697) 1.542 (0.523-4.541)

v 9.922 (2.932-33.577) <0.001 6.983 (1.648-29.588) 0.008
Abbreviations: RR, relative risk; 95% CI, 95% confidence interval.
*Adjusted to FIGO stage and residual disease.

an up-regulation of the wild-type TP53 gene had the shortest
overall survival time (42.8 months), compared with patients
with an overexpression of a mutated TP53 gene (48.2 months)
and with patients with no detectable p53 expression (TP53
wild-type, 74.2 months; TP53 mutated, 64.4 months); however,
the difference in survival time between all groups was only
marginally significant (P = 0.077, log-rank test; Fig. 2B). The
difference in survival time reached statistical significance,
however, when comparing p53 expression in patients with a
wild-type TP53 gene (P = 0.019, log-rank test). To summarize,
patients with normal p53 (wild-type TP53 gene and no
detectable protein expression) had a longer survival time
compared with patients whose tumors showed an overexpres-
sion of wild-type or mutated TP53.

Patients with p53 overexpression, compared with patients
with no or weak expression, showed a significantly decreased
overall survival time (45.8 versus 71.7 months; P = 0.016; log-
rank test; Fig. 2A), but there was no difference in the overall
survival for patients with wild-type or mutated TP53 genes
(P = 0.86; log-rank test). It is noteworthy that patients with

Clin Cancer Res 2008;14(1) January 1, 2008

FIGO I carcinomas and a wild-type TP53 gene had a shorter
overall survival than patients with a mutated TP53 gene; this
difference nearly reached statistical significance (41 versus 59
months; P = 0.058). We made a similar observation when we
analyzed the effect of SNP309 on overall survival. The average
survival time for women with the T/T genotype was 59 months;
for women with the G-allele, this was 62 months (P = 0.994). In
patients with FIGO stage III disease, the G-allele was significantly
associated with prolonged overall survival (57.5 months)
compared with patients with a T/T genotype (35.3 months;
P = 0.045; log-rank test). When patients with FIGO stage III
disease were further divided into groups according to their ER
expression status (Fig. 2C and D), we found that ER-negative
patients with a T/G or G/G genotype had a significantly increased
survival time (P = 0.024, log-rank test) compared with patients
with a T/T genotype of SNP309 (69 versus 34 months, respec-
tively). In contrast, the G-allele did not influence the overall
survival for FIGO stage III patients with ER-positive tumors (low
expression, P = 0.424; strong expression, P = 0.828). These obser-
vations resulted in a model in which a weakened p53 pathway,
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either through a mutant TP53 or the G-allele of SNP309, was asso-
ciated with a better outcome for patients with ovarian cancer.

In a univariate Cox’s regression model (Table 4), we could
show that overexpression of wild-type p53 (P = 0.016) and
positive p53 immunostaining (P = 0.018) were prognostic
factors, whereas the occurrence of TP53 mutations alone did not
increase the risk of tumor-related death (P = 0.864). Other
factors with prognostic effects were an undifferentiated histology
(P = 0.032), the occurrence of ascites (P = 0.01), residual disease
(P < 0.001), FIGO stage (P < 0.001), and the progression of
disease (relative risk, 22.3; P = 0.002). In a multivariate Cox
regression, however, only FIGO stage (P = 0.008) and residual
disease (P = 0.008) were independent prognostic factors for
overall survival. Interestingly, the Pro/Pro alleles of the Arg72Pro
SNP were correlated with a 6.4-fold increased risk of tumor-
related death (P = 0.032) in a multivariate Cox regression that
was adjusted for FIGO stage and residual disease.

Discussion

In our study, we analyzed the TP53 gene, its protein
expression, and the status of SNP309 within the p53-sensitive
MDM2-P2 promoter in a cohort of 107 ovarian carcinomas. In
39% of the ovarian carcinomas (42 of 107), we found TP53
mutations that resulted in a change of the amino acid sequence.
This percentage is near the range of 40% to 80% which was
reported in the literature for ovarian cancer (reviewed in ref. 7).
The TP53 immunopositivity of 51% in our study is near the
mean value of ~49% within a range of 29% to 62% published
for FIGO I to IV paraffin-embedded samples (8-12, 32-34).

Our results clearly show that immunohistochemistry is not a
surrogate marker of the TP53 gene status. We found that 49.2%
of the cases with a wild-type TP53 gene were also positive for the
p53 immunostaining, a percentage that is higher than those
previously reported by others (5, 6). Havrilesky et al. (5) and
Reles et al. (6) found 28% and 38%, respectively, of tumors with a
wild-type sequence and overexpression of the p53 protein. Wild-
type p53 is usually very unstable and is maintained at low levels
because it is a key regulator of cell growth (35). In this regard, it
is surprising that 90% of the wild-type p53-overexpressing
tumors were high-grade ovarian carcinomas. The reasons for this
abnormal stability are thus far unknown. It is conceivable that
there is either a change in the functionality of proteins that
interact and control the activity and the levels of p53, such as
MDM2 (36) and MDMX (37), or a constitutive phosphorylation
of TP53 that prevents an interaction with these negative regu-
lators. It has also been suggested that a yet unknown mediator
between ubiquitinylated p53 and the proteasome might be
down-regulated in these tumors (38). Wang et al. (39) and Kraus
et al. (40) have reported that the stabilization of wild-type p53
correlates with the expression of MDM2 splice variants. To
summarize, the reason for the accumulation of wild-type p53
and its biological significance are currently unknown. Further
studies are necessary to clarify the cause of the abnormal stability
of wild-type p53, because in our study, 82% of the tumors that
recur belong to this group whereas only 52% of the tumors with
normal p53 (wild-type gene, no expression) had a relapse.

P53 plays a key role in platinum-induced apoptosis. Therefore,
one can assume that alterations in p53 might confer a platinum-
resistant phenotype. The ability of a tumor cell to respond to a
given drug, such as cisplatin, depends on the type of mutations
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and probably on the status of the Arg72Pro SNP. Vikhanskaya
et al. (41) have analyzed several TP53 hotspot mutants in con-
junction with the Arg72Pro SNP and found that cells homozy-
gous for the Arg allele are—albeit slightly—more resistant than
cells homozygous for the Pro allele. In our study, there was no
significant difference in the time to progression in patients with
tumors homozygous for the Argallele (P = 0.87; log-rank test); in
contrast, in patients with Arg72Pro heterozygous tumors, the
mean time to progression was 61 months for wild-type TP53
compared with 19 months when TP53 was mutated and/or
overexpressed (P = 0.02). On the other hand, patients with FIGO
stage III disease whose tumors exhibited TP53 mutations had a
longer overall survival than patients with wild-type TP53 (data
not shown). This is at least partly consistent with data from
Havrilesky et al. (5), who showed that patients with mutant
TP53 had a reduced short-term risk of disease progression. Many
chemotherapeutics cause DNA damage and normal p53 may
contribute to enhanced DNA repair rather than undergoing
apoptosis; this might provide a favorable prognosis for patients
with tumors exhibiting specific TP53 mutations. Other authors
also described a better response from tumors with mutated TP53
to a cisplatin-containing treatment (42, 43). In contrast, Reles
et al. (6) reported that TP53 mutations correlated with early
relapse in both early and advanced stage ovarian carcinomas.

There seems to be a trend in which overexpression of p53
(8, 9), rather than mutation of TP53 (4, 15), is correlated with
shortened overall survival. Our results, showing that p53
immunostaining in >10% of the tumor cells is correlated with
a decreased overall survival (P = 0.0065) and that the occurrence
of TP53 mutations is not (P = 0.86), are therefore consistent with
the findings of other authors. We further showed that patients
with altered p53 generally have a worse prognosis (P = 0.047)
and a shortened overall survival (P = 0.05) compared with
patients with normal p53. Of patients with altered p53, those
with an overexpression of wild-type p53 surprisingly have the
shortest average overall survival time. Because only a few studies
have evaluated both the TP53 gene and protein expression status
(i.e., refs. 5, 6, 44), the predictive value of overexpression of
wild-type p53 has thus far been underestimated. Because p53 is
stabilized and functionally inactivated by as yet unknown
mechanisms, its effect on chemosensitivity and tumor progres-
sion may be more important than the loss of p53.

In addition to p53 status, we also analyzed SNP309, a single
nucleotide polymorphism that resides within the p53-sensitive
P2 promoter of the MDM?2 gene. We have previously shown
that the G-allele of SNP309 is only associated with an earlier
age of tumor onset in females, but not in males, i.e., in diffuse
large B-cell lymphoma and soft tissue sarcomas (27). Data from
patients with invasive ductal carcinomas of the breast provided
further evidence that the G-allele requires an intact estrogen-
signaling pathway in order to accelerate tumorigenesis (27).
Indeed, in our present study, the G-allele of SNP309 only
associates with an earlier age of onset in high ER-positive
(8 years earlier, P = 0.048) but not ER-negative (1 year earlier,
P = 0.77) ovarian carcinomas. If one ignores the level of ER
expression in ovarian carcinomas, no differences in the age of
onset were observed between the different genotypes of
SNP309, as has been published recently (45). In another study,
Galic and coworkers analyzed the SNP309 status in 150
patients with ovarian cancer (46). In their study, there was
also no association of the G-allele with the age of onset. The
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distribution of the respective genotypes was different from our
study. They found that 12% were G/G, 40% were T/G, and 47%
were T/T, compared with 7% G/G, 50% T/G, and 43% T/T,
respectively, in our study. Furthermore, patients with or
without ER expression were not analyzed separately. Our
results provide further evidence for the association of the
estrogen pathway and the G-allele of SNP309, as has been
previously shown for breast cancer (27).

The best outcome was determined for patients with normal
TP53 status as opposed to patients with overexpression of p53
regardless of the existence of mutations. Importantly, we
identified a large group of patients whose tumors overexpressed
p53 despite a wild-type gene status. These patients were
characterized by the highest percentage of early relapse and

the shortest overall survival. Further studies are mandatory to
evaluate the mechanism of wild-type p53 overexpression to
circumvent chemoresistance in this subset of ovarian cancer. In
addition, our study underscores the importance of assessing
the functionality of p53 rather than separately looking at TP53
mutations and overexpression in order to predict sensitivity to
platinum-based chemotherapies and patient outcome.
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MDM2 has been characterized as a protein that binds to and facilitates degradation of the tumor suppressor p53. Interestingly,
more than 40 different splice variants of M DM2 transcripts have been identified both in tumors and normal tissues, and the
majority of these variants do not contain sequence encoding the p53 binding site. This review describes the different splice
forms, the tissues in which they have been identified, and their association with tumor progression and prognosis. In addition,
we discuss the potential functions of these variants and how they interact with full-length MDM2 protein.

Introduction

The first alternatively spliced MDMZ2 transcripts in human
tumors were identified in 1996 (Sigalas et al., 1996), but only
during the past year have any potential functions been suggest-
ed. A problem that has developed is one of consistency. Even
though most of the splice variant sequences are in GenBank,
some investigators have chosen to give different names to pre-
viously published isoforms. This makes it very difficult to deter-
mine the frequency of occurrence of specific variants or to com-
pare the variants expressed within different tumor histiotypes.
This review briefly summarizes the functions of full-length
MDM2 and then describes all the known MDMZ2 splice variants
and their potential role in human cancer.

Full-length MDM2

The MDM2 gene was originally isolated from the spontaneously
transformed murine cell line 3T3DM (Cahilly-Snyder et al.,
1987; Fakharzadeh et al., 1991). The human homolog of MDM2,
also referred to as HDM2, was cloned by Oliner et al. (1992)
from the colon carcinoma cell line CaCo-2. Human MDM2 is
amplified and overexpressed in approximately one-third of
human sarcomas, including those of soft tissue and bone.
Combined analysis of data obtained from 3889 tumor samples
from 28 tumor types revealed an overall MDM2 amplification
frequency of 7% (Momand et al., 1998). To date, MDM2 amplifi-
cation has been identified in 19 tumor types with varying fre-
quency. In addition, MDM2 expression can be upregulated inde-
pendent of gene amplification (Landers et al., 1994; Cordon-
Cardo et al., 1994), and oncogenic splice variants have been
identified (Sigalas et al., 1996; Matsumoto et al., 1998; Kraus et
al., 1999; Pinkas et al., 1999; Bartel et al., 2001; Lukas et al.,
2001). Therefore, simple analysis of gene amplification under-
estimates the involvement of MDM2 in human cancer.

The function of MDM2 was unclear until it was demonstrated
to bind to the tumor suppressor p53 and inhibit p53-mediated
transactivation (Momand et al., 1992; Figure 1A). Overexpression
of MDM2 is a mechanism, independent of gene mutation, by
which wild-type p53 function can be inactivated (Chen et al.,
1996; Argentini et al., 2001). MDM2 itself can be upregulated by
p53, generating a negative feedback loop (Wu et al., 1993;
Zauberman et al., 1993). Once MDM2 binds to p53, MDM2 acts
as a ubiquitin ligase and facilitates proteasomal degradation of
p53 (Haupt et al., 1997; Kubbutat et al., 1997; Honda and Yasuda,
2000; Figure 1A).

As well as its p53-dependent functions, MDM2 is part of a
complex network of interactions through which MDM2 affects
the cell cycle, apoptosis, and tumorigenesis. Specific regions of
MDM2 that interact with p53, CBP/p300, pRB, p73, E2F1, DP1,
the L5 ribosomal ribonucleoprotein particle, p14AfF, and RNA
are indicated in Figure 1B. The specific functions of the MDM2
oncoprotein related to the binding of these different proteins
have been discussed in detail in numerous excellent reviews
(Freedman et al., 1999; Momand et al., 2000; Juven-Gershon
and Oren, 1999).

Human tumors containing both mutant p53 and MDMZ2
amplification are rare (Cordon-Cardo et al., 1994), but the fact
that both modifications can occur within the same tumor and
that two mechanisms to inactivate wild-type p53 are redundant
provides support for a p53-independent function of MDM2. In
addition to its p53-associated functions, MDM2 has been
reported to transform cells, independent of p53. Dubs-
Poterszman et al. (1995) demonstrated transformation of p53
null cells by expression of MDM2, and Jones et al. (1998)
showed that sarcomas develop in the presence or absence of
p53 in MDMZ2 transgenic mice. The identification of oncogenic
splice variants of human MDM2 transcripts that lack the p53
binding site (Sigalas et al., 1996) provides further evidence of
p53-independent functions of MDM2.

Although considerable evidence suggests that MDM2 has
transforming potential, conflicting data have generated confu-
sion with respect to the oncogenic function of this protein. Two
groups have reported difficulty in transfecting and expressing
full-length MDMZ2 cDNA in various cell types (Brown et al.,
1998; Kubbutat et al., 1999). These results were unexpected
and inconsistent with the hypothesis that MDMZ2 is exclusively
an oncogene. Brown et al. (1998) characterized two growth
inhibitory domains within the human MDM2 protein (ID1 and
ID2 in Figure 1B). Deletion of either region allowed stable
expression of MDM2 in NIH3T3 cells and enhanced the tumori-
genic potential of the cells (Brown et al., 1998). Folberg-Blum et
al. (2002) demonstrated that MDM2 overexpression targeted to
the Drosophila wing induced apoptosis of wing imaginal discs,
and Dilla et al. (2000) showed that expression of this protein
promoted apoptosis in medullary thyroid carcinoma cells.
Furthermore, MDM2 is expressed at high levels in terminally dif-
ferentiated tissues such as skin, brain, and muscle (Piette et al.,
1997); such findings are consistent with a growth-inhibitory
antioncogenic phenotype. Potentially, some MDM2 proteins
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Figure 1. MDM2—structure and function

A: Model depicting the well characterized inter-
actions between MDM2 and p53. p53 activates
franscription of MDM2. MDM2 protein in turn
binds to p53 and acts as an E3 ubiquitin ligase
that targets p53 for degradation by the protea-
some, thereby inhibiting its own transcription.

B: Structure of full-length human MDM2 protein
and the cDNA that encodes it. The domains of
the human MDM?2 protein and the binding sites
of various proteins are indicated. ID1, ID2:
growth inhibitory domains 1 and 2 (Brown et al.,
1998). NES: nuclear export sequence. NLS:
nuclear localization sequence. NolS: cryptic
nucleolar localization signal.

revealed the presence of multiple, differ-
ent sized MDM2 transcripts and MDM2
protein isoforms in NIH3T3 cells (Haines
et al., 1994). After the determination of
the exon-intron structure of the murine
MDM2 gene (Oca Luna et al., 1996), it
was confirmed that two of these tran-
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encoded by splice variants could display an oncogenic function
that overrides the growth-inhibiting phenotype and/or the apop-
totic phenotype of full-length MDM2 protein. However, data that
suggest a completely opposite function have been described for
several murine MDM2 splice variants, as discussed below
(Dang et al., 2002).

Alternatively and aberrantly spliced variants of MIDM2
In addition to mutations and chromosomal aberrations, splicing
of multiple pre-mRNAs is a mechanism by which gene expres-
sion can be regulated or altered. Splicing can occur either “alter-
natively” at intron-exon borders by using genuine donor and
acceptor splice sites, or “aberrantly” at cryptic splice sites within
introns or exons. The usage of different promoters can also gen-
erate alternative transcripts. For example, MDM2 gene tran-
scription can occur from two independent promoters.
Transcripts that arise from the constitutive P1 promoter lack
exon 2, whereas the p53-sensitive P2 promoter generates tran-
scripts lacking exon 1 (Zauberman et al., 1995; Figure 1A).
These mRNAs are identical except for the 5’-untranslated
region (Barak et al., 1994). However, transcription from P2 is
approximately 6-fold greater than that from P1 (Landers et al.,
1997). The proteins derived from these two mRNAs are identi-
cal, as translation begins in exon 3, but the translation of the
shorter P2-derived transcript is more efficient in tumor cells
(Brown et al., 1999).

The analysis of expression of the MDMZ2 oncogene has

taining its cDNA was used to transduce

MEFs. An alternate translation start site

at amino acid 198 was utilized by two of
the variants generating identical N-terminal truncated MDM2
proteins (Dang et al., 2002). Although none of these murine
variants were identical to any found to date in human tumors,
the murine variant V3 demonstrated the most similarity to the
splice variant MDM2-A (Figure 2). MDM2 mRNA transcripts of
3.3, 1.6, and 1.5 kb have been detected in tumors derived from
a murine mammary tumor model, the shorter transcripts having
lost a portion of the C-terminal coding region (Pinkas et al.,
1999).

In human breast carcinoma tissue, transcripts of 6.7, 4.7,
and 1.9 kb have been detected (Pinkas et al., 1999), with the
1.9 kb mRNA lacking exon 12. Western blot analysis of a panel
of human breast carcinomas demonstrated that truncated
MDM2 isoforms of 85, 76, and 57 kDa were expressed in addi-
tion to the full-length 90 kDa protein (Bueso-Ramos et al.,
1996).

A detailed analysis of the MDM2 mRNA in ovarian and blad-
der cancers revealed alternative as well as aberrant splicing
(Sigalas et al., 1996). Sigalas and coworkers have described
five MDMZ2 transcripts (MDM2-A, -B, -C, -D, and -E in Figure 2)
that lack sequences that encode at least part of the p53 binding
domain, the nuclear localization and export sequences, and the
acidic domain. In vitro expression studies confirmed that the
protein isoforms encoded by four of these splice variants
(MDM2-A, -B, -C, and -D in Figure 2) are unable to bind p53.
Individual or multiple splice variants have also been detected in
glioblastomas (MDM2-A, -B, -C, -D, and -E in Figure 2;
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Figure 2. Summary of all known MDM2 mRNA splice variants and the
domains that they encode.

MDM?2-FL refers to full-length MDM2 mRNA. At least some of the splice vari-
ants, labeled with **”, can be franslated into protein in vitro.

The sequence that is omitted in most splice forms is highlighted in gray. The
number in parentheses indicates the reference: (1) Sigalas et al., 1996; (2)
Bartel et al., 2001; (3) Bartel et al., 2002; (4) Lukas et al., 2001; (5) Tamborini
et al., 2001; (6) Kraus et al., 1999; (7) Schlott et al., 2001; (8) Hori et al., 2000;
and (9) F.B., unpublished data.

Matsumoto et al., 1998) and glioblastoma cell lines (MDM2-
LN229a, -LN229b, -LN18, -G116, and -G150 in Figure 2; Kraus
et al., 1999). In breast carcinomas, previously described splice
variants and five additional shorter isoforms (MDM2-281bp,
-219bp, -254bp, -DelE, and -DelF in Figure 2) have been detect-
ed (Lukas et al., 2001; Hori et al., 2000). Another splice variant,
MDM2-Del.G (Hori et al., 2000), which lacks the sequence
between nucleotides 182 and 1432 of the coding region of the
MDM2 mRNA, exactly corresponds to the 219 bp form
described by Lukas et al. (2001).

Screening 87 adult soft-tissue sarcomas (STS), 85 of which
expressed the complete MDM2 coding region, revealed at least
14 additional MDMZ2 transcripts in 55% of the cases (Bartel et
al., 2001). Of these shorter transcripts, two (MDM2-A and -B in
Figure 2) had been described previously (Sigalas et al., 1996),
whereas the others, to date, are unique to STS (e.g., MDM2-
PM2 and -EU2 in Figure 2). Six additional novel MDMZ2 splice
variants were identified in primary pediatric rhabdomyosarcoma
tumors and cell lines (MDM2-FB25, -26, -28, -29, -30, and -55 in
Figure 2; Bartel et al., 2002). These variants include alternative-
ly as well as aberrantly spliced forms.

Some of the aberrantly spliced MDMZ2 transcripts (e.g.,
MDM2-PM2, -EU2, -KBS, and -219bp) have a common splicing
pattern that is illustrated in Figure 3. Splicing occurs at cryptic
splice donor and acceptor sites in regions with high sequence
homology and which occur as many as four times in the coding
region of the MDM2 mRNA. For example, a 10-base repeat
sequence (TGGCCAGTAT in exon 5; TGCCCAGTAT of exon 12)
is involved in the splicing of the KB3 variant (a splice variant
detected in STS; Bartel et al., 2001) and the MDM2-219bp vari-
ant first described by Lukas et al. (2001). In addition to the splic-
ing at repetitive sequences, the splice variant MDM2-DS3
(Bartel et al., 2001) shows another interesting feature. This
splice form contains a novel 87 bp sequence inserted between
exons 4 and 5. Although the function is not known, this
sequence is similar to an a-exon found in the canine MDM2
mRNA (Veldhoen et al., 1999). Therefore, MDM2-DS3 repre-
sents the first identified example of an expressed human MDM2
splice variant that contains a-exon sequence.

In summary, at least 40 alternatively and aberrantly spliced
transcripts of MDM2 mRNA have been identified in tumors, but
it is currently unknown how many of these are actually
expressed as protein. Most variant transcripts lack sequence
that encodes at least part of the p53 binding domain and the
p300 binding domain. The fact that some splice variants have
been detected only in a particular tumor type suggests that they
might contribute to the transformed phenotype of these tumors,
whereas others (e.g., MDMZ2-B) may be associated with tumori-
genesis in general or be generated as a consequence of the
malignant phenotype.

Relationship of MDM2 expression to tumor stage and
prognosis

Results of clinical studies investigating the association between
MDM2 expression and tumor prognosis are contradictory.
Overexpression of MDM2 in acute lymphoblastic leukemia and
STS is associated with an unfavorable prognosis (Cordon-
Cardo et al., 1994; Gustafsson et al., 1998; Wurl et al., 1998). In
contrast, no relationship has been observed between MDM2
expression in glioblastomas and survival of patients (Newcomb
et al., 1998), and MDM2 gene amplification is a favorable prog-
nostic marker in non-small cell lung carcinoma and STS
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(Higashiyama et al., 1997; Bartel et al., 2001). In tumors of the
head and neck region, the loss of MDM2 expression is associat-
ed with a poor prognosis (Millon et al., 2001). A potential expla-
nation of these conflicting findings may be that alternatively or
aberrantly spliced MDM2 variants are expressed in certain
tumors and, when present, influence prognosis.

Expression of oncogenic splice forms of MDMZ2 occurs
more frequently in high-grade than low-grade tumors
(Matsumoto et al., 1998; Bartel et al., 2001). Expression of
aberrantly but not alternatively spliced mRNA in breast carcino-
ma was associated with a shortened overall patient survival
(Lukas et al., 2001), but there was no association with outcome
or survival time for patients with STS that expressed either alter-
natively or aberrantly spliced MDM2 isoforms (Bartel et al.,
2001). In giant cell tumors of the bone, splice variants were
expressed only in stromal cells, not in the giant cells (Evdokiou
et al., 2001). This finding supports the hypothesis that stromal
cells comprise the tumor element in these giant cell tumors.

Unfortunately, studies measuring MDM2 protein expression
have been carried out using different antibodies, several of
which recognize multiple nonspecific proteins in addition to
MDM2. Therefore, the information obtained by measuring total
MDM2 protein in tumors may be of little value, particularly if the
antibodies used for analyses were raised against epitopes not
present within the mutant MDM2 proteins. In order to determine
whether splice variants are expressed, and to evaluate their
relationship to tumorigenesis and prognosis, specific reagents
must be developed.

One could speculate that splice variants of MDM2 exhibit an
antiapoptotic function, which would help explain why some
patients whose tumors contain p53 mutations and overexpress
MDM2 have a worse prognosis than do those whose tumors
have only one of these modifications (Wurl et al., 1998; Figure

|

1422 TGCCCAGTAT 1432

1250 AAGAAACCC 1258

Figure 3. Mechanism of aberrant splicing at
repetitive sequences.

MDM2-FL refers to full-length MDM2 mRNA. The
different shaded areas represent the domains

1473 of MDM2 as shown in Figure 1 (see text for
details).

4). However, as discussed above, MDM2
has been shown to exhibit a p53-inde-
pendent tumorigenic potential that could
generate an additive growth advantage
in cells expressing mutant p53 (Dubs-
Poterszman et al., 1995; Jones et al.,
1998; Figure 4). It is possible that there
are no splice variants expressed in
tumors where MDMZ2 amplification is
associated with a good prognosis
(Higashiyama et al., 1997). However,
p53 may also facilitate chemotherapy-
induced apoptosis in such tumors if
1R MDM2-p53 binding is disrupted (Shieh et
1473 al., 1997; Khosravi et al., 1999; Mayo et
al.,, 1997). Additional work will be
required to determine which of these
hypotheses are correct.

Functions of the MDM2 isoforms

Although more than 40 splice variants of

MDM2 mRNA have been identified, little
is known about their functions, and it is important to remember
that it is unknown whether all the variant transcripts are translat-
ed into protein. Although most variants have lost internal
sequences, there does not appear to be a common deleted
region that could suggest a common function. Many examples
of alternative splicing force the region encoding the C terminus
to be out-of-frame. This change potentially leads to the genera-
tion of novel amino acid sequences, but because these new
sequences differ in every case, they are unlikely to contribute to
a common novel function of the proteins. The open reading
frames of many variants contain premature stop codons, whose
presence suggests the generation of truncated proteins con-
taining only the N-terminal portion of MDM2.

It is important to note that alternatively and aberrantly
spliced MDM2 mRNAs are usually found together with full-
length MDMZ2 transcripts. This finding is of interest because
Evans et al. (2001) have demonstrated that at least one splice
variant (MDM2-B, ALT1) can bind to full-length MDM2 protein
and sequester it in the cytoplasm. The splice variant MDM2-B is
the most frequently expressed form in numerous types of can-
cer, including ovarian and bladder cancers (Sigalas et al.,
1996), breast cancer (Matsumoto et al., 1998; Lukas et al.,
2001), STS (Bartel et al., 2001; Tamborini et al., 2001), and
giant cell tumors of the bone (Evdokiou et al., 2001). However,
Evans et al. (2001) also demonstrated that the binding of
MDM2-B to full-length MDM2 increased wild-type p53 activity. A
similar observation was made using the murine splice variants
identified by Dang et al. (2002). Binding of these variants to full-
length MDM2 in MEFs resulted in a release of wild-type p53
such that p53 was not targeted to the proteasome (as shown in
Figure 1A), and was free to mediate growth inhibition as depict-
ed in Figure 4. Expression of splice variants is also associated
with p53 stabilization in glioblastoma cell lines despite amplifi-
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cation of the MDM2 gene (Kraus et al., 1999), and in STS we
have found a similar correlation between the expression of
MDM2 splice forms and overexpression of p53 (Bartel et al.,
2001). These findings suggest that p53 accumulation arises as
a consequence of alternative as well as aberrant MDM2 splicing
independent of the mutational status of p53.

Most MDM2 splice variants described to date lack
sequence that encodes at least part of the p53 binding domain.
In vitro binding assays have shown that the splice forms MDM2-
A, -B, -C, and -D (Figure 2) lack the ability to bind to and inacti-
vate p53 (Sigalas et al., 1996). Despite the fact that the p53
binding domain is retained in a couple of MDM2 isoforms
(MDM-E, -FB26) which still have the ability to bind p53, MDM2-
mediated degradation of p53 may be inhibited because of the
loss of p300 binding (Zhu et al., 2001). Nevertheless, an
increased amount of wild-type p53 is inconsistent with a poten-
tial transforming phenotype of MDMZ2 splice variants.

Sigalas et al. (1996) demonstrated that NIH3T3 cells trans-
fected independently with several splice variants could grow as
colonies in soft agar. In support of this transforming function of
MDM2 splice variants, unpublished data from S. Jones et al.
show that MDM2-B can cause tumors in a transgenic mouse
model. In contrast, MDM2-B is expressed in both malignant and
normal mammary tissue (Lukas et al., 2001). It appears that
MDM2 splice variants display different characteristics in differ-
ent cellular backgrounds, as shown in Figure 4. Because it is
unknown under what conditions alternative functions of full-
length MDM2 are active, it is impossible to predict the function
of the splice variants in each model system evaluated.

Each of the numerous MDM2 splice forms could be respon-
sible for a distinct phenotype. For example, some isoforms
encoded by splice variants may lack the ability to bind to p14ARF,
whereas other isoforms might bind to this protein and be
sequestered in the nucleolus (Weber et al., 2000). Furthermore,
the addition of different novel amino acid sequences at the C
terminus might generate novel tumorigenic functions. However,
many splice variants lack the C terminus, a finding that sug-

Transformed
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Figure 4. A model suggesting how MDM?2 splice
variants with an intact C terminus, for example
MDM?2-B, might exhibit contrasting functions.

In “normal” cells, MDM2 binds to and inhibits the

mps3) X ; :
+ function of wild-type p53, promoting cell
or growth. When MDM2 splice variants are

no p53 expression expressed, they bind to full-length MDM2 pro-

tein, releasing p53, resulting in growth inhibition.
In transformed cells when p53 may be mutated
or not expressed, MDM2 can still promote cell
growth. Under these circumstances, there may
be no consequence of splice variant expres-
sion, because splice variant binding to full-
length MDM2 would not release any wild-type
p53. Under certain conditions, full-length MDM2
expression in a transformed cell results in apop-
tosis or growth inhibition. If splice variants are
expressed in these cells, they may bind and
inhibit the growth-inhibitory function of full-
length protein, resulting in an increased rate of
proliferation.

gests the importance of the N-terminal
portion of the protein. Much work
remains before the functions of MDM2
and its isoforms encoded by alternatively
spliced variants are understood and
before the relationship of this new infor-
mation to the MDM2-p53-p144RF pathway is clarified.

Conclusions

The MDM2-p53-p14ARF pathway has been elegantly mapped
out by many investigators (including Sherr, 1998), but it now
appears that the pathway may not be as straightforward as orig-
inally thought. Full-length MDM2 displays both oncogenic and
growth inhibitory properties (Figure 4), but how these different
functions are controlled is unknown. It appears as though
MDM2 function may parallel that of MYC. MYC expression
induces apoptosis in cells where the MDM2-p53-p14ARF path-
way is functional (Packham and Cleveland, 1995; Zindy et al.,
1998). Yet, when this pathway is disrupted, the oncogenic phe-
notype of MYC is displayed (Sherr, 1998). Similarly, the con-
trasting functions of full-length MDM2 are probably dependent
upon the genetic background of the cells in which they are
expressed. At least some MDM2 splice variants encode pro-
teins that possess a transforming function both in vitro and in
vivo, but in different model systems, they function to release p53
from full-length MDM2, inducing wild-type p53 activity (Figure
4). Additionally, p53-independent functions of MDM2 and its iso-
forms encoded by alternatively and aberrantly spliced tran-
scripts might be important in tumorigenesis, but it remains to be
seen how these functions are integrated within the well-charac-
terized MDM2-p53-p14ARF tumor surveillance pathway.
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Abstract. The MDM2 oncogene plays an important role in
tumorigenesis and especially in soft tissue sarcomas (STS).
Overexpression of the MDM2 protein is associated with a
poorer prognosis for STS patients. An MDM2 antisense
approach to reduce MDM2 protein levels has been successfully
applied on several carcinomas in vitro and used on a few
in vivo cases. However, antisense treatment not only resulted
in an MDM2 protein reduction but aso in a wild-type P53
gene (wt-P53) mediated tumor growth suppression due to
its genetic wt-P53 status. In this study, we used a clinically
relevant xenotransplanted STS model with a mutated P53
gene (mt-P53) in order to exclude the influence of wt-P53.
The human STSs were surgically implanted and one week
later osmotic pumps were implanted intraperitoneally into
nude rats releasing MDM 2-antisense ODNs (AS ODNS)
continuously for one week. As controls MDM2-sense ODN
(SE ODN) or a 0.9% NaCl solution (saline solution) were
administered. After one week animals treated with MDM2-AS
ODN (100 or 200 ug) showed a reduction in tumor mass in
comparison to animals treated with MDM2-SE ODN. The
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reduction in tumor mass was significant in animals treated
with MDM2-AS ODNSs in comparison to the saline solution
treated ones (p=0.018 or p=0.007). Furthermore, a significant
reduction in macroscopically visible tumor number with
MDM2-AS ODN treatments (100 or 200 ug) in comparison
to MDM2-SE ODN or saline solution treatment (both
p=0.009) was observed for the first time. As expected a
reduction in MDM2 protein expression in the MDM2-AS
ODN treated tumors when compared to the MDM2-SE ODN
or saline solution treated tumors was detected in Western
blot analyses and immunohistochemically. In addition, an
unexpected reduction in mt-P53 protein expression after
AS ODN therapy was also observed. In short, we have
demonstrated in vivo for the first time that MDM2-AS ODN
treatment of xenotransplanted STS (mt-P53) reduces tumor
mass, tumor number, MDM2 protein and mt-P53 protein
expression. Our findings support the hypothesis that
MDM2-AS ODN treatment may exert a tumor inhibiting
effect on all MDM2 expressing tumors regardless of the
P53-status, thisin turn may be of general importance in gene
therapy of cancer.

Introduction

Soft tissue sarcomas (STS) are a large, histologically diverse
group of solid mesenchymal tumors. At the time of diagnosis
10-20% of the patients have distant metastases with an
increase up to 50% over a five year period (1,2) connected
with a relative resistance to chemotherapy and irradiation.
More than 50% of the STS patients die within five years after
diagnosis (3,4). Radical surgical resection is the only
therapeutic intervention with a chance of cure. But in case of
multiple metastases, this therapeutic approach is not able to
change the course of the disease (5,6).

In addition to the well known clinical prognostic factors
and molecular abnormalities in the tumor suppressor gene
P53 an especially important role of the oncogene MDM2
(murine double minute gene 2) has been ascertained in STS
tumorigenesis (7-9).

There are severa lines of evidence for adirect link between
an abnormal MDM?2 function and sarcomagenesis. STS
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possesses an amplification frequency of the MDM2 gene of
about 20-30% that corresponds to the highest amplification
rate described for malignant tumors (10). Secondly, over-
expression of MDM2 in transgenic mice results in 38% of
cases developing sarcomas independent of P53 status (11).
Thirdly, MDM2 protein overexpression in STS is correlated
with a poorer survival of sarcoma patients (7,8,12).

Based on these findings, an approach targeting the MDM2
oncogene for STS therapy seems reasonable. Severa studies
using MDM2 antisense oligodesoxynucleotides (AS ODNS)
have shown that they do have an effect on tumor cdll viability,
on the rate of apoptosis in vitro, on reduction in tumor mass
and a prolonged survival in anima models (13-17). However,
apart from two previous studies which were conducted by
our group on STS cell lines, the efficacy of an MDM2-AS
ODNs has not yet been investigated in STS (13,18).

In the present study, we have chosen a human xeno-
transplanted STS as a model for an isolated intraperitoneal
tumor spread in nude rats in order to characterize the effect
of MDM2-AS ODNSs in vivo. Due to the evident clinical
relevance of an intraperitoneal tumor spread, we used a
peritoneal sarcoma model to mimic the clinical situation.
MDM2-AS ODNSs were delivered to the peritoneum by a
continuous osmotic pump. In order to exclusively analyze the
effect of MDMZ2 inhibition without interference of wild-type
P53 (wt-P53) STS transplant tumors originating from the
P53-mutated RD cell line were studied.

Materials and methods

mdm2 AS ODNs and osmotic minipumps. The AS-, as well
as, the SE-control ODNSs used in this study have been
described elsewhere (19). The sequences of the used ODNs
were as follows: MDM2 AS-ODN 5'-0UogACACCTgTTCT
CACoUoCoArC-3', and MDM2 SE-ODN 5'-0UocGAgACCA
gTTgTCAgoUOoCOoArC-3'. All ODNs were purchased from
Tibmolbiol (Berlin, Germany). Shortly before use the
lyophilized ODNs were resolved in an appropriate volume
of aqua bidest, which allowed us to reach the respective
working concentration. The Alzet” osmotic pumps (Alza
Pharmaceuticals, Palo Alto, CA, USA) were filled with an
equal total volume of 200 ul containing MDM2-AS-ODNs,
and SE-ODNSs or physiological saline solution, respectively.
The pumps with alength of 3.0 cm, adiameter of 0.7 cm and
aweight of 1.1 g have anomina pumping rate of 1 pl/h with
anomina pumping duration of 1 week.

Human STS xenotransplant model in nude rat. To establish
the experimental animal model, the human embryonal
rhabdomyosarcoma cell line RD (20,21) purchased from
ATCC (Rockville, MD; code: CCL-136) was used. This cell
line contains in one allele a P53 missense mutation (in codon
248 a CGG-TGG transition), whereas the other P53 dleleis
missing (21). It does not carry an amplification of the MDM2
gene (Bartel, unpublished data) but expresses the MDM2
protein (data not shown). The RD cell line was grown as
monolayer (37°C, 3% CO,, RPMI-1640 with 15% fetal calf
serum) and cells were harvested by trypsinization. Tumor
cells (5x10°) were inoculated intramuscularly into the hind
legs of male nude rats RH-nu/nu (Harlan-Winkelmann,
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Borchen, Germany) under sterile conditions. After
macroscopic tumor formation (Fig. 1A) the solid tumors
were surgically removed. After removing the central part of
the tumor the surrounding tissue was minced carefully into
1-2 mm? parts and stored at 4°C. The tissue of several
tumors was pooled, and immediately afterwards 500 mg
tumor tissue per animal was intraperitoneally implanted into
the rats (Fig. 1B). The processing of the tumor material and
all operations were done under sterile conditions.

Animal groups and tumor growth inhibition. All investigations
concerning this study were performed in accordance with the
Declaration of Helsinki and the Interdisciplinary Principles
and Guidelines for the Use of Animals in Research, Marketing
and Education.

Twenty-four eight-week old nude rats with body weights
of 80-100 g were randomly distributed into four groups
(seven rats per group, five rats per control group, respectively)
and 500 mg minced tumor tissue was distributed into all four
quadrants of the peritoneal cavity of the animals. Exactly
one week after tumor transplantation, the osmotic pumps
filled with ODN solution or saline solution were implanted
(Fig. 1C). At the time of |aparotomy tumor tissue was visible
in al of the animals. The concentrations of the therapeutic
ODNs used for this experiment are based on the results of
previous in vitro experiments (13,18). The animals were
randomized into four groups and the pumps for each group
contained: a) 100 ug MDM2-AS ODN (14.5 ug/d); b) 200 ug
MDM2-AS ODN (29 pg/d); c) 200 pg MDM2-SE ODN
(29 pg/d); or d) control group: 0.9% NaCl solution (saline
solution).

The incision was <2 cm long and placed aong the center
line for al abdominal operations. All animals were kept in
cages (Macrolon |11 cages with three or four rats per cage)
and had access to tap water and standard food ad libitum
(dark-light cycle of 12 h). The body weight and the tumor
size were monitored twice a week.

Two weeks after tumor transplantation all animals were
sacrificed and evaluated for the number of macroscopically
visible tumors. In addition, tumor mass, body weight and
the presence of distant metastases in liver and lung were
documented (Fig. 1D). From all animals with macro-
scopically visible tumors tissue samples from the tumor, the
liver and muscle were stored in liquid nitrogen. Along with
al of the stored tumors, paraffin-embedded tissue specimens
were prepared for histological evaluation and for the
determination of the mitotic rate [counts per ten high power-
fields (HPF), magnification x40].

Western blot and immunohistochemistry for P53 and MDM2.
Thirty micrograms of total protein was subjected to electro-
phoresis in a 10% polyacrylamide-SDS gel (Minigel system,
Biometra, Gottingen, Germany) from all tumor samples.
Proteins were transferred to a PVDF Immobilon membrane
(Millipore, Eschborn, Germany) at 200 mA for 90 min
(Miniblotter, Biometra). After non-specific binding sites
were blocked by 0.1% Tween-20 containing 3% bovine
serum abumin, the membrane was incubated for 1 h with an
anti-P53 antibody (DO-7; dilution 1:500; Dianova, Hamburg,
Germany) or with an anti-MDM2 antibody (2A10; dilution
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Figure 1. Experimental procedure. (A), Tumor on the left hind leg before harvesting for intraperitoneal transplantation. (B), Minced into 1-2 mm? parts for
intraperitoneal transplantation (left, tumor mass of 500 mg; right up, ten fragments together; right down, four isolated fragments). (C), Implantation of the
osmotic pump in general anesthesia via laparotomy. (D), Tumor in the left middle part of the peritoneal cavity at the end of the experiment (isolated tumor in
an animal of the MDM2-AS ODN 100 pg group).

Tablel. Total tumor mass and number of macroscopically detectable intraperitoneal tumors for each experimental group.

Therapeutic MDM2-AS ODN MDM2-AS ODN MDM2-SE ODN Physiological
group 100 pg 200 ug 200 ug saline solution
Animals 7 7 5 5

per group

Tumor mass 1.07 g (x0.559) 0.78 g (+0.53 g) 1749 (x1.179) 2649(x1.330)
Mean (£ SD)

Tumor number

Mean (+SD) 2.4 (+0.97) 2.3 (x1.11) 3.4 (+1.51) 4.4 (+1.14)

Standard deviations are given in parentheses.

1:1000; generous gift from Dr A.J. Levine). The incubation
with the primary antibody was followed by a 1-h incubation
with horseradish peroxidase-conjugated anti-rabbit 1gG or
anti-mouse 1gG antibody (dilution, 1:1000; Dako, Glostrup,
Denmark) at room temperature. For visualization of the bands,
the membrane was placed into ECL-substrate (Amersham,
Braunschweig, Germany) for 1 min and then exposed to a
Biomax film (Kodak, Stuttgart, Germany).

Afterwards, densitometry (Imagemaster VDS 3.0 software,
Pharmacia) was performed to determine the relative levels of
MDM2 and P53 protein. The relative amounts of MDM2 and
P53 were standardized to that of R-actin from the same
sample. The resulting values were classified according to a
semi-quantitative scale as no, low, intermediate, or strong
expression.

For IHC staining we used the monoclonal MDM2
antibodies (Abs) IF2 (Oncogene Science, Manhasset, NY,
USA; epitope N-terminal) and 1B10 (Medac, Hamburg;
epitope C-terminal) and the P53 Abs DO-1 and Pab1801
(both Oncogene Science, epitope DO-1 amino acids 20-25,
Pab1801 40-65, respectively), and DO-7 (Medac, Hamburg;
epitope amino acids 20-25). Four-um-thick tissue sections
were placed on poly-L-lysine coated slides and de-
paraffinized. For the 1B10 Ab, an antigen retrieval with
pressure cooking for 2 min was performed. Endogenous
peroxidase activity was inhibited and non-specific binding
was inhibited by 5% carrier protein solution for 15 min.
Incubation with the primary Abs (working dilution: 1F2 20
pug/ml, 1B10 1:200, DO-7 5 pug/ml, DO-1 5 pg/ml) was
performed at 4°C for 12 h. As a negative control, a non-
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Tablell. p-values of Student's t-test comparing the total tumor masses of therapeutic groups.

MDM2-AS ODN
100 pg

Therapeutic
group

MDM2-AS ODN
200 pg

MDM2-SE ODN
200 pg

Physiological
saline solution

MDM2-AS ODN -
100 pg

MDM2-AS ODN
200 ug

0.354

MDM2-SE ODN
200 ug

0.21

Physiological 0.018

saline solution

0.354

0.083 -

0.007

021 0.018

0.083

0.007

0.294

0.294 -

immune mouse serum was applied instead of the primary
Abs and normal human liver tissue was stained. Incubation
was followed by a washing step and detection of the primary
Abs by an L SAB-Kit (Dako). Staining was considered positive
if more than 10% of the cells were positive. All slides were
examined and scored independently by two investigators.

Satistical analysis. After a descriptive statistical approach
with calculation of median, mean and standard deviation,
analysis was done using the Student's t-test to determine
differences between the therapeutic groups. The level of
significance was set at p<0.05.

Results

AS specific inhibition of tumor growth. MDM2-AS ODN
therapy was tested in a nude rate model carrying an
intraperitoneal human STS xenograft. For therapeutic treatment
an AS ODN, an SE ODN, or physiological saline solution as
control were administered by an osmotic pump at aflow rate
of 1 pl/h over a period of 7 days. The tumors were surgically
removed from the animals after a continuous therapeutic
period of one week. Treatment of the tumors with MDM2-AS
ODN resulted in a significantly reduced tumor mass when
both 100 and 200 pg of MDM2-AS ODN were administered
compared to MDM2-SE ODN or saline treated tumors,
respectively (p=0.018 and p=0.007, Tables | and II, Fig. 2).
On day 7, after treatment with 200 pg of MDM2-AS ODN an
average of 71% less tumor mass (0.78+0.53 g) was determined
when they were compared to the saline treated tumors
(2.64+1.33 @), and there was 56% less tumor mass than in
SE-ODN treated tumors (1.74+1.17 g) (Fig. 2).

Remarkably, the average number of macroscopically
detectable tumors in the MDM2-AS ODN treated animals
was also reduced (2.3 tumors per rat) compared to the
number found in MDM2-SE ODN (3.4 tumors, p=0.009) or
sdline solution treated animals (4.4 tumors, p=0.009) (Tables
[ and I1).

Western blot analysis. The MDM2 protein expression levels
were reduced in tumors that were treated with either 100 or

p=0018 p =0.007

Voo

tumor mass (g)

7 7 5 5
MDM2-AS ODN MDM2-AS ODN  MDM2-SE ODN Saline

100 pg 200 ug 200 pg

treatment

p =0.009

i

p = 0.009

l

17'

tumor number (N)

N= 7 7 5
MDM2-AS ODN MDM2-AS ODN  MDM2-SE ODN
100 pg 200 pg 200 ug

5
Saline
treatment
Figure 2. Boxplots showing the reduction of tumor mass (A) as well as

tumor number (B) in animals treated with MDM2-AS ODNSs in comparison
to MDM2-SE ODN or saline solution treated rats.
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Figure 3. In vivo inhibition of MDM2 (A) and mt-P53 (B) protein
expression by MDM2-AS ODNSs. The animals were treated with either 100
or 200 pg of MDM2-AS ODN or 200 pg of MDM2-SE ODN, respectively.
Saline solution treated animals served as a control. After one week, the
tumors were removed, protein was isolated, and equal amounts of protein
were analyzed by Western blot analysis using a monoclonal anti-MDM2
(2A10), and an anti-P53 antibody (DO-7). The numbers represent ratio of
the intensity of the MDM2/actin and the TP53/actin ratio determined by
densitometry. The R-actin protein (C) served as a control, and its expression
level was used to standardize the MDM2 and mt-P53 protein expression
levels.

200 pg of MDM2-AS ODN in comparison to tumors that
received an MDM2-SE ODN or saline solution treatment
(Fig. 3). Only alow MDM?2 expression in MDM2-AS ODN
treated rats was detected when 100 or 200 g were given
per week. In MDM2-SE ODN treated animals a marked
MDM2 expression, and in the tumors from the control
animals treated with saline solution a strong expression of the
MDM?2 oncoprotein could be detected, which was noticeable
for the SE ODN group (p=0.068), and statistically significant
for the saline control group (p=0.05). The mt-P53 protein
expression detected by Western blot analysis appeared to
be low in the groups which were treated with different doses
of the MDM2-AS ODN, intermediate in the MDM2-SE ODN
treated group, and strong in the saline control group. The mt-

TableI1l. Summary of the immunohistochemistry results.
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P53 protein expression levels in the group which received
treatment with 100 ug MDM2-AS ODN were significantly
reduced compared to the saline solution control group
(p=0.029).

Immunohistochemistry. The counting of mitotic figures per
10 HPF resulted in a minimal number of 52 and a maximum
number of 78 mitoses without any differences between the
different experimental groups (data not shown). Therefore all
tumors are considered as high grade.

Although in al cases single cells were distinctly stained
by al three P53 Abs, staining was often below the 10% cut-off
level and a specific staining pattern was observed in the
different therapy groups (Table I11). In both MDM2-AS ODN
treated groups only the DO-7 antibody detected any P53
protein. In the MDM2-SE ODN group a moderate staining
with the Pab-1801 and the DO-1 antibodies was also
observed in two cases in addition to DO-7 staining. All of the
tumors in the saline solution treated control group showed a
strong staining with all three P53 Abs.

MDM2 was only detected when immunohistochemical
staining was carried out with Ab 1B10 that recognizes a C-
terminal epitope. The antibody |IF-2 that recognizes an N-
terminal epitope did not mark any tumor cells in any of the
treatments groups. In the MDM2-SE ODN, the MDM2-AS
ODN (100 pg) and in the MDM2-AS ODN (200 ug) groups
all except one tumor in the latter group did not show an
MDM2 positive staining. On the contrary, in the saline
solution treated group all tumors were stained positively by
the 1B10 antibody.

Discussion

This report describes the first in vivo investigation of MDM2-
ASODN in STS. An MDM2-AS ODN was tested in a human
xenotransplanted STS using a nude rat model of peritoneal
tumors. The model mimics the frequent clinical problem of
abdominal and intraperitoneal STS that is difficult to treat
by conventional surgery, radiation- or chemotherapy. A
peritoneal tumor distribution can limit prognosis without the
appearance of distant metastases. Therefore, it is hecessary to
consider alternative therapeutic strategies, for example the
use of AS ODNs that target the MDM2 oncogene.

Antibody MDM2-AS-ODNs MDM2-AS-ODNs SE-ODNs Saline solution
100 pg 200 pg

Pab-1801 -a - + 4+

DO-1 - - +++

DO-7 * + ++ +++

1B10 - + - +++

IF-2 - - - -

a - no staining; + -, low percentage of positively stained cells; + -, moderate; ++ -, increased; +++ -, strong expression.
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Several authors have investigated MDM2-AS therapy and
suggested that it has a potential use in cancer therapy (13-18).
MDM2-AS ODNSs using mixed backbone oligonucleotides
(MBOs) has been shown to inhibit MDM?2 protein expression
and antitumor effectsin vitro and in vivo (15,19).

In this study, the comparison of animals treated with
MDM2-AS ODNSs to those treated with MDM2-SE ODNSs or
saline solution revealed a reduction in tumor mass as well
as a decrease in tumor number. This is in agreement with
findings published by other authors on size reduction in
tumors, a marked delay in tumor growth and a prolongation
of animal survival after an MDM2-AS treatment (15,19).
However, a reduction in tumor number is reported in this
study for the first time. Although the difference of the
reduction of the tumor mass and tumor number between the
AS-treated and the SE-treated animals is noticeably, but not
significant (p=0.08 and p=0.17, respectively, Student's t-test),
the effect of the treatment with MDM2-AS-ODNss is clearly
visible. This might be due to a sequence-independent effect
of the used ODNSs.

A high efficacy of MDM2-AS ODN treatment has been
described for several cell lines and for tumors with low or
with high MDM2 protein expression. Therefore, a reduction
of the MDM2 expression level seems beneficial in cancer
treatment and does not seem to affect the survival of normal
cells (16,22). An explanation for antitumor activity through a
decrease of MDM2 protein levels has not been completely
resolved. In several tumors with wt-P53 function a reduction
in MDM?2 expression levels results in an increase of P53
activity and gradually in growth arrest or induction of
apoptosis (23). The idea that MDM2-AS ODNSs might be
effective only in cells with a wt-P53 status seems to be true
for B-cells of lymphomas (17), but not for others (16).
However, MDM2-AS ODNSs may also affect MDM2 activity
directly and induce an antitumor effect.

There are several lines of evidence suggesting that an
abnormal MDM?2 function in itself can be oncogenic
independent of the P53 status. i) There is a transforming
phenotype of tumor cells in the absence of P53 and also
when MDM2 splice variants are present which have lost
their P53 binding site (24,25). ii) In mouse models MDM2
overexpression contributes to tumorigenesis in P53 mammary
epithelial cells and MDM2 transgenic mice (P537) develop a
disproportionally high number of sarcomas (11,26). iii)
Transfection of MDM2 results in MDM2 that can form
complexes with the retinoblastoma protein and with the E2F1
and DP1 transcription factors independent of P53. Both
complexes can stimulate expression of E2F1-responsive
genes and a role in promoting cell cycle progression from
G1 to S phase is suggested (27,28). iv) MDM2 is able to
inhibit another member of the P53-family, the P73 protein,
e.g. at induction of apoptosis (29). Additionally, there are
several sarcoma cases described with simultaneous P53
mutations and MDM2 overexpression suggesting that both may
interfere with different pathways in tumorigenesis (7,12,30,31).
v) This study demonstrates that MDM2-AS ODN therapy for
STS transplanted tumors, without a functional wt-P53 gene,
can reduce tumor growth and the number of tumor nodules.
To our knowledge, this is the first report showing an in vivo
tumor inhibitory effect of MDM2-AS ODNSs in a mutated
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P53 background. In the other in vivo studies mentioned
above, the same MDM2-AS ODN therapy was evauated in
tumor xenografts with different P53 status, and an induction
of P53 expression, a delay in tumor growth/weight and a
prolongation of animal survival was shown (15). Interestingly,
the entire dose of MDM2-AS ODNSs per animal in the reports
of both Wang et al (19) and Tortora et al (15) was
approximately 10 mg. We applied 100 or 200 pg of MDM2-
AS ODNSs per animal, suggesting that these ODNs are also
very effective at lower doses, especially when administered
continuously using osmotic minipumps.

As expected the detection rate of MDM2 protein by
immunohistochemistry decreased in the MDM2-AS ODN
treated groups when compared to the saline solution treated
group, and this result was even more pronounced by Western
blot analyses. Interestingly, concerning immunohistochemistry,
the only antibody that provided a staining pattern was the one
with C-terminal recognition epitope, whereas the antibody
with the N-terminal recognition epitope did not stain any
tumor even though positive controls were stained appropriately
(results not shown). The biological relevance of this finding
is supported by two other observations. In previous studies,
we were able to show that positive staining was only detected
with an antibody carrying a C-terminal epitope and that
staining was correlated to a poor prognosis. Staining with
another antibody with an N-terminal epitope demonstrated
that there was no association between the staining pattern of
this Ab and patient's outcome (32). Furthermore, Schiott et al
(33) have described that a C-terminal MDM2 protein
fragment was only present on the surface of tumor cells but
not on the surface of normal hepatic cells, suggesting that C-
termina part of the MDM?2 protein may play a specific role
in tumorigenesis.

Somewhat surprising is the finding that a mt-P53 protein
could not be detected using two P53 Abs (DO-1 and Pab-1801)
in the MDM2-AS ODN treated groups in comparison to the
MDM?2-SE ODN and the saline solution treated groups,
where it was moderate and strong, respectively. Binding of
MDM2 protein to wild-type and mutant (mt) P53 has been
reported (34), this suggests an increase in wt-P53 and mt-P53
after an MDM2-AS ODN treatment. However, for several
tumor cell lines a stabilization of MDM2 protein by mt-P53
is reported (35,36). One of these cell lines carries the same
P53-mutation as the RD cell line (codon 248K) (36). In this
report we describe that a decrease in MDM?2 protein causes a
reduction in P53 protein, suggesting that mutant P53 could
be stabilized by MDM2. A reduction in mutant P53 levels
would be of interest, since about 50% of tumors carry P53
mutations, and mutations can lead to the stabilization of P53
protein, which results in higher levels of expression of
mutant compared to wild-type P53 (37,38). It is interesting
that the biological relevance of antibody staining is dependent
on the MDM2 epitope recognized by the applied antibody. In
previous studies, we showed that P53 positive tumors detected
by the DO-1 and Pab-1801 antibodies were associated with
poor prognosis (32).

In conclusion, we have demonstrated that MDM2-AS
ODNSs can induce a reduction in tumor growth and tumor
number in an STS tumor xenograft in a nude rat model
independent of the P53-status. This finding supports the
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suggestion, that MDM2 AS treatment may exert their effects
in all MDM2 expressing tumors regardless of P53-status
(16). This observation may have a general importance in
gene therapy of cancer.
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Abstract

Alternative splicing has an important role in expanding
protein diversity. An example of a gene with more than
one transcript is the MDM2 oncogene. To date, more
than 40 different splice variants have been isolated
from both tumor and normal tissues. Here, we review
what is known about the alteration of MDM2 mRNA
expression, focusing on alternative splicing and
potential functions of different MDM2 isoforms. We also
discuss the progress that has been made in the
development of antisense oligonucleotides targeted to
MDM2 for use as a potential cancer therapy.

Introduction

MDM2' appears to play a role in many normal physiological
and pathological pathways. It has been shown that MDM2 not
only acts as an oncogene (1-3) but also displays growth-
inhibitory functions (4, 5). MDM2 can also function indepen-
dently of p53; for example, MDM?2 interacts with transcription
factors of the E2F family and the human TATA binding protein
(6, 7) and inhibits retinoblastoma growth-regulatory function
(8). A question remains whether the same MDM?2 protein is
responsible for the diverse functions reported or whether
different isoforms or post-translationally modified MDM?2
proteins could be involved. We examine here the different
MDM?2 variants that are likely translated from alternatively
spliced MDM?2 pre-mRNAs and how antisense oligonucleotide
(AS-ODN) therapies might be useful for down-regulating the
expression of both full-length and alternatively spliced variants
of MDM?2. Down-regulation of full-length MDM2 expression
in tumors that overexpress MDM2 would be predicted to result
in p53 protein stability and sensitization to DNA-damaging
agents (chemotherapeutic drugs and radiation) that act via
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p53-dependent pathways (Fig. 1). In addition, p53-independent
functions of MDM2, such as in regulating the cell cycle, would
also be abrogated, thereby restoring growth control in the tumor
(Fig. 1). Progress has been made in the in vitro and in vivo uses
of MDM?2 antisense to down-regulate MDM?2 expression.

Splicing of the MDM2 Messenger RNA

Three human MDM2 mRNA transcripts 0f6.7,4.7,and 1.9 kb
long were reported by Pinkas et al. (9) in breast carcinoma
cells, with the 1.9-kb mRNA having lost exon 12. In addition,
several truncated MDM?2 isoforms of 85, 76, and 57 kDa have
been described in a panel of human breast carcinomas, together
with the full-length 90-kDa protein (10). During the last few
years, detailed expression analyses of the MDM2 mRNA in
various cancer types and in normal tissue have revealed
alternative as well as aberrant splicing (Fig. 2; reviewed in
Ref. 11). The tumor types investigated to date include ovarian
and bladder cancer (12), glioblastomas (13), glioblastoma
cell lines (14), breast carcinomas (15, 16), soft tissue sarcomas
(17-19), giant cell tumors of the bone (20), and Hodgkin’s
lymphoma (21). The majority of the greater than 40 splice
variants that have been detected to date lack sequences that
encode at least part of the p53 binding domain, the nuclear
localization and export sequences, the p300 binding domain,
and the acidic domain. In vitro expression studies confirmed
that the protein isoforms encoded by at least four of these splice
variants (MDM?2-A, -B, -C, and -D; 12) are unable to bind p53.
The splice form MDM2-B, which is the most frequently
detected transcript variant, has been described in various tumor
types as well as in normal tissue, whereas many of the other
variants have only been found in one particular cancer type.

A problem that has developed, however, is that some
investigators have chosen to give different names to previously
published isoforms, although most of the sequences of published
splice variants are in Genbank. For example, the recently
detected splice form MDM?2-HD1 (accession no. AJ5505169)
corresponds to the PM2 form (accession no. AJ278977), and
another splice variant, MDM2-Del.G (15), which lacks the
sequence between nucleotides 182 and 1432 of the coding region
of the MDM?2 mRNA, exactly corresponds to the 219bp form

!The abbreviations used are MDM2, human gene and oncogene; MDM2, human
protein and isoform; mdm2, mouse gene; Mdm2, mouse protein.
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independent functions of MDM2.

described by Lukas et al. (16). This makes it difficult to
determine the frequency of occurrence of specific isoforms and
to compare the variants expressed within different tumor types.

A large proportion of the known MDM?2 transcripts is
aberrantly spliced (e.g., MDM2-PM2, -EU2, -KB3, and
-219bp). These examples have a common splicing pattern that
is illustrated in Fig. 3. Splicing occurs at cryptic splice donor
and acceptor sites in regions with high sequence homology and
that are present as many as four times within the coding region
of the MDM2 mRNA. For example, a 9-bp repeat sequence
(AAGAGACCC in exon 3 and AAGAAACCC of exon 12) is
involved in the splicing of the EU2 variant (a splice variant
detected in soft tissue sarcomas; 17). Similar findings have been
described by Hong and Li (22) for the retinitis pigmentosa
GTPase regulator. Here, various portions of a purine-rich region
were removed as introns. When analyzing the purine-rich
sequences within the RPGR gene, several exonic splice
enhancers that promote splicing through interaction with
splicing factors were found, and Western blot analysis revealed
many different sizes of RPGR proteins (22). Similar observa-
tions have also been made when MDM2 protein expression is
evaluated in primary tumor samples (Bartel, unpublished
observations) and in several normal tissues (23).

Given the fact that alternative splicing of the Drosophila
Dscam pre-mRNA gives rise to over 38,000 transcripts (24), the
splicing pattern of MDM2 mRNA is still somewhat concise.
However, the question remains as to why there are so many
splice variants. We have described a mechanism by which a
diverse collection of mRNAs can be generated from a single
gene (Fig. 3), but it is unknown how many of the more than

40 splice variants described for MDM? are real and functionally
relevant. It has been shown that many of the documented
splicing errors can be caused by mutations in the genomic
DNA, thereby creating new or destroying normal splice sites
(25). Furthermore, mutations within binding sites of splicing
regulatory proteins can cause “missplicing” (26, 27). However,
whether this is also true for MDM?2 is not known. There are
only a few reports describing analysis of mutations within the
MDM?2 cDNA, but it is unknown whether these contribute to
the diversity of the MDM2 mRNA transcripts. Point mutations
have been described in the zinc finger-encoding region of
MDM?2 cDNA isolated from non-Hodgkin’s lymphomas,
leukemias, and hepatocellular carcinomas (28) and in other
domains in liposarcomas (19). However, the mutation frequen-
cy of the MDM?2 gene in general is rather low, as other reports
detected no mutations in the MDM?2 cDNA isolated from other
tumor types (29-31).

The fact that some splice variants have been detected only in
particular tumor types suggests that they might contribute to the
transformed phenotype of these tumors, whereas others (e.g.,
MDM?2-A) may be associated with tumorigenesis in general.
However, it is important to note that a considerable number of
MDM?2 splice variants have been detected in normal tissues
(23), demonstrating that MDM2 isoforms do not always
possess oncogenic properties.

Functions of MDM2 Isoforms

There are several variants that share great structural
homology (Fig. 2), suggesting that they may perform similar
cellular functions. In addition, because multiple isoforms with
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similar sequences are often expressed within the same tumor
(11), some isoforms are functionally redundant. Many examples
of alternative splicing result in the region encoding the COOH
terminus to be out of frame. This frame shift leads to the
generation of novel amino acid sequences; however, because
these new sequences differ in every case and are very short
(only eight or nine amino acids), they are unlikely to contribute

to a common novel function. However, it is not without
precedent that these unique sequences could contribute to a gain
of function as has been shown for MDMX-S, an isoform of the
MDMX protein (32, 33). The MDMX-S isoform is character-
ized by a short unique amino acid sequence, which increases
12-fold the affinity of MDMX-S binding to p53 compared with
MDMX (33).
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Evans et al. (34) have shown that at least one splice variant
(MDM2-B or ALTI) encodes a protein that binds full-length
MDM?2, resulting in sequestration of both proteins in the
cytoplasm. This finding is important because alternatively and
aberrantly spliced MDM2 mRNAs are usually expressed
together with full-length MDM?2 transcripts. MDM2-B is the
most frequently expressed MDM?2 splice variant. It has been
observed in numerous types of cancer, including ovarian and
bladder cancers (12), breast cancer (13, 16), soft tissue sar-
comas (17, 19), and giant cell tumors of the bone (20), but it
also occurs in normal breast tissue (16).

Evans ef al. (34) demonstrated that binding of MDM?2-B to
full-length MDM2 increased wild-type p53 activity, an
observation that was also described by Dang et al. (35) with
some of the murine variants. On binding of MDM?2 splice
variants with an intact COOH-terminal RING finger domain to
full-length MDM2 protein, pS3 protein becomes stabilized,
resulting in a growth-inhibitory phenotype.

A correlation between expression of MDM?2 splice variants
and stabilization of wild-type p53 has also been described in
glioblastoma cell lines despite an amplified MDM?2 gene (14).
In soft tissue sarcomas, the expression of MDM?2 splice forms
was also associated with an overexpression of mutant and wild-
type p53 (17). These findings suggest that pS3 accumulation
arises as a consequence of alternative and aberrant MDM?2
splicing independent of the mutational status of p53. Although
wild-type p53 overexpression induced by MDM?2 isoforms is
inconsistent with tumor progression, it is conceivable that the
stabilization of mutant p53 might contribute to transformation
and tumor growth. It is also possible that MDM?2 splice variant-
mediated p53 activation could result in enhanced selective
pressure to inactivate the p53 apoptotic pathway, thereby
increasing accumulation of other genetic defects and promot-

ing tumorigenesis. However, the association between MDM?2
splice variants and malignancy is controversial. Initial studies
by Sigalas et al. (12) demonstrated that the expression of
MDM? splice forms in transfected NIH3T3 cells could grow
as colonies in soft agar. These findings have been supported
by data from Steinman ef al. (36) who demonstrated that
MDM?2-B, which is the most prevalent isoform identified in
tumors, can cause tumors in a transgenic mouse model. Re-
cent data from Fridman et al. (37) show that the murine
equivalents of the human MDM?2-B, -D, and -E splice forms,
but not MDM?2-A, significantly accelerated lymphomagenesis
in an Ep-myc transgenic mouse model. The lymphomas pro-
duced by the splice variants were aggressive and displayed a
similar pathology to lymphomas expressing full-length
MDM?2. These data provide evidence that at least some
MDM?2 isoforms can contribute to tumor development in an
in vivo mouse model. However, in contrast to a transforming
function, MDM?2-B is expressed in both normal and malig-
nant mammary tissues (16).

Another aspect to be considered regarding a potential
transforming function of the MDM2 isoforms is the amount
and/or the translation efficiency of a given mRNA as well as the
ratio of two or more splice variants. Because it is unknown
under what conditions p53-independent functions of full-length
MDM?2 may be active, it is impossible to predict the function of
each splice variant in all the model systems evaluated. In many
cases, MDM?2 isoforms may not be functional and, therefore,
would not affect the cell negatively. However, many of the
proteins synthesized from alternatively and/or aberrantly
spliced mRNAs can play either a transforming role or a
“normal” physiological role dependent on the cell type. In
addition, recent data from Bartl ef al. (38) suggest a new RNA-
based function of MDM2. The authors describe a 365-bp,
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Table 1. Sequence of the Anti-MDM2 Oligonucleotides

Oligonucleotide Sequence® Target Sequence in Exon Characteristic References

Kondo GACATGTTGGTATTGCACAT Exon 3 Phosphorothioate oligonucleotide (39-41)

HDMASS GATCACTCCCACCTTCAAGG Exon 7 Phosphorothioate oligonucleotide (42, 43)
Anti-MDM2-MBO UGACACCTGTTCTCACUCAC Exon 7 Mixed backbone oligonucleotide (44-46, 48, 51, 55-57)

“Underlined sequences, 2'-O-methyl-RNA linkages between nucleotides.

alternatively spliced transcript that is composed of the first five
MDM? exons and is highly stress inducible. It appears to be the
major processing product of the MDM?2 mRNA both in normal
and in cancer cells (38). Therefore, it seems likely that even
transcript variants that are not translated fulfill a function as
small non-mRNAs. Future studies are required to clearly define
the functions of the many MDM?2 transcript variants and how
their expression is controlled.

Down-Regulation of the MDM2 Messenger RNA
by AS-ODNs

The use of AS-ODNs targeted to different MDM?2
mRNAs may be a useful approach to evaluate the functions
of alternatively spliced isoforms. In addition, MDM?2
antisense designed to down-regulate splice variant and/or
full-length MDM2 mRNAs may be a useful anticancer
therapeutic approach (Fig. 1). However, many of the
MDM2-AS-ODNs reported to date were designed to target
sequences not present within the majority of splice variants
and therefore would only down-regulate full-length MDM2
expression. Here, we summarize current progress on the
development of MDM2-AS-ODNs as a potential anticancer
therapy.

The first study to use MDM2-AS-ODNs (Table 1) to
down-regulate MDM?2 expression was published by Kondo
et al. (39). It was shown that glioblastoma U87-MG cells
were more susceptible to cisplatin-induced apoptosis when the
cells were cotreated with cisplatin and MDM2-AS-ODNs that
targeted the first 20 nucleotides of the open reading frame. A
decrease of the MDM2 protein level could be observed,
although p53 protein levels remained constant. These findings
(39) suggest an important role for MDM2 in the development
of resistance to cisplatin. Teoh et al. (40) studied the effect of
the same oligonucleotide in a series of multiple myeloma cell
lines. Treatment with MDM2-AS-ODNs resulted in decreased
DNA synthesis and cell viability as well as a G; cell cycle
arrest associated with pRb-E2F1 binding. Furthermore,
apoptosis was induced in the AS-ODN-treated cells (40). In
another study using the same MDM2-AS-ODNs described by
Kondo et al. (39), we observed decreased MDM2 protein
expression 24 h after antisense treatment and an 80% decrease
in the colony-forming ability of MDM2-AS-ODN-treated
undifferentiated sarcoma cells (US8/93) compared with
control cells that received a scrambled control oligonucleotide
(41). Although MDM?2 splice variants were not evaluated
during these studies, the MDM2-AS-ODN used had the
potential to down-regulate many of the common splice forms

Table 2. Summary of Published in Vivo Applications of Anti-MDM2 Oligonucleotides

Tumor Type Cell Line Animal  p53 Gene  Oligonucleotide, Amount, — Drugs Effects of Cotreatment References
Model Status Schedule

Prostate cancer DU-145, PC-3  Mice ND* Anti-MDM2-MBO, Irinotecan, paclitaxel, Synergistic effect (56)
25 mg/kg/day, rituxan (+ irinotecan) slightly
4 x 5 days/wk increased activity

(+ paclitaxel, rituxan)

Colon cancer LS174T Mice Wild-type  Anti-MDM2-MBO, 10-Hydroxy-camphothecin,  Synergistically or additive (46, 57)
20 mg/kg/day, 5-fluorouracil therapeutic effects
5 days/wk

DLD-1 Mutant
Glioblastoma U87-MG Mice Wild-type  Anti-MDM2-MBO, Irinotecan, paclitaxel Inhibition of tumor growth,  (48)
multiforme 25 mg/kg/day, 39- and 63-fold
5 days/wk activity of irinotecan
and paclitaxel

Rhabdomyosarcoma  RD Rat Mutant Anti-MDM2-MBO, - Significantly reduced 51
100 pg continuously tumor growth, decreased
over 1 wk mutant p53 levels

Breast cancer MCE-7 Mice Wild-type  Anti-MDM2-MBO, Irinotecan, paclitaxel, Synergistically or additive (47)
25 mg/kg/day, 5-fluorouracil therapeutic effects
3 X 5 days/wk

MDA-MB-468 Mutant

Colon cancer GEO Mice ND Anti-MDM2-MBO, Cisplatin, topotecan Potentiation of effects of (45)
10 mg/kg/day, cisplatin, topotecan
2 X 5 days/wk

Osteosarcoma SISA Mice ND Anti-MDM2-MBO, 10-Hydroxy-camphothecin,  Synergistic effect of (44)
25 mg/kg/day Adriamycin cotreatmant

Choriocarcinoma JAR Mice ND Anti-MDM2-MBO, 10-Hydroxy-camphothecin,  Synergistic effect of (44)
25 mg/kg/day Adriamycin cotreatmant

“ND, not determined
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(Fig. 2) in addition to full-length MDM2. However, because
splice variant expression was not analyzed during these studies,
it is not possible evaluate how potential changes in splice variant
expression may have influenced the observed results.

Chen et al. (42) investigated the effects of improved
phosphorothioate MDM2-AS-ODNs in JAR, SJSA, and
MCEF-7 cells. The MDM2 protein level was reduced up to
5-fold by using an oligonucleotide termed HDMAS5-ODN
(Table 1), resulting in activation of p53 (42). This oligonucle-
otide was directed against a sequence within exon 7 of the
MDM?2 mRNA, a region that is omitted in many splice variants.
Similar results were observed by Sato et al. (43) in
osteosarcoma U2-OS cells treated with HDMASS-ODN in
combination with DNA-damaging drugs such as mitomycin C
and cisplatin. The drug-mediated cell killing were even more
pronounced when the expression of both MDM2 and p21 was
blocked by antisense transfection (43). Encouraging in vitro
results of MDM2-AS-ODN treatment led to the development of
xenograft models of different tumors. These xenograft models
include osteosarcoma SJSA cells and choriocarcinoma JAR
cells (44), colon cancer GEO cells (45), LS174T and DLD-1
cells (46), breast cancer MCF-7 and MDA-MB-468 cells (47),
several glioblastoma multiforme cell lines (48), and prostate
cancer cell lines (49). In these studies, the human tumor cells
were injected into the inguinal area, grown to xenografts,
and subsequently treated with either an anti-MDM2 mixed
backbone oligonucleotide (anti-MDM2-MBO; Table 1; 44)
alone or in combination with chemotherapeutic drugs such as
irinotecan, paclitaxel, 5-fluorouracil, or radiation (Table 2;
47-51). MDM2-MBO is another oligonucleotide targeted to
exon 7 that is deleted in most splice variants (Fig. 2). In most
studies, the MDM2-AS-ODNs were given by i.p. injection at 5
consecutive days. Compared with untreated animals, treatment
of the respective xenografts with MDM2-AS-ODNs led to
significant antitumor activity in terms of slowed tumor growth
and prolonged survival that was attributed to inhibition of
MDM?2 expression. In cell lines with wild-type p53 such as
MCF-7 (47) and U87-MG (48), these antitumor effects were
accompanied by elevated levels and increased activity of wild-
type p53, whereas in cell lines with mutant p53 such as MDA-
MB-468 (47) and T98G (48), the p53 protein levels remained
unaffected. In contrast, treatment of an orthotopic xenograft
model of rhabdomyosarcoma RD cells (p53mt/—) in the
peritoneum of nude rats with MDM2-AS-ODNs resulted in
decreased levels of both MDM2 and mutant p53 (51). In
general, synergistic effects were observed when cells or
xenografts were treated with a combination of MDM2-AS-
ODN:s and the respective drug or radiation compared with the
treatment with either of these agents alone (47—50). However,
combination of irinotecan and a MDM2 mismatch control
oligonucleotide had the similar effect as the combination of
irinotecan and MDM2-AS-ODNs (47—49). The authors spec-
ulated that treatment with oligonucleotides, in general, increases
the uptake of the active metabolite of irinotecan, SN-38 (46).

Conclusions

It has been shown that MDM2 not only acts as an oncogene
but also displays growth-inhibitory functions. However, it is
currently unclear how these different functions are controlled or

influenced by expression of alternatively spliced isoforms of
MDM2. The use of AS-ODN:s to inhibit the expression of genes
of the p53-MDM2 pathway has the potential to become an
exciting new cancer therapy (52, 53). MDM2-AS-ODNs
specifically inhibit MDM2 expression, and they employ their
antitumor activity via different mechanisms, regardless of p53
status. This is particularly noteworthy given the high mutation
frequency of the p53 gene in human cancer (54). The activity of
conventional drugs or radiation can be synergistically enhanced
if given in combination with MDM2-AS-ODN:ss, and the effects
appear to be independent of p53 gene status or the different
MDM2 isoforms that might be expressed. In light of the current
findings, effective cancer therapy may involve inhibiting
MDM?2 expression, in addition to blocking binding of MDM?2
to p53, to inhibit all the growth-promoting activities of MDM2.
However, whether the AS-ODNSs influence expression of any
MDM2 splice variants is currently unknown. As specific splice
variants have now been shown to play a role in tumorigenesis,
knowing whether they are down-regulated together with full-
length MDM2 will be important for interpretation of future data.
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