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Referat:

Die Abschatzung der Prognose fur Patienten, insbesondere Kinder mit onkologischen
Erkrankungen stellt eine groRRe Herausforderung an die behandelnden Arzte dar. Vor Beginn
einer Therapie werden daher viele Informationen gesammelt, um einen Patienten moglichst
gut in eine vordefinierte Risikogruppe stratifizieren und dementsprechend eine mehr oder
weniger intensive Therapie anbieten zu kénnen. Diese Einteilungen sind allerdings fir keinen
Malignomtyp mit 100%-iger Sicherheit moglich. Das ist die Ursache dafir, dass auch in
niedrige Risikogruppen eingeteilte Patienten nicht auf die Therapie ansprechen und einen
unvorhergesehen schlechten Verlauf zeigen konnen. Auf der anderen Seite scheint es
Patienten zu geben, die trotz initial schlecht eingeschatzter Prognose einen Uberaschend
guten Verlauf nehmen, auf die Therapie gut ansprechen und letztlich geheilt werden kdénnen.
Einen Beitrag zu leisten, um die Stratifizierung fir Kinder, die an einem Neuroblastom
erkrankt sind, zu verbessern und damit zu vermeiden, dass einige Patienten unter- oder
andere Patienten Ubertherapiert werden miissen, ist das Ziel dieser Habilitationsarbeit.

Zu diesem Zweck wurden differentielle, molekulare Marker in primédren humanen
Neuroblastomen identifiziert und deren prognostische Bedeutung dargestellt. Einzelne dieser
Marker (differentiell expremierte  mRNAs) wurden in Zellkultursystemen funktionell
untersucht, um deren zellbiologische Funktion, die der jeweiligen prognostischen Bedeutung
zugrunde liegen kann zu erklaren. Desweiteren konnten genomische Merkmale des
amplifizierten genomischen Abschnittes auf Chromosom 2p25 um MYCN beschrieben
werden. Darauf basierend konnte eine patientenindividuelle und tumorzellspezifische PCR
entwickelt werden (AFS-PCR), die sich als Marker fiir den Nachweis einer minimalen

Resterkrankung eignet.
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1. Einleitung

Die Abschatzung der Prognose fur Patienten mit onkologischen Erkrankungen stellt eine
groRe Herausforderung an die behandelnden Arzte dar. Derzeit gibt es keine Parameter, die
eine sichere Vorhersage auf das Ansprechverhalten einer diagnostizierten Tumorerkrankung
geben kénnen. Vor Beginn einer Therapie werden daher viele Informationen gesammelt, um
einen Patienten mdoglichst gut in eine vordefinierte Risikogruppe stratifizieren und
dementsprechend eine mehr oder weniger intensive Therapie anbieten zu kénnen. Diese
Einteilungen sind allerdings fur keinen Malignomtyp mit 100%-iger Sicherheit mdglich. Das
ist die Ursache dafur, dass auch in niedrige Risikogruppen eingeteilte Patienten nicht auf die
Therapie ansprechen und einen unvorhergesehen schlechten Verlauf zeigen kdnnen. Auf
der anderen Seite scheint es Patienten zu geben, die trotz initial schlecht eingeschatzter
Prognose einen Uberraschend guten Verlauf nehmen, auf die Therapie gut ansprechen und
letztlich geheilt werden konnen.

Einen Beitrag zu leisten, um diese Stratifizierung fur Kinder, die an einem Neuroblastom
erkrankt sind, zu verbessern und damit zu vermeiden, dass einige Patienten unter- und

andere Patienten Ubertherapiert werden muissen, ist das Ziel dieser Habilitationsarbeit.

Die Risikoeinteilung von Kindern mit Neuroblastom erfolgte lange Zeit hauptséchlich anhand
klinischer, laborchemischer und histopathologischer Kriterien. Bekannte klinische Kriterien
sind dabei das Alter bei Diagnosestellung und das Tumorstadium. Sauglinge und
Kleinkinder, die junger als 18 Monate bei Diagnosestellung sind haben dabei eine signifikant
bessere Prognose als altere Kinder (Cohn et al 2009.). Die Einteilung der Tumorstadien wird
nach der Internationale Stadieneinteilung fiir Neuroblastome (INSS) vorgenommen (Evans et
al.,1971; Monclair 2009) (siehe Tab. 1.1). Die Prognose nimmt dabei mit zunehmendem
Tumorstadium ab. Eine Besonderheit bei den Neuroblastomen bietet das so genannte
Stadium 4s. Dieses Stadium beschreibt Sauglinge mit primar multilokular manifestierten bzw.
metastasierten Tumoren, die ein streng vordefiniertes Metastasierungsmuster aufweisen und
trotzdem eine Tendenz zur spontanen Regression zeigen. Zwingt die Tumorlast bei diesen
Patienten nicht zur Therapie, kann trotz der teilweise beeindruckenden Klinik auf eine

spontane Remission gewartet werden.



Tab 1.1;

Internationale Stadieneinteilung des Neuroblastoms nach INSS

(Gbernommen aus der NB-97 Studie)

Stadium 1 |Lokalisierter Tumor mit makroskopisch kompletter Entfernung (mit oder
ohne mikroskopischem Resttumor); reprasentative ipsi- und kontralaterale
Lymphknoten sind histologisch ohne Tumorbefall. Lediglich unmittelbar
am Tumor adhéarente, chirurgisch entfernte LK durfen positiv sein.
AuBlerdem bilaterale Tumore, die makroskopisch komplett reseziert

werden kénnen ohne regionalen Lymphknotenbefall.

Stadium 2 |Unilateraler Tumor mit makroskopisch inkompletter Entfernung;
reprasentative ipsi- und kontralaterale Lymphknoten sind histologisch
ohne Tumorbefall.

Unilateraler Tumor; regionale, nicht adharente LK zeigen Tumorbefall;

kontralaterale LK sind histologisch negativ.

Stadium 3 | Nicht respektabler, unilateraler Tumor mit Uberschreiten der Mittellinie mit
oder ohne Lymphknotenbefall

oder unilateraler Tumor mit kontralateralem Lymphknotenbefall

oder nicht resektabler Mittellinientumor mit bilateraler Ausdehnung durch
Infiltration oder durch Lymphknotenbefall (bis zur oder Uber die jeweilige
Wirbelkante hinaus)

Stadium 4 | Disseminierung des Tumors zu Knochenmark, Knochen, entfernten LK,

Leber, und/oder anderen Organen.

Stadium Lokalisierter Primartumor wie beim Stadium 1,2a oder 2b und
4s Disseminierung nur in Leber, Haut und/oder Knochenmark.

Nur Sauglinge im 1. Lebensjahr.

Die Knochenmarksinfiltration ist gering (<10% Tumorzellen im Ausstrich)

und mIBG negativ.

Histopathologisch unterscheidet man je nach Differenzierungsgrad zwischen dem
Ganglioneurom mit ausdifferenzierten Ganglienzellen und dichtem Schwann-Zell Stroma,
dem Ganglioneuroblastom mit Nestern von unreifen Neuroblasten neben ausdifferenzierten
Ganglienzellen und Schwann-Zellen und das eigentliche Neuroblastom mit einem
einformigen Zellbild, das von kleinen, runden, Zytoplasma-armen und hyperchromaffinen
Zellen geprégt ist, neben denen nur noch wenig oder gar kein Schwann-Zell Stroma zu
finden ist. Diese Zellen entsprechen den unreifen Neuroblasten und sind h&ufig in fur das

Neuroblastom typischen, so genannten A Ho mWrighttRos et t e nfi angeordne
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Differenzierung gegeniber den anderen Tumoren mit dahnlichem Zellbild erfolgt
immunhistochemisch Uber den Nachweis von Neurofilamenten, Synaptophysin und der
Neuron-Spezifischen-Enolase.  Die  bekanntesten  Einteilungen in  prognostisch
unterschiedliche Tumorgruppen nach histopathologischen Kriterien stammen von Hughes
und Shimada (Hughes et al., 1974; Shimada et al., 1984). Ein internationaler Konsens ist in
der Verotffentlichung des International Neuroblastoma Pathology Committee (INPC)
festgehalten (Shimada et al, 1999) wund wird derzeit in den aktuellen
Therapieoptimierungsstudien eingesetzt (in Deutschland: NB-2004 Studie).

Neben diesen Parametern kann der DNA Gehalt der Tumorzellen prognostische Hinweise
geben. Flow-Zytometrische Messungen lassen zwei Gruppen von Tumoren unterscheiden,
Tumore mit einem diploiden DNA-Gehalt (sog.DNA-Index (DI)=1) und Tumore mit einem
hyperploidem DNA-Gehalt (DI>1). Tumore mit einem DI=1 korrelieren mit fortgeschrittenen
Stadien (v.a. Stadium 4), ungunstiger Prognose und einem schlechten Ansprechen auf eine
zytostatische Therapie. Bei alteren Kindern (ab dem 18. Lebensmonat) kénnen diese
Zusammenhange jedoch nicht mehr eindeutig beobachtet werden, so dass der Einsatz des
DI als prognostischer Faktor nur bis zum 2. Lebensjahr sinnvoll erscheint (Look et al.,1984;
Look et al.,1991). Die Karyotypisierung der Tumorzellen liefert neben der Aussage Uber die
Ploidie auch zusatzlich Informationen Uber einzelne, chromosomale Verédnderungen wie
Deletionen  oder  Zugewinne  von  genetischem Material an bestimmten
Chromosomenabschnitten.

Die Deletion des kurzen Armes eines Chromosomes 1 (LOH (loss of heterozygosity) fur
Chromosom 1p) ist eine charakteristische Verénderung in Tumoren mit einem diploiden
Chromosomensatz und insgesamt schlechterer Prognose. Diese Eigenschaft wird auf die
resultierende partielle Monosomie fur die entsprechende Region zurtickgefihrt, in der ein
oder mehrere Tumorsuppressorgene vermutet werden (Brodeur et al., 1977; Franke et al.,
1986; Christiansen et al., 1988; Fong et al., 1989). LOHs wurden aufRerdem fir die
Chromosomenregionen 3p, 4p, 9p und 9q, 11q und 14q beschrieben und zum Teil mit
Tumorentstehung und -progression in Verbindung gebracht (Hallstensson et al., 1997; Caron
et al., 1996; Takita et al., 1997; Srivatsan et al., 1991; Suzuki et al., 1989). Als weitere
zytogenetische Aufféalligkeiten weisen vor allem Tumore hoéherer Stadien so genannte
A d o urbirute-chromosome-b o di e s f (dmins) , di e eAbdchnitenh r o mo s
entsprechen, oder lange, homogen anfarbbare Regionen (HSR (homogeneously staining
regions)) innerhalb einzelner Chromosomen auf. Beide Verdnderungen sind Korrelate
amplifizierter Chromosomenabschnitte, die im Falle des Neuroblastoms distalen Regionen
des kurzen Armes des Chromosomes 2 entprechen und unter anderem das MYCN-Gen
enthalten. Die HSR wurden auf 18 von den 24 verschiedenen menschlichen Chromosomen
beobachtet und als MYCN enthaltende Regionen identifiziert (Brodeur et al., 1990).
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Zusatzliche Zugewinne genetischen Materials wurden auf dem langen Arm des
Chromosomes 17 (17g21) gefunden und mit einer schlechteren Langzeitprognose assoziiert
(Bown et al., 1999).

Die Diagnostik fur Kinder mit Neuroblastomen hat sich seit der Entdeckung der MYCN-
Amplifikation im Jahr 1983 grundlegend geandert (Schwab et al, 1983). Mit dem Nachweis
der Amplifikation dieses Onkogenes in ca. 25% aller Neuroblastompatienten konnte zum
ersten mal mittels eines spezifischen, molekularen genomischen Markers eine Subgruppe
von Patienten identifiziert werden, die eine deutlich schlechtere
Uberlebenswahrscheinlichkeit aufwiesen, als Patienten ohne MYCN-Amplifikation. Dabei ist
die prognostische Aussage statistisch gesehen unabhdngig von den klinischen und
histopathologischen Parametern.

Ein umfassender Uberblick uber die international konsensuellen Moglichkeiten der
Risikoeinteilung mittels der vorgestellten klinischen, histopathologischen  und
molekolargenetischen Faktoren ist 2009 verdéffentlicht worden (Cohn et al.,, JCO 2009).
Durch stratifizierungsabhangige Therapieschemata konnte in den letzten 30-40 Jahren
zumindest fir einen Teil der Neuroblastom-Patienten die Uberlebenschancen deutlich

verbessert werden (Moroz et al., Eur J Cancer 2010).



2. Publikationen

2.1 Genexpressionsmarker in humanen Neuroblastomen

Hintergrund:

Neben den Veranderungen, die das Genom der Neuroblastomzellen spezifisch von dem der
tbrigen, nicht transformierten Korperzellen unterscheiden kdénnen in der Regel auch grol3e
Unterschiede im mRNA Expressionsmuster beobachtet werden. Diese konnen haufig direkt
oder indirekt durch genomische Veranderungen erklart werden.

In MYCN amplifizierten Neuroblastomen findet sich daher haufig eine deutlich erhéhte
MYCN mRNA Expression im Vergleich zu nicht-MYCN amplifizierten Tumoren (Seeger et al.,
1988). Diese basiert offensichtlich auf die hthere Anzahl genomischer Kopien von MYCN,
von denen letztlich auch mehr mRNA transkribiert werden kann. Interessanterweise findet
sich jedoch auch in einigen nicht-MYCN amplifizierten Neuroblastomen eine sehr hohe
MYCN Expression, wahrend es einige, wenige MYCN amplifizierte Tumore gibt, die MYCN
auf einem niedrigen Level expremieren. Dies fuhrt dazu, dass im Gegensatz zur MYCN
Amplifikation die MYCN mRNA Expression (hohe MYCN Expression vs. niedrige MYCN
Expression) keine prognostische Aussagekraft bei Patienten mit Neuroblastom besitzt (Cohn
et al., 2000; Weber at al 2003). Dies verdeutlicht, dass die Interpretation von
Genexpressionsmarkern eigentlich immer nur in einem Gesamtkontext gewertet werden
kann. Dabei ist die Einbeziehung von Faktoren wie Alter des Patienten, Geschlecht,
Tumorhistologie, Tumorzellgehalt des untersuchten Gewebes, genomische Veranderungen
und Materialentnahmezeitpunkt (vor, wahrend, nach Therapie) notwendig, um zu einer
sinnvollen Interpretation zu gelangen. Aul3erdem ist es wichtig die individuelle RNA Qualitat
zu beurteilen, da RNA rasch degradieren kann. Hier spielen Faktoren wie
Materialentnahmezeitpunkt, Zeit zwischen Entnahme und Fixierung des Gewebes,
Isolationsmethoden etc. eine nicht unerhebliche Rolle.

Neben der MYCN-Expression ist die Expression weiterer mRNAs und Proteine fiir das
Neuroblastom beschrieben und lhre prognostische Eigenschaft auf den Krankheitsverlauf
diskutiert worden. Beispiele fur prognostisch glnstige Expressionsmarker sind das h-Ras-
Onkogen und das CD44-Oberflachenprotein (Tanaka et al.,, 1988; Gross et al., 1995;
Combaret et al., 1996). Als prognostisch unginstig wird die Expression des Bcl2-
ProtoOnkogenes, des MDR1-P-Glykoproteines, des src-Protoonkogenes, des Anti-
Apoptose-Genes Survivin und des Proliferationsmarkers PCNA beurteilt (Castle et al., 1993;
Dole et al., 1994; Nakagawara et al., 1990; Dhooge et al., 1997; Matsunaga et al., 1991,
Adida et al., 1998; Keim et al., 1993).



Eigene Publikationen:

Bergmann E, Wanzel M, Weber A, Shin |, Christiansen H, Eilers M. Expression of P27(KIP1)
is prognostic and independent of MYCN amplification in human neuroblastoma. Int J Cancer.
2001 May 20;95(3):176-83.

IF (Stand 2010): 4,772

In dieser Arbeit wurde die Expression von Genen, die eine Rolle in der Regulation des
Zellzyklus spielen mit dem Progressionsverhalten und damit der Prognose humaner
Neuroblastome korreliert. Dabei konnte die prognostische Relevanz der p27kip Expression in
humanen Neuroblastomen beschrieben werden. Eine hohe Expression von p27kip war
sowohl flir Patienten mit als auch ohne MYCN Amplifikation ein gut prognostischer Marker
und somit unabhangig von der MYCN Amplifikation. Allerdings war die p27kip Expression
aufgrund einer deutlichen Korrelation nicht prognostisch unabhangig vom Alter der Patienten
und deren Tumorstadien.

Funktionell konnte gezeigt werden, dass die Expression von p27kip in primaren
Neuroblastomen nicht wie in Zellkulturversuchen invers mit Proliferationsmarkern wie Cyclin-
A oder PCNA korreliert. Dies konnte teilweise durch den Umstand erklart werden, dass
p27kip in einigen hoch expremierenden Tumoren Uber eine Bindung an D-Typ Cyclinen
funktionell inaktiviert werden kann. Passend zu diesem Umstand konnte keine prognostische
Relevanz fir die beiden untersuchten Proliferationsmarker gefunden werden. Damit konnte
alleine durch die bekannte Funktion von p27kip als Zellzyklusinhibitor die prognostische
Relevanz der p27kip Expression nicht ausreichend erklart werden.

Diese Arbeit zeigt, dass Untersuchungen in Zellkultursystemen, die Zusammenhange
zwischen Wachstumsverhalten (z.B. Proliferation, Differenzierung, Apoptose) und der
differentiellen Expression bestimmter Gene darlegen, keinen direkten Rickschluss auf das

Wachstumsverhalten primérer Tumore und damit die Prognose der Patienten erlauben.

Weber A, Huesken C, Bergmann E, Kiess W, Christiansen NM, Christiansen H.
Coexpression of insulin receptor-related receptor and insulin-like growth factor 1 receptor
correlates with enhanced apoptosis and dedifferentiation in human neuroblastomas. Clin
Cancer Res. 2003 Nov 15;9(15):5683-92. PMID: 14654552

IF (Stand 2010): 6,747

Zellulare Proliferation wird mafgeblich durch Wachstumsfaktoren vermittelt. Viele bekannte
Wachstumsfaktoren binden extrazellular an Rezeptoren vom Rezeptor-Tyrosinkinasetyp

(RTK) und vermitteln damit ihr proliferationsforderndes Signal nach intrazellular. Die
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Proliferation wird durch Aktivierung des pi3-Kinase- und des MAP-kinase-Signalweges
vermittelt. Die Relevanz entsprechender Wachstumsfaktoren und deren RTKs konnte in
Neuroblastomen bereits mehrfach gezeigt werden (Christiansen et al., 1990; Christiansen et
al., 1993; Nakagawarat et al., 1993; Kogner et al., 1993; Eggert et al., 2000). RTK-Proteine
bilden in der Zellmembran Dimere, die die eigentliche aktive Form der RTKs darstellen.

Der Insulin-Rezeptor-related-Rezeptor (IRR) ist eine v.a. in ihrem extrazellularen Anteil
rudimentare RTK, fur die bisher kein aktivierender oder inhibierender Ligand gefunden
werden konnte. Bekannt ist, dass der IRR mit RTKs der gleichen RTK-Familie (Insulin-
Rezeptor (IR), Insulin-like-growth-faktor-1-Rezeptor (IGF1-R)) in der Zellmembran
Heterodimere bilden kann. Hierdurch kann eine Modulation bei der Ligandbindung an die
anderen RTKs und damit der Signalwirkung der Wachstumsfaktoren (Insulin, IGF) erreicht
werden.

In der o.g. Arbeit wurde die Expression des IRR in primaren humanen Neuroblastomen
untersucht. Die IRR Expression korrelierte dabei mit lokalisierten Tumoren (Stadium 1) und
dem sehr gut prognostischen Sauglingsstadium (Stadium 4s) sowie mit einem niedrigen Alter
(<12 Monate bei Diagnose). Des Weiteren zeigte sich eine positive Korrelation mit einer
undifferenzierten Histologie. Durch die Bestimmung der Koexpressionsmuster mit dem IGF1-
R, Trk-A und dem NGF-R, erhielten wir einen Hinweis auf eine mdgliche Relevanz des IRR
fur IGF1-R vermittelte Signalwege. Uber den IGF1-R wird Proliferation vermittelt und
Apoptose inhibiert. Interessanterweise zeigten sich in den IGF1-R / IRR koexpremierenden
Tumoren ein signifikant verminderter Apoptotic-Index (Al) und haufiger eine undifferenzierte
Histologie (indirekter Hinweis auf vermehrte Proliferation). Da in der untersuchten Kohorte
die IGF1-R Expression alleine keinerlei Korrelation zu Apoptose oder Histologie zeigte, kann
dies ein Hinweis auf eine relevante Beeinflussung der IGF-1 vermittelten Signaltransduktion
durch die Koexpression von IRR mit dem IGF1-R sein.

Klinisch zeigte sich die IRR Expression als prognostisch giinstig, unabhéngig von der MYCN
Amplifikation, sowohl in der Gesamtgruppe, als auch in der Untergruppe der IGF1-R

expremierenden Tumore.
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EXPRESSION OF P27%™' IS PROGNOSTIC AND INDEPENDENT OF MYCN
AMPLIFICATION IN HUMAN NEUROBLASTOMA

Eckhard Beramann', Michael Wanzer”, Axel Weer', Inhee Sun', Holger Crristiansen' and Martin EiLers”™

' Universitiits-Kinderklinik, Marburg, Germany

“Institute for Molecular Biology and Tumor Research, Marburg, Germany

Amplification of the MYCN gene is significantly associated
with an unfavorable prognosis and rapid progression in hu-
man neuroblastoma tumors. One potential mechanism by
which MYCN may cause these effects is by deregulating cell
proliferation. Tissue culture experiments support a model in
which MYC genes stimulate cell cycle progression by antag-
onizing the function of the cell cycle inhibitor p27“P!. In
culture, activation of MYC induces both sequestration of
p27"P! by cyclin D complexes and its subsequent proteolytic
degradation. We have tested whether this model applies to
human neuroblastoma in a retrospective study of 100 pri-
mary tumor biopsy samples from neuroblastoma patients
with a documented follow-up. Consistent with this hypothe-
sis, MYCN-amplified tumors express high levels of both cyclin
A and proliferating cell nuclear antigen, 2 marker proteins of
cell proliferation. Further, expression levels of p27“P' are of
prognostic significance in human neuroblastoma patients.
Similar to tissue culture systems, p27“P! is sequestered by
cyclin D complexes in a subset of human neuroblastoma
samples. Surprisingly, however, expression levels of p27'P'
are prognostic independent of MYCN amplification, and tu-
mors that have an amplified MYCN gene do not express
elevated levels of D-type cyclins or contain significantly lower
levels of p27"iP!. Our data do not support a model in which
regulation of p27“! function is an important mechanism by
which amplified MYCN deregulates cell proliferation in neu-
roblastoma.
© 2001 Wiley-Liss, Inc.

Key words: MYCN gene; neuroblastoma; p27%%*; cell proliferation

Progress through the mammalian cell cycle 1s regulated by
cyclin-dependent kinases (CDKs); among other factors, the activ-
ity of these kinases is controlled by the levels of specific inhibitory
molecules.! Two families of CDK inhibitors are known: one
family consists of 3 related proteins, p21, p27 and p57. which
mhibit CDK2 kinase activity. A second family consists of 4 related
“ink4” proteins that specifically inhibit CDK4 and CDK6 kinase
activity.2

P27 acts as a tumor suppressor gene in mice, like other
inhibitors of cell eycle progression.3-6 Despite this fact, mutations
of the gene encoding p27*** are rare in human tumors. However,
levels of p2 75! protein are often down-regulated in tumor tissues
and are therefore predictive for disease outcome in several human
tumors. suggesting that disruption of normal control of p27-F!
metabolism 1s an important event in tumorigenesis.’!¢

Neuroblastoma represents the second most frequent malignancy
in childhood with a relative frequency of 8.3%. The age-standard-
ized incidence rate in Germany between 1989 and 1998 was 1.2
cases per 100,000 children younger than 15 years per year, with a
cumulative incidence of 16.9 cases per 100,000 children. The
tumors derive from neural crest cells, which migrate during em-
bryogenesis and form the sympathetic nervous system.!! One of
the genetic factors ivolved in the development of childhood
neuroblastoma is the amplification of the MYCN gene locus, which
occurs in a subset of tumors and is strongly predictive of poor
survival 1213 The MTCN gene encodes a transcription factor that
can both positively and negatively regulate gene expression. As
with the related c-mye protein, enhanced expression of N-Mye
stimulates cell proliferation of established cell lines' and cooper-
ates with activated alleles of RAS in the transformation of primary
fibroblasts.13

The mitogenic function of ¢-miyc in culture 1s tightly linked to its
ability to regulate the function of p27%P'. Activation of Myc
strongly stimulates cyclin E/CDK?2 kinase;'%!7 this activation is
required and can be sufficient to account for the mitogenic prop-
erties of Myc.!%1 Myc regulates cyclin E/CDK2 kinase via p27-°
since no regulation 1s observed in p27-deficient cells.?’ Myc pro-
tein directly stimulates the transcription of the cyclin D2 and cul-1
genes, leading to sequestration and degradation of p27.22-2* In
addition, Myc may indirectly control translation of the cyclin D1
mRNA 25

Similarly, regulation of p27 levels has been implicated in the
control of proliferation of neuroblastoma cells,25-27 raising the
possibility that deregulation of p27 function is a critical event by
which amplification of MYCN contributes to the genesis of neu-
roblastoma. Therefore, in this study we asked whether levels of
p27 are of prognostic significance in human neuroblastoma and
whether the reduced survival of children with MYCN-amplified
tumors can be explained in terms of the proposed regulatory circuit
linking Myc genes to p27.

MATERIAL AND METHODS
Patients and tissites

Tumor specimens from 100 neuroblastomas from a population
of more than 1,000 patients were selected considering distribution
of age and stage of the patients. According to the revised interna-
tional neuroblastoma staging system (INSS) 17 (18%) cases were
stage 1, 12 (13%) were stage 2, 18 (19%) were stage 3, 37 (39%)
were stage 4 and 10 (10%) were stage 4s. The mean age was 29
months (range 0.2—132 months; median 19.8 months). Histopatho-
logic classification was distributed as follows: 40% stroma-poor
undifferentiated (grade 1), 20% stroma-poor differentiated (grade
2) and 40% diffuse stroma-rich tumor samples (grade 3).

Western blot analysis and antibodies

Cellular protein was extracted by lysing 30 mg of tumor tissue
with 300 pl of ice-cold lysis buffer (150 mM NaCl, 1% NP-40, 50
mM Tris-buffer pH 8.0, aprotinin 5 mg/ml, leupeptin 5 mg/ml,
pepstatin 1 mg/ml. 0.2 M phenylmethanesulfonyl fluoride). West-
em blotting was carried out as described previously®” using an
enhanced chemiluminescence system (Amersham).

The following antibodies were used: a-mouse IgG peroxidase-
conjugated antibody (Amersham): a-rabbit IgG peroxidase-conju-
gated secondary antibody (Amersham); «-p27 rabbit-polyclonal
antibody (Santa Cruz, #sc-528-G). a-cyclin A rabbit-polyclonal
antibody (Santa Cruz, #sc-751); a-proliferating cell nuclear anti-
gen (PCNA) mouse monoclonal antibody (Boehringer-Mann-
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EXPRESSION OF pP275F! 177
TABLE 1-SUMMARY OF CLINICAL CHARACTERISTICS AND PRIMARY DATA
Total number Number of tumors positive for
of tumors -
examined p27 CyclinA PCNA CyclinD1 CyclinD3*
MYCN copy number
=1 21 9 7 16 5 5
<1 79 45 36 36 19° 33
Tumor stage
I 19 11 10 11 3 10
I 12 10 6 7 6 9
11 19 7 10 10 5 6
IV 39 16 21 16 7 10
IVs 11 10 6 8 3 3
Histology!
I 32 15 6 10 6 12
I 18 11 11 11 4 6
111 31 17 21 24 11 11
Age
=18 months 55 25 24 23 10 19
<218 months 45 29 29 29 14 19
PCNA, proliferating cell nuclear antigen—'Histology of 19 tumors was unknown—>CyclinD1 expression
was analyzed in 26 tumors without amplification of MYCM—SC?)’clthZ was not detected in any tumor.
heim): a-pRb mouse monoclonal antibody (PharminGen): a-cy- N
clin D1 rabbit polyclonal antibody (Santa Cruz, #sc-246); a-cyclin (a) 2
D2 mouse monoclonal antibody (DCS3: (Bartkova er al.*%): a-cy- |17 |34 |56 |57 | 19 |36 52|39 |40 |54 s
clin D3 mouse monoclonal antibody (DCS22: (Bartkova e al.>®); — -
«-CDK2 rabbit polyclonal antibody (Santa Cruz. #sc163): and B R —— = ape7
«-Mad rabbit polyclonal antibody (Santa Cruz. #s¢222).
Western Blot data on expression of p27. cyclin A. PCNA and [ I
cyclin D2 were collected from all tumors in the study. "
R —— e a— — o —— — a-cdk2

Histochemistry

Paraffin sections were deparaffinized with xylene for 5 min,
rehydrated with descending concentrations of ethanol and micro-
waved for 10 min in 10 mM citrate buffer (pH 6.0). Endogenous
peroxidase activity was blocked by treatment with 3% hydrogen
peroxide in methanol. Then sections were incubated with normal
horse serum (1:20 dilution) in 0.1 M phosphate-buffered saline
(PBS) at pH 6.0 following an overnight incubation with monoclo-
nal p27KIP1 antibody (Transduction laboratories. Lexington. KY)
diluted 1:1.000 in PBS. Afterwards slides were treated with a
biotin-labeled anti-mouse antibody and incubated with preformed
avidin-biotin-peroxidase complex (Vectastain Elite ABC kit: Vec-
tor Laboratories. Burlingame. CA). Metal-enhanced diaminoben-
zidine substrate (DAB, Sigma cat. #D8001) was then added in the
presence of horseradish peroxidase. The sections were counter-
stained with hematoxylin, rehydrated and mounted. Histochemis-
try of p27 was performed for a total of 14 selected tumors.

Immunedepletion experiments. Pre-cleared cell lysates in immu-
noprecipitation buffer [50 mM Tris pH 8.0, 150 mM NaCl. 10%
glycerol, 1 % NP-40 (Sigma). 50 mM NaF, 80 pM glycerophos-
phate, 1 mM EGTA. 10 pg each of leupeptin, pepstatin and
aprotinin per milliliter] were incubated with the indicated antibody
bound to protein G-Sepharose overnight at +4°C on a shaker. This
step was repeated with the resulting supernatant of the first im-
muno-precipitation (IP). Immune complexes bound to protein G-
Sepharose were collected by centrifugation and washed several
times in immunoprecipitation buffer. ITmmune-precipitated pro-
teins were resolved by a 12% sodium dodecyl sulfate (SDS) gel
followed by the standard protocol for Western blot analysis as
described above.

Kinase assays were carried out as described elsewhere.!”

Statistical analysis

Independence between 2 categorized variables was tested using
the Yates-corrected x> test of Pearson. For univariate survival
analysis, Kaplan—Meier estimates were calculated. To test for
difference n survival between 2 groups, the log-rank test was
applied. For multivariate analysis. the Cox proportional hazard

1,0 1

0,84
£
8
o 4
8 0,6
o
3
c 0,47
@

| SE— ..'_.._.
0,24 P27 + +
0 T Ll Ll T T T
0 20 40 60 80 100 120 140
p=0,0087 months

FIGURE 1—Levels of p27 are prognostic for survival in human
neuroblastoma. (@) Western blot documenting different expression
levels of p27 protein in a group of primary neuroblastoma biopsy
samples. The samples represent a group of tumors sorted according to
the amount of p27. As a confrol. the blot was re-probed with antibodies
directed against cyclin-dependent kinase-2 (CDK2) (lower panel). The
lane designated “rec.p27” confains 5 ng recombinant p27. (b) Kaplan—
Meier diagram documenting increased survival probability of patients
with tumors that contain detectable amounts of p27 (p27 ") versus
patients with tumors lacking detectable p27 (p27 ).

model was used. The proportionality assumption was investigated
graphically, and 95% confidence intervals (CI) for odds ratios
(OR) estimated by the Cox model were obtained using the trans-
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formation formula. The molecular markers were coded as follows:
MYCN = 1 if amplified and 0 otherwise; p27, cyclin A and
PCNA = 1 if detected and 0 otherwise.

RESULTS

To explore the potential prognostic value of p275P! protein
levels in human neuroblastoma, we chose 100 samples from a
collection of 2,300 primary tumor specimens with a documented
mean follow-up time of 47.2 months. This collection reflected the
distribution of tumor stages and the percentage of MYCN-ampli-
fied tumors of the total population of neuroblastoma patients (see
Table I for a summary of clinical characteristics and primary
data).>?

Frozen tissue from each tumor was extracted in lysis buffer (see
Material and Methods) and extracts were adjusted to equal protein
concentration. Aliquots were separated by SDS-polyacrylamide
gel electrophoresis and the amount of p27 was determined by a
semi-quantitative Western blotting assay. As a control for equal
loading, a blot prepared in parallel was probed with a-CDK2
antibodies (see Fig. la). Extracts that contained low amounts of
CDK2 were excluded from the analysis (6 of 100). In these
experiments, we found that different tumor samples contained
widely varying amounts of p27 protein, ranging from undetectable
amounts to approximately 1 ng p27/p.g total protein.

(a)

wB p27|

BERGMANN ET AL.

Kaplan—Meier analysis showed that levels of p27 protein were
predictive for long-term survival of neuroblastoma patients (p =
0.0087: n = 94) (Fig. 1b). The median survival time of patients
with tumors expressing p27 was 34.6 months (range 1.6-96
months), and for patients with p27-negative tumors it was 27.9
months (range 6.1-123.2 months).

Immunohistochemistry of a subset of the total tumor samples
revealed a close correlation between the signal observed in the
Western blot analysis with the signal observed by immunohisto-
chemical staining using an «-p27 polyclonal antiserum and a
peroxidase-coupled secondary antibody (Fig. 2a). Inspection of
several samples taken from an individual tumor revealed that the
amount of p27 was homogeneous throughout the entire tumor (not
shown). Several tumors of distinct histology were analyzed: in
stroma-poor tumors, staining was essentially homogeneous
throughout the entire tissue (Fig. 2a, top row). In stroma-rich
tumors, if positive for p27, a strong staining was observed in the
tumor tissue itself; in contrast, the surrounding connective tissue
did not stain positive for p27 (Fig. 2a, second row). Tumor
capsules and fat tissue, where observed, also did not stain positive
for p27 (Fig. 2a). In an individual tumor, little cell-to-cell variation
of staining was observed (Fig. 2b).

Taken together, the data show that expression of p27 varies
strongly between individual tumors and is homogeneous within the

F1GURE 2 — Immunohistochemical detection of p27. Expression of p27 was detected using an immunoperoxidase-coupled secondary antibody:
sections were counterstained with hematoxylin. The designations (—) and (+) refer to absence or presence of p27 in the same tumor as
determined by Western blotting. (¢) Tumors 65 and 87 were classified as stroma poor (according to (Shimada e a/.>°). and tumors 55, 96 and
4 classified were as stroma rich. The asterisk indicates part of the tumor capsule; black arrows indicate connective tissue; “-1st antibody”
designates a control staining in the absence of primary antibody (of tumor 65). (b) Higher magnification view of some tumors documenting

absence of cell-to-cell variation in p27-positive tumors.
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Ficure 3 — Co-expression of cyclin A and proliferating cell nuclear
antigen (PCNA) with p27 in a subset of human neuroblastoma tumors.
(a) Western blot documenting different expression levels of cyclin A
and PCNA proteins in a group of primary neuroblastomas. As a
control, the blot was re-probed with antibodies directed against cyclin-
dependent kinase-2 (CDK2). Cyclin A migrates as 3 bands 3Blesumably
to partial proteolytic processing in vive (Bastians er al. (b) The
panel documents the percentage of tumors that express PCNA or p27
in the subgroups of tumors that do or do not express cyclin A.

tumor tissue. Expression levels of p27 are predictive for long-term
survival in childhood neuroblastoma.

Because p27 is degraded at the G,/S transition, proliferating
cells often contain much lower amounts of p27 than quiescent
cells.31=34 It was therefore possible that any marker of cell prolif-
eration would vyield results that are comparable to those obtained
with p27. Indeed, several studies suggested that levels of either
PCNA or Ki-67 were prognostic in neuroblastoma patients 3537
To test this notion, we probed the same extracts with antibodies
directed against PCNA and against cyclin A, a cyclin that is
specifically expressed in the S- and G,-phase of proliferating
cells.38

Similarly to p27, different tumors contained widely varying
amounts of both proteins (Fig. 3a4). Comparison of the expression
level of cyclin A m different tumors with that of PCNA showed
that the expression of both proteins was strictly correlated with
each other: 90% of all tumors that expressed detectable amounts of
PCNA were also positive for cyclin A and vice versa (Fig. 3b). The
small degree of divergence resulted from a few tumors with low,
but detectable expression of 1 protein and undetectable expression
of the other. The correlation of expression suggests that the con-
comitant use of both markers allowed the identification of a subset
of highly proliferative tumors.

There was no significant correlation between the expression of
cyclin A/PCNA and that of p27 (Fig. 35). Based on both markers,
the tumors could be grouped into 4 groups, each of which con-
tained approximately the same number of tumors (p27+/cycA+,
p27+/cycA—. p27—/cycA+, p27—/cycA—). The data mdicate
that expression of p27 and of cyclin A/PCNA are regulated inde-
pendently of each other in human neuroblastoma. This result is
surprising because p27 acts as a negative regulator of cell prolif-

179
(a) p2Troych p27tcycAt
85 | 80 119 | 87 |18 10 12 |19 | A JB?J
—* iy == o = =
histone H1
(cyc D3%) (eye D1%)
a-cdk2 control
( ) 4 16 12 10
Inp spni spn2 Inp spnl spn2 Inp spni spn2 Inp spni spn2
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1 I I I 1 I 1
SRR . - aoye
I I I 1 I | | 1
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Ficure 4 — Tumors expressing both p27 and cyclin A contain in-
hibitor-free cyclin A and cyclin E and active cyeclin-dependent ki-
nase-2 (CDK2). (a) CDK2 kinase assays documenting the presence of
active CDK?2 in tumors expressing both cyclin A and p27. As controls,
kinase assays from 3 tumors that do not express cyclin A (left lanes)
and from cyclin A-positive tumors using a control antibody (right
lanes) are shown. (b) Lysates from 4 tumors that express both cyclin
A and p27 were either probed directly with antibodies directed against
cyclin A, cyclin E or p27 (lanes designated “Inp”) or subjected to 2
consecutive rounds of depletion with «-p27 antibodies (lanes “spnl”
and “spn2”). Depletion of p27 is documented in the bottom panel.

eration by inhibiting CDK2 complexes in the G, phase of the cell
cycle and thus suppresses expression of cyclin A when expressed
ectopically in culture (for review. see Sherr and Roberts?). How-
ever, a group of tumors expressed high levels of p27 and both
cyclin A and PCNA, indicating that a large fraction of cells in
these tumors progressed into S and G, phase.

To test whether such tumors contained active CDK2 kinase, we
prepared lysates from 12 tumors and measured CDK2 kinase
activity n these extracts using a standard immune-complex kinase
assay (Fig. 4a). The results indicate that tumors that contain both
cyclin A and p27 contain detectable CDK2 kinase activity, sug-
gesting that p27 1s sequestered in non-CDK2 complexes in such
tumors. To demonstrate this finding directly. we depleted p27 from
4 such tumors using 2 rounds of immune-depletion with «-p27
antibodies coupled to protein G-Sepharose (Fig. 4b). Consistent
with the presence of active CDK2 complexes, depletion of p27 did
not completely deplete cyclin A or cyclin E from such tumors,
confirming that inhibitor-free cyclin-CDK2 complexes exist in
these cells.

We considered 2 possibilities as to how p27 might be prevented
from binding to CDK2. First, in several tumors p27 has been
reported to be inactivated by retention in the cytosol #04! Indeed,
higher magnification images of the tumors shown in Figure 2
revealed that p27 staining was observed in both the nucleus and the
cytosol, with predominant staining in the cytosol (Fig. 5a). How-
ever, there was no significant difference in localization of p27
between tumors that did or did not express cyclin A, suggesting
that cytosolic localization of p27 does not account for its inability
to inhibit CDK2 kinase.

In normal cells stimulated by the addition of growth factors, p27
1s sequestered by D-type cyclin complexes (for review, see Sherr
and Roberts”). To test whether D-type cyclins sequester p27 in
human neuroblastoma tumors. we probed extracts of representative
tumors with antibodies directed against cyclin D1, D2 and D3 (Fig.
5b). In this experiment, tumors that expressed both cyclin A and
p27 contained significantly (5- to 10-fold) elevated levels of cyclin

-11 -



Habilitationsschrift Dr. med. Axel Weber

(b) |95 3745|381 | 29 | 40 | 86| 55| 26 94 | 34

p27*cycAt

p27*tcycA p27 cycA*

pa7+ cycA*
| 87|55 126 | 28 |94 | 34| 51| 52 |

— e = SR .y:Di
| I 1 ] | 1 1

a-cyc D2

a-cyc D3

Ficure 5 — Binding of p27 to cyelins D1 and D3 in human neuro-
blastoma. (a) High magnification view documenting intracellular lo-
calization of p27 in a cyclin A-positive and in a cyclin A-negative
tumor. White arrows indicate nuclei positive for p27. (5) Expression of
D-type cyclins in human neuroblastoma. The upper panel shows an
a-cyelin D1 Western blot of 12 tumors of the indicated phenotypes.
The lower panels show western blots documenting the expression of
cyclins D1, D2 and D3 1n 8 tumors that express both cyclin A and p27.

D1 relative to either p27 "/cyclin A~ or p27 /cyclin A™ tumors,
suggesting that p27 1s bound to cyclin D1. Re-probing of 15
additional cyclin A" /p27" tumors showed that all except 3 con-
tained strongly elevated levels of cyclin D1 (Fig. 5b): in these,
elevated levels of cyclin D3 were found. Cyelin D2 was not
expressed at significant levels in any tumor that was analyzed.
Direct immunoprecipitation showed that cyclin D1 was bound to
p27 in tumors in which the protein 1s expressed at high levels (not
shown). Taken together, the data show that elevated levels of
cyclin DI or cyclin D3 sequester p27 in a subset of human
neuroblastoma tumors.

Enhancement of cell proliferation is considered to be an impor-
tant function of MYCN in tumorigenesis. Consistent with the
suggestion that amplification of MYCN deregulates cell prolifera-
tion, more than 80% of the tumors that carry an amplified MYCN
gene expressed high levels of both cyclin A and PCNA, confirming
previous reports®>-*¢ (Fig. 6a).

In contrast to the expectations raised from tissue culture, the
large majority of MYCN amplified tumors (16 of 21) did not
express detectable levels of any D-type cyclin (Fig. 65). Further-
more, expression of either cyclin D1 or D3 was not predictive for
survival and was not correlated with amplification of MYCN.
Because elevated levels of cyclins DI or D3 were found in all
tumors that co-express cyclin A and p27, we concluded that
amplification of MYCN does not lead to enhanced sequestration of
p27 by D-type cyclins.

Also, expression levels of p27 were not reproducibly lowered in
MYCN-amplified tumors (data not shown) and the total number of
p27-positive tumors was only slightly lower in MYCN-amplified
compared with non-amplified tumors (40% vs. 60%). To test
whether amplification of MYCN was correlated with down-regu-
lation of p27, both univariate and multivariate analysis was per-
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Ficure 6 — Tumors with an amplification of MYCN express cyclin A
and proliferating cell nuclear antigen (PCNA). (a) Percentage of
tumors with detectable expression of cyelin A or PCNA among the
tumors that do or do not carry an amplified MYCN gene. (5) Percentage
of tumors that express high levels of cyclins D1 or D3 in the same 2
groups of tumors. (¢) Uni- and multivariate analysis of expression of
P27 and amplification of MYCN in relationship to each and of expres-
sion of p27 in relationship to tumor stage, histology and age of patient.

formed. Significantly. the analysis showed that the presence or
absence of p27 was predictive for prognosis independent of am-
plification of MYCN (Fig. 6¢). Multivariate analysis also showed
that p27 was predictive independent of histology. but was signif-
icantly correlated with tumor stage and was therefore not predic-
tive when corrected for tumor stage (Fig. 6¢). Correction for
patient age yielded intermediate p values, suggesting that p27
levels might be independently predictive when analyzing larger
groups of patients.

Taken together, the data support a model in which amplification
of MYCN deregulates cell proliferation of neuroblastoma cells in
vivo, but do not support a model in which cyclin D1-, D2- or
D3-mediated inactivation of p27 or enhanced sequestration 1s a
downstream pathway by which amplification of MYCN deregulates
proliferation in these tumors.

Because MYCN-amplified tumors contain high levels of both
cyclin A and PCNA and because enhancement of proliferation 1s
considered to be an important function of MYCN, one might
predict that levels of either cyelin A or PCNA would be indicative
of poor prognosis. Surprisingly, this is not the case (Fig. 7a). In
fact, amplification of MYCN (and both tumor stage and age) 1s
highly predictive for poor prognosis among the tumor samples that
were analyzed (Fig. 7a). To explain this conundrum, we noted that
both the average and the median age at diagnosis of patients with
tumors that express cyclin A was significantly lower than that of
patients with tumors that do not, suggesting that the rate of
proliferation of neuroblastoma cells is age-dependent in vivo.
Indeed, close inspection showed that expression of cyclin A de-
creased sharply with increasing age of the patient in tumors with a
single copy of the MYCN gene. In contrast, high expression of
cyclin A/PCNA was found in tumors that carry an amplified
MYCN gene independent of age (Fig. 7b). The data suggest that
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Ficure 7 — Age-dependence of cyclin A and proliferating cell nuclear antigen (PCNA) expression in human neuroblastoma tumors. (@)
Kaplan—Meier diagrams for expression of cyclin A and PCNA and, as comparison, for stage, age and amplification of MYCN. (b) Expression
of PCNA (left) or cyclin A (right) as a function of patient age at diagnosis in tumors that do or do not carry an amplified MYCN gene.

neuroblastoma cells undergo a cell cycle arrest in vivo with in-
creasing age of the patient and that this arrest does not occur in
MYCN-amplified tumors. In this view, cyclin A/PCNA levels are
not predictive because cells in neuroblastoma tumors. including
those from patients with a good outcome, constitute a highly
proliferative population during the early postnatal period. Consis-
tent with this view and with other reports,33-3¢ detectable cyclin A
levels did indicate a lower survival probability in the subgroup of
patients over 18 months of age (not shown).

DISCUSSION

In this communication, we reported 3 findings: First, we showed
that the levels of the CDK2 kinase inhibitor, p27**, are predictive
for survival in human neuroblastoma tumors. Unlike the situation
found in neuroblastoma cells in culture. however, levels of p27 do
not correlate with the degree of cell proliferation at the time of

diagnosis, because p27 is bound to cyclins D1 and D3 1n a large
fraction of the neuroblastomas we analyzed. In tumors expressing
high levels of cyclin D1 or cyclin D3, p27 was prevented from
binding to CDK2 and active CDK2 kinase was detected. In sharp
contrast to p27, expression of marker proteins of cell proliferation,
including cyclin A and E (data not shown) and PCNA, does not
predict survival in the group of neuroblastomas that we analyzed.
This situation contrasts with breast cancer, for example, in which
expression of cyclin E and of p27 are both prognostic for surviv-
al.#* We conclude from our analysis that the prognostic signifi-
cance of p27 does not reflect any role 1n regulating cell prolifer-
ation within the primary tumor at the time point of diagnosis.
Our data do not indicate directly why expression of p27 is
prognostic in neuroblastomas. Mortality from neuroblastoma usu-
ally reflects the appearance of metastases or the recurrence of a
tumor at the primary site after initial surgery or chemotherapy 4243

-13 -



Habilitationsschrift Dr. med. Axel Weber

182

Therefore, mortality and tumor progression reflect proliferative
processes that occur usually much later in time and often at
different sites from the location of the biopsy of the primary tumor
that we analyzed. The presence or absence of p27 may therefore
predict the likelihood of such processes.

Second, we noted that expression of cyclin A and PCNA
showed a strong decrease with increasing patient age in tumors
lacking amplified MYCN (Fig. 5). This finding is consistent with a
model in which neuroblastomas derive from an uncommitted,
highly proliferative precursor cell population, which undergoes a
differentiation process and therefore an age-dependent cell cycle
arrest in vivo.''! Tumors that carry an amplified MYCN gene
expressed high levels of cyclin A independent of the age of the
patient, suggesting that amplification of MYCN enhances prolifer-
ation and prevents exit from the cell cycle, consistent with models
derived from tissue culture and with previous reports.

Third, our study addressed the potential link between the func-
tion of Myc and the regulation of CDK2 activity and the p27
protein. If this regulatory circuit exists in neuroblastomas, one
would make 3 predictions: First, MYCN amplified tumors should
contain elevated levels of cyclin D2 or cyclin D1. Second, such
tumors should express low levels of p27. Third, expression levels
of p27 and/or cyclin D1/2 should identify the same subset of
tumors as MYCN amplification and should be able to at least
partially substitute for amplification of MYCN as a prognostic
marker. We found that these predictions were not fulfilled. We
found that p27 levels were prognostic independent of MYCN
amplification and that MYCN-amplified tumors did not contain
elevated levels of any D-type cyclin: both findings argue against a
role for MYCN as a critical regulator of p27 protein function in
these tumors.

In further studies we tested expression levels of E2F2, a pro-
posed target gene of c-mye that links its function to the control of
E2F-dependent transcription™ and of p135ink4b. a proposed target
of repression by Mye:#® expression of neither gene was signifi-
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cantly altered in MYCN amplified tumors (E. Bergmann, unpub-
lished data).

Several alternative models can be considered to explain the
effect of MYCN amplification on cell proliferation: First, prolifer-
ating somatic cells undergo a decrease in telomere length if they do
not express telomerase. Shortened telomeres are recognized as
damaged DNA and can induce cell cycle arrest and senescence (for
review, see Weinberg'®). The gene encoding the catalytic subunit
of telomerase, hfert, has been suggested to be a target for activa-
tion by Myc.#7-# Consistent with this model, the expression of
htert and telomerase activity correlates with amplification of
MYCN and 1s highly predictive for poor prognosis in human
neuroblastoma.’®3t We have confirmed these findings for the
group of tumors that we analyzed (data not shown). One possibility
is, therefore, that amplification of MYCN prevents cell cycle exit
by inducing htert expression. To test this hypothesis, it will be
important to determine whether ectopic expression of either hrert
or MYCN can immortalize early-stage neuroblastoma cells in cul-
ture: such experiments are under way.

Alternatively, many studies have shown that neuroblastoma
cells can undergo ditferentiation processes in vifro (e.g., Matsuo
and Thiele*”) and have provided evidence that the proliferation of
neuroblastoma in vitro and in vivo is controlled by neurotrophins
and their receptors.>2-53 In culture systems, ectopic expression of
c-mye can alter the response of cells to neurotrophic factors and
block differentiation in response to nerve growth factor;>#55 sim-
ilar relationships may hold in neuroblastoma.’¢ Tt is, therefore,
equally possible that exit from the cell cycle occurs in response to
neurotrophin signaling and that amplification of MYCN alters the
cellular response to such factors.
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ABSTRACT

Purpose: We compared the expression of the insulin
receptor-related receptor (IRR) in primary human neuro-
blastomas with other biological and clinical parameters and
the impact of its expression on prognostic outcome.

Experimental Design: We studied 49 neuroblastomas of
different clinical stages and histological subtypes for (a)
IRR, insulin-like growth factor 1 receptor (IGF-1R), TrkA,
P75 neurotrophin receptor, and MYCN mRNA expression
by reverse transcription-PCR; (0) MYCN gene amplification
by Southern blot analyses; (c) cyclin A protein expression by
‘Western blot analyses indicating proliferation rate; and (d)
apoptotic index (AI) by terminal deoxynucleotidyl transfer-
ase (Tdt)-mediated dUTP nick end-labeling assay.

Resulrs: IRR mRNA expression was found in 25 (51%)
neuroblastomas and correlated with stages 1, 2, 3, and 4S
disease and with age =12 months at diagnosis. IRR was
expressed predominantly in neuroblastomas without MYCN
gene amplification and coexpressed with IGF-1R, TrkA. and
p75 neurotrophin receptor. IRR mRINA expression also cor-
related with an undifferentiated histology but not with the
proliferation rate. In coexpression with IGF-1R, the IRR
was associated with enhanced Al IRR expression was sig-
nificantly correlated with a good prognosis in all 49 neuro-
blastomas (6-vear survival probability, 91.8% versus 49.7%
for IRR nonexpression; P = 0.003).

Conclusion: IRR expression is a new marker for a
favorable prognosis in neuroblastoma that is independent of
MYCN amplification and age at diagnosis. Our data suggest
an influence of IRR on IGF signaling via IGF-1R because
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coexpression of these two receptor tyrosine kinases was
significantly correlated with an undifferentiated histology, a
high AI and an advanced survival probability.

INTRODUCTION

Neuroblastoma is the third most common pediatric cancer
and is responsible for ~15% of all childhood cancer deaths. Tt
is an embryonal tumor of the postganglionic sympathetic nerv-
ous system, which most commonly arises in para- and prever-
tebral ganglia and in the adrenal gland. The 6-year survival
probability of all patients with neuroblastoma is ~60% (own
data based on 2030 patients registered from 1980 to 2003). In
addition to clinical markers such as stage and age at diagnosis.
biological tumor markers have gained increasing importance in
determining the prognostic outcome for patients with neuroblas-
toma. The most extensively studied biological marker for an
unfavorable prognostic outcome in patients with neuroblastoma
is the amplification of the MYCN® oncogene (1-3).

MYCN is differentially expressed in neuroblastomas with
or without MYCN gene amplification and in different clinical
stages (4). However, the prognostic impact of MYCN expres-
sion is controversial and has not been shown to be of prognostic
relevance in most studies (5, 6). Among other biological mark-
ers for a favorable prognostic outcome in neuroblastoma are
expression of the high-affinity nerve growth factor receptor
TrkA (7) and the low-affinity nerve growth factor receptor
P73NTR (8-10).

The IGF-1R is of prognostic relevance in a variety of tumor
entities and influences apoptosis, differentiation. and prolifera-
tion in coexpression with other RTKs (11. 12). In neuroblastoma
cells, expression of IGF-IR has been implicated in growth-
promoting and antiapoptotic signaling (13). In contrast to its
implication in cell survival, proapoptotic action by IGF-1R has
been seen in cells that have been triggered to undergo apoptosis
through receptors of the death receptor family. such as TNF
receptors or p75NTR (14).

Recently. the IRR has been identified as an additional
member of the insulin RTK family (15. 16). However. its ligand
and biological functions are still unknown. Various ligands
activating the IR or the IGF-1R. such as proinsulin, sulin,

* The abbreviations used are: MYCN. avian myelocytomatosis viral-
related oncogene-neuroblastoma derived: TrkA. tyrosine receptor kinase
A: P75NTR. P75 neurotrophin receptor: IGF-1R. msulin-like growth
factor-1 receptor; RTK. receptor tyrosine kinase: TNF. tumor necrosis
factor: IRR, insulin receptor-related receptor; DSR. diffuse-stroma-rich:
SP-D. stroma-poor-differentiated: SP-U, stroma poor-undifferentiated:
TUNEL, terminal deoxynueleotidyl transferase (Tdt)-mediated dUTP
nick end-labeling: M/A. ratio of MYCN to B-actin: Al apoptotic index:
GAPDH. glyceraldehyde-3-phosphate dehydrogenase.
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IGF-1. IGF-2, and relaxin, are not able to bind the extracellular
domain and activate IRR (17. 18). The functional potential of
the tyrosine kinase domain of the IRR was demonstrated by use
of receptor hybrids of a known extracellular domain and the
intracellular domain of the IRR. Thus, IR substrate-1 and -2
have been identified as receptor substrates of the IRR. implicat-
mg a role for the IRR in influencing downstream signaling
pathways such the phosphatidylinositol 3'-kinase and the mito-
gen-activate protein kinase pathway (17).

In contrast to the widespread patterns of expression of the
homologous IR and IGF-1R. IRR demonstrates a very restricted
cellular distribution in a subset of tissues of neuronal origin.
where its appearance is closely associated to that of IR, IGF-1R.
and the nerve growth factor receptor TrkA (19. 20). IRR and
TrkA appear early in the embryonal development of dorsal root
and trigeminal neurons and later, near the time of birth, in
sympathetic neurons. This association is highly selective: TrkA
mRNA is not detected anywhere else in the developing nervous
system in the absence of coordinate IRR expression (20. 21).
Furthermore, it was shown recently that TRR is also coexpressed
with IGF-1R in neuroblastoma cell lines (22). Coexpression of
receptors of the IR family has been shown to influence activa-
tion of downstream signaling pathways and cellular biological
functions, which might be explained by heterodimerization of
the expressed receptor monomers on the cell surface, resulting
in different ligand-binding affinities and autophosphorylation
status (23-26).

These observations prompted us to study the possible role
of IRR expression in primary neuroblastomas. We examined the
relationship of IGF-1R, TrkA, and p75NTR mRNA expression
with the expression of IRR and correlated this expression pat-
tern to biological effects such as proliferation. apoptosis. and
morphological differentiation. We also asked whether MYCN
amplification/expression status correlates with the IRR expres-
sion pattern and whether the IRR might have any prognostic
umpact on patients with neuroblastoma.

MATERIALS AND METHODS

Patients. We studied tumor specimens from 49 children
with neuroblastoma who had been diagnosed in Germany from
1989 to 1997. All neuroblastoma diagnoses were confirimed by
histological assessment of a tumor specimen obtained at sur-
gery. The tumors were classified according to the INSS criteria
(27). We studied 8 stage 1 (16%), 7 stage 2 (14%), 9 stage 3
(18%). 14 stage 4 (28%). and 11 stage 4S (22%) tumors. The
relative incidence rate in our study reflects the relative incidence
rate of neuroblastomas in Germany within the investigated time
period (1990-1997): stage 1 (19%), stage 2 (12%), stage 3
(20%). stage 4 (39%). and stage 4S5 (10%).

The median age of the patients at diagnosis was 12.9
months (range, 0.2—131.6 months). Thirteen (26.5%) tumors had
a DSR histology. six (12.2%) were SP-D. and 30 (61.2%) were
SP-U (28). All patients were treated in a stage-specific manner
according to previously described protocols (29). The survival
probability of our study population calculated with Kaplan—
Meier analysis was 70.5%.

Tissue Preparation. The neuroblastoma specimens were
frozen in liquid nitrogen and stored at —80°C for PCR and

Southern and Western blot analyses. Portions of the samples
(50—60 mg) were fixed in 10% buffered formalin. Serial sec-
tions 4-pm in thickness were cut from the same blocks. mounted
on poly-L-lysine-coated slides, and used for H&E staining and in
situ end-labeling of DNA (TUNEL assay).

RNA Extraction and Reverse Transcription. Tumor
samples (100 mg each) were homogenized in 1000 .l of RNA-
zol-B (Biotecx Laboratories Inc.. Houston. TX). RNA was
isolated after the addition of chloroform according to the gua-
nidimum-isothiocyanate method (30) and finally precipitated
with isopropanol. After centrifugation (14000 X g for 20 min),
the pellet was washed twice with 70% ethanol, vacuum-dried,
and dissolved in 50—80 .l of RNase-free distilled water.

We incubated 7500 ng of total RNA at 70°C for 10 min
with 1.5 pl of RNase inhibitor (40 units/pl; Promega). 2.5 ul of
oligo-primer-p(dT)15 (0.1 nmol/wl: Boehringer-Mannheim) and
distilled water in a volume of 42 pl: we then cooled the mixture
to 4°C. Fust-strand ¢cDNA was synthesized with 1.5 pl of
Moloney murine leukemia virus reverse transcriptase (Super-
Script-II: Invitrogen) in a total volume of 75 pl [15 pl of 5X
first-strand buffer (Invitrogen), 7.5 pl of dithiothreitol (0.1 m:
Invitrogen). 3 pl of BSA. 1.5 ul of each deoxynucleotide
triphosphate (0.01 pmol/pl; Perkin-Elmer), and 0.5 pl of RNa-
sin]. Reverse transcription was performed for 10 min at 25°C
and 60 min at 42°C, and finally for 15 min at 75°C to inactivate
the enzyme.

Primer Search. Specific primers for the amplification of
IRR, IGF-1R. p75NTR, TikA. MYCN, and R-actin were
searched with OLIGO 6.0 (Medprobe): the specificity was con-
trolled with BLAST 2.0 (http://www.ncbi.nlm.nih.gov/blast/
blast.cgi). To avoid coamplification of contaminating DNA,
primers were located in two subsequent exons. All PCR prod-
ucts were sequenced by the dye-termination procedure on a
ALF-express with 5'-Cy5-labeled primers according to the man-
ufacturer’s protocol (Pharmacia Biotech): the results were com-
pared with the respective published sequence data (http://www.
ncbi.nlm.nih. gov/GenBank/index.html: Table 1).

PCR. PCR was performed in a total volume of 50 .l
containing 5 pl of 10X PCR buffer. 2.5 units of Tag-polymer-
ase-k (MoBiTec). 1 ul of each deoxynucleotide triphosphate
(Perkin-Elmer), 50 pmol of each primer, 200 ng of total cDNA.
1 pl of formamide (Sigma). and 33 pl of distilled water.

The primer sequences and individual PCR conditions (an-
nealing and elongation temperature. time, and cycle number) for
each PCR are listed in Table 1. In every PCR. an imitial dena-
turation step at 95°C for 3 min was performed. denaturation
during cycling was performed at 95°C for 30 s, and the last cycle
was followed by an elongation step at 72°C for 7 mun. The
reaction was then cooled to 4°C.

In the semiquantitative PCR of MYCN relative to B-actin
(M/A), the first 5 cycles were done only with the MYCN
priumers. After the reaction was cooled to 4°C and the B-actin
primers were added. the reaction was continued for 28 cycles. as
described by Kinoshita ef a/. (31). PCR conditions have been
established for both gene fragments to be in the logarithmic
phase at the time of analysis. After agarose gel electrophoresis.
the level of MYCN expression in each tumor was determined by
densitometry and was expressed as the M/A ratio. MYCN ex-
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Table I PCR product length. primer sequences. and PCR conditions

Gene Primer sequences PCR conditions
B-actin Upper 5'-ATCTGGCACCACACCTTCTACARTGAGCTGCG-3' 64.5°C for 75 s: 72°C for 90 s: 28 cycles
(838 bp) Lower 5'-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3'
MYCN Upper 5'-AGCGGCGGCGRCCACARGGC-3' 64.5°C for 75 s: 72°C for 90 s: 5 + 28 cycles
(399 bp) Lower 5'-CGAGTCAGAGTTTCGGGGGCTCARAGC-3'
p75NIR Upper 5'-CTGCAACCTGGGCGAGGGTGT -3’ 63°C for 60 s 72°C for 90 s: 40 cyeles
(470 bp) Lower 5'-CTGGGGGTGTGGACCGTGTAA-3'
Tricd Upper 5'-GCGCAGAGAACCTGACTGAGCT -3’ 60°C for 60 s; 72°C for 90 s: 40 cyeles
(442 bp) Lower 5'-ACGTCGTCCCCCACATCCA-3'
IRR Upper 5'-AGGACGGCGACCTCTACCTCAAT-3' 62°C for 60 s; 72°C for 90 s; 40 cyeles
(597 bp) Lower 5'-TGAGTCCGTTGGGGTCTGETG-3'
IGF-IR Upper 5'-ACTTCTGCGCCAACATCCTCA-3' 60°C for 60 s: 72°C for 90 s; 40 cyeles
(572 bp) Lower 5'-CCCTTTAGTCCCCGTCACTTCC-3'

pression was defined as high for M/A at or above the median
and as low for M/A below the median expression level.
Relative to common housekeeping genes (B-actin and
GAPDH). the investigated receptors were found to be expressed
at lower levels. Thus, semiquantification of receptor RNA ex-
pression was difficult and inaccurate, particularly in comparison
with the MYCN/B-actin PCR. We decided to use a common

of protein in a 12% gradient SDS—polyacrylamide gel and
electroblotted the bands to Hybond-Enhanced Chemilumines-
cence (ECL) nitrocellulose membrane (Amersham Corp.. Ar-
lingfon Heights, IL). After the membranes were blocked with

cDNA-specific PCR with higher cycle number (up to 40) to A IS |112(3/45,6 7 [¥{ =
avoid false-negative results. For a loading control. we equalized ‘ L J
the amount of cDNA from each tumor with a G4PDH PCR for —

- @b =— ' = MYCN
26 cycles, which gave comparable specific bands (data not b '
shown). The B-actin band in the MYCN/B-actin PCR was then

used as an additional control. Each specific band was regarded R-actin
as positive expression. Each tumor that was PCR negative was
controlled in a second PCR for 50 cycles. None of the controlled MYCN
tumors turned positive (Fig. 1).
Gel Electrophoresis. The amplified PCR fragments (10
pl of the PCR products) were separated on a 2% agarose gel by W
electrophoresis. identified by ethidium bromide staining, and
documented by the Image Master VDS software (Pharmacia). trkA
MYCN Amplification. For the detection of MYCN am-
plification, the pNB-1 probe (MYCN is localized on 2p24.1;
ATCC 41011) was used: control hybridization for a single-copy IGF-IR
signal was performed with HuCK (IGKC is the immunoglobulin
k constant region. localized on 2p12: ATCC 59172). IRR

DNA Tsolation and Southern Blot Analysis. High-
molecular-weight DNA was isolated by proteinase K digestion
and phenol—chloroform extraction according to standard proce- C
dures. We digested 10 pg of DNA from each sample with
EcoRI. and fragments were separated by 0.8% agarose gel
electrophoresis. The DNA was then transferred to Gene Screen
Plus membranes (DuPont) by vacuum-blotting (Pharmacia) ac-
cording to the specifications of the manufacturer. Prehybridiza-
tion and hybridization were performed according to standard
procedures. Filters were washed twice in 0.1X SSC and 0.1%
SDS at room temperature for 20 min and three times at 65°C for
30 min. After a brief rinse in 0.1X SSC, autoradiography was
performed at —70°C with Kodak XAR-5 film (Fig. 1).

Western Blot Analysis. Cellular protein was extracted
by lysing 30 mg of tumor tissue with 300 pl of lysis buffer
[NP-40 + 4: 150 mv NaCl, 1% (v/v) NP-40, 50 m Tris-bufter

L1123 45

"~ cyclinA
cdk2

Fig. 1  A. seven representative neuroblastomas, examined for MYCN
amplification by Southern blot analyses. Lanes I—4, MYCN single-copy
tumors; Lanes 5—7, MYCN-amplified tumors. Amplification-positive
control (Lane +). IMR32 MYCN-amplified cell line: negative control
(Lane —). SHEP MYCN single-copy cell line. B. same neuroblastomas
as in 4. examined by reverse transeription-PCR for receptor and MYCN
mRNA expression. Expression of GAPDH (data not shown) and B-actin
was used as an internal control. Lane S. length standard. For MYCN
expression. IMR32 and SHEP cell line e DNAs were used as the positive
and negative controls, respectively: for receptor expression, fetal brain
c¢cDNA was used as positive control. C. cyelin A expression in five
neuroblastoma tumors. Lanes I and 3. neuroblastomas with high eyelin

(pH 8). 5 mg/ml aprotinin. 5 mg/ml leupeptin. 1 mg/ml pepsta-
tin, 0.2 M phenylmethylsulfonyl fluoride]. We separated 30 pg

A expression; Lanes 2 and 4. neuroblastomas with enhanced expression:
Lane 5. neuroblastoma with no expression.
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