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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 ,Homer-Wright-Rosetten® angeordnet. Die
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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
,2double-minute-chromosome-bodies“ (dmins), die extrachromosomalen DNA-Abschnitten
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
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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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Fig. 2 Apoptosis in neuroblastomas. 4 and B. neuroblastoma with low AI (<0.82% TUNEL-positive cells). C and D. neuroblastoma with high AI
(>0.82% TUNEL-positive cells) 4 and C. staining with 4’.6-diamidino-2-phenylindole-staining: B and D. TUNEL assay.

5% nonfat dry milk and 0.1% Tween 20 in Tris-buffered saline.
they were incubated at room temperature for 2 h with a 1:400
dilution of a rabbit polyclonal anti-cyclin A antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). then with an antirabbit
peroxidase-conjugated secondary antibody (Amersham). The
blot was finally probed by the ECL Western blotting detection
system (Amersham). Equal loading of protein was confirmed by
rabbit polyclonal cdk2 antibody (Santa Cruz Biotechnology:
Fig. 1).

In Sifu End Labeling of Fragmented DNA. The chro-
matin in apoptotic cells is cleaved at internucleosomal sites. To
detect this fragmented DNA. we performed the TUNEL assay.
using the In Situ Cell Death Detection kit (Boehringer Mann-
heim). Paraffin-embedded sections (4 pm) were deparaffinized
and then incubated with proteinase K (20 pg/ml) in PBS for 15
min at 25°C. Methanol containing 0.3% H,0O, was applied to
neutralize endogenous peroxidase. The sections were incubated
with Tdt enzyme in the presence of a nucleotide mixture. After
washing in PBS. the sections were stained with 4'.6-diamidino-
2-phenylindole.

Apoptosis was quantitated by determining the percentage
of positively stained cells within a field at a magnification of
X400. At least 1000 tumor cells were counted from 10-20
randomly chosen fields per slides assayed, and the counts were
averaged to obtain the AL For every tumor. two slides were
evaluated. The median AT of all tumors examined was 0.82%
(Fig. 2).

Statistical Analysis. Fisher’s exact test was used to ex-
amine possible correlations between IRR expression and expres-
sion of other receptors (PCR positive versus negative). histology
(DSR versus SP-D/SP-U). Al [low (=0.82%) versus high
(>0.82%)]. proliferation [low versus enhanced/high (high)].
MYCN amplification versus nonamplification. MYCN expres-
sion [low (M/A =0.220) versus high (M/A >0.220)]. and clin-
ical data (Table 2). Reported Ps are not corrected for multiple
testing.

The 6-year survival probability data for IRR, IGF-1R.
TikA. and p75NTR expression and MYCN amplification/ex-
pression were evaluated by the Kaplan-Meier method. and
differences between survival probability curves were calculated
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Table 2 Investigated neuroblastoma patients (n = 49) arranged according to receptor RNA expression

MYCN RNAS=

Stage®  Age®  Death®  Survival®  Ampl® RNA” IRR IGF-1R  p75NTR  TrkA  Cyelin A® AT Histology

1 0.20 - 72.93 1 - - — - ++ Low 3
4s 0.36 - 94.12 1 - - — - - ND* ND 3
4s 0.30 — 38.61 1 — — + + — ND ND 2
1 4.36 - 69.46 1 + - + + + ND ND 2
1 9.47 - 68.01 1 - - — + + ND ND 1
1 17.85 - 32.97 1 - + — - - - Low 1
4s 7.56 - 78.77 1 - + - - + + Low 3
4s 0.79 - 66.10 1 + + + - - - Low 3
4s 1.20 + 17.42 10 + + + + + ND ND 3
4s 0.69 - 113.29 1 + + + + + ND ND 3
4s 2.74 - 92.50 1 + + + + + ND ND 3
4s 2.54 - 76.73 1 + + + + + ND ND 2
4s 2.05 - 108.04 1 - + + + + - Low 3
4s 6.99 - 76.33 1 + + + + + + Low 3
4s 9.04 — 35.90 1 + + + + + + ND 3
1 4.36 - 72.30 1 + + + + + ND ND 3
1 1191 - 112.99 1 - + + + + + High 3
1 12.94 - 66.23 1 - + + + + - High 3
1 18.68 - 67.91 1 + + + + + ND ND 3
2 0.73 - 74.58 1 + + + + + ND ND 3
2 5.81 — 57.82 1 — + + + + ++ High 3
2 34.06 — 130.52 32 + + + + + — High 3
2 116.85 + 89.60 1 - + + + + + High 1
3 5.97 - 14.36 1 + + + + + + High 3
3 9.11 - 74.45 1 - + + + + ND ND 3
3 10.99 - 58.77 1 + + + + + ND ND 3
3 16.07 — 58.94 1 + + + + + — High 3
3 18.74 — 141.50 1 — + + + + + High 3
4 19.31 - 40.66 1 - + + + + + High 3
4 29.44 + 23.83 1 - + + + - + High 3
4 10.86 + 15.38 40 + - + - - ++ Low 3
4 12.61 + 39.30 15 + - + - - ++ Low 1
4 30.56 + 8.09 1 - - + - - - Low 1
4 66.73 + 40.16 1 — — + — — + Low 1
3 11.88 - 81.15 20 + - + - - ++ High 3
3 59.17 + 92.70 1 - - + + - + Low 1
2 31.68 - 108.64 1 - - + + - - Low 1
3 95,73 - 68.01 15 + - + + + ND ND 2
4 66.46 + 31.71 5 + - + + + ND ND 3
4 57.02 + 12.57 4 + — — + + ++ High 1
2 13.63 — 90.75 1 — — — + — — High 1
3 30.79 - 114.11 1 - - — + - ND High 1
4 20.16 + 6.50 8 - - — + - ND ND 3
4 30.66 + 21.75 30 + - — + - ND ND 3
4 131.64 + 24.59 1 + - — + - - Low 1
2 47.45 + 18.35 1 - - — - - + High 2
4 34.49 + 6.60 25 + — — — — + Low 2
4 60.19 + 35.77 1 - - — - - - Low 1
4 76.20 - 111.84 1 - - — - - - Low 3

“ Stage of disease at diagnosis (according to INSS eriteria).

® Age at diagnosis in months.

° +. dead: —. alive.

¢ Survival time in months.

¢ Genomic amplification status of MYCN (1, single copy per haploid genome: =1, amplified).
TMYCN RNA expression (for criteria see “Materials and Methods™).

£ Receptor RNA expression status.

" Expression of cyelin A as parameter for the proliferation rate.

"High >0.82%. low =0.82% TUNEL-positive cells,

7 Histology (according to Shimada eriteria) with 1 = DSR: 2 = SP-D; 3 = SP-U.
FND. not determined.
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Table 3 Six-year survival probabilities (in months) in 49
neuroblastoma patients depending on receptor expression and
other variables

Survival time

(months)
95%
6-Year confidence
Variable survival (%) Mean interval P

IRR

Expression 91.8 124.6 108.0-142.3

Nonexpression 49.7 653  46.9-83.7 0.003
Trkd

Expression 88.5 121.2 102.9-1394

Nonexpression 46.6 645 45.1-83.8 0.017
p75NIR

Expression 79.5 108.5  90.3-126.7

Nonexpression 47.9 659 41.8-89.9 0.08
IGF-IR

Expression 78.5 107.1  88.3-1258

Nonexpression 52.6 68.6 439-933 0.122
MYCN

Single copy 83.5 1146  98.4-130.8

Amplification 273 493 19.5-79.2 <0.0001
MYCN

Expression 65.1 925  71.1-113.9

Nonexpression 75.5 1042 83.0-1253 0.6
Stage

Localized (1. 2. 3) 95.7 123.1 105.1-141.1

Metastatic (4) 122 35.0  17.6-524  <0.0001
Age at diagnosis

<12 months 91.1 1045 92.8-116.1

=12 months 52.8 78.6  56.2-100.9 0.003
Histology

DSE or SP-D 53.6 68.0 46.9-89.0

SP-U 79.6 1164 98.4-134.3 0.041

? Log-rank test.

using the log-rank test (Table 3). Multivariate analysis of IRR
expression with respect to MYCN amplification, stage, age at
diagnosis, MYCN amplification. MYCN expression, expression
of other RTKs. and histology was calculated using Cox regres-
sion analyses (Table 4). P < 0.05 was regarded as significant.
Statistical analyses was performed with the SPSS version 10.0
software (SPSS Inc.).

RESULTS

Representative experimental results are shown in Figs. 1
and 2 for the detection of MYCN amplification by Southern blot
(Fig. 14), RNA expression by reverse transcription-PCR (Fig.
1B), cyclin A expression by Western blot (Fig. 1C). and the
TUNEL assay (Fig. 2) to determine the AT.

IRR Is Predominantly Expressed in Localized and
Stage 4S Neuroblastomas. TRR mRNA expression was found
m 25 of 49 (51%) primary human neuroblastomas. IRR was
expressed in 63% of stage 1. 57% of stage 2, 56% of stage 3. and
only 14% of the metastatic disease stage 4 neuroblastomas, but
in 82% of disseminated stage 4S neuroblastomas.

Comparison of stages 1, 2. and 3 with stage 4 or stages 1,
2. and 4S8 with stages 3 and 4 IRR revealed that expression was
significantly correlated with stages 1, 2. and 3 (P = 0.016) and
stages 1. 2. and 4S (P = 0.002; Fig. 3).
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IRR expression was seen in 70% of neuroblastomas diag-
nosed in infancy, but in only 35% of tumors diagnosed after the
first year of life (P = 0.022).

IRR Is Significantly Coexpressed with IGF-1R, TrkA,
and p75NTR in Human Neuroblastomas. We found a sta-
tistically significant coexpression of IRR with IGF-1R (P <
0.001). TrkA (P < 0.001). and p75NTR (P = 0.013: Table 2).

IGF-1R expression was found in 69% of the investigated
neuroblastoma tumors, expression of TrkA in 53%. and expres-
sion of p75NTR in 71%. respectively. Sumilar to the IRR. TrkA
was significantly correlated with an age of =12 month at
diagnosis (P = 0.021). There was a trend for preferential ex-
pression of the IGF-1R in infants compared with older patients
(P = 0.071). but p75NTR was not expressed in an age-depen-
dent manner (P = 0.761).

IRR Expression Is Correlated with an Undifferentiated
Histology. IRR expression was correlated with an undifferen-
tiated histology (P = 0.0036). as was TrkA (P = 0.022). In
contrast to these findings, expression of IGF-1R and p75NTR
was not associated with an undifferentiated histology. As ex-
pected. deduced from the already known functions of p75NTR.
expression of this receptor was correlated with a high AT (P =
0.003) as was coexpressed TrkA (P = 0.003) but not IRR or
IGF-1R. Suprisingly. there was no significant correlation be-
tween expression of any of the receptors studied and the prolif-
eration rate.

Coexpression of IRR and IGF-1R Is Correlated with an
Undifferentiated Histology and a High AI. In the subgroup
of IGF-1R-expressing tumors (7 = 34), TRR coexpression was
significantly associated with an undifferentiated histology (P =
0.0017) and a high AT (P = 0.017). There was no correlation of
IRR/IGE-1R coexpression with the proliferation rate (Fig. 4).

IRR Expression Is Correlated with High MYCN Ex-
pression in MYCN-Nonamplified Neuroblastomas. IRR
was expressed in 61% of neuroblastomas without MYCN am-
plification. but in only 18% of MYCN-amplified neuroblastomas
(P = 0.018). In neuroblastomas without MYCN amplification.
TRR expression was correlated with high MYCN expression
(P = 0.02).

IRR Expression and Prognosis. TRR mRINA expression
1s a new prognostic marker in neuroblastoma. A 6-year survival
probability of 91.8% was seen in neuroblastoma patients with
IRR expression in the tumor as compared with 49.7% in patients
without IRR expression in the tumor (P = 0.003: Table 3: Fig.
5). In a multivariate Cox regression analysis. the prognostic

Table 4 Multivariate Cox regression analysis for IRR expression
with respect to different second variables

Second variable P

First variable

IRR expression Stage (1. 2. 3. vs. 4) 0.256
Age at diagnosis (=12 vs. =12 month)  0.045
Histology 0.014
MYCN amplification 0.037
MYCN expression (0.005)
IGF-IR expression (0.014)
TrkA expression 0.147
p75NTR expression (0.018)

? P in parentheses for variables without own prognostie impact.
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Fig. 3 IRR expression (posi-
tive) or nonexpression (nega-
tive) according to tumor stage
(4) and MYCN status (nonam- 30%
plified versus amplified: B). 20% A
further differentiated by out-

come (dead or still alive at the

writing of the report).

tumor stage

single copy

MYCN status

amplified

FR é_;x_pression positive (dead) " DIRR expréssion positive (alivé)
R RR expression negative (dead) % |IRR expression negative (alive)

impact of IRR expression was independent of MYCN amplifi-
cation (P = 0.037). age at diagnosis (older than 12 months
versus 12 months or younger: P = 0.045) and histological
differentiation (DSR and SP-D versus SP-U: P = 0.014). but it
was not independent of stage (1. 2. and 3 versus 4: Table 4).

Because the IRR is a heterodimerization partner for IGF-1R.
we were interested in the prognostic value of IRR expression in the
subgroup of IGF-1R-expressing tumors (7 = 34). In this subgroup
we found a 6-year survival probability of 90.9% for twmors that
coexpressed IRR/IGF-1R-versus 51.9% in tumors expressing only
IGF-1R (P = 0.0108: Fig. 3). In multivariate analysis, IRR expres-
sion was prognostically independent of IGF-1R expression (P =
0.014: Table 4). However, we found no correlation with apoptosis,
proliferation. and differentiation for IRR expression in the sub-
group of IGF-1R-nonexpressing tumors.

Prognostic Relevance of TrkA, p7SNTR, and IGF-1R.
TrkA expression was of prognostic significance. and p75NTR
approached significance in the 49 neuroblastomas investigated in

A 100,00 4
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80,00 4
Fig. 4 Subgroups of the IGF- 2 nxd
1R-expressing tumors (n = -
34). IGF-1R/IRR coexpression E 60,004
is associated with a high AT (4: & 50.00
P = 0.0017) and an undifferen- = g
tiated histology (B: P = 0.017). g 4000
C. differences according to ex- E
pression of the proliferation : 30.00
marker cyclin A are not statis- = amm
tically significant. ’
10,00
0,00 -
- +
IRR

% Tumors with undifferentiated histology g

the present study (P = 0.017 and 0.08. respectively). IGF-1R
expression was not of prognostic significance (P = 0.122: Table 3).

MYCN Gene Amplification and MYCN mRNA Expres-
sion. The MYCN gene was amplified in 11 (22%) of 49
investigated neuroblastomas. MYCN mRNA expression was
strongly correlated with MYCN amplification; thus. 10 (91%) of
the 11 neuroblastomas with MYCN gene amplification but only
14 (37%) of 38 tumors without MYCN gene amplification ex-
pressed MYCN mRNA at a high level (P = 0.002). MYCN
amplification significantly differentiates an unfavorable prog-
nostic subgroup in this study (P < 0.0001). Expression of
MYCN RNA was of no prognostic relevance in the group of 49
neuroblastomas (P = 0.6).

DISCUSSION
IGFs and their receptors regulate cell proliferation. differ-
entiation. and death of normal and neoplastic cells. They have
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Fig. 5 A. Kaplan—Meier analysis for all investigated patients (n = 49).
Survival probability of patients with IRR-expressing neuroblastomas
(n = 25) versus IRR-nonexpressing neuroblastomas (n = 24). B.
Kaplan—Meier analysis for patients with IGF-1R-expressing neuroblas-
tomas (n = 34). Survival probability of patients with IRR. coexpression
(n = 23) versus IRR-noncoexpressing neuroblastomas (n = 11).

been implicated in the development of the nervous system and
in the pathology of neuroblastoma (32, 33). Our study indicates
that TRR. a new member of the IR-/IGF receptor family is
differentially expressed in primary human neuroblastomas,
which 1s suggestive for a role of the IRR in neuroblastoma
biology. We also examined the expression pattern of IGF-1R.
TrkA, and p75NTR, which have been previously shown to be
expressed in neuroblastoma cells. to investigate the possible
interaction of these receptors in concert with TRR on biological
effects as proliferation, apoptosis, and differentiation.

Expression of IRR Is a New Prognostic Marker in
Neuroblastoma. In the present study, IRR mRNA expression
strongly correlated with a favorable outcome in neuroblastoma.
which can be attributed to the close association of IRR expres-
sion with favorable tumor stages and a predominant expression
in neuroblastomas diagnosed in infancy. Expression of TrkA
also correlated significantly with a favorable prognosis. whereas
expression of p75NTR and IGF-1R showed only a statistical
trend toward a better survival probability (Table 3).

In multivariate analysis. the prognostic impact of IRR
expression was statistically independent of MYCN amplification
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status and age at diagnosis, but not independent of tumor stage
(Table 4).

Independency of MYCN amplification and age makes IRR
expression inferesting for further therapy stratification because
at present, in stage 1, 2, 3. and 4S disease, age and MYCN
amplification are the most commonly used parameters for strat-
ification.

Role of TRR in Neuroblastoma Biology. Dimerization
of receptor monomers at the cell surface was shown to be one
early event in the activation of the RTKs. leading to autophos-
phorylation of intracellular domains and further activation of
signaling cascades. Physiologically. dimerization is mitiated by
ligand binding but also by overexpression of receptor monomers
exceeding a specific cell surface density threshold for au-
todimerization (34). We therefore examined the expression pat-
tern of the investigated RTKs themselves and in combination
with potential heterodimerization partners that might be impor-
tant with respect to biological functions. Receptor expression
was further compared with proliferation rate (examined by cy-
clin A protein expression), apoptosis (examined by the TUNEL
assay). and morphological differentiation (examined by histol-
ogy). We showed that IRR expression was strongly correlated
with neuroblastomas with an undifferentiated histology, inde-
pendent of AT and proliferation rate.

Known biological effects of IGF-IR expression in neuro-
blastoma cells include the induction of proliferation and down-
regulation of apoptosis (35-38). In contrast to these functions of
IGF-1R, the expression pattern of this receptor was not associ-
ated with differentiation. proliferation rate. or apoptosis in tu-
mor cells of primary neuroblastomas of our cohort. Missing
associations between IGF-1R expression and biological func-
tions might in part be explained by coexpression of IRR and
IGF-1R. Recently. Kovacina and Roth (24) showed that these
two receptors. when coexpressed. form heterodimeric receptors
composed of an a-subunit of IGF-1R and another a-subunit
of IRR and that these heterodimeric receptors are functional
RTKs. Our correlative observations of enhanced apoptosis and
undifferentiated histology in tumors expressing both receptors
in contrast to tumors expressing only IGF-1R indicates an
important role of IRR as a coexpression partner for IGF-1R in
neuroblastoma cells. This observation is particularly important
because an own ligand for TRR has to date not been found.
Furthermore, the prognostic outcome of patients with IRR/
IGF-1R coexpression was more favorable than that of patients
expressing only IGF-1R (P = 0.018: Fig. 4).

In addition to IRR/IGF-1R coexpression. we found a sig-
nificant coexpression of IRR and TrkA. In multivariate analysis,
we showed a dependency of the prognostic impact of IRR
expression on TrkA expression. This expression pattern has
shown to be important for developing sympathetic and sensory
neurons (20). Heterodimerization. however. has only been de-
scribed for IGF-1R and not for TrkA (24).

Expression of the p75NTR was strongly correlated with a
high AT but not to the proliferation rate and, in contrast to TRR,
not to an undifferentiated histology: thus, it also exerts its
function of inducing apoptosis in more differentiated neuroblas-
toma cells. Recently, it was shown that p7SNTR as a member of
the TNF receptor family induces apoptosis in neuroblastoma
cells (39—41). which is in accordance with our results. The
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significant coexpression of p75SNTR with the investigated RTKs
might explain the correlative trend of RTK expression linked to
a higher AT These results are in accordance with the findings of
Niesler ef al. (14). who observed potentiation of TNF-induced
apoptosis by activated IGF-1R.

IRR Is Expressed in Neuroblastomas without MYCN
Amplification and High MYCN Expression. In the present
study. MYCN-amplified neuroblastomas had higher median
MYCN expression compared with neuroblastomas without
MYCN amplification. which is in accordance with the published
literature (4. 5). We found that IRR mRNA expression strongly
correlated with neuroblastomas without MYCN amplification
and that within MYCN-nonamplified tumors, IRR was associ-
ated with high MYCN expression. This is in accordance with the
findings of Cohn ef al. (6). who described a trend toward a better
prognostic outcome for neuroblastomas diagnosed in infancy
without MYCN amplification and higher MYCN mRNA expres-
sion. Finally. these data reflect the complexity of influences on
cellular functions by MYC transcription factors, because forced
expression of MYC oncogenes induces proliferation and pre-
vents differentiation on the one hand. but induces apoptosis on
the other (42). The low frequency of IRR expression in MYCN-
amplified tumors might reflect the developmental stage from
which these MYCN-amplified neuroblastoma cells are derived.

We conclude that IRR might have a role in the biology and
pathogenesis of human neuroblastomas. In agreement with the
current literature, we hypothesize that TRR might work as a
regulatory partner of IGF-1R in IGF signaling. IRR influences
the physiological development of the embryonal nervous system
and thus might also play a role in mmorigenesis of malignancies
originating from premature neuronal cells. Furthermore, our
data indicate that the assessment of IRR expression in neuro-
blastoma tumors at the time of diagnosis provides confirmative
prognostic information, which helps in determining the most
appropriate duration and intensity of treatment. Future therapeu-
tic approaches may be aimed at influencing IRR expression in
human neuroblastomas and. thus. RTK signaling pathways con-
tributing to the activation of apoptosis.
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2.2 Funktionelle Untersuchung von differentiell expremierten Genen

Hintergrund:

Die Korrelation von Genexpressionsdaten mit klinischen Parametern lasst eine
Hypothesenbildung Uber funktionelle Zusammenhange zu, die sich jedoch nicht immer
experimentell bestétigen lassen. Ob zum Beispiel die Korrelation eines oder mehrerer Gene
aus einem Signalweg mit einer schlechten Prognose dadurch zustande kommt, dass durch
diesen Signalweg direkt das Zellwachstum einer onkologischen Erkrankung beeinflusst wird,
oder lediglich ein statistischer Zusammenhang besteht, ist ohne funktionelle Untersuchungen
in Zellkultur (z.B. an Tumorzelllinien) oder in Tiermodellen (z.B. Maus Tumor-Xenograft
Modell) nicht moglich.

In einer Genexpressionsuntersuchung primérer Neuroblastome konnte neben vielen anderen
differentiell expremierten Genen auch ein bis dahin noch nicht funktionell beschriebenes
Gen, KIAA1538 als in gut prognostischen Neuroblastomen hoch expremiert beschrieben
werden (Berwanger et al.,, 2002). In Datenbankrecherchen, basierend auf der
Nukleotidsequenz des KIAA1538 Genes, stellte sich heraus, dass es sich bei dem
Genprodukt um einen Transkriptionsfaktor der BTB-POZ Familie handelte. Wir konnten das
Gen anschlieBend erfolgreich aus einer Fetal-Brain-mRNA Library klonieren und
sequenzieren. (Die Sequenz ist unter der Accession Nummer: AY302699 in der NCBI
Datenbank veroffentlicht.) Aufgrund der Sequenz-Homologie zu dem Transkriptionsfaktor
Kaiso nannten wir das Gen Kaiso-like-1 (KL1). In der offiziellen Nomenklatur ist das Gen
unter der Bezeichnung Zbtb4 (Zinc-Finger and BTB-Poz Domain containing Protein 4)
gefihrt. Nach der Klonierung von Zbtb4 erfolgte die funktionelle Untersuchung in

verschiedenen Zellkulturexperimenten.
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In der zitierten Genexpressionsanalyse, basierend auf einer Microarrayuntersuchung, konnte
eine hohe Zbtb4 Expression vor allem in Neuroblastomen des Stadium 1 und in
Neuroblastomen ohne Amplifikation von MYCN gefunden werden (Berwanger et al., 2002).
In einer unabhangigen Gruppe primarer Neuroblastome konnten wir mittels RT-PCR-
Untersuchung diese Korrelation bestéatigen. Mit dieser Korrelation erklart sich auch die
prognostische Aussagekraft der Zbtb4 Expression in einer Kaplan-Meier Uberlebensanalyse,
die zwar ein statistisch signifikant besseres Uberleben fur Patienten zeigt, in deren
Neuroblastomen Zbtb4 hoch expremiert wir. Dies ist jedoch nicht unabhdngig von den
anderen prognostischen Faktoren zu werten. Interessanter Weise ist eine hohe Zbtb4
Expression auch in niedrigen Stadien anderer Malignome zu finden, wahrend in hohen
Stadien die Zbtb4 Expression herunter reguliert zu sein scheint.

Fortgeschrittene Tumorstadien gehen haufig mit einer relativ erhdhten Resistenz gegenuber
Chemotherapeutika einher. In  Zellkulturversuchen konnten wir zeigen, dass
Neuroblastomzellen, in denen mittels sh-RNA Zbtb4 herunter reguliert wurde eine selektiv
erhdhte Resistenz gegeniber Vincristin aufweisen. In den untersuchten Konzentrationen
wirkt Vincristin allerdings noch nicht tGber eine Hemmung der Mikrotubuliarchitektur der
Zellen, sondern Uber eine Aktivierung von p53, das zum Teil an Zytoskelettstrukturen
gebunden und damit inaktiv vorliegt. Aus dieser Bindung wird p53 durch niedrig dosiertes
Vincristin gelost und dadurch aktiviert (Giannakakou et al., 2008). Durch die Aktivierung von
p53 werden zwei hauptsachliche Signalwege vermittelt. Uber p21 erhalten die Zellen ein
antiproliferatives Signal und kénnen in einen G1-Arrest gehen. Des Weiteren kann Uber
proapoptotische p53-Target Gene (z.B. Puma und Noxa) Apoptose induziert werden. Dabei
hangt die Effektivitat des Apoptosesignales mal3geblich von der p21 Expression und dem
dadurch vermittelten Zellzklusarrest ab. Hohere p21 Level wirken dabei protektiv gegentber
den proapoptotischen Signalen (Seoane et al., 2002). In weiteren Versuchen konnten wir
zeigen, dass die Expression von p21 direkt von Zbtb4 transkriptionell gehemmt wird. Eine
Aktivierung von p53 kann so zu einer vermehrten Apoptose fuhren.

Letztlich missen jedoch noch weitere Faktoren eine Rolle bei der p53 Antwort der

Neuroblastomzellen eine Rolle spielen, da ja p53 auch von anderen Zytostatika aktiviert wird

-27 -



(z.B. nach Induktion von DNA Doppelstrangbriichen), die p21 Regulation durch Zbtb4 hier
jedoch eine untergeordnete Rolle zu spielen scheint.

Die transkriptionelle  Repression des p21 Promotors konnten wir mittels
Chromatinimmunoprezipitations-Experimente (ChIP) nachweisen. Dabei ist Zbt4 Teil eines
transkriptionellen Repressorkomplexes und bindet unter anderem Miz1 und Sin3a. Dieser
Komplex wiederum kann Histondeacetylasen (HDAC) binden und dadurch Promotoren
transkriptionell inhibieren.

In dieser Arbeit konnten wir zum ersten Mal einen funktionellen Nachweis erbringen, der die
prognostische Bedeutung der Expression von Zbtb4 in humanen Neuroblastomen zumindest

teilweise erklaren kann.

Ferrandiz N, Martin-Perez J, Blanco R, Donertas D, Weber A, Eilers M, Dotto P,Delgado
MD, Leon J. HCT116 cells deficient in p21(Wafl) are hypersensitive to tyrosine kinase
inhibitors and adriamycin through a mechanism unrelated to p21 and dependent on p53.
DNA Repair (Amst). 2009 Mar 1;8(3):390-9.

IF (Stand 2010): 4,199

In dieser Arbeit konnte gezeigt werden, dass der CDK Inhibitor p21 in Kolon-Karzinom Zellen
keinen direkten Einfluss auf die Sensitivitdt der untersuchten Zelllinie gegenlber den
eingesetzten Kinaseinhibitoren hat. Obwohl eine p21 defiziente Zelllinie (HCT116-p21™)
gegeniber den wildtyp-Zellen eine hdhere Sensitivitat gegeniber den Kinase Inibitoren
aufweist, kann eine Rekonstitution der p21 Expression diese nicht riickgangig machen.
Gegenuber dem totalen Knockout von p21 (p21-/-) fihrt ein voribergehender Knockdown
von p21 durch sh-RNA in wildtyp-HCT116 Zellen nicht zu einem vergleichbaren Phanotyp.
Aus diesen Daten folgert, dass neben dem voélligen Fehlen von p21 in diesen Zellen weitere
Faktoren, zum Beispiel eine erhohte Stabilisierung von p53 Uber Abl-Kinasen, fir die
Medikamentensensitivitat eine tibergeordnetere Rolle spielen miissen. Dies zeigt sich in der
Tatsache, dass im Gegensatz zu einer p21 Uberexpression in den p21” Zellen eine p53
Herabregulation die Hypersensitivitat gegentiber den Kinaseinhibitoren deutlich reduzieren

kann.
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Zbtb4 represses transcription of P21CIP1 and
controls the cellular response to p53 activation
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In response to stimuli that activate p53, cells can undergo
either apoptosis or cell cycle arrest, depending on the
precise pattern of p53 target genes that is activated. We
show here that Zbtb4, a transcriptional repressor protein,
associates with the Sin3/histone deacetylase co-repressor
and represses expression of P2ICIP1 as part of a hetero-
dimeric complex with Mizl. In vivo, expression of ZBTB4
is downregulated in advanced stages of multiple human
tumours. In cell culture, depletion of ZBTB4 promotes cell
cycle arrest in response to activation of p53 and suppresses
apoptosis through regulation of P2ICIPI, thereby
promoting long-term cell survival. Our data suggest that
Zbtb4 is a critical determinant of the cellular response
to p53 activation and reinforce the notion that p21Cipl
can provide an essential survival signal in cells with
aclivated p53.
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Introduction

The p53 tumour suppressor protein orchestrates a broad
transcriptional programme in response to both physiological
and environmental stress. Activation of p53 can result in
either cell cycle arrest or apoptosis and this ‘decision’ is
largely controlled by the exact pattern of p53 target genes
that is regulated in response to a specific stimulus.
p53-induced cell cycle arrest is mediated by upregulation
of P2ICIPI which encodes an inhibitor of the Cdk2 kinase,
and by suppression of cell cycle regulatory genes that include
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CDC25C, which encodes a phosphatase required for activa-
tion of Cdkl (Vousden, 2006). p53-induced apoptosis is
mediated by upregulation of a group of pro-apoptotic genes,
most notably NOXA and PUMA. In addition, non-transcrip-
tional functions of p53 at the mitochondrion have an essen-
tial pro-apoptotic function (Mihara et al, 2003). Importantly,
induction of P21 CIP1 expression by p53 suppresses apoptosis
in addition to inhibiting cell cycle progression (see
Discussion). As a result, levels of p21Cipl can be critical
determinant of the outcome of p53 activation.

Several factors influence the choice of target genes that are
induced in response to activation of p53 under specific
circumstances (Vousden, 2006): the p53 protein itself inte-
grates multiple signals that can favour either apoptosis or cell
cycle arrest. For example, phosphorylation of serine residues
18 and 23 is required for induction of apoptosis in mice;
similarly, phosphorylation of human p53 at residue 46 con-
tributes specifically to activation of pro-apoptotic genes
(Chao et al, 2006). Also, the ASPP proteins that bind to the
p53 protein shift the transcriptional response towards the
induction of pro-apoptotic genes and away from cell cycle
arrest (Samuels-Lev et al, 2001). A second mechanism that
allows for the specific regulation of individual p53 target
genes is the combinatorial control of many targets of p53
together with other transcription factors. For example, induc-
tion of expression of the death receptor DRS requires coop-
eration of p53 with NF-xB; also, the Slug repressor protein
suppresses p53-dependent induction of PUMA in haemato-
poietic cells (Wu et al, 2005).

Conversely, induction of P21 CIPI expression requires bind-
ing of Mizl to the core P2ICIPI promoter and, as a conse-
quence, factors that control Mizl can affect P21CIPI
expression (Herold et al, 2002). One example of this is the
Myc protein, which, when deregulated, represses p53-
mediated induction of P2ICIP1 through binding to Mizl and
thereby favours apoptosis in response to p53 activation
(Seoane et al, 2002). Re-expression of P21CIP1 in Myc-trans-
formed cells inhibits apoptosis and a point mutant of Myc
that is unable to bind to Mizl and therefore to repress
P2ICIPI is unable to induce apoptosis in human fibroblasts.
This suggests that repression of P2ICIPI can be essential for
Myc-dependent apoptosis (Seoane et al, 2002).

At its amino-terminus, Mizl contains a POZ protein—
protein interaction domain, which can mediate both homo-
and heterodimerization among POZ domain proteins. Mizl
heterodimerizes with Bcl-6 to suppress expression of P21CIP1
during the class switching of immunoglobulin genes in B
cells, when p53 is activated in response to the recombination
events (Phan et al, 2005). We describe now a second POZ
domain partner protein of Mizl, Zbtb4. Expression of ZBTB4
is downregulated in advanced stages of human neuroblasto-
ma and of multiple human solid tumours. Zbtb4 is a trans-
criptional repressor protein that heterodimerizes with Miz1,
represses P21CIPI expression and inhibits cell cycle arrest in
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response to p53 activation. Conversely, loss of Zbtb4 inhibits
apoptosis and favours cell cycle arrest and long-term survival
in response to activation of p53. Our data suggest that the
expression level of ZBTB4 is an important determinant of the
cellular response to p53 activation.

Results

Zbtb4 expression decreases in human tumours

In human neuroblastoma, advanced tumour stage and ampli-
fication of the MYCN gene are highly predictive for poor
outcome. We have previously performed a microarray analy-
sis of primary human neuroblastomas and identified expres-
sion signatures that are specific for individual tumour stages
and for MYCN-amplified tumours (Berwanger et al, 2002).
One of the genes that is downregulated in neuroblastomas
with poor prognosis encodes Zbtb4, a POZ domain transcrip-
tional repressor protein (Filion et al, 2006) (Figure 1A). To
extend the microarray data, we measured expression of
ZBTB4 mRNA in 98 independent RNA samples of primary
neuroblastomas and confirmed that ZBTB4 is expressed in a
stage-dependent manner, with expression being lowest in
stage IV neuroblastoma (P<0.01) (Figure 1B). Expression
levels of ZBTB4 are inversely correlated with survival as seen
in the Kaplan-Meier analysis (Figure 1C). As ZBTB4 is

expressed in a stage-dependent manner, expression levels of
ZBTB4 did not constitute an independent prognostic para-
meter in a multivariate analysis, which takes tumour stage
into account (not shown).

Data obtained from a publicly available database of tu-
mour expression profiles (www.oncomine.org) showed that
downregulation of ZBTB4 relative to normal tissue occurs in
multiple human tumour entities, notably in breast, prostate
and lung carcinoma and in glioblastoma (Figure 1D and
Supplementary Table 1). In addition, ZBTB4 is expressed in
a stage-specific manner in glioblastoma and in breast, ovar-
ian and prostate carcinoma, with expression being lowest in
advanced tumour stages, similar to neuroblastoma (Figure 1E
and Supplementary Table 2).

Biological effects of Zbtb4 downregulation

To understand how repression of Zbtb4 affects cell physio-
logy, we used three distinct retroviral expression vectors that
express a short hairpin RNA (shRNA) targeting ZBTB4
(shZBTB4-1,2,3) or soluble siRNA oligonucleotides that target
ZBTB4 together with scrambled controls. RQ-PCR analysis
showed that individual clones of SH-EP neuroblastoma cells
stably infected with any of the three shZBTB4 vectors had
2- to 3-fold lower levels of ZBTB4 mRNA (Supplementary
Figure 1A). Similarly, transfection of either SH-EP or SH-SYSY
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Figure 1 Expression of ZBTB4 mRNA in human tumours. (A) ZBTB4 is expressed in a stage-dependent manner in human neuroblastoma. The
graphis a summary of microarray data of ZBTB4 mRNA levels observed in different neuroblastoma tumour stages. The data are taken from the
original analysis (Berwanger et al, 2002). Error bars represent standard error of the mean. (B) Confirmation of microarray data. The graph
summarizes the RQ-PCR analysis of ZBTB4 expression in an independent set of 98 primary neuroblastoma tumours. Error bars represent
standard error of the mean. (C) Expression of ZBTB4 correlates with patient survival. The graph documents the Kaplan-Meier analysis of
neuroblastoma patients with ZBTB4 mRNA expression levels above (‘high’) and below (‘low’] the mean expression level. (D) ZBTB4 is
repressed in glioblastoma and in prostate carcinoma relative to normal tissue. The data are taken from the studies summarized in Table 1, and
were obtained from www.oncomine.org. The numbers refer to Table 1. In this and the following panel, data are presented as Box and Whisker
graph with error bars representing the 5th and 95th percentile. (E) Stage-specific expression of ZBTB4 in breast and prostate carcinoma. The
data are taken from the studies summarized in Table 2. The plots are taken from www.oncomine.org (BH, benign hyperplasia; IN,
intraepithelial hyperplasia; LPC, localized prostate carcinoma; MPC, prostate carcinoma metastasis).
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neuroblastoma cells with soluble siRNAs targeting ZBTB4
(siZBTB4) reduced expression levels of ZBTB4 approximately
five-fold relative to control cells (Supplementary Figure 1B).
Furthermore, expression of either of the shZBTB4 vectors or
transfection of siZBTB4 reduced expression levels of a HA-
tagged Zbtb4 allele that was stably expressed in SH-EP cells
(Supplementary Figure 1C).

Pools of SH-EP cells, which express shZBTB4, showed no
significant change in the rate of proliferation relative to
control cells under standard tissue culture conditions
(Supplementary Figure 1D). Conversely, ectopic expression
of Zbtb4 had little effect on cell growth at moderate expres-
sion levels and both stable cell clones and pools expressing
moderately elevated levels of Zbtb4 could be established
(data not shown and Figure 4). In contrast, expression of
approximately 10-fold higher levels of Zbtb4 suppressed
colony formation in several tumour cell lines and induced
apoptosis, as revealed by the accumulation of cells with a
subG1 (< 2n) content of DNA (Supplementary Figure 1E).

To understand if downregulation of ZBTB4 confers a
selective advantage to tumour cells, we exposed SH-EP cells
to a number of drugs that are used in the therapy
of neuroblastoma patients, including cisplatin, etoposide,
vincristine and retinoic acid (Estlin and Veal, 2003). All
drugs suppressed colony formation of control SH-EP cells at
the concentrations used in these experiments (Figure 2A). No
difference was observed in the response of cells that stably
express shZBTB4 towards cisplatin, etoposide or retinoic acid
(Figure 2A and data not shown). In contrast, cells expressing
shZBTB4 showed an enhanced long-term survival in response
to vincristine (Figure 2A and Supplementary Figure 2A). This
phenotype was observed in several cell clones with each of
the three different shRNAs targeting ZBTB4, demonstrating
that it did not reflect an off-target effect of an individual
shRNA or an artefact due to the selection of an individual
clone (Supplementary Figure 2A).

To demonstrate directly that depletion of ZBTB4 provides a
selective advantage in the presence of vincristine, we ex-
pressed shZBTB4 together with a GFP marker in SH-EP cells
(Figure 2B). The relative abundance of cells expressing either
one of three shZBTB4 vectors increased over time in the
presence of vincristine relative to cells expressing a control
shRNA or to cells expressing GFP alone. In contrast, Zbtb4-
depleted cells had no survival advantage in the presence of
DMSO, demonstrating that depletion of Zbtb4 provides a
specific survival advantage in the presence of vincristine.

To understand the underlying mechanism, we performed
FACScan experiments of SH-EP cells before and after addition
of vincristine (Figure 2C and Supplementary Figure 2B).
Vincristine induced apaptosis in control cells, as documented
by the appearance of a cell population with a sub-G1 DNA
content. In contrast, vincristine did not induce apoptosis in
cells expressing any of the three shZBTB4 vectors. Instead,
over 80% of Zbtb4-depleted cells accumulated in the Gl
phase of the cell cycle, demonstrating that vincristine induced
a temporary arrest or delay in proliferation. To confirm these
observations, we monitored cleavage of poly-ADP-ribose-
polymerase (PARP), an early marker of apoptosis; consistent
with the FACScan data, depletion of Zbtb4 reduced the extent
of PARP cleavage in response to vincristine (Figure 2C).
We concluded that depletion of Zbtb4 shifted the cellular
response to vincristine from apoptosis to a temporary G1 arrest.
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In contrast to etoposide or cisplatin, vincristine does not
induce DNA damage but exerts its cytostatic effects through
interaction with p-tubulin and interference with its function
(Jordan et al, 1998) (see also Figure 4). At the low concen-
trations (5nM) used in these experiments, vincristine does
not disrupt the cytoskeleton but activates the tumour sup-
pressor protein p53, potentially by facilitating its nuclear
import, which depends on the microtubule-associated
motor protein dynein (Giannakakou et al, 2000).
Consistently, vincristine led to an accumulation of p53 and
a p53-dependent induction of p21Cipl protein expression as
well as of P2ICIPI, NOXA and PUMA mRNAs (Figure 3A and
SA). At higher concentrations (50nM), vincristine disrupts
the microtubular network, leading to a failure to execute
mitosis (Jordan et al, 1998). Exposure of either control or
Zbtb4-depleted cells to these elevated concentrations of vin-
cristine suppressed colony formation (not shown) and led to
an accumulation of cells with 4n DNA content, consistent
with an arrest in mitosis (Figure 2C and Supplementary
Figure 2B). We concluded that depletion of ZBTB4 does not
generally render cells resistant to vincristine, but selectively
alters the response to low doses of the drug in the range
predicated to activate p53.

Zbtb4 influences p53-mediated p21Cip1 expression

To understand how Zbtb4 shifts the response to vincristine
from apoptosis to cell cycle arrest, we analysed how deple-
tion of Zbtb4 affects the expression of a number of p53 target
genes including P2ICIPI, NOXA and PUMA (Figure 3B).
There was no difference in the expression of the pro-apopto-
tic BAX, PUMA and NOXA between Zbtb4-depleted and
control cells, either before treatment with vincristine
(Figure 3B) or in response to treatment with the drug (not
shown); similarly, the expression of two target genes of p53
that have been implicated in regulation of cell cycle progres-
sion, 14-3-3c and BTGZ2, was not consistently upregulated by
depletion of Zbtb4 (Figure 3B). In contrast, both transient
depletion of Zbtb4 using soluble siRNA (Figure 3B) and
stable depletion using shRNAs (Figure 3C) led to an
increase in expression of P2I1CIP1 mRNA and p21Cipl pro-
tein, both in untreated cells and after addition of vincristine
(Supplementary Figure 3A). Conversely, stable expression of
Zbth4 from a retroviral vector reduced expression levels
of P2ICIP1 mRNA, but had little or no effect on the levels
of PUMA or NOXA mRNAs (Figure 3D and Supplementary
Figure 3B). Furthermore, a microarray analysis of cells de-
pleted of Zbtb4 confirmed that induction of P2ICIP1 mRNA
was the strongest change in gene expression observed in such
cells (Supplementary Figure 4). Taken together, we concluded
that Zbtb4 represses transcription of P2ICIPI both in un-
stressed cells and in response to vincristine.

To determine whether the enhanced expression levels of
P2ICIPI found in Zbtb4-depleted cells are causal for the
resistance to vincristine, we depleted p21Cipl using stable
expression of shRNA in several clones of Zbtb4-depleted SH-
EP cells (Figure 3E and Supplementary Figure 3C). Cells were
exposed to vincristine and cell survival was measured after
72 h. In these experiments, three independent vectors target-
ing P2ICIP1 led to a moderate reduction in survival of control
cells, and almost completely abolished the survival advan-
tage of Zbtb4-depleted cells in the presence of vincristine.
We concluded that depletion of Zbtb4 enhances survival
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Figure 2 Depletion of Zbtb4 enables neuroblastoma cells to survive in the presence of vincristine. (A) Colony assays documenting growth of
a control clone of SH-EP cells and a clone expressing the indicated shZBTB4 RNA after treatment with the indicated chemotherapeutic agents.
Control (DMSO treated) plates were stained at day 7 and experimental plates stained 14 days after plating. Note that the ZBETB4 mRNA
expression level of this clone is documented in Supplementary Figure 1A. (B) Cells expressing shZBTB4 have a survival advantage in the
presence of vincristine. SH-EP cells were infected with vectors that express GFP and either a control shRNA vector or one of three distinct
shZBTB4 RNAs as indicated. At the indicated time points after infection, the percentage of GFP-positive cells was measured by FACScan. All
values were normalized to those obtained from a control plate expressing H2B-GFP. At the start of the experiment, approximately 10% of all
cells were positive for GFP. (C) Vincristine induces apoptosis in control cells but G1 arrest in Zbtb4-depleted cells. The upper panels document
FACS analyses of the DNA content of either a control clone or of a clone expressing shZBTBE4 after treatment with DMSO or the indicated
concentrations of vincristine for 48h. The lower panels show immunoblots using antibodies directed against cleaved poly-ADP-ribose-
polymerase and B-actin as loading control.

of neuroblastoma cells in response to vincristine at least in
part through upregulation of P21CIP1.

Induction of p21Cipl mediates cell cycle arrest down-
stream of p53; to analyse whether Zbtb4 affects this arrest,
we infected SH-EP neuroblastoma cells with control or retro-
viruses expressing HA-tagged Zbtb4 and treated both cell
pools with nutlin, a small molecule inhibitor of the Hdm2
ubiquitin ligase (Vassilev et al, 2004). Immunoblots showed
that p53 accumulated to a similar extent in both cell pools
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(Figure 4A). p21Cipl accumulated in response to nutlin in
contral cells, but this induction was suppressed in cells
expressing ectopic Zbtb4. FACScan analysis showed that
SH-EP cells accumulated in the G1 phase of the cell cycle in
response to exposure to nutlin for 33h (Figure 4B); under
these conditions, exposure to nutlin did not induce apoptosis
(Figure 4B) and elicited only small increases in the levels of
PUMA and NOXA mRNAs (not shown). In contrast to control
cells, cells expressing Zbtb4 showed no change in the cell
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Figure 3 Depletion of Zbtb4 causes resistance to vincristine treatment through upregulation of P2ICIP1. (A) Vincristine induces activation of
p53. The panels show immunoblots of SH-EP cells infected with either a control vector (left) or a vector expressing a dominant-negative allele
of pS3 (p53DD; right) probed with the indicated antibodies. (B) Transient depletion of Zbtb4 upregulates P21CIP1 mRNA levels. The panels
document the RQ-PCR analysis of relative mRNA expression level of ZBTB4, P21CIP1, 14-3-3c, BTG2, GADDA4S5, PUMA, BAX and NOXA in SH-
EP and SH-SY5Y neuroblastoma cells transfected with either control or siRNA targeting ZBTB4. Cells were harvested 48 h after transfection and
expression levels were determined by RQ-PCR. (C) Stable depletion of Zbtb4 upregulates p21Cipl protein. The panels show immunoblots
of p21Cipl and Cdk2 protein levels in indicated SH-EP cell clones stably infected with either control vectors or vectors expressing shZBTB4.
(D) Ectopic expression of Zbtb4 represses P21CIP1. The panels document the RQ-PCR analysis of the relative mRNA expression level of ZBTB4,
P21CIP1, PUMA and NOXA in SH-EP cells stably infected with HA-tagged ZBTB4 vector or a control vector. (E) P21CIPI is required for protection
of SH-EP cells from vincristine-induced apoptosis by depletion of Zbtb4. The indicated SH-EP cell clones stably expressing either shZBTB4 or
control shRNA were transiently transfected with vectors expressing shP2ICIPI or a scrambled shRNA. At 48 h after transfection, cells were
plated in triplicate for vincristine treatment. Cells were treated with either vincristine or DMSO for 3 days; subsequently, the relative cell
number was determined. Error bars represent standard error of the mean.

cycle distribution in response to nutlin treatment (Figure 4B). together, the data show that Zbtb4 specifically suppresses
Identical results were obtained after 50 h of treatment, after arrest in the G1 phase in response to activation of p53.
which the cells became confluent (not shown). Retroviral
expression of P2ICIPI partially restored G1 arrest in cells Zbtb4 binds to the P21CIP1 promoter
expressing Zbtb4 in response to nutlin, arguing that suppres- We considered two models on how Zbtb4 might repress
sion of P2ICIP1 causally contributes to the failure of Zbtb4- expression of P2ICIPI. First, we tested the hypothesis that
expressing cells to arrest in response to nutlin (not shown). Zbtb4 might exert an effect upstream of p53. To address this
We wondered how Zbtb4 affected the cellular response to possibility, we generated clones and pools of SH-EP cells that
DNA-damaging agents and exposed SH-EP cells to adriamy- express a carboxyl-terminal fragment of p53 (p53DD) that
cin, cisplatin or etoposide in addition to vincristine and exerts an effect as a dominant-negative allele as it sequesters
nutlin. At the concentrations used, all drugs led to an p53 into non-functional heterotetramers (Shaulian et al,
accumulation of p53 and p21Cip1 and ectopic expression of 1992). As expected, p53DD impaired the ability of SH-EP
7Zbtb4 repressed this increase in p21Cip1 levels in response to cells to upregulate P2ICIP1, NOXA and PUMA in response to
all drugs (Figure 4C). Similar to the responses to nutlin, both UV irradiation and to vincristine (Figures 3A and 5A). In
expression of Zbtb4 reduced the percentage of cells arrested contrast, p53DD did not abolish the effect of shRNA targeting
in the G1 phase of the cell cycle in response to all drugs Zbtb4 on P2ICIP1 expression in SH-EP cells, arguing that
(shown for adriamycin and etoposide in Figure 4D). In Zbtb4 does not exert an effect upstream of p53 (Figure 5B). To
contrast to treatment with nutlin, cells treated with DNA- confirm this result, we repeated the experiment in HCT116
damaging agents accumulated phosphorylated p53 and Chkl, colon carcinoma cells and in a clone of these cells, in which
indicative of activation of the ATM and/or ATR kinases both alleles of P53 have been disrupted. Depletion of Zhtb4
(Figure 4C); this correlated with an arrest in the G2 phase induced expression of P2ICIPI in both cell types (Figure 5B).
in addition to the Gl arrest (Figure 4D). Zbtb4 did not We concluded that the effects of Zbtb4 on P2ICIPI expression
alleviate the G2 arrest in response to these drugs. Our are independent of p53.
findings are consistent with multiple data demonstrating We then tested the hypothesis that Zbtb4 might directly
that cells arrest in the G2 phase independently of p21Cip1l regulate the activity of the P2ICIPI promoter. Zbtb4 potently
upon exposure to DNA damage (Hirao et al, 2000). Taken repressed transcription when tethered to DNA through a
©2008 European Molecular Biology Organization The EMBO Journal VOL 27 | NO 11| 2008 1567
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Figure 4 Zbtb4 suppresses cell cycle arrest in response to activation of p53. (A) Zbtb4 represses p21Cipl expression in response to nutlin
treatment. SH-EP cells were stably infected with either control retroviruses or viruses expressing HA-tagged Zbtb4. Pools of infected cells were
either treated with DMSO as solvent control or with the indicated concentrations of nutlin for 33h. The panels show immunoblots of cell
lysates probed with the indicated antibodies; B-actin served as a loading control. (B) FACScan analysis showing the response to nutlin. The
panel documents the cell cycle distribution of either control cells or SH-EP cells expressing Zbtb4 after treatment with the indicated
concentrations of nutlin for 33 h. Error bars represent the standard deviation of triplicates. (C) The upper panels show immunoblots
documenting expression of p53, phosphorylated p53 (p53°!'°") and of phosphorylated Chkl (Chk1%**%") in SH-EP cells treated with the
indicated agents. The lower panels show immunoblots documenting expression of p21Cipl, total Zbtb4 and of exogenous Zbtb4 (detected
using a HA antibody) in control SH-EP cells and in SH-EP cells expressing Zbtb4; B-actin was used as a loading control. (D) FACScan analysis of
the responses to nutlin, adriamycin and etoposide of control SH-EP cells and of SH-EP cells expressing Zbtb4.
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Figure 5 Zbtb4 regulates P2I1CIPI expression independently of p53. (A) Expression of a dominant-negative allele of p53 blocks UV- and
vincristine-induced upregulation of P2ICIPI, NOXA and PUMA. Exponentially growing SH-EP cells were stably infected either with control
retroviral vectors or with vectors expressing a carboxyl-terminal fragment of p53 (p53DD). Pools of infected cells were exposed to UVB or
treated with 5 nM vincristine or DMSO as a control for 24 h. Cells were harvested and expression of the indicated genes was analysed by the
RQ-PCR as before. (B) Regulation of P21CIP1 by Zbtb4 is independent of p53. Control SH-EP cells, SH-EP p53DD-transduced cells, HCT116 cells
and HCT116 p53~/~ cells were transfected with siZBTB4 or control (scrambled) siRNA. At 48 h after transfection, cells were harvested and the
expression of ZBTB4 and P21CIP1 was determined by the RQ-PCR analysis. Data are plotted as expression relative to an internal standard.
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Gal4-DNA-binding domain (not shown), consistent with pre-
vious observations (Filion et al, 2006). The P21CIPI promoter
contains two consensus-binding sites for Zbtb4 (which are
identical to the non-methylated Kaiso-binding sites; see
Discussion) at —380 and —195 relative to the start site of
transcription (Figure 6A). Transient transfection experiments
using several reporter plasmids that contain different frag-
ments of the P2ICIPI promoter showed that Zbtb4 had little
effect on basal P2ICIP1 promoter activity in these assays
(Figure 6B). To mimic activation of P2ICIPI in response to
DNA damage, we expressed the transcriptional activator
Miz1, which is required for DNA damage-induced activation
of P2ICIP1 expression (Wanzel et al, 2005). Zbtb4 inhibited
activation of P2ICIPI by Mizl. Chromatin immunoprecipita-
tion (ChIP) experiments showed that Zbth4 binds to the core
promoter of the P2ICIP1 gene in vivo, but not to a control
region located in the 3-untranslated region (3'UTR); shRNA-
mediated depletion of Zbtb4 abolished the signal observed in
ChIP experiments, documenting the specificity of the anti-
body (Figure 6C). Taken together, the data show that Zbtb4
binds to the P2ICIPI promoter in vivo and represses its
activity.

Surprisingly, Zbtb4 also repressed transcription from pro-
moter fragments spanning from —144 to + 16 and from —96
to -+ 16 nucleotides relative to the transcription start site that
do not contain any candidate Zbtb4-binding sites (Figure 6A
and B). As Zbtb4 can bind to methylated DNA independent of
its binding site, we considered the possibility that repression
of P21CIP1 by Zbtb4 reflects methylation of the P2ICIPI
promoter; however, treatment of cells expressing Zbtb4
with the demethylating agent, azacytidine, had no effect on
repression of p21Cipl expression, rendering this possibility
unlikely (Supplementary Figure 5). The core PZICIPI promo-
ter contains a binding site for the transcription factor Mizl
and the reporter assays described above showed that
Zbtb4 repressed Mizl-driven transcription of the P2ICIPI
promoter without affecting the expression of Mizl protein
(Figure 6B and data not shown). Furthermore, ChIPs showed
a strong signal for binding of Zbtb4 not only around its
cognate-binding site but also at the transcription start site
(Figure 6C and D). Although the binding sites are so close
that the two primer pairs used to amplify the immunopreci-
pitated DNA do not completely discriminate between both
binding sites (see the low amount of Mizl binding detected
using the primers spanning the Zbtb4-binding sites), the
strong signal observed for Zbtb4 around the start site cannot
be accounted for by co-amplification of DNA immunopreci-
pitated through Zbtb4 bound to its cognate-binding site
(Figure 6D).

As POZ domain transcription factors can form heterodi-
mers, we wondered whether Zbtb4 heterodimerizes with
Mizl. To address this question, we expressed both Mizl-
and HA-tagged Zbtb4 by transient transfection in HEK293
cells; in these experiments, a-HA antibodies efficiently co-
precipitated Mizl and vice versa, «-Mizl antibodies co-preci-
pitated Zbtb4 (Figure 6E). Importantly, «-HA antibodies did
not precipitate Mizl when Zbtb4 was not expressed
(Figure 6E). Furthermore, neither monoclonal nor polyclonal
control antibodies precipitated Miz1 or Zbtb4 (Figure 6E). We
repeated the experiment in the presence of high concentra-
tions of ethidium bromide to exclude the possibility that
the co-precipitation was mediated by binding of both
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proteins to DNA; this did not affect co-immunoprecipitation,
demonstrating that both proteins interact independently of
their ability to bind DNA (Figure 6E). Consistent with the
previous finding that Miz1 interacts with Mye, precipitation
of Zbtb4 also co-immunoprecipitated Myc when both pro-
teins were co-expressed by transient transfection; in contrast,
Zbtb4 bound less efficiently to MycV394D, a point mutant of
Myc that does not bind to Mizl, suggesting that Zbtb4 binds
to Myc indirectly through Mizl (Supplementary Figure 6). To
test whether endogenous Zbtb4 interacts with Mizl, we
performed immunoprecipitations from colon carcinoma
(LS174T) cells, which express high levels of endogenous
Mizl (Figure 6F). Antibodies directed against Zbtb4, but
not control antibodies co-precipitated endogenous Mizl in
these experiments, demonstrating that endogenous Mizl and
Zbtb4 interact in vivo. Oligonucleotide pulldown experiments
showed that both Mizl and Zbtb4 bound to oligonucleotides
spanning either the Zbtb4- or the Mizl-binding sites of the
P21CIP1 promoter, but not to a control oligonucleotide
(Figure 6G). Furthermore, Zbtb4 enhanced DNA binding of
Mizl to either site. To test whether Mizl recruits Zbtb4 to its
cognate-binding site in vivo, we repeated the ChIP in cells
transfected with either scrambled siRNA or siRNA targeting
Mizl; depletion of Mizl reduced binding of Zbtb4 to the
P21CIP1 promoter (Figure 6H). Taken together, we concluded
that Zbtb4 and Mizl form a DNA-binding complex on the
P21CIPI promoter in human cells.

These data suggest a model in which Zbtb4 represses
expression of P21CIP1 in unstressed cells but that repression
is relieved when P2ICIPI is activated. To test this model, we
repeated the ChIPs in cells exposed to the DNA-damaging
agent, adriamycin. Exposure to DNA damage induced bind-
ing of p53 to its cognate-binding site on the P2ICIPI promo-
ter; at the same time, binding of endogenous Zbtb4 to the
P2ICIPI promoter was reduced, whereas binding of Mizl was
not affected by DNA damage (Figure 6D). Taken together,
these findings support a model in which release of Zbtb4-
mediated repression contributes to the activation of the
P21CIP1 promoter in response to DNA damage.

Zbtb4 recruits Sin3a and Sin3b
To understand how Zbtb4 represses P21CIP]1 expression, we
monitored histone modifications at the P21CIP1 promoter in
control cells and in cells expressing Zbtb4 using ChIP
(Figure 7A). Expression of Zbtb4 led to a decrease in histone
H3 acetylation at the P21 CIP1 promoter, suggesting that Zbtb4
recruits a histone deacetylase (HDAC). In contrast, only low
levels of histone H3K9 and histone H3K27 methylation,
additional modifications that are associated with transcrip-
tional repression, were detected and these were unaffected by
7Zbtb4. Zbtb4 also induced a decrease in H4K20 methylation,
a mark that has been associated with transcriptional elonga-
tion. Consistently, the signal was high close to the transcrip-
tion start site and in the 3'UTR of the P2ICIPI locus
(Figure 7A). To test whether histone deacetylation is critical
for Zbtb4-mediated repression, we treated SH-EP cells with
two inhibitors of HDACs, trichostatin-A and sodium butyrate.
Both inhibitors significantly reduced repression of P21CIPI,
suggesting that Zbtb4-mediated histone deacetylation med-
iates repression by Zbtb4 (Figure 7B).

The POZ domain protein Bel-6 recruits HDAC complexes
through binding to Sin3a (Dhordain et al, 1998). We therefore

The EMBO Journal VOL 27 | NO 11 ] 2008 1569

-35 -



Regulation of cell cycle arrest by Zbth4 and Miz1
A Weber ef al

determined whether Zbtb4 associates with Sin3a and/or
Sin3b. Immunoprecipitation of ectopically expressed HA-
tagged Zbtb4 co-precipitated endogenous Sin3a from extracts
of HEK293 cells (Figure 7C). Furthermore, immunoprecipita-
tion of endogenous Zbtb4 co-precipitated both endogenous
Sin3a and Sin3b from HCT116 cell lysates (Figure 7D).
Consistent with this observation, immunoprecipitation of
exogenous Zbtb4 precipitated significant HDAC activity
(Figure 7E). Moreover, shRNA-mediated depletion of the

Sin3 complex subunit Sds3, which is required for HDAC
binding, results in reduced recruitment of HDAC activity by
Zbtb4, indicating that recruitment of HDAC activity by Zbtb4
is dependent on Sin3a or Sin3b (Figure 7E and F). Parallel
experiments showed that Zbtb4 co-immunoprecipitates
HDAC2, one of the HDACs bound by Sin3, from lysates of
transfected cells (not shown). ChIP experiments confirmed
that Zbtb4 recruits both Sin3a and Sin3b to the start site of the
P21CIPI promoter, but not to the 3’UTR (Figure 7G).
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To demonstrate the functional relevance of this interaction,
we carried out expression profiling of HCTI16 cells
treated with shRNAs to either deplete Zbtb4 or Sin3a
and Sin3b (Figure 7H). We identified 192 genes that were
upregulated in response to depletion of Zbtb4 and 265
genes that were upregulated in response to co-depletion of
Sin3a and Sin3b. The analysis identified 29 genes, among
them P2ICIPI, that were upregulated in response to both
Sin3a/b and Zbtb4 depletion. Taken together, our data show
that a Zbtb4/Miz1/Sin3 complex represses P2ICIP1 in
response to p5S3 activation and suggests that there is a
group of genes that may be similarly repressed by a Zbtb4/
Sin3 complex.

Discussion

The POZ domain zinc-finger protein Zbtb4 has been identi-
fied based on its homology to the Kaiso protein (Filion et al,
2006); Kaiso is a transcriptional repressor protein that binds
to methylated DNA sequences in a sequence-independent
manner and to non-methylated DNA that contains a Kaiso
binding site (KBS) (Daniel et al, 2002). Both Zbtb4 and Kaiso
are POZ/BTB domain zinc-finger proteins; however, close
sequence similarity between both proteins is restricted to
the zinc-finger DNA-binding domain. Consequently, Zbtb4
shares with Kaiso the ability to bind both methylated DNA
and the KBS (Filion et al, 2006). In addition, both Zbtb4 and
Kaiso are transcriptional repressor proteins.

We now identify the P2ICIPI gene, which encodes an
inhibitor of the cyclin-dependent kinase Cdk2, as a target
for transcriptional repression by Zbtb4. p21Cip1 mediates cell
cycle arrest in response to several antimitogenic signals,
including activation of p53. Consistent with this notion,
Zbtb4 regulates cell cycle arrest under conditions in which
P53 is activated by vincristine, which facilitates the nuclear
import of p53, or nutlin, which inhibits the Hdm2 E3 ligase
that degrades p53 (Giannakakou et al, 2000; Vassilev et al,
2004). Zbtb4 does not affect the response to genotoxic agents
in clonogenic assays and this correlated with its inability to
affect the arrest in S and G2 phases in response to such
agents. Taken together, our data show that Zbtb4 has little

Regulation of cell cycle arrest by Zbth4 and Miz1
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function in regulating the proliferation of unstressed cells but
promotes progression through the G1 phase in cells in which
pS3 is activated.

Paradoxically, however, our interest in Zbtb4 was
prompted by the observation that its expression is down-
regulated in advanced stages of multiple solid tumours,
resulting in upregulation of P2ICIP1 expression. Indeed,
elevated levels of p21Cipl are found in several advanced
human tumours, suggesting that p21Cipl can provide a
selective advantage during tumorigenesis (Erber et al,
1997). Furthermore, p2lcipl-deficient mice are less suscep-
tible than wild-type mice to Myc-induced mammary tumor-
igenesis (Bearss et al, 2002) and to lymphomagenesis that
occurs in atm-deficient mice (Wang et al, 1997).

Depletion of Zbtb4 suppresses the normal apoptotic
response upon vincristine-mediated activation of p53. We show
that induction of P2ICIPI is essential for this suppression.
This is consistent with previous observations showing that
p21Cipl can provide critical antiapoptotic signals to cells.
Biochemically, this may be mediated indirectly through in-
hibition of Cdk2 by p21Cip1, as activation of cyclin A/cdk2
complexes can be a critical step in apoptosis (Levkau et al,
1998). Alternatively, p21Cipl inhibits the pro-apoptotic
kinases Askl and SAPK(JNK) and the cleavage and activation
of pro-caspase 3; therefore, the antiapoptotic functions of
p21Cipl may be independent of its ability to regulate Cdk2
activity (Zhan et al, 2007).

Importantly, p21Cipl and Zbtb4 may have critical onco-
genic functions independent of the p53 status of a cell. For
example, p21Cipl protects epithelial cells from anoikis by
suppressing the expression of the pro-apoptotic BH3-only
protein Bim (Collins et al, 2005). Anoikis inhibits metastasis,
as it eliminates epithelial cells that have detached from the
basal membrane and have lost cell-substratum contact.
Notably, expression of ZBTB4 discriminates metastatic from
non-metastatic  breast, prostate and lung tumours
(Supplementary Table 2) and is found in the pan-tumour
expression signature that predicts metastasis (P=0.003)
(Ramaswamy et al, 2003). Downregulation of Zbtb4 may
therefore facilitate the escape of tumour cells from anoikis.
Furthermore, p21Cipl has been implicated in maintaining

Figure 6 Zbtb4 and Miz1 form a transcriptional repressor complex that represses transcription of P21CIPI. (A) Scheme of the human P21CIPI
gene with indicated p53, Mizl and putative Zbtb4-binding sites. Also indicated are the positions of primers used for the chromatin
immunoprecipitation (ChIP) experiments shown below. Shaded grey areas denote exons. (B) Zbtb4 represses P21CIP]1 promoter activity.
Shown are reporter assays using P21 CIPI promoter constructs spanning the indicated nucleotides relative to the transcription start site. The
graph shows the luciferase activity relative to the standard CMV-BGal after transfection of SH-EP cells with either expression plasmids encoding
Zbtb4, Miz1 or both as indicated. The error bars represent the standard deviation of triplicate samples. Controls established that Zbtb4 does not
inhibit expression of Mizl (not shown). (C) ChIP demonstrating binding of Zbtb4 to the core of the P21CIP] promoter, but not to a control
region located in the 3'UTR. Cells were infected with viruses expressing either control shRNA or shZBTB4 as indicated. (D) Activation of
P21CIPI correlates with loss of endogenous Zbtb4 from the P2ICIP1 promoter. The panels show ChIP assays documenting binding of p53, Mizl
and Zbtb4 to the P21CIP1 promoter in untreated SH-EP cells and in SH-EP cells exposed to adriamycin. For each protein, the difference between
specific antibody and control antibody in percentage DNA bound is plotted. (E) Zbtb4 binds to Miz1 in lysates of co-transfected cells. HEK293
cells were transfected with expression vectors encoding HA-tagged Zbtb4 and/or Miz1 as indicated. Lysates were immunoprecipitated with the
indicated antibodies. The left panels show immunoblots of the immunoprecipitates probed with the indicated antibodies. The right panels
document an identical experiment except that 0.1 mg/ml ethidium bromide was added to the lysates before immunoprecipitation to exclude
that the observed interaction is mediated by binding of both proteins to DNA. Both antibodies IgG mouse and IgG rabbit were used as controls.
(F) Endogenous Zbtb4 and Mizl co-immunoprecipitate in LS174T cells. Rabbit IgG was used as a control. (G) Zbtb4 and Mizl form a DNA-
binding complex. HEK293 cells were transfected with expression plasmids encoding Mizl and/or Zbth4 as indicated. Biotinylated
oligonucleotides spanning the Zbtb4-binding site, the Miz1-binding site or a control sequence (3’UTR) were added and precipitated using
avidin-sepharose. Bound proteins were detected by immunoblotting using the indicated antibodies. (H) Mizl recruits Zbtb4 to the core P21CIP!
promoter. SH-EP cells were transfected either with scrambled siRNA or siRNA targeting MLZ1. ChIP assays were performed with control and
Zbtb4 antibodies and analysed using the indicated primer pairs. The panel shows the difference between the specific signal and the signal
obtained with the control antibody.
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Figure 7 Zbtb4 recruits Sin3a to repress the P2I1CIPI promoter. (A) ChIP assays documenting Zbtb4-induced alterations in histone modification
at the PZICIPI promoter. The assays were performed from either control SH-EP cells or SH-EP cells expressing Zbtb4 using the indicated
antibodies. The signals were normalized to precipitations using a H2B antibody. (B) Inhibition of histone deacetylation reduces repression of
P2ICIPI by Zbtb4. SH-EP cells were infected with either control retroviruses or retroviruses expressing ectopic Zbtb4. Cell pools were either
treated with solvent control or with the histone deacetylase inhibitors trichostatin-A (TSA) or sodium butyrate as indicated. Shown are
expression data for P2ICIPI mRNA relative to a control mRNA derived from the RQ-PCR analysis with error bars representing the standard
deviation of the mean. The data are plotted as fold repression by Zbtb4 in each experimental condition. The concentration of TSA used was
efficient in inducing overall histone acetylation as determined by immunoblot analysis (not shown). (C) Zbtb4 co-immunoprecipitates Sin3a.
HEK293 cells were transfected with indicated HA-tagged vectors, and protein lysates were immunoprecipitated with HA antibodies. Associated
endogenous Sin3a was visualized by immunoblotting. Here, 2% input of Sin3a is indicated. As a positive control, we used the repressor protein
Mnt and a mutated version of Mnt, in which the Sin3a interaction domain had been deleted (MntASID) (Hurlin et al, 1997). (D) Endogenous
Zbtb4 co-immunoprecipitates Sin3a and Sin3b. HCT116 whole cell extracts were immunoprecipitated with Zbtb4 or pre-immune antibodies;
precipitates were probed with antibodies to mSin3b and mSin3a. Here, 2% of input is shown. (E) Association of Zbtb4 with histone deacetylase
activity depends on Sds3. HEK293 cells were transfected with constructs expressing Zbtb4 or control vector and simultaneously infected with
lentiviruses expressing either control shRNA or shRNA targeting Sds3. At 48 h later, whole cell lysates were prepared and immunoprecipitated
with Zbtb4 or normal rabbit serum antibodies. HDAC activity in the immunoprecipitates was analysed. (F) Characterization of lentiviral
shRNAs targeting SIN3A and SIN3B. HCT116 cells were infected with lentiviruses expressing the indicated shRNAs. At 48 h after infection, cells
were harvested. Immunoblotting was performed with the indicated antibodies. (G) Zbtb4 recruits Sin3a and Sin3b to the core P2ICIPI
promoter. Shown are ChIP assays from control SH-EP cells and from SH-EP cells expressing Zbtb4. (H) Zbtb4 shares transcriptional targets with
Sin3. Comparison of transcripts regulated in Sin3- and Zbtb4-depleted cells relative to control HCT116 cells. Absolute values of the fold changes
are indicated as > 2.0-fold. The probability of chance of the overlap between shSIN3 and shZBTB4 as calculated by the hypogeometric
distribution is <10 %
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stem cell pools and suppression of Zbtb4 expression may
have a critical role in maintaining quiescence of tumour-
initiating cells.

Zbtb4 recruits an mSin3/HDAC complex that is likely to be
involved in repression of P2ICIP1 expression. Several HDACs,
notably HDAC1, 2 and 3, repress P2ICIPI in different cell
types; therefore, expression of P21CIP1 is an important target
that mediates cell cycle arrest in response to pharmacological
inhibition of histone deacetylation (Lagger et al, 2003). Upon
transient overexpression, Spl and Sp3, which bind to the core
P21CIP1 promoter, bind to HDACs and recruit them to the
P21CIP1 gene (Lagger et al, 2003). It is less clear whether
endogenous Sp proteins recruit HDACs to the P2ICIPI pro-
moter. In contrast, POZ domain complexes function as dedi-
cated repressor proteins and the Mizl/Zbtb4 complex is a
potent repressor of P2ICIPI promoter activity. In this view,
we suggest that this complex may be a key target for cell cycle
arrest by inhibition of HDAC activity and levels of Zbtb4 may
have prognostic value in determining the response to such
drugs.

Materials and methods

Patients

We studied tumour specimens from 98 children with primary
neuroblastoma who had been diagnosed from 1981 to 2000. All
patients were treated according to previously described protocols
with confirmed consent for study procedures.

Cell culture

HEK293 and HeLa cells were grown in DMEM, HCT116 were grown
in McCoy’s, Ls174T and SH-EP cells were grown in RPMI medium.
Where indicated, cells were treated with 4 uM nutlin-3 (Sigma),
trichostatin-A (50 ng/ml), 2 and 50 nM vincristine, 40 uM all-trans
retinoic acid, 0.2uM etoposide, 0.05uM cisplatin, 5mM sodium
butyrate or 300nM azacytidine. UV irradiation experiments used
250]/m’* UVB light. Soluble siRNA against ZBTB4 (Dharmacon)
and scrambled were transfected with lipofectamin RNAimax
(Invitrogen).

A full-length cDNA encoding HA-tagged Zbtb4 was assembled
from PCR-generated fragments, sequenced and inserted into the
pCMV and pBabe-puro vectors. Three shRNAs targeting ZBTB4 and
scrambled controls were cloned into pRetroSuper-puro and pRe-
troSuper-GFP, respectively. shRNAs directed against P2ICIP1 were
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(all Santa Cruz Biotechnology), «-p-tubulin (MAB3408; Chemicon),
-Mizl (10E2, Herold et al, 2002; H190, Santa Cruz Biotechnology)
and n-Zbtb4 (Filion et al, 20006).

Reporter assays and ChiP
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HDAC activity
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Microarray analysis
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GeneChip Human U133A 2.0 arrays. Sample labelling and
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1. Introduction

ABSTRACT

p21Wafl (p21) was described as a cyclin-dependent kinase inhibitor, but other p21 activities have subse-
quently been described, including its ability to inhibit apoptosis in some models. Comparative work on
the human colon cancer isogenic cell lines HCT116 and HCT116p21 -/~ led to the proposal that p21 protects
colon cancer cells against apoptosis by genotoxic drugs. We asked whether p21 also protected from cell
death induced by non-genotoxic drugs, such as tyrosine kinase inhibitors. We found that p21-deficient
cells were dramatically more sensitive towards imatinib and gefitinib than parental cells. Interestingly,
HCT116p21-/~ also showed higher basal activity of protein kinases as c-Abl, c-Src, and Akt. We gen-
erated HCT116p21-/- sublines with inducible p21 expression and found that p21 did not rescue the
hypersensitivity to imatinib. Moreover, down-regulation of p21 by enforced c-Myc expression or by p21
siRNA did not sensitize parental HCT116 cells. We found that, in HCT116p21-/~ cells, p53 showed higher
stability, higher transcriptional activity and phosphorylation in serines associated with p53 activity. Fur-
thermore, silencing of p53 with siRNA and inactivation of p53 with a dominant negative mutant rescued
the hypersensitive response to kinases inhibitors, 5-fluorouracil and adriamycin in HCT116p21-/- cells.
Consistently, HCT116p53/- cells are more resistant to imatinib than parental cells, suggesting that ima-
tinib activity is partly dependent on p53 in colon cancer cells. We conclude that high p53 activity, rather
than p21 deficiency, is the mechanism responsible for hypersensitivity to drugs of HCT116p21-/~ cells.
Therefore the role of p21 on apoptosis of HCT116 colon cancer cells should be re-evaluated.

© 2008 Elsevier B.V. All rights reserved.

p21 is a p53 target gene and is a relevant mediator of p53-cell
cycle arrest [9-11]. A role of p21 in cancer has been demonstrated

p21Wafl/Gpl (321 herein after), encoded by the CDKN1A gene, is
a member of the Cip/Kip family inhibitors of cell cycle progression.
The first discovered and best-studied biochemical activity of p21
is to inhibit Cdks, consistent with its activity as cell cycle inhibitor
[1-4]. However, more recent studies have shown that p21 has addi-
tional functions as differentiation inducer [5] and as an inhibitor
of apoptosis induced by DNA-damaging agents [6-8]. Since can-
cer cells can escape death induced by chemotherapeutic drugs, this
latter p21 activity is of pivotal importance in human cancer therapy.

Abbreviations: Chx, cycloheximide; PARP, poy(ADP-ribose )polymerase; PI, pro-
pidium iodide.
* Corresponding author at: Dpto. de Biologia Molecular, Facultad de Medicina,
Avda. Cardenal Herrera Oria, 39011 Santander, Spain. Tel.: +34 942 201952;
fax: +34 942 201945.
E-mail address: leonj@unican.es (]. Leon).

1568-7864/% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2008.12.001

in vivo, as p21-null mice develop tumors spontaneously [12] and
show increased tumor susceptibility using chemical carcinogen-
esis [13-16]. Although there are examples of p21 acting as an
apoptosis inducer [17-20], the results in most models suggest it
has an apoptosis protective effect. One of these cell models con-
sists of the human colon cancer cell line HCT116 and its isogenic
derivative HCT116p21 /-, generated by disruption of both p21 alle-
les through homologous recombination [21]. Work with these cell
lines suggested that p21 protected from apoptosis induced by adri-
amycin (doxorubicin) [22]. Later on, many reports have argued
for a protective role of p21 against apoptosis induced by DNA-
damaging agents and other stimuli as hypoxia using the HCT116
model system (a non-exhaustive list is shown in Supplemental
Table 1).

In this work we asked whether p21 also played a role in the cell
death induced by non-genotoxic drugs in the HCT116 model. We
chose imatinib as the main drug for our studies because it is a tyro-
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sine kinase inhibitor (with higher activity against c-Abl, Bcr-Abl and
c-Kit) widely used in human cancer therapy [23,24]. We found that
the cytotoxic effect of imatinib, gefitinib and adriamycin was much
higher on the p21-deficient HCT116 cells than on parental cells, but,
surprisingly, this hypersensitivity was due to p53 overexpression
and independent from p21.

2. Materials and methods
2.1. Cell lines, transfections and mice

Colon cancer cell line HCT116 and its isogenic derivatives
HCT116p21-/— [21] and HCT116p53~/- cells [22] were grown in
RPMI 1640 (Invitrogen) with 8% fetal calf serum and gentamycin
(80 wg/ml). HKO-MTp21 cell line was generated cotransfecting
HCT116p21-/~ cells with the pM6-p21 construct (carrying a Zn2*-
inducible p21) [25] and the pLPCX vector in a proportion G:1.
Transfections were carried out with Lipofectamine (Invitrogen) and
transfectants were selected with 0.25 g/ ml of puromycin (Sigma).
HKO-MTp21 cells were incubated with 75 puM ZnSQy4 to induce p21.
For silencing of p21, HCT116 cells and derived cell lines were trans-
duced with empty vector (pRetroSuper), and vector carrying two
different short-hairpin constructs for human p21 (shp21B and C).
The targeted sequences were AACACCTCCTCATGTACAT (shp21B)
and GCGACTGTGATGCGCTAAT (shp21C). Overexpression of p21
was achieved by adenoviral infection. HCT116p21 7/~ cells were
infected with adenovirus carrying p21 gene and GFP [26] and
24 h after infection whole-cell protein extracts were analysed by
immunoblot. GFP-expressing cells were above 80% in all aden-
oviral infections. For silencing of p53, HCT116p21 -/ cells were
transduced with pSuperRetro-shp53 virus [27] and a polyclonal
transduced cell line, Hp21KO-shp53, was selected with 0.5 pLg/ml of
puromycin. Hp21KO-pSR are HCT116p21-/~ cells transduced with
the empty vector. HCT116p21 -/~ cells were transfected with an
expression vector for pcDNA3-DDp53 [28] and, to allow selection,
a vector carrying a puromycin resistance markers (pLPCX) in a pro-
portion 6:1 (DDp53:pLPCX). Transfections were carried out with
Lipofectamine and transfectants were selected with 0.5 pg/ml of
puromycin. A pool of five transfectants was selected and the pres-
ence of the DDp53 isoform analysed by immunoblot. p21-deficient
mice (B6;129S2-Cdkn1a'™!Ti[]) [9]were obtained from Jackson Lab-
oratories.

2.2. Proliferation, annexin V binding and cell cycle assays

Proliferation assays were performed to compare the response
of cells to drugs. 80,000 cells (for HCT116p21~/-) or 50,000 cells
(for the other cell lines) were plated on 12-multiwell plates and
24 h after plating, increased concentrations of imatinib (provided
by Novartis), gefitinib (provided by Astra-Zeneca), adriamycin
(Sigma Chemical Co.), 5-fluorouracil (5-FU) (Sigma Chemical Co.)
or SU6656-001 (Biaffin) were added. After 48 h cells were stained
with crystal violet (1% in methanol), scanned and subjected to
densitometric analysis. Clonogenic assays were performed plat-
ing 5000 cells on G-multiwell plates and after one week colonies
where stained as above and counted. For cell cycle analysis
the cells were fixed in 90% ethanol at 4°C, washed with PBS
and incubated at 37°C for 30 min with RNase (200 pg/ml) and
10 pg/ml propidium iodide (PI) (Sigma). The stained cells were
analysed by flow cytometry on a FACScan flow cytometer (BD
Bioscences) using the CellQuest software. Apoptosis was assessed
by annexin V binding. Cells were treated with different imatinib
concentrations for 48 h and annexin V binding was determined
by flow cytometry and annexin V-phycoerythrin (BD Pharmin-
gen).

2.3. Immunofluorescence staining, immunoblotting and protein
kinase assays

Cells were fixed with paraformaldehyde and the presence of
phosphorylated H2AX histone (y-H2AX, monoclonal antibody from
Upstate, ref. 05-636) or p21 (polyclonal antibody C-19 from Santa
Cruz Biotech.) were detected by immunofluorescence, using a
FITC-conjugated secondary antibody (Dako, FO205). Samples were
mounted with Vectashield (Vector) containing 4’-6-diamidino-
2-phenylindole (DAPI) to stain nuclei and examined under a
fluorescence microscope (Zeiss-Axioskop2). Immunoblots were
performed as previously described [25]. Blots were revealed
with the ECL system (GE Healthcare). Antibodies used were:
anti-poy(ADP-ribose)polymerase (PARP) (H-250), anti-phospho-
tyrosine (PY20), anti-actin (I-19), anti-p53 (FL-393), anti-Akt1/2
(H136), anti-c-Src (SRC2), anti-Erk2 (C14), anti-phospho-Erk1/2
(E-4), anti-CDK2 (M2) from Santa Cruz Biotech; anti-p53 phos-
phorylated in serines 6, 9, 15, 20, 37, 46 and 392 (ref. 9919) and
anti-phospho Akt (ref. 9271) from Cell Signalling; anti-phospho-
c-Src (44-660G) from BioSource; anti-c-Abl (ref. 554104) from BD
Pharmingen; anti-p21 (P-184) from Sigma, and anti-a-tubulin anti-
body provided by Nicholas Cowan (New York University, New York).
To assay CDK2 activity, protein extracts (1 mg per assay) were
immunoprecipitated with 1.5 g of CDK2 antibody (same as above)
and collected on Gammabind sepharose beads (Pharmacia). Kinase
activity was measured on histone H1 (Roche Biochemicals) as asub-
strate as described [25]. An aliquot of the immunoprecipitate was
analysed by immunoblot for p21 and CDK2 expression.

24. Reporter-luciferase assays

The transcriptional activity of p53 in HCT116 and HCT116p21~/~
was measured with three promoter-luciferase constructs:
PG13-Luc, p21-Luc and MDM2-Luc, as well as the promoter-
less pGL2-basic vector (Promega) used as negative control. One
million of cells were transfected with Lipofectamine and 1 g of the
luciferase constructs plus 0.1 g of pRL-null for transfection nor-
malization. After 36 h cells were lysed and luciferase activity was
assayed with the Dual Luciferase kit from Promega as instructed
by the manufacturer. Luciferase activity was normalized to the
Renilla internal control. Each point corresponds to the mean of
two different experiments done in duplicate. Activation is relative
to the values obtained with HCT116 cells transfected with the
corresponding reporter.

2.5. Gene expression analysis

HCT116 and HCT116p21~/~ cells were untreated or treated with
15 WM imatinib for 48 h. Total RNA was extracted (RNeasy kit,
Qiagen), labelled and hybridized to a membrane macroarray con-
taining probes for 96 apoptosis-related genes (“Human Apoptosis
Gene Array”, SuperArray Bioscience Corporation), following the
manufacturer indications. The membrane was washed and the
radioactivity measured in a Molecular Imager apparatus (BioRad).
For each gene the signal was normalized to the control genes in the
array, and the ratio between the mRNA levels in control cells and
cells treated with imatinib was calculated.

3. Results
3.1. HCT116p21 -/ cells are more sensitive to kinase inhibitors

In view of the high sensitivity of HCT116p21 -/~ to genotoxic
drugs, we took advantage of this model to determine whether

p21 played a role in the response to drugs that do not directly
induce DNA damage such as tyrosine kinase inhibitors in HCT116
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Fig. 1. HCT116p21-/- cells are hypersensitive to the cytotoxic effects of imatinib. (a) Cells of the indicated cell lines were treated with the indicated concentrations of imatinib,
gefitnib, adriamycin and 5-FU. Cell proliferation was determined after 48 h and expressed as a percentage of the proliferation of untreated cells. (b) Clonogenic assay of the
indicated cell lines treated with imatinib, gefitinib and 5-FU for 5 days after crystal violet staining. (c) Growth curves of the indicated cell lines in the presence of imatinib.
“W" indicates the time point at which the cells were washed to remove imatinib. Note that the scales for both cell lines are different. Dotted line in the left graph corresponds
to untreated HCT116p21-/~ for comparison with wild-type HCT116. (d) Apoptosis assessed by the proteolytic cleavage of PARP. HCT116 and HCT116p21-/- cells were treated
with the indicated concentrations of imatinib and 0.5 WM adriamycin (ADR) for 48 h. Whole-cell protein extracts were analysed by immunoblot with antibodies anti-PARP
and anti-a-tubulin as a loading control. (e) Apoptosis induction by imatinib as assessed by annexin V binding. Cells were treated with different imatinib concentrations for
48 h. Annexin V binding was determined by flow cytometry. (f) Cell proliferation of HCT116 and HCT116p53 /- cells treated with high imatinib concentrations for 48 h. Data
are means from three experiments + S.E.M. (g) Apoptosis induction by imatinib as assessed by annexin V binding in cells treated with high imatinib concentrations for 48 h.

Data are means from two experiments + S.E.M.

and HCT116p21~/~. We tested imatinib (which shows higher activ-
ity against Bcr-Abl, c-Abl and c-Kit) and gefitinib (with highest
specificity against epidermal growth factor receptor). The results
demonstrated that p21-deficient cells were dramatically more sen-
sitive against imatinib and gefitinib than parental cells. We also
tested p53-deficient cells [29] and found that these cells were
more resistant to the kinase inhibitors than the p21-deficient cells
(Fig. 1a). As a parallel approach we performed clonogenic assays,
which also demonstrated the hypersensitivity of HCT116p21 /-
cells to protein kinase inhibitors [30] (Fig. 1b). As positive con-
trols for cell death we used adriamycin and 5-FU and we confirmed
the reported hypersensitivity to both drugs of p21-deficient cells
[22,31-33] (Fig. 1Ta and b).

A time-course proliferation assay in response to imatinib con-
firmed that HCT116p21-/~ cells were more sensitive than the
parental cells. The imatinib effect on p21-deficient cells was cyto-
toxic as growth did not resume upon removal of the drug (Fig. 1c).
The results also showed that, in the absence of drugs, HCT116p21 -/~
cells grow ~fivefold slower than parental cells. The cytotoxic
effect of imatinib on p21-deficient cells is mediated by apop-
tosis as demonstrated by proteolytic cleavage of PARP assayed
by immunoblot (Fig. 1d), by annexin V binding assayed by flow
cytometry (Fig. 1e) and by accumulation of sub-G0/G1 cells (not
shown). The effect of imatinib was partly dependent on p53, as
p53-deficient cells were more resistant to high imatinib concen-

trations (20-60 M) than parental cells, as shown by cell growth
assays (Fig. 1f) and annexin V binding (Fig. 1g).

It was surprising that p21 deficiency resulted in such high
sensitivity to the tyrosine kinase inhibitors, as well as its partial
dependence on p53, in a similar way as genotoxic drugs adri-
amycin and 5-FU. Therefore, we tested the possibility that imatinib
indirectly induces DNA damage in HCT116 cells by assaying the
accumulation in the cell nuclei of foci with phosphorylated histone
H2AX (y-H2AX, a marker of genomic damage). The results (Fig. 2a)
showed that imatinib did not induce nuclear y-H2AX foci, contrary
to cells treated with adriamycin, which were used as positive con-
trol. However, imatinib reached its intracellular targets in HCT116,
as autophosphorylation of c-Abl kinase was severely inhibited upon
treatment with imatinib (Fig. 2b). Interestingly, basal c-Abl expres-
sion and activity were significantly higher in HCT116p21~/~ than in
parental cells. We did not detect expression of other imatinib tar-
gets as c-Kitand EGF receptor in HCT116 (not shown). It was striking
the higher level of c-Abl activation observed in HCT116p21-/~ cells,
and we asked whether other kinases besides c-Abl were hyperacti-
vated in HCT116p21~/~ cells. Using phospho-specific antibodies we
found an enhanced phosphorylation of Akt, Erk and c-Src kinases in
HCT116p21~/~ cells as compared to parental cells (Fig. 2c). Imatinib
also resulted in the inactivation of the c-Src kinase (Fig. 2d), con-
sistent with the described requirement of c-Abl for c-Src activity
[34].
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Fig. 2. Imatinib targets in HCT116p21-/~. (a) Imatinib does not induce H2AX phosphorylation. Cells were treated with imatinib and (as a positive control) with 0.5 pM
adriamycin for 48 h and fixed with paraformaldehyde. The presence of phosphorylated H2AX histone (y-H2AX) was detected by immunofluorescence. The cells were
counterstained with DAPI to stain nuclei and the fraction of positive cells is indicated in each case. Representative images are shown. (b) c-Abl inactivation by imatinib
in HCT116 and HCT116p21-/- cells. Cells were incubated for 48 h with imatinib and c-Abl was determined by immunoblot. To determine the phosphorylation of c-Abl the blot
was probed with an anti-phospho-tyrosine antibody. Actin levels were also determined to assess protein loading. (c) Protein kinase activation in HCT116p21-/-. Cells were
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3.2. p21 deficiency is not responsible for the hypersensitive
phenotype of HCT116p21 /= cells

To directly test whether p21 deficiency is responsible for the
hypersensitive phenotype of p21-deficient cells, we generated cell
lines with inducible expression of p21. Cells were transfected with
an expression vector where the human p21 cDNA is under con-
trol of the metallothionein promoter and its expression is induced
by Zn%* in the culture media [25]. The kinetics of p21 induc-
tion in one selected transfectants (Hp21KO-MTp21) is shown in
Fig. 3a. Most of exogenous p21 remains in the cell nuclei, as
assessed by immunofluorescence (Fig. 3b). We tested the function-
ality of the ectopic p21 by assaying the kinase activity of CDK2
upon induction of p21 with Zn?*. The results showed that induc-
tion of p21 in Hp21KO-MTp21 resulted in effective inhibition of
CDK2 (Fig. 3c). Consistently, induction of p21 reduced the frac-
tion of cells in G1 phase of the cell cycle, as assayed by flow
cytometry of Pl-stained cells (Fig. 3d), as cells in G1 transverse
into G2/M but cannot begin a new S phase. This is consistent
with the reported effect of p21 as an inductor of G2 accumulation
(35,36].

Having characterized the Hp21KO-MTp21 cell line, we next
asked whether restoring p21 expression in HCT116p21-/- cells con-
ferred resistance to imatinib. Surprisingly, the induction of p21 did
not alter the sensitivity of the cells towards imatinib, as determined

by cell growth (Fig. 3e) and the fraction of apoptotic cells as deter-
mined by annexin V binding (Fig. 3f). In addition, induction of p21in
Hp21KO-MTp21 cells did not modify the sensitivity to adriamycin
(not shown).

The above results from p21 overexpression suggested that p21
deficiency was not responsible for the enhanced cytotoxic response
to drugs. We sought to confirm this by the opposite approach,
i.e., decreasing p21 expression in wild-type HCT116 cells through
RNA interference. We generated a polyclonal cell line expressing
a p21 short-hairpin vector by retroviral transduction. These cells,
termed HCT-shp21B, showed reduced levels of p21 protein levels
with respect to parental cell line (Fig. 3g). Adriamycin potently up-
regulated p21, as previously reported [21,37] and we found that
HCT-shp21B showed reduced p21 in the presence of adriamycin,
as compared to control cells (Fig. 3g). In contrast, imatinib did
not modify p21 levels and the cells also showed reduced p21 lev-
els upon treatment with imatinib, with respect to parental cells
(Fig. 3g). Thus, we next asked whether p21 suppression modified
the cytotoxicity mediated by drugs. We found that the response to
adriamycin, 5-fluorouracil, imatinib and gefitinib was similar for
HCT116 and HCT-shp21B cell lines (Fig. 3h). Also, HCT-shp21B and
parental HCT116 show similar sensitivity to high imatinib concen-
trations (20-60 M) (not shown). These results suggest that p21
deficiency is not responsible for the sensitivity to imatinib. In a
complementary approach to decrease endogenous p21 we gener-
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ated cell lines transfected with an conditional Myc, a transcription
factor known to repress p21 expression in many cell lines including
HCT116 [38,39]. We generated HCT116 cells expressing c-MycER,
a Myc fusion protein which is activated by 4-hydroxytamoxifen.
Addition of 4-hydroxytamoxifen to these cells resulted in p21
down-regulation (Supplemental Fig. 1). However, c-Myc activation
did not result in a significant change in sensitivity to imatinib or
adriamycin, as determined by proliferation assays, annexin V bind-
ing and PARP proteolysis (Supplemental Fig. 1). Altogether, the
results indicate that p21 deficiency is not responsible for the hyper-
sensitive response of HCT116p21~/~ cells to drugs as tyrosine kinase
inhibitors or DNA-damaging drugs.

3.3. p53is stabilized and hyperactivated in HCT116p21/~ cells

In an attempt to explain the higher sensitivity of HCT116p21-/~
cells to drugs we analysed the expression of genes related to apop-
tosis through macroarray hybridization. We found that the mRNA
expression of several p53 target genes (e.g., GADD45, DR5, CD95,
BAX, CHEK1, TRAF1) was up-regulated in response to imatinib in
the p21-deficient cells as compared to parental cells (Fig. 4a). This
finding suggested that p53 might be involved in the hypersen-
sitive phenotype of HCT116p21-/-. Thus, we studied the status
of p53 in HCT116p21~/~ and found that p53 protein levels were
dramatically elevated with respect to parental cells (Fig. 4b), as
already observed [40-43]. Most of the p53 mutations found in
cancer render a more stable protein, and it was conceivable that
mutation in p53 was selected during the multiple passages of the
cell line. However, we did not find mutations in exons 2-11 of the
p53 gene of the HCT116p21-/~ cell line used in our studies (not

shown). In contrast we found that in HCT116p21~/~ cells but not
in the parental cells, p53 was hyperphosphorylated in residues
known to be important for p53 stabilization and/or transactivation:
Ser-9, Ser-15 and Ser-392 (Fig. 4b). We did not detect significant
changes in the phosphorylation of other residues tested (Ser-6,
Ser-20, Ser-37, Ser-46) (not shown). It was expected that these
modifications would result in increased p53 stability. To deter-
mine p53 stability, HCT116 and HCT116p21-/~ cells were treated
for the indicated periods of time with 50 pg/ml of the protein syn-
thesis inhibitor cycloheximide and the p53 levels were assessed
by immunoblot. The results demonstrated that p53 had higher
stability in HCT116p21-/- (Fig. 4c). Moreover, reporter—luciferase
assays with three different p53-responsive promoters revealed an
increased transcriptional activity of p53 in HCT116p21-/— cells
(Fig. 4d). Therefore, HCT116p21-/~ expressed higher levels of active
p53 than the parental cell line,

We next asked whether the elevated p53 levelsin HCT116p21-/~
cells depended on p21 deficiency. The results (Fig. 5a) revealed that
induction of p21 in Hp21KO-MTp21 did not modify p53 levels and
p53 phosphorylation. Also, reduction of p21 levels in HCT116 cells
(i.e., in HCT-shp21B cells) did not result in increased total p53 lev-
els or phospho-Ser15-p53 levels (Fig. 5b). Moreover, high transient
p21 levels achieved by adenoviral infection in HCT116p21~/~ cells
did not result in any decrease of p53 levels (Fig. 5c). Cells acutely
infected with p21 adenovirus did not show any increase in resis-
tance towards imatinib or adriamycin after 24 h of treatment with
respect to cells infected with a control virus, assessed by sub-G0/G1
fraction and annexin V binding (not shown). At longer infection
times (36-48 h) the p21 virus induced cell death (Fig. 5d). Finally,
we could not detect differences in p53 protein levels (as assayed by
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Fig. 5. Induction or repression of p21 does not modify p53 expression in HCT116 cells. (a) Induction of p21 does not modify p53 expression in HCT116. Whole-cell lysates
from Hp21KO-MTp21 cells grown in the absence or presence of 50 M ZnSOj4 for 24 h (to induce p21) were analysed by immunoblot with antibodies against p53, p21, actin
and Ser-15- and Ser-392-phosphorylated p53. (b) Silencing of p21 does not modify p53 expression in HCT116 cells. Lysates of HCT-shp21B (where p21 is silenced, Fig. 3d),
HCT-shp21C (expressing a control siRNA) and HCT-pRS (transduced with the empty virus) were analysed by immunoblot with the antibodies anti-p21, anti-total p53 and anti-
phospho-serine-15-p53. The filter was stained with Ponceau Red to assess protein loading. (c) Overexpression of p21 by adenoviral infection does not modify p53 expression
in HCT116p21-/~ cells. Cells were infected with adenovirus carrying p21 gene and GFP [26] and 24 h after infection whole-cell protein extracts were analysed by immunoblot
with antibodies against p21, p53 and a-tubulin. (d) Overexpression of p21 did not confer protection to infected cells. HCT116p21-/~ were infected with adenovirus p21 and
GFP and 6 h after infection cells were treated with 20 LM imatinib and 1 juM adriamycin and micrographs were taken after 30 h of treatment.

immunoblot) in ascendant colon from p21-deficient mice [9] and 34. High p53 levels are responsible for the hypersensitive
parental mice (not shown). In summary, the results indicate that phenotype in HCT116p21~/~ cells
HCT116p21-/~ cells express higher p53 levels and exert higher p53

activity than parental cells, and that this was independent from its We finally asked whether the increased sensitivity of
p21 deficiency. HCT116p21~/~ to drugs was a consequence of the p53 overexpres-
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Fig. 6. Impairment of p53 activity in HCT116p21-/- cells rescues the slow-growing phenotype. (a) Silencing of p53 in Hp21KO-shp53 cells. Cell lysates from the indicated
cell lines were analysed by immunoblot with anti-p53. The filter was stained with Ponceau Red to assess protein loading. (b) Expression of DDp53. Cell lysates from the
indicated cell lines were analysed by immunoblot with anti-p53 antibody. The filter was stained with Ponceau Red to assess protein loading (c) Cell proliferation of HCT116,
HCT116p21-/~ and Hp21KO-shp53 cells. Cells were plated at equivalent densities in parallel dishes and tripsinized and counted during 4 days. Data are mean from two
experiments = S.E.M.
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Fig. 7. Hypersensitivity to imatinib of HCT116p21~/~ cells depends on high p53 levels and activity. (a) Growth curves of the indicated cell lines in the presence of imatinib
and gefitinib. Cells were plated at equivalent densities and tripsinized and counted during 5 days. (b) Micrographs of the indicated cell lines treated with 20 .M imatinib for
48 h showing the reduced sensitivity to imatinib of Hp21KO-shp53 and Hp21KO-DDp53. (c) Cells were treated for 48 h with imatinib and the fraction of cells binding annexin
V was determined as in Fig. 1. (d) Proliferation assay of the indicated cell lines incubated with increased concentrations of adriamycin, imatinib and gefitinib. The cells were
stained with crystal violet after 48 h of treatment. The numbers in the wells represent densitometric units normalized to the growth of untreated cells. (e) Silencing of p53

protein in HCT116p21-/~ down-regulated the activity of c-Src and c-Abl. Whole-cell lysates from HCT116, HCT116p53-/-, HCT116p21-/-, Hp21KO-shp53, Hp21K0-DDp53
were analysed by immunoblot with antibodies against p53, p-c-Src, c-Src, p-Abl, c-Abl and actin.

sion in HCT116p21-/~ cells. To test this hypothesis we generated We also generated transfectant HCT116p21~/~ cell lines express-
HCT116p21-/~ sublines with reduced p53 expression and tested ing a p53 fragment (DDp53) that acts as a dominant negative p53
their response to imatinib and adriamycin. Cells were transduced mutant [28]. We chose a cell line termed Hp21KO-DDp53 and the
with retrovirus expressing a short-hairpin p53 [27]. The trans- expression of DDp53 was confirmed by immunoblot (Fig. 6b). Cell
duced cells (Hp21KO-shp53) expressed reduced p53 levels (Fig. 6a). proliferation assays demonstrated that the cell line with reduced
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p53 (Hp21K0-shp53) grew faster than the parental HCT116p21-/-,
and at a similar rate than the wild-type HCT116 cells (Fig. 6c).

We next asked whether p53 inactivation in these cells con-
ferred higher resistance to kinase inhibitors. As shown in growth
curves of Fig. 7a, silencing of p53 completely rescued the growth
inhibition by low imatinib and gefitinib doses, as p21KO-shp53
grew at the same rate than parental HCT116 cells. Confirming our
previous results (Fig. 3), the reduction of p21 (i.e., HCT-shp21B
cells) did not confer higher sensibility in this assay. The inac-
tivation of p53 with the DDp53 mutant (Hp21KO-DDp53 cells)
also reversed the hypersensitive phenotype of HCT116-/~ cells to
a similar extent than in Hp21KO-shp53 cells (Fig. 7b). Moreover,
reduction of p53 levels or p53 activity resulted in increased resis-
tance to the apoptosis induced by imatinib, as assessed by annexin
V binding assay (Fig. 7c). Proliferation assays also confirmed that
impairment of p53 function reverted the hypersensitive phenotype
of HCT116p21-/~ cells towards adriamycin, imatinib and gefitinib
(Fig. 7d). These results are consistent with the increased resistance
to high imatinib concentrations of p53-deficient HCT116, described
above (Fig. 1). Thus, reduction of p53 levels or activity rescued the
slow growing and the hypersensitive phenotypes of HCT116p21-/-.
We showed above (Fig. 2) that despite the hypersenstivity to ima-
tinib, HCT116p21~'~ cells had higher c-Abl and c-Src protein kinases
activity. Thus we asked whether impairment of p53 function would
also antagonize these activities. The results demonstrate that c-Abl
and c-Src activities are decreased in Hp21KO-shp53 and Hp21KO-
DDp53 with respect to parental HCT116p21-/~ cells (Fig. 7e).
Taken together, our results strongly suggest that p53 is responsi-
ble for the hypersensitivity to tyrosine kinases inhibitors in this
model.

4, Discussion

We demonstrate here that HCT116p21~/~ cells are dramatically
more sensitive to imatinib and gefitinib than parental cells. Both
inhibitors are now widely used in therapy of human cancer. Our
results extend to tyrosine kinase inhibitors the previous observa-
tion with DNA-damaging drugs as adriamycin or 5-FU, which are
also more cytotoxic to HCT116p21-/— cells [22,31-33]. However,
restoring p21 expression in the p21-deficient cells did not mod-
ify the hypersensitive response to imatinib and adriamycin, and
silencing p21 in parental cells did not confer higher sensitivity to the
drugs. Surprisingly, this hypersensitivity is not due to p21 deficiency
but to p53 overexpression in HCT116p21~/~ cells, as the silencing or
inactivation of p53 confers a lower sensitivity towards these drugs,
and similar to that of parental cells.

It is noteworthy and previously unnoticed that p53 also con-
fers sensitivity to gefitinib and imatinib, although tenfold higher
imatinib concentrations are required to achieve a cytotoxic effect
in this colon cancer cells than in chronic myeloid leukemia cells
(the major clinical application of imatinib). Conversely to HCT116,
chronic myeloid leukemia cells express Ber-Abl kinase as imatinib
target. The dependence on p53 for imatinib response in HCT116,
which do not express Bcr-Abl but express c-Abl, extends previ-
ous findings in chronic myeloid leukemia where p53 inactivation
is associated to imatinib resistance [44,45].

p53 overexpression in HCT116p21-/~ was due to enhanced sta-
bility of the p53 protein. The reason for this effect in HCT116p21 /-
cellsis unclear, butit is not dependent on p14ARF and Mdm?2 expres-
sion [42,46] and our unpublished results. We have shown that
HCT116p21-/- cells express high levels of activated c-Abl kinase
(Fig. 2b), and it is established that c-Abl stabilizes p53 by inhibiting
Mdm2-mediated degradation of p53 (reviewed in [47]). So, high c-
Abl expression could explain the stability and elevated p53 levels in
HCT116p21-/- cells.lItis also noteworthy the high levels of activated

kinases (e.g., c-Abl, Akt, c-Src and Erk2) in p21-deficient cells. This
is striking as some of these kinases have been associated to cell sur-
vival in different systems. We hypothesize that the HCT116p21~/~
cell line, besides its deficiency in p21, acquired additional genetic
or epigenetic changes during the selection process leading to high
basal kinase activity which would stabilize p53 through different
pathways. This would result in cells showing a slower growth rate
and higher sensitivity to drugs.

Regardless of the mechanism that led to the high-p53 and hyper-
sensitive phenotype of HCT116p21~/~ cells, our results invite to
reconsider many of the reported conclusions on the anti-apoptotic
effect of p21 in colon cancer cells. An anti-apoptotic role for p21
has been demonstrated in several cell culture models from different
tissues reviewed in [7,8,48], and can explain the decreased rate of
radiation-induced tumorigenesis p21-deficient mice [12,49]. In the
HCT116 model, comparative work with HCT116 and HCT116p21~/—
cell lines has generated multiple reports arguing that p21 loss sen-
sitizes these cells for apoptosis induced by a number of antitumoral
drugs (Supplemental Table 1). Although it is unknown whether
our results can be extended to all drugs, the work described here
challenge these conclusions as we demonstrate that the hypersen-
sitive phenotype for the drugs tested in our work, depends on the
high p53 levels in the HCT116p21-/~ cell line and not on the p21
deficiency.

In support of this hypothesis, a recent report indicates
that the hypersensitivity to chromium-induced DNA damage in
HCT116p21-/= is also mediated by p53 [50]. In vivo inactivation
of p21 in mice resulted in a significant increase in the frequency
and size of intestinal tumors in two different models of colon car-
cinogenesis [51,52]. These results are not consistent with the idea
that p21 deficiency confers an apoptosis-prone and slow-growth
phenotype whereas they are in agreement with our results in the
HCT116 model. Moreover, trials in human colorectal cancer with
different drugs have failed to demonstrate a favorable prognostic
role for elevated p21 expression in overall survival (reviewed in
[53]). This observation is at odds with an anti-apoptotic function
of p21 in human colon cancer cells. We conclude that p21 does not
have a protective effect on drug-induced cell death in the HCT116
model and that the role of p21 in colon cancer cell apoptosis should
be re-evaluated.
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2.3 Genexpressionsmuster

Hintergrund:

Neben der Identifizierung einzelner Gene, die in der Genese eines bestimmten Malignomes
(z.B. Neuroblastom) auch potentiell eine funktionelle Bedeutung haben kdnnen (Berwanger
et al., 2002, Weber et al.,, 2008), kdnnen Uber Microarrayuntersuchungen auch ganze
Genexpressionsmuster dargestellt werden, die eine Prognose-relevante Zuordnung von
Patienten in verschiedene Subgruppen zulassen. Dabei ist die funktionelle Bedeutung der
einzelnen Gene nebensachlich.

In einer vorangegangenen  Studie konnten  Oberthuer und Kollegen ein
Genexpressionsmuster von 144 Genen identifizieren, mit dem unabh&angig von anderen
klinischen Parametern eine prognostische Einteilung der n=77 untersuchten Neuroblastomen
maoglich war (Oberthuer et al., 2006).

In einer weiteren Studie wurde dieses Genexpressionsmuster nun an einer weiteren,

unabhangigen Patientenkohorte auf seine Eignung als prognostischer Marker hin untersucht.
Eigene Publikation:

Oberthuer A, Hero B, Berthold F, Juraeva D, Faldum A, Kahlert Y, Asgharzadeh S, Seeger
R, Scaruffi P, Tonini GP, Janoueix-Lerosey |, Delattre O, Schleiermacher G, Vandesompele
J, Vermeulen J, Speleman F, Noguera R, Piqueras M, Bénard J, Valent A, Avigad S, Yaniv I,
Weber A, Christiansen H, Grundy RG, Schardt K, Schwab M, Eils R, Warnat P, Kaderali L,
Simon T, Decarolis B, Theissen J, Westermann F, Brors B, Fischer M. Prognostic impact of
gene expression-based classification for neuroblastoma. J Clin Oncol. 2010 Jul
20;28(21):3506-15.

IF (Stand 2010): 17,793

In dieser Studie konnte der aus dem Genexpressionsprofil der zuvor 144 identifizierten Gene
entwickelte Zuordnungsalgorithmus (Prediction analysis for microarrays (PAM)-Classifier) an
insgesamt n=440 weiteren, international rekrutierten Neuroblastompatienten validiert werden.
125 Patienten wurden dabei prospektiv untersucht. Der PAM-Classifier zeigte sich sowohl in
den retrospektiv, als auch in den prospektiv untersuchten Patienten als zuverlassiger und
hoch signifikanter Pradiktor sowohl fiir das Ereignis-freie-Uberleben (event free survival
(EFS)) als auch das Gesamt-Uberleben (overall survival (OS)). Mittels des PAM-Classifiers
konnte auch in aufgrund klinischer Eigenschaften gebildeter Untergruppen (z.B. Stadien,
Alter) zwischen gut und schlecht prognostischen Neuroblastomen unterschieden werden.

Die grofite Signifikanz erreichte der PAM-Classifier in der Untergruppe der Patienten mit
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einem niedrigen Risiko (niedriges Tumorstadium (1, 2 oder 3), Alter <18 Monate bei
Diagnosestellung, keine MYCN Amplifikation). In der Untergruppe der Hoch-Risiko
Patienten, die bei Diagnosestellung ein Stadium 4 aufwiesen aber keine MYCN Amplifikation
nachgewiesen hatten (n=66), konnte mit dem PAM-Classifier keine prognostisch relevante
Aussage getroffen werden. Des Weiteren konnte der PAM-Classifier auch in der
Untergruppe der MYCN amplifizierten Patienten (Stadium unabhangig) (n=64) nicht
zwischen guter und schlechter Prognose unterscheiden. Die Relevanz der Betrachtung
dieser Subgruppen ist jedoch fraglich, da die Anzahl der beobachteten Patienten in solchen
Untergruppen, bezogen auf die ohnehin sehr schlechte Prognose, relativ klein ist.
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A B S T R A C T

Purpose
To evaluate the impact of a predefined gene expression—based classifier for clinical risk estimation
and cytotoxic treatment decision making in neuroblastoma patients.

Patients and Methods

Gene expression profiles of 440 internationally collected neuroblastoma specimens were inves-
tigated by microarray analysis, 125 of which were examined prospectively. Patients were
classified as either favorable or unfavorable by a 144-gene prediction analysis for microarrays
(PAM) classifier established previously on a separate set of 77 patients. PAM classification results
were compared with those of current prognostic markers and risk estimation strategies.

Results

The PAM classifier reliably distinguished patients with contrasting clinical courses (favorable [n = 249]
and unfavorable [n = 191]; 5-year event free survival [EFS] 0.84 = 0.03 v0.38 = 0.04, 5-year overall
survival [0OS] 0.98 = 0.01 v 0.56 = 0.05, respectively; both P < .001). Moreover, patients with
divergent outcome were robustly discriminated in both German and international cohorts and in
prospectively analyzed samples (P = .001 for both EFS and OS for each). In subgroups with clinical
low-, intermediate-, and high-risk of death from disease, the PAM predictor significantly separated
patients with divergent outcome (low-risk b-year OS: 1.0 v 0.75 = 0.10, P < .001; intermediate-
risk: 1.0 v0.82 = 0.08, P =.042; and high-risk: 0.81 = 0.08 v0.43 = 0.05, P = .001). In multivariate
Cox regression models based on both EFS and OS, PAM was a significant independent prognostic
marker (EFS: hazard ratio [HR], 3.375; 95% Cl, 2.075 t0 5.492; P < .001; OS: HR, 11.119, 95% CI,
2.487 to 49.701; P < .001). The highest potential clinical impact of the classifier was observed in
patients currently considered as non-high-risk (n = 289; 5-year EFS: 0.87 = 0.02 v 0.44 = 0.07;
5-year OS: 1.0 v 0.80 = 0.06; both P << .001).

Conclusion
Gene expression-based classification using the 144-gene PAM predictor can contribute to
improved treatment stratification of neuroblastoma patients.

J Clin Oncol 28:3506-3515. © 2010 by American Society of Clinical Oncology

dal treatments for high-risk patients. The broad

INTRODUCTION

Neuroblastoma accounts for roughly 8% of childhood
cancers and 15% of pediatric oncology deaths.! The
natural courses of the disease are remarkably hetero-
geneous. Whereas therapy-resistant progression is
frequently observed in older children with dissemi-
nated disease, spontaneous regression or differenti-
ation into benign ganglioneuroma occurs regularly
in infants. Accordingly, treatment protocols vary
from a wait-and-see approach for patients with ex-
pected spontaneous regression to intense multimo-

3506 © 2010 by American Society of Clinical Oncology
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range of clinical phenotypes and the divergence of
corresponding therapeutic regimens make accurate
risk estimation at the time of diagnosis an essential
prerequisite for therapeutic decisions. Currently,
clinical trials stratify patients into prognostic sub-
groups with expected low, intermediate, and high
risk of death from disease by using a limited num-
ber of variables, including stage of disease,” age at
diagnosis,” MYCN amplification,” histopatho-
logic classification,’ allelic loss of chromosomal re-
gions at Ip and 11q,”* and DNA ploidy.>'" While
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such classification systems largely succeed in discriminating patients
with divergent outcome, some low- and intermediate-risk patients
still die from disease, which indicates the presence of biologically
unfavorable tumors in these subgroups. Moreover, results from neu-
roblastoma mass screening programs''™'* and recent prospective clin-
ical trials' indicated that the frequency of spontaneous regression

might have been underestimated in the past, suggesting that chemo-
therapy may be spared in a substantial fraction of children.

In recent years, several studies provided strong evidence that
clinically relevant neuroblastoma subgroups differ molecularly on
both the genomic and the transcriptome level.”” It has therefore been
suggested that risk assessment of neuroblastoma patients could be
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Fig 1. Comparison of neuroblastoma risk stratification according to the German neurcblastoma trial NB2004, the 144-gene prediction analysis for microarrays (PAM)
classifier, and prognostic performance of the classifier in prospectively analyzed patients. Kaplan-Meier estimatas for event-free survival and overall survival for (A) all
440 patients stratified according to the NB2004 trial, (B) the same 440-patient set according to classification results of the 144-gene PAM classifier, and (C) 125 patients
whose tumor samples had been collected and analyzed prospectively, according to classification results of the 144-gene PAM classifier. LR, low risk; IR, intermediate

risk, HR, high risk; F, favorable; UF, unfavorable.
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Table 1. Summary of Kaplan-Meier Estimates for EFS and OS Based on the Classification Result of the 144-Gene PAM Prediction After Subdividing Patients
Into Subcohorts According to Either Single Prognostic Markers or Combinations of Prognostic Markers
PAM Favorable PAM Unfavorable
Survival Survival
Marker Probability sD Nao. of Patients Probability sD No. of Patients P

Total cohort (n = 440) 249 191

G-year EFS 0.84 0.03 0.38 0.04 = 001

b-year 05 0.98 0.01 0.56 0.04 =< .001
Stage 1 (n = 100} 87 13

5-year EFS 0.97 0.02 0.39 0.19 < .001

Byear 05 1.0 0.82 0.12 < 001
Stage 2 (n = 72} 58 14

b-year EFS 0.83 0.06 04 0.16 .005

5-year OS 1.0 042 0.21 < .001
Stage 3 (n = 73} 41 32

G-year EFS 0.78 0.07 0.36 0.09 002

b-year 0S 1.0 0.59 0.10 .00
Stage 4 (n = 142) 33 109

5-year EFS 0.72 0.08 0.34 0.05 < .001

Eyear 0S 0.84 0.07 049 0.0 00
Stage 4S (n = b3) 30 23

b-year EFS 0.73 0.11 0.61 0.10 061

5-year OS 1.0 0.83 0.08 .018
< 18 months of age (n = 284) 202 82

b-year EFS 0.85 0.03 0.54 0.06 =< .001

b-year 0S 1.0 0.79 0.05 < .001
= 18 months of age (n = 1565) 46 109

5-year EFS 0.78 0.07 0.28 0.05 < .001

Byear OS 0.87 0.08 043 0.05 < 001
MYCN amplification (n = 64) 1 63

b-year EFS 1.0 0.34 0.06 30

5-year OS 1.0 0.34 0.07 eyl
Del/imb 1p36 (n = 82} 22 70

b-year EFS 0.88 0.07 0.49 0.06 .00

b-year 0S 0.91 0.06 0.53 0.07 .003
Del/lmb 11q (n = 79) 27 52

G-year EFS 0.77 0.08 0.28 0.08 = 001

b-year 0S 0.88 0.07 0.62 0.08 022
NB2004 low risk (n = 236) 194 42

b-year EFS 0.85 0.03 048 0.10 < .001

5-year OS 1.0 0.75 0.10 < .001
NB2004 intermediate risk (n = 44) 17 27

b-year EFS 1.0 0.36 0.10 =< .001

b-year 0S 1.0 0.82 0.08 .042
NB2004 high risk (n = 148) 28 120

G-year EFS 0.67 0.09 0.36 0.05 001

b-year 0S 0.81 0.08 043 0.05 .00
Stages 1 to 3 MYCN single-copy (n = 222) 183 39

5-year EFS 0.88 0.02 0.35 0.1 < .001

Eyear 0S 1.0 0.72 01 = 001
Stages 4 and 45 MYCN single copy < 18 months 18 37

of age (n = 85)

5-year EFS 0.83 0.06 057 0.09 .004

Byear OS 1.0 0.86 0.068 009
Slag? 4 ngg?N single copy = 18 months of age 15 bl

n=

G-year EFS 0.48 013 032 0.07 10

Gyear 0S 0.64 013 0.49 0.08 35
NB2004 low-risk + intermediate-risk (n = 289) 218 Fal

b-year EFS 0.87 0.02 0.44 0.07 < .001

5-year OS 1.0 0.80 0.06 < .001
German patients total cohart (n = 325) 197 128

b-year EFS 0.83 0.03 0.39 0.05 =< .001

b-year 0S 1.0 0.62 0.06 =< .001

(continued on following page)
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Table 1. Summary of Kaplan-Meier Estimates for EFS and OS Based on the Classification Result of the 144-Gene PAM Prediction After Subdividing Patients
Into Subcohorts According to Either Single Prognostic Markers or Combinations of Prognostic Markers (continued)

PAM Favorable

PAM Unfavorable

Survival Survival
Marker Probability sD No. of Patients Probability sD Na. of Patients P

German patients prospectively analyzed (n = 125) 67 58

3-year EFS 0.81 0.05 043 0.08 001

3-year OS 1.0 0.70 0.08 < .001
International patients total cohort (n = 115) 52 [ix]

b-year EFS 0.89 0.06 033 0.08 < .001

Byear OS5 0.91 0.04 0.44 0.06 <.001

neurcblastoma trial.

Abbreviations: EFS, event-free survival, OS, overall survival; PAM, prediction

analysis for microarrays; Del, deletion; Imb, imbalance; NB2004, German

improved by complex molecular markers. We have previously re-
ported on a prognostic gene expression—based classifier'® that had
been designed on a training set of 77 patients to distinguish patients
requiring intense chemotherapy from those who may recover follow-
ing a wait-and-see strategy. In this study, we now determine the
prognostic value of this classifier in a validation cohort of 440 primary
neuroblastoma patients from multiple international pediatric oncol-
ogy centers, 125 of which were examined prospectively, and evaluate
its potential utility as a prognostic marker in clinical practice.

PATIENTS AND METHODS

Patients

This study consisted of 440 patients from nine centers in eight coun-
tries: Belgium, n = 9 (2.0%); France (two centers), n = 29 (6.6%); Ger-
many, n = 325 (73.9%); Israel, n = 7 (1.6%); Italy, n = 17 (3.9%); Spain,
n = 14 (3.2%); United Kingdom, n = 5 (1.1%); and United States, n = 34
(7.7%). Tumors of 125 patients diagnosed with neuroblastoma after October
1,2004, were analyzed prospectively as part of the German neuroblastoma trial
NB2004. All patients were registered in the respective clinical trials with in-
formed consent. Patients” age at diagnosis ranged from 0 to 305 months
(median age, 12 months). Median follow-up for patients without fatal events
was 4.7 years (range, 0.3 to 18.1 years). Five-year event-free survival (EFS) of
the total cohort was 0.65 + 0.02, and 5-year overall survival (OS) was 0.80 +
0.02. Stage was classified according to the International Neuroblastoma Stag-
ing System (INSS)™% stage 1, n = 100 (MYCN amplified [MNA], n = 3); stage
2, n = 72 (MNA, n = 3); stage 3, n = 73 (MNA, n = 15); stage 4, n = 142
(MNA, n = 38); and stage 45, n = 53 (MNA, n = 5). Response to treatment
was defined according to the revised criteria of the International Neuro-
blastoma Response Criteria (INRC)?. Chromosomal alterations were de-
fined according to the guidelines of the European Neuroblastoma Quality
Assessment Group.'”

Gene Expression Analyses and Supervised Classification

Gene expression profiles were generated as dye-flipped, dual-color rep-
licates from 1 pg of total tumor RNA using customized 11K oligonucleotide
microarrays as described.'® A detailed description of the experimental
procedures is indicated in the Patients and Methods section of the Appen-
dix (online only). All raw and normalized microarray data are available at
the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress; Accession:
E-MTAB-161). Supervised class prediction analysis was performed using
the nearest shrunken centroids method (prediction analysis for microar-
rays [PAM])"®), expression values of 144 predefined signature genes, and
classification rules as described.'®

Statistical Analysis
Kaplan-Meier estimates for EFS and OS were calculated and compared
by log-rank test. Recurrence, progression, and death from disease were con-

www.jeo.org

sidered as events. Cox regression models were applied using a stepwise variable
selection procedure recommended by Collett'? to analyze the prognostic value
of potentially prognostic factors. Model building is fully described in the
Patients and Methods section of the Appendix.

Prognostic Performance and Robustness of the
144-Gene PAM Classifier

To test the predictive power of the 144-gene PAM classifier,
440 neuroblastoma specimens reflecting the full spectrum of the
disease’s courses were collected from eight different countries
(Data Supplement Table DS1). Risk stratification according to the
German neuroblastoma trial NB2004**' was applied to all pa-
tients: 236 were categorized as low risk, 44 as intermediate risk, and
148 as high risk. Three patients could not be stratified because of
missing MYCN status, and nine patients could not be differentiated
between low or intermediate risk because of missing chromosome
1p status. Risk stratification according to NB2004 significantly
discriminated patients with different EFS and OS (NB2004 low
risk: 5-year EFS, 0.79 = 0.03 and 5-year OS, 0.96 = 0.02; interme-
diate risk: 5-year EFS, 0.63 = 0.08 and 5-year OS, 0.90 = 0.05; high
risk: 5-year EFS, 0.41 £ 0.04 and 5-year OS, 0.51 = 0.05; all
P <.001; Fig 1A). In comparison, application of the 144-gene PAM
classifier also significantly discriminated patients with divergent
outcome (PAM favorable [n = 249]: 5-year EFS, 0.84 = 0.03 and
5-year OS, 0.98 = 0.01; PAM unfavorable [n = 191]: 5-year EFS,
0.38 = 0.04 and 5-year OS, 0.56 = 0.04; both P <<.001; Fig 1B). All
Kaplan-Meier analyses are summarized in Table 1.

To evaluate the robustness of the classifier, patient cohorts ob-
tained from German and from international centers were analyzed
separately (n = 325 and n = 115, respectively). In both cohorts, PAM
reliably distinguished patients with divergent EFS and OS (P << .001
each, Data Supplement Figs DS3 and DS4). Additionally, the prognos-
tic performance of the classifier was determined in a set of patients
whose tumor specimens had been collected and analyzed prospec-
tively as part of the NB2004 trial (n = 125). Again, patients with
favorable and unfavorable clinical courses were accurately discrimi-
nated (PAM favorable [n = 67]: 3-year EFS, 0.81 = (.05 and 3-year
0§, 1.0; PAM unfavorable [n = 58]: 3-year EFS, 0.43 = 0.08 and
3-year OS, 0.70 = 0.08; both P = .001, Fig 1C).
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Performance of the PAM Classifier Within Patient
Subgroups Defined by Current Prognostic Markers

Next, we assessed PAM classification results in patient subgroups
defined by currently used prognostic markers. Intriguingly, the PAM
predictor correctly identified all children with fatal outcome in the
cohort of patients age < 18 months of age with stage 1, 2, 3, and 4S
disease and in patients with amplified MYCN (Data Supplement Figs
DS1A-DS1C, DS1E, DS2A, and DS2C). Furthermore, significant dis-
crimination of contrasting outcome was observed in patients with
stage 4 disease, age = 18 months, and those with an allelic deletion of
1p or 11q (Data Supplement Figs DS1D, DS2B, DS2D, and DS2E).

Despite these results, it was appreciated that current risk stratifi-
cation is based on a combination of several of the above-mentioned
single markers. Therefore, the performance of the PAM classifier was
evaluated in subcohorts of patients considered as low, intermediate,
and high risk, according to the NB2004 trial. Of 236 patients classified
as low risk by NB2004, 194 were also classified as favorable by PAM
and had an excellent outcome (5-year EES, 0.85 = 0.03 and 5-year OS,
1.0). The 42 patients classified as unfavorable by PAM had a signifi-
cantly worse EFS and OS (0.48 = 0.10 and 0.75 = 0.10, respectively;
both P << .001; Fig 2A). Likewise, intermediate-risk patients predicted
asunfavorable by PAM (n = 27) had a poor EFS 0f 0.36 = 0.10and an
OS of 0.82 = 0.08, whereas no events were observed in those 17
intermediate-risk patients who were classified as favorable by PAM
(P << .001 for EFS and P = .042 for OS; Fig 2B). Finally, within the
cohort of 148 NB2004 high-risk patients, gene expression—based clas-
sification also separated subgroups with significantly differing EFS and
OS (favorable [n = 28]: EFS, 0.67 = 0.09 and OS, 0.81 = 0.08 v
unfavorable [n = 120]: EFS, 0.35 = 0.05 and OS, 0.43 = 0.05; both
P =.001; Fig 2C).

Multivariate Cox Regression Analysis

To further assess the performance of the PAM classifier, mul-
tivariable Cox regression models were applied to analyze the prog-
nostic value of the following potentially explanatory prognostic
factors with respect to EFS and OS: age at diagnosis, tumor stage,
MYCN status, chromosome 1p status, chromosome 11q status, the
Shimada classification, and PAM (Table 2). While both the Shi-
mada system and PAM were independent prognostic markers in
the model based on EFS (PAM hazard ratio [HR], 3.375; 95% CI,
2.075 to 5.492; P < .001), the PAM classifier, the Shimada system,
and amplified MYCN were significant independent prognostic
markers in the model based on OS (PAM HR, 11.119; 95% CI,
2.487 to 49.701; P < .001). In addition, the PAM classifier turned
out to be an independent prognostic marker for neuroblastoma
risk estimation in separate Cox regression models that considered
the total NB2004 stratification system and the PAM classifier with
respect to both EFS and OS (P << .001 each; Table 2).

Potential Clinical Utility of the PAM Classifier

To identify patients in whom gene expression—based risk estima-
tion using the PAM classifier might result in a real clinical benefit, we
determined the prognostic value of this predictor in clinically relevant
subgroups of patients defined by combinations of prognostic markers.
In 222 patients with localized (stages 1-3) MYCN-nonamplified dis-
ease, the 144-gene predictor accurately classified all patients who suc-
cumbed to disease as unfavorable (favorable [n = 183]: 5-year EFS,
0.88 = 0.02 and 5-year OS, 1.0 v unfavorable [n = 39]: 5-year EFS,

3510 © 2010 by American Society of Clinical Oncology

0.35 = 0.10 and 5-year OS, 0.72 = 0.10; both P < .001; Fig 3A).
Likewise, the cohort of patients with MYCN-nonamplified metastatic
disease (stages 4 and 4S) and age < 18 months at diagnosis (n = 85)
was separated by PAM into subcategories with significantly differing
EFS and OS (favorable [n = 48]: 5-year EFS, 0.83 = 0.06 and 5-year
08, 1.0 vunfavorable [n = 37]: 5-year EES, 0.57 = 0.09 and 5-year OS,
0.86 £ 0.06; P = .004 and P = .009, respectively; Fig 3B).

In contrast, the classifier did not perform convincingly in
patients age > 18 months with MYCN-single-copy stage 4 disease
(n = 66). Here, 15 favorably classified patients had a 5-year EFS of
0.46 *= 0.13 and 5-year OS of 0.64 £ 0.13, while 51 unfavorably
classified patients had a 5-year EFS 0f 0.32 = 0.07 and a 5-year OS of
0.49 = 0.08 (P = .101 and P = .350, respectively; Fig 3C). It has to be
noted, though, that five of six favorably predicted patients with fatal
outcome were non-German patients (Data Supplement Figs DS3D
and DS4D), which may indicate either aless robust performance of the
predictor in this subgroup, influences of different ethnic backgrounds,
different therapeutic concepts, or logistic difficulties in handling and
shipping of the specimens.

The combination of nonamplified localized disease and nonam-
plified metastatic disease in patients age << 18 months largely corre-
sponds to all NB2004 low- and intermediate-risk patients (with the
exception of an age 12 months cutoff for patients with metastatic
disease in NB2004) and to non—high-risk patients in risk stratification
systems of other cooperative trials. We therefore determined the prog-
nostic performance of the PAM classifier in the combined NB2004
low- and intermediate-risk groups (n = 289). This analysis also in-
cluded those nine patients for whom no discrimination between low
or intermediate risk could be performed because of missing chromo-
some 1p status. As highlighted in Figure 3D, PAM classified 218
patients of this subgroup who had an excellent outcome as favorable
(5-year EFS, 0.87 = 0.02 and 5-year OS, 1.0), while all patients with
fatal outcome of disease were among the 71 patients who were classi-
fied as unfavorable (5-year EFS, 0.44 = 0.07 and 5-year OS, 0.80 =
0.06; both P << .001). The prognostic significance of the PAM classifier
for non-high-risk patients was further supported by a multivariate
Cox regression analysis that included the variables of tumor stage, age
at diagnosis, Shimada classification, chromosome 1p status, chromo-
some 11q status, and the NB2004 risk group. Here, PAM was the only
independent prognostic marker for EFS (HR, 4.298; 95% CI, 2.416 to
7.644; P < .001; Data Supplement Table DS2). The finding that cur-
rent low- and intermediate-risk patients with divergent tumor behav-
ior can be separated accurately by the 144-gene PAM classifier is
shown by Appendix Figure A1 (online only). Two dominant contrast-
ing gene expression patterns are readily distinguishable in a hierarchi-
cal clustering analysis of these non—high-risk patients that was
performed using gene expression information from the 144 genes of
the PAM classifier.

In this study, we evaluated the clinical utility of a previously defined
gene expression—based classifier for neuroblastoma patients. This
classifier, built on a previous set of 77 neuroblastomas with maximally
contrasting clinical courses (ie, patients who died from disease v pa-
tients who survived event-free without chemotherapy) was designed
to reliably discriminate tumors programmed to undergo spontaneous
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Fig 2. Kaplan-Meier estimates for event-free survival and overall survival for all patients according to their classification by the 144-gene prediction analysis for
microarrays (PAM) predictor after subcategorization into (A} low-risk (n = 236), (B) intermediate-risk (n = 44), and (C) high-risk (n = 148} groups as defined by the

German neuroblastoma trial NB2004. F, favorable; UF, unfavorable.

regression from those with an aggressive phenotype.'® In recent years,
it has become clear that the disease labeled “neuroblastoma” encom-
passes a wide range of biologic subtypes that are reflected by differing
gene expression patterns.'>'**** However, the clinical impact of
classifiers resulting from several well-conducted gene expression—
based approaches'®** still needs to be validated by testing these
markers in new, comprehensive patient cohorts. Moreover, strategies

www.jco.org

for integrating such classifiers into risk stratification systems have to
be devised.

To evaluate whether our 144-gene PAM classifier results in a
clinical benefit for neuroblastoma patients, we conducted a collabora-
tive, multinational study that resulted in the largest available set of
genome-wide neuroblastoma expression data (total cohort, n = 517;
validation cohort used in this study, n = 440). Using this set, we
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Table 2. Multivariate Cox Regression Models for the Complete Cohort of Patients Based on EFS and OS Considering Single Prognostic Markers and the PAM
Classifier and the NB2004 Stratification System and the PAM Classifier
No. of Available Hazard
Marker Patients Cases Ratio 95% CI P
Model considering single prognostic markers and the PAM classifier based on EFS 440 347
Age (= 18 months v < 18 months) N/S
Stage 4 v 1, 2, 3, 48) N/S
MYCN (amplified v normal) N/S
Status 1p (altered v normal) N/S
Status 11q (altered v normal) N/S
Shimada (UF v F) 2.013 1.268 to 3.195 .002
PAM (UF v F) 3.375 2.075 to 5.492 < .001
Model considering single prognostic markers and the PAM classifier based on O35 440 344*
Age (> 18 months v <2 18 months) N/S
Stage 4 v 1, 2, 3, 48) N/S
MYCN (amplified v normal) 2.563 1.432 to 4588 002
Status 1p (altered v normal) N/S
Status 11q (altered v normal) N/S
Shimada (UF v F) 6.954 2.375 to 20.361 < .001
PAM (UF v F) 11.119 2.487 10 49.701 < .001
Model considering the NB2004 risk stratification system and the PAM classifier
based on EFS 440 428
NB2004 (high risk v low risk + intermediate risk) 1.494 1.026 to 2.174 034
PAM (UF v F) 4.274 2.783 to 6.562 < .001
Model considering the NB2004 risk stratification system and the PAM classifier
based on OS 440 428
NB2004 (high risk v low risk+ intermediate risk) 5.845 2977 to 11.476 < .001
PAM (UF v F) 8.770 3.629 to 21.197 <.001
NOTE. Bold font indicates statistical significance (P << .0b).
Abbreviations: EFS, event-free survival, OS, overall survival, PAM, prediction analysis for microarrays; NB2004, German neuroblastoma trial; N/S, not significant;
UF, unfavorable; F, favorable.
“At last step.

observed that our classifier reliably discriminated the contrasting
courses of this multifaceted disease. Importantly, all children who died
from disease but were currently considered not to be at high risk were
accurately classified as unfavorable.

Furthermore, the reliability of the classifier is emphasized by an
in-depth review of patients’ clinical courses. Here, a highly divergent
quality of events was observed in patients who received a favorable
PAM classification compared with patients classified as unfavorable.
In the combined NB2004 low- and intermediate-risk cohort, 27 events
were observed in 218 patients with a favorable PAM prediction. Of
these, 11 had stage 4S-related events, and 13 had small locoregional
events, All these patients survived after either no treatment, local
surgical intervention, or low-intensity chemotherapy. Only three pa-
tients (all << 12 months of age) showed stage 4 —related events and were
treated according to the high-risk protocol. To date, all of them are
event-free survivors, legitimizing the hypothesis that they suffered
from stage 4 disease with a less aggressive tumor biology. In contrast,
34 events were observed in those 71 non- high-risk patients classified
as unfavorable by PAM. Of them, 11 patients succumbed to disease.
Of the 23 surviving patients with events, six sutfered from metastatic
progression and three had multiple locoregional events entailing treat-
ment according to the high-risk protocol. Seven of the remaining
patients were cured by limited treatment, consistent with a misclassi-
fication of tumors with a more benign clinical phenotype. The re-
maining events did not allow a clear-cut interpretation because of
short follow-up time. Nonetheless, these data strongly support the
notion that the PAM classifier can serve as a prognostic marker for

3512 © 2010 by American Society of Clinical Oncology

early identification of patients currently considered non—high-risk
who require more intensive treatment.

In contrast, current high-risk patients (ie, patients with amplified
MYCN and those with nonamplified stage 4 disease and age > 18
months) may not benefit from our PAM classifier. Although PAM
significantly separated patients with divergent outcome in this cohort,
it was observed that PAM classification results and MYCN amplifica-
tion were almost completely concordant (63 of 64 patients, Data
Supplement Fig DS2C), while patients with divergent clinical courses
were not separated reliably in the nonamplified high-risk subgroup (Fig
3C). Yet, prognostic gene expression—based classification of these cohorts
appears feasible by classifiers specifically generated for this cohort.?®

Given the clinical importance of correct assignment, it is
axiomatic that any proposed classifier has to be robust and repro-
ducible. It is therefore reassuring that prospective classification of
patients by the PAM classifier, which has been performed in Germany
since October 2004, reveals an exceptionally accurate discrimination
of patients with differing clinical courses (Fig 1C). In addition, we
observed highly similar classification results in children from Ger-
many and children from other countries (Data Supplement Figs DS3
and DS4). These findings underscore the general applicability of our
classifier as a prognostic marker for neuroblastoma patients. Our
study is, to the best of our knowledge, the first work that relies on both
retrospectively (n = 315) and prospectively (n = 125) analyzed neu-
roblastoma patients from different countries and that clearly proposes
a strategy of how to adjust future therapeutic strategies for neuroblas-
toma patients using gene expression—based classification results. While it
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Fig 3. Kaplan-Meier estimates for event-free survival and overall survival for patients divided into clinically relevant subgroups defined by combinations of current
prognostic markers with MYCN single-copy (A) localized (stages 1 to 3) disease, (B) metastatic (stages 4 and 45) disease and age < 18 months at diagnosis, (C) stage
4 disease and age = 18 months at diagnosis, and (D) the combined cohort of NB2004 low- and intermediate-risk patients. F, favorable; UF, unfavorable

is possible to transfer this classifier from the microarray to a real-time
reverse transcriptase polymerase chain reaction approach as it has
been described by others,® we consider the implementation of a
microarray-based assay in future clinical trials more reasonable be-
cause of the high number of classifier genes (n = 144) and the addi-

www.jeo.org

tional information generated in a comprehensive microarray
experiment that can be used in future studies.

It appears reasonable to assume that the robustness of the PAM
classifier in part is attributed to the mechanistic relevance of the
signature genes. Although the molecular mechanisms of spontaneous
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regression, differentiation, and tumor progression still have to be
elucidated, recent studies have documented that specific pathways
may determine neuroblastoma tumor behavior. In this context, it has
been suggested that high Myc pathway activity is associated with the
aggressive behavior of neuroblastoma, which may be conferred by
MycN in MYCN-amplified tumors and by ¢-Myc in MYCN-single-
copy tumors.”®* Accordingly, we have recently shown that both our
predictor and other prognostic multigene classifiers consistently
comprise direct Myc targets that are upregulated in unfavorable
neuroblastomas.®® Furthermore, it has been reported that high-risk
neuroblastomas are characterized by low expression levels of genes
involved in neuronal differentiation, which may either mirror the
developmental stage of the tumor precursor cells or indicate that
physiologic differentiation processes are disrupted in aggressive neuro-
blastoma,****2%! In line with this hypothesis, numerous classifier genes
downregulated in adverse tumors have been implicated in neuronal dif-
ferentiation,'® several of which have previously been shown to be associ-
ated with a favorable neuroblastoma phenotype (eg, NTRK1, SCG2*, and
SYN3, DST, CNR1, and MAP7*). Thus, there is increasing evidence that
the signature genes of different classifiers consistently represent the same
mechanistically relevant features of distinct tumor subtypes.

In conclusion, our data strongly suggest that risk estimation
using the PAM classifier improves the accuracy of discrimination of
true low-risk patients who may need no chemotherapy at all from
patients with aggressive tumors who require intense cytotoxic treat-
ment. Such precise prediction of the clinical courses will prevent
significant treatment-associated damages in true low-risk patients
elicited by unnecessary therapies. In contrast, therapy intensification
has to be considered for patients with aggressive disease who have
previously been misclassified to be at low risk to ensure an appropriate
first-line treatment of these children. On the basis of these results, we
therefore propose to implement the PAM classifier as a prognostic
marker for risk estimation of current non-high-risk neuroblastoma
patients in future risk stratification systems.
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2.4 Amplifikation des genomischen Bereiches Chr2p24-25

Hintergrund:

Die amplifizierten, distalen Abschnitte des kurzen Armes des Chromosomes 2 enthalten das
MYCN-Protoonkogen, welches dadurch in >4 bis hin zu 300-facher Kopieenzahl pro Zellkern
vorliegen kann. Das ist in 20-25% der Tumore bei Erstdiagnose der Fall und geht mit einer
schlechten Prognose, unabhéngig von Tumorstadium und Alter bei Diaghosestellung einher
(Brodeur et al., 1995). Patienten, in deren Tumoren eine MYCN Amplifikation nachgewiesen
wurde werden als Hochrisiko-Patienten gewertet. Dementsprechend intensiv sind die
Therapieregime bei diesen Kindern aufgebaut (Operation(-en), Polychemotherapie bis hin zu
ablativer Chemotherapie mit autologer Stammzellretransfusion und Konsolidierungstherapie
mit Retinolsdure). Dies geht einher mit teilweise schweren Nebenwirkungen und
therapiebedingten Todesféllen. Interessanterweise zeigt sich mit zunehmender
Nachbeobachtungsdauer, dass eine recht konstante Zahl von Patienten (25-30%) mit MYCN
amplifiziertem Neuroblastom auf die intensive Therapie ansprechen und als
Langzeitiberlebende (LZU) definiert werden kénnen (LZU=Uberleben >6 Jahre nach
Diagnosestellung; danach ist in allen Untergruppen die Wahrscheinlichkeit im weiteren

Verlauf an der Erkrankung zu versterben <1% (eigene Daten)).
Der genomische Status von MYCN ist heute einer der wichtigsten Stratifizierungsparameter

bei Diagnose eines Neuroblastomes geworden. Die Mechanismen, die zu einer Amplifikation

des genomischen Bereiches um MYCN herum fihren sind dagegen weitgehend unbekannt.
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Neben der Amplifikationshbhe (=Kopieenzahl) der amplifizierten genomischen Abschnitte
(ampGA) ist deren Ausdehnung um MYCN nach temoler- und centromerwérts eine
interessante Eigenschaft der jeweiligen Neuroblastome. Die Ausdehnung der ampGA
bestimmt dabei, welche Gene neben MYCN ebenfalls amplifiziert in den Zellen vorliegen. Da
die ampGA sich Uber mehrere Megabasen in beide Richtungen hin erstrecken kénnen und
die mit MYCN koamplifizierten Gene wie MYCN selbst in der Regel auch in den Zellen
Uberexpremiert werden ist eine Beeinflussung des Tumorwachtumsverhaltens und damit
auch der Prognose durch diese Eigenschaft denkbar. Diese Hypothese haben wir an einer
Kohorte von n=98 primaren Neuroblastomen untersucht, indem wir das Vorhandensein einer
Coamplifikation von 7 Genen um MYCN herum mittels Multiplex-PCR analysiert haben. Fur
die Untersuchung wurde nur Patienten ausgewahlt, die entweder bereits an ihrer Erkrankung
verstorben waren oder als Langzeitiiberlebende (Uberlebenszeit > 72 Monate) definiert
waren.

Unsere Ergebnisse zeigten, dass Patienten, deren Tumore eine Koamplifikation der Genes
DDX1 aufweisen, eine hohere Wahrscheinlichkeit zum Langzeitiiberleben und damit eine
bessere Gesamtprognose haben, als Patienten ohne diese Koamplifikation (Weber et al.,
2004). Das fur DDX1 kodierende Gen liegt auf dem kurzen Arm von Chromosom 2 in direkter
Nachbarschaft zu MYCN. Diese physikalische Néhe fuhrt in ca. 60-70% der Falle in MYCN
amplifizierten Neuroblastomen zu einer Koamplifikation von DDX1. Die Koamplifikation von
DDX1 wurde erstmals von R. Godbout und Mitarbeitern beschrieben (Godbout et al., 1993).
Auch fir weitere, telomerseits von MYCN gelegene Gene ist ein Trend hin zu einem
Uberlebensvorteil erkennbar (NAG, NSE1) (eigene Daten). In der gleichen Arbeit konnten wir
eine direkte Korrelation der Koamplifikationshaufigkeit der untersuchten Gene mit deren
physikalischer Nahe (Entfernung in Basen) telomerwarts und centromerwarts zu MYCN
zeigen (Figur 1 ; Weber et al., 2004).

Die prognostische Bedeutung der Koamplifikation von DDX1 wird in der aktuellen Literatur
kontrovers diskutiert, jedoch konnten in verschiedenen Kollektiven statistische Trends, die
einen Uberlebensvorteil fiir Patienten mit DDX1 koamplifizierten bzw. iberexpremierenden

Neuroblastomen zeigen, beobachtet werden. (Kaneko et al. 2007, Deferrari et al. 2007)
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Sowohl die Amplifikationshaufigkeit (Kopieenzahl pro haploidem Genom) als auch die
Amplikonstruktur eines amplifizierten Chromosomenabschnittes kdnnen sich im zeitlichen
Verlauf und unter Selektionsdruck in etablierten Zellkulturmodellen ver&ndern (Hahn et al.,
1992).

Wir untersuchten eine Kohorte von n=33 MYCN amplifizierten Neuroblastomen auf die
Konsitienz der Kopieenzahl der ampGA und deren Ausdehnung nach Beginn der
Chemotherapie und bei Auftreten eines Rezidives. Dabei konnten wir zeigen, dass die
Amplifikationshéhe nach Beginn der Chemotherapie abnehmen kann, wahrend die
Ausdehnung der ampGA, ausgedriickt durch das untersuchte Koamplifikationsmuster, immer
konstant bleibt. Im Falle der untersuchten Rezidive zeigte sich eine durchschnittlich héhere
Kopieenzahl der ampGA im Vergleich zu Tumorgewebe bei Diagnosestellung, die
Ausdehnung der ampGA war hier jedoch bis auf eine Ausnahme ebenfalls konstant.

Diese Ergebnisse haben eine grolie Relevanz, da die MYCN Amplifikation in lhrer
Architektur (Ausdehnung der individuellen ampGA) eine feststehende Eigenschaft der
einzelnen Neuroblastome zu sein scheint. Die Kopienzahl der ampGA unterliegt einer
gewissen Schwankung, jedoch konnten wir in keinem der untersuchten Patienten einen

Verlust oder eine vollstandige Verénderung der MYCN-Amplikons nachweisen.
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Coamplification of DDX1 Correlates With an Improved
Survival Probability in Children With MYCN-Amplified

Human Neuroblastoma
Axel Weber, Patricia Imisch, Eckhard Bergmann, and Holger Christiansen

A B § T R A C T

Purpose

AmI:JIiﬂcat\on of the MYCN oncogene at chromosome 2p24-25 identifies an aggressive subtype of
human neuroblastoma with a poor clinical outcome. Differences in amplicon structure and coamplifica-
tion of genes telomeric and centromeric to the MYCN oncogene have previously been described. A
relevant role of gene coamplification for neuroblastoma pathogenesis remains elusive.

Patients and Methods

We analyzed 98 primary neuroblastoma tumors with MYCN amplification for coamplification of seven
additional genes at chromosome 2p24-256 (DDX1, NAG, NSE1, LPIN1, EST-AA581763, SMC6, and
SDC1). Two semiquantitative multiplex polymerase chain reactions were used to obtain the amplification
status of the target genes in relation to a reference gene on chromosome 2q (Inhibin-beta-b).
Furthermore, mBNA expression pattern of coamplified genes in a subset of tumors was analyzed.

Results
Qur results show that the frequency of gene coamplification on 2p24-25 in neuroblastoma is

correlated directly to the physical distance to MYCN. Coamplification is correlated to an upregu-
lated gene expression for DDX1 and NAG. Coamplification of the DDX7 gene within 400kb telomeric to
MYCN identifies a subgroup of advanced stage neuroblastoma tumors with a more favorable outcome
(P = .027, log-rank test). A high expression level of DDX1 is associated with a trend towards a better
survival probability (P = .058, log-rank test).

Conclusion
Qur results indicate that DDX1 coamplification correlates with a better prognosis and improved patient
survival in MYCN-amplified neurobastoma.

J Clin Oncol 22:2681-2690. @ 2004 by American Society of Clinical Oncology

INTRODUCTION

Neuroblastoma is the most common ex-

amplified neuroblastoma). Because of the
poor prognosis, these patients are treated by
combination of high-dose chemotherapy,

tracranial solid cancer in childhood and re-
sponsible for approximately 15% of all
childhood cancer deaths. The 6-year overall
survival probability of all patients with neu-
roblastoma is approximately 60%.
Amplification of the MYCN oncogene
is the most extensively studied biologic
marker for an unfavorable prognostic out-
come in patients with neuroblastoma.'?
The overall survival probability for patients
with MYCN amplification is less than 30%
in the first 6 years after diagnosis (authors’
own data of 216 patients with MYCN-

surgical therapy, and different experimental
therapy strategies depending on the therapy
protocol. However, some MYCN-amplified
tumors can be distinguished by a better re-
sponse to the combined treatment resulting
in a better prognosis for the individual pa-
tient, as 7% of patients with MYCN-
amplified neuroblastoma survive more than
72 months after initial diagnosis and sur-
vival probability after 72 months is more
than 95% for these patients (authors’ own
unpublished data of 1,443 patients registered
from 1981 to 2000). Thus, amplification of
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the MYCN gene does not seem to be a death warrant per se,
because long-time survival is possible for patients even with
MYCN amplified neuroblastoma.*

Amplification of MYCN can be found in double min-
utes and homogenously staining regions.” The role of co-
amplification of additional genes close to the MYCN locus
on 2p24-25 for the progression of the disease or resistance
to therapy in neuroblastoma tumors is still unclear. Coam-
plification of different genes in close distance to MYCN had
been reported previously.'! Furthermore, a diversity in
amplicon structure and size was observed in more detailed
genomic analyses."?

To get further information of the amplicon structure
and the clinical relevance of coamplified genes within
MYCN-amplified tumors, we investigated seven genes lo-
cated in different distances telomeric and centromeric to
MYCN on 2p24-25 for coamplification in a cohort of 98
primary neuroblastoma tumors with known MYCN gene
amplification and a long-time follow-up.'?

DDX1 (DEAD/H-BOX 1) is a putative RNA helicase
containing the characteristic D(Asp)-E(Glu)-A(Ala)-
D(Asp)-box conserved sequence motif. Proteins of this
family have been described to be involved in RNA process-
ing, and thus to influence transcription, splicing, transla-
tion, and intracellular transport of different RNA
subfamilies.'* Genes of the DEAD/H protein family were
found to be involved in tumorigenesis and cellular prolifer-
ation,'” as well as in antiproliferative processes.'® The pref-
erential expression pattern of DDXI in cells of neuronal
origin and the coamplification with MYCN in neuroblas-
toma and retinoblastoma cell lines was first described
in 1993." Several authors described coamplification of
DDXTI in neuroblastoma cell lines and primary tumors as
well.#8-118-20 5o me authors described a trend towards a
worse prognosis for patients with DDXI coamplified
tumors.” "' Because of the relative homogeneity regarding
prognosis of the neuroblastoma patients in these studies,
statistical significance was not obtained.

The NAG (neuroblastoma amplified gene) gene locus
encodes for a 155.9 kDa protein, including domains for
nuclear-localization, coil-coil-, and leucine-zipper-motifs.
The function of NAG is yet unknown. Coamplification of
NAG within the MYCN amplicon has been reported first by
Wimmer et al.'®*' Recently, Scott et al'’ characterized the
amino acid sequence and the genomic structure of NAG
systematically, and found an association of NAG coampli-
fication and lower stage disease in human neuroblastoma
with MYCN amplification.

Non-SMC element 1{NSE-1) is described to be a struc-
tural maintenance complex component of a smc5/smc6
complex involved in chromosome structure organization,
DNA repair, and cellular proliferation.** LPIN1 is a nuclear
protein required for normal adipose tissue development,
differentiation, and metabolism processes.”” As the region
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in close vicinity centromeric to MYCN is lacking yet known
genes, we investigated the coamplification of the expressed
sequence tag (EST) AA581763 that is located 87kb centro-
meric to MYCN. This EST was identified as a spliced EST in
a kidney tumor cDNA library (NCI-CGAP_Kid6, Homo
sapiens EST library) predicting an encoded gene in this
region. Structural maintenance complex protein 6 (SMC6)
is a chromatin bound protein described to act as a regulat-
ing factor in cellular proliferation and cell division process-
es.?! Thus, a second gene for a protein belonging to the same
DNA organizing SMC-complexislocated in a close distance
of 3000 kb around MYCN, as it is shown for NSEI.** Syn-
decanl (SDC1) is a cell surface proteoglycan acting as a
receptor for the extracellular matrix and represents a pro-
tein critical for WNT 1-induced tumorigenesis in the mouse
mammary gland.”>*

In this study, we investigated a large cohort of MYCN-
amplified human neuroblastomas with a long mean
follow-up time of 48.6 months for the patients alive. Our
results show a direct dependency of coamplification fre-
quency on the physical distance to MYCN. Coamplification
of DDXI and NAG are both correlated to an upregulated
mRNA expression. Furthermore, our data provide statisti-
cal evidence that coamplification of DDXT correlates with
an improved survival probability for patients with MYCN-
amplified neuroblastoma.

PATIENTS AND METHODS

Patients

We studied primary tumor specimens from 98 children
with MYCN-amplified neuroblastoma diagnosed in Germany
from 1981 to 2000. The investigated cohort is representative for
the group of MYCN-amplified neuroblastomas during this time
period, regarding age at diagnosis, disease stage, and the
follow-up time.

All neuroblastoma diagnoses were confirmed by histologic
assessment of a tumor specimen obtained at surgery. The tumors
were classified according to the International Neuroblastoma
Staging System criteria.”” Our study group consisted of four stage
1 patients, one stage 2 patient, 25 stage 3 patients, 60 stage 4
patients, and eight stage 4S tumors. The median patient age at
diagnosis was 20.5 months (range, 0.03 to 164.9 months). The
median follow-up time for all 98 patients was 20.9 months (range,
0.36 to 138.9 months). The median follow-up time of the patients
that died of the disease was 15.8 months (n = 63) compared with
42.2 months for patients alive (n = 35). All patients were treated
according to previously described protocols with confirmed con-
sent for therapy and study procedures.”®*’

Because of limited availability of comparable amounts of
tumor tissue, a subset of 19 neuroblastoma specimens was selected
for gene expression analyses to ensure material homogeneity used
for RNA isolation and cDNA synthesis in order to get comparable
results. The median age at diagnosis of this subset was 25.8 months
(range, 1.3 to 78.6 months). The median follow-up time for the 19
patients was 20.6 months (range, 2.3 to 92.5 months).
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Tissue Preparation

The neuroblastoma specimens were frozen in liquid nitrogen
directly after surgical excision and stored at —80°C until prepara-
tion for investigation.

DNA Extraction

DNA was extracted from tumor samples of 50 mg each with
the Qiagen DNA extraction kit (Qiagen, Hilder, Germany) following
the manufacturer’s protocol.

RNA Extraction

Tumor samples of 100 mg each were homogenized in 1,000
uL RNAzol-B (Biotecx Laboratories Inc, Houston, TX). RNA was
isolated after adding chloroform according to the guanidinium-
isothiocyanate method.*”

Reverse Transcription

Reverse transcription was performed using Super-Script-11
MMLYV reverse transcriptase (Invitrogen, Carlsbad, CA) following
the manufacturer’s protocol.

MYCN Amplification (Southern Blot;
reference method)

For the detection of MYCN amplification, the pNB-1 probe
(MYCN is localized on 2p24.1, ATCC 41,011) was used; control
hybridization for a single copy signal was performed with HuCK
(immunoglobin kappa constant region is localized on 2pl12,
ATCC 59,172).%"

Primer Design

Primer for the amplification of MYCN, DDX1, NAG, NSE1,
LPIN1, EST-AA581763, SMC6, SDCI, Inhibin-beta-b, and Beta-
actin were designed with OLIGO 6.0 (Medprobe, Oslo, Norway).
The specificity was controlled with actual BLAST data (http://
www.ncbi.nlm.nih.gov/blast/blast.cgi). For genomic polymerase
chain reaction (PCR), one primer was located in an exon and the
second inan adjacent intron. For reverse transcriptase PCR, prim-
ers were located in two subsequent exons. All PCR products
showed specific bands of the expected size.

Multiplex PCR

PCR was performed in a total volume of 50 pL using 2.5
Units Tag-polymerase-k (MoBiTec, Gottingen, Germany).
Primer sequences and individual PCR conditions of each PCR
reaction are listed in Appendix Table A1 (online only).

The first multiplex-PCR for evaluation of the genomic am-
plification status contained the primer pairs of MYCN, DDXI,
NAG, LPIN1, SDCI, and Inhibin-beta-b on chromosome 2q13 as
single copy reference. The second multiplex-PCR contained the
primer pairs of NSEI, EST-AA581763, SMCé, and again MYCN as
amplification status control and Inhibin-beta-b as single copy ref-
erence. The amplified PCR fragments (10 pL of the PCR reaction)
were separated in a 2% agarose gel by electrophoresis, identified by
ethidium bromide staining, and documented by the Image Master
VDS software (Amersham Biosciences, Piscataway, NJ). Relative
band intensity of each specific PCR-band was calculated with
Image Master VDS software. The amplification status was ex-
pressed as relative band intensities of the genes of interest on
2p24-25 to the band intensitiy of the reference gene Inhibin-beta-b
(ratio, target gene/inhibin-beta-b).

To define the single copy status of the band intensity for each
gene, we used human placental and kidney DNA as single copy
reference. Fifteen separate PCR reactions were done with either
placental and kidney DNA. Mean and standard deviation for the

www.jco.org

ratios of the single copy status for each gene were determined.
Double of the standard deviation above the mean ratio was defined
as threshold. A positive amplification status was defined as a band
intensity ratio (target gene/Inhibin-beta-b) above the threshold. To
verify our assays, we compared the amplification status of MYCN
determined by the PCR-threshold in both multiplex PCRs for all
98 tumors with a reference method (southern blot, described
above). All of the investigated neuroblastoma tumors were defined
as MYCN amplified in both of our PCR-assays.

Real-Time PCR

Real-time PCR was performed in a total volume of 50 uL
as previously described, but containig 5 uL SYBR Green
(Roche, Alameda, CA). Primer sequences and PCR conditions
are listed in Appendix Table Al.

Threshold cycles were determined using the iCycler PCR
detection system and automated computer software (Biorad; Lab-
oratories, Hercules, CA) following the manufacturer’s protocols.
Expression analysis of beta-actin and the target genes were per-
fomed simultaneously in one experiment. Each experiment was
performed twice. The mean Ct-values of each sample were used to
perform mathematical analysis. Relative expression pattern of the
target genes to beta-actin in each sample and in relation to the
mean of the whole investigated population was performed using
the 2°°4t method.>? Thus, a high expressing tumor was defined
by expressing the target gene in relation to beta-actin above the
mean of the investigated population.

Distance Calculation

The distance of the coamplified genes to MYCN was deter-
mined using current BLAT (BLAST-like alignment tool) align-
ment information'* for each gene on chromosome 2p24-25.
Information on gene localization is given with a base-count for
start and end on the according chromosome. The base-count
closest to MYCN was used for physical distance calculation.

Statistical Analysis

The Fisher’s exact test was used to examine possible correla-
tions between coamplification and expression of investigated
genes. The Spearman-Rho test was used to evaluate the correlation
between coamplification frequency and physical distance of coam-
plified genes. Survival data for amplification status and expression
of the investigated genes were determined by the Kaplan-Meier
method, and differences between survival curves were calculated
using the log-rank test. Reported P values were not corrected for
multiple testing.

Multivariate analysis was perfomed using the Cox regression
analysis. Statistical analyses were performed with the SPSS version
10.0 software (SPSS Inc, Chicago IL). P values of = .05 were
regarded as significant.

Gene Coamplification Frequency Within the
MYCN Amplicon Correlates With the Physical
Distance to MYCN

Ninety-eight primary neuroblastoma tumor samples
with known MYCN amplification were investigated with
two multiplex PCR for coamplification of seven genes on
chromosome 2p24-25 (Fig 1). All tumors showed positive
MYCN-amplification status in Southern blot analysis (data
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Fig 1. Coamplification on chromo-
some 2p24-25. (A) Six-fold polymerase
chain reaction (PCR) for Inhibin-beta-b,
MYCN, DDX1, 8DC1, NAP, and LPINT;
(B) five-fold PCR for Inhibin-beta-b,
MYCN, EST-AAL81763, SMCE, and
NSET. bp, molecular weight marker; r,
healthy human kidney DNA was used
as single-copy reference; T1-T7, seven
of the 98 investigated tumors with
different combinations of coamplifica-
tion pattern.

not shown). In accordance to Southern blot analysis,
MYCN-amplification status was found to be positive in
both multiplex PCRs in all 98 tumor samples.

Besides MYCN amplification 64 (65.3%) of the inves-
tigated tumors showed coamplification for DDXI, 42
(42.9%) for NAG, 21 (21.4%) for NSEI, five (5.1%) for
LPINI, 89 (90.8%) for EST-AA581763, 12 (12.2%) for
SMC6, and four (4.1%) for SDCI. No tumor sample was
found to be coamplified for all seven investigated genes. The
most extensive amplicon size included both marginal genes
(LPINT and SDCT), but showed a deleted region containing
the SMC6 locus.

With consideration of current gene mapping data, our
results show that the frequency of gene coamplification on
2p24-25in human neuroblastoma is directly depending on
the physical distance to MYCN in our population of 98
MYCN amplified neuroblastomas (correlation coefficient,
—0.857; P = .007, Spearman-Rho test; Fig 2).

Coamplification Status of the Investigated
Genes Does Not Correlate to Stage or Age
at Diagnosis

Asclinical parameters such as age at diagnosis and stage
of disease are of interest, even in MYCN amplified neuro-
blastoma in respect to prognosis, we looked for statistical
correlations of these parameters to the coamplification sta-
tus of the investigated genes. We found no significant cor-
relation between coamplification of an investigated gene
and a clinical parameter as stage (stages 1, 2, and 45 v 3 and
4, or stages 1, 2, 3, 45 v 4) or age at diagnosis (< 12 months
v = 12 months; data not shown), with exception of SMCé,
which was found to be coamplified more frequently in
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infants (age << 12 months at diagnosis) compared with
older patients (P = .017, Fisher’s exact test).

Coamplification of DDX1 Correlates Significantly
With an Enhanced Survival Probability in
Patients With MYCN Amplification

The large number of investigated patients and the long
follow-up time of surviving patients in our cohort allowed
the evaluation of the prognostic impact for the coamplified
genes. Kaplan-Meier survival analyses using the log-rank
test were performed to determine the clinical relevance of
coamplification status of the investigated genes. Differences
in the 6-year survival probability and median survival time
are shown in Table 1. A statistically significant difference in
the survival probability was found only for coamplification
status of DDX]1. Patients with DDX1 coamplified tumors
showed a significantly better outcome compared with pa-
tients without DDX1 coamplification (P = .027; Table 1; Fig
3). No significant differences in survival probability were
found in analyses for coamplification status of the other
investigated genes (Table 1).

Survival analysis of 1,443 neuroblastoma tumors of
different stage, age, and MYCN amplification status indi-
cate no more statistical relevant change in survival proba-
bility after a 6-year follow-up time (probability to die of the
disease after surviving 72 months after diagnosis << 1%;
authors” own data, not shown). Thus, to focus on a defini-
tively observed cohort, we excluded patients with a short
time follow-up (< 72 months) and perfomed survival anal-
ysis only for patients diagnosed before 1996 (Fig 3; n = 51;
minimum follow-up time, 72 months after initial diagno-
sis). In this group, DDXI coamplification identifies patients
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with a 35% chance of long-time survival. In contrast, all pa-
tients without DDX1 coamplification died within 28 months
after initial diagnosis (Fig 3; P = .01, Kaplan-Meier analysis).

As survival rates of DDX1 coamplified or noncoampli-
fied patients showed no difference within the first 24
months after diagnosis, the prognostic relevance of DDX1
coamplification status was of particular interest for patients
with MYCN-amplified neuroblastoma that survived the
first 2 years after diagnosis. A reason for this finding might
be the advanced stage of disease for most patients at the time
of diagnosis and the intensive therapy protocol for MYCN-
amplified neuroblastoma patients independent of the gene
coamplification status. A re-evaluation of survival analysis
for the mentioned patients (survivors 24 months after diag-
nosis, n = 46) resulted in a survival probability for the next
4 years of 78.9% with DDX]I coamplification compared
with 30.4% without DDXI coamplification (P << .0005,
Kaplan and Meier analysis).

Multivariate Cox regression analysis showed that prog-
nostic relevance of DDX1 coamplification is independent of
age at diagnosis (P = .033) or stage of disease (1, 2, 3, and 45
v 4; P = .05) in our investigated group (Table 2). Thus,
coamplification of DDX1I defines a better prognostic sub-
type of MYCN-amplified neuroblastoma independent of
clinical prognostic factors.

However, patients with DDXI coamplified MYCN-
amplified neuroblastomas are still at increased risk when
compared with patients with MYCN-nonamplified tumors.
Survival analysis of 1,149 neuroblastoma patients without
MYCN amplification diagnosed from 1981 to 2000 out of

www.jeco.org

our database revealed a median survival of 187.8 months
(95% CI, 138.3 to 236.3 months) and a 6-year survival
probability of 60.4% (compare with Table 1). The 64 pa-
tients with MYCN amplification and DDX1 coamplification
have a worse prognosis compared with the patients without
MYCN amplification (P = 1.8 X 10~°, Kaplan-Meier anal-
ysis). The 34 patients with MYCN amplification but without
DDXI coamplification show even worse prognosis com-
pared with patients without MYCN amplification, respec-
tively (P = 5.6 X 107 '°, Kaplan-Meier analysis).

Amplification Correlates With Elevated Gene
Expression Level for DDX1 and NAG

In addition to the coamplification status, we investi-
gated 19 of the 98 tumors for expression pattern of DDXI1
and NAG. We found a significant higher expression of
DDX1 mRNA in neuroblastomas with DDX1 coamplifica-
tion. Thus, high expression level of DDX1 mRNA was found
in eight of 10 coamplified tumors, but only in one of nine
tumors lacking DDXT1 coamplification (P << .005, Fisher’s ex-
act test). For NAG, we found a trend towards a higher expres-
sion level in coamplified tumors, as five of eight coamplified
tumors expressed NAG mRNA on a high level, whereas only
two of 11 tumors without NAG coamplification showed ele-
vated NAG expression (P = .06, Fisher’s exact test).

Expression of DDX1 mRNA Is Associated With
an Improved Survival

Kaplan-Meier analysis using the log-rank test was per-
formed to determine the clinical relevance of mRNA ex-
pression level of DDXT and NAG, as these two genes showed

2685

Information downloaded from jco.ascopubs.org and provided by at UNIVERSITAETSKLINIKUM LEIPZIG on August 27,
Copyright © 2004 Americdn Gdiety18ECIRRA5QAB0Iogy. All rights reserved.

-70 -



Habilitationsschrift Dr. med. Axel Weber

Weber et al

Table 1. Ninety-Eight Investigated Neuroblastoma Patients With MYCN-Amplified Tumors
6-Year Survival
Probability*
No. of B-Year Median Survival 95% CI P No. of
Variable Patients Survival (%) Time (months} (months) (log-rank test) Patients %

MYCN

Amplified 98 302 283 18.1t0 386 — 51 248
DDX1

Noncoamplified 34 14.9 206 8610326 15 0

Coamplified 64 396 333 118tob48 027 36 362
NAG

MNoncoamplified 56 19.1 206 9010322 29 138

Coamplified 42 426 301 4410558 .09 12 398
NSE1

MNoncoamplified 77 28.7 284 17.1t039.6 4 2356

Coamplified 21 333 21.0 0010537 A0 10 30.0
LPINT

MNoncoamplified 93 303 286 17.51t039.7 49 259

Coamplified b 26.7 208 7410342 v 2 0
AABBT763

MNoncoamplified g 14.3 206 17910 23.3 6 1.1

Coamplified 89 313 297 17.5t042.0 34 45 26.7
SMCE

MNoncoamplified 86 217 21.0 102t031.8 48 271

Coamplified 12 0.0 297 26910326 34 3 0
SDC1

Noncoamplified 94 318 28.3 17310394 419 259

Coamplified 4 0.0 208 001t061.0 .94 2 0
*Analysis of neuroblastomna patients with a minimum follow-up time of 72 months.

highest relevance for clinical outcome based on the coam-
plification status. Patients with tumors that express DDX1
on higher levels showed a trend towards a better survival
probability that nearly reached statistical significance (P =
.058), whereas NAG expression was not correlated with a
better clinical outcome (P = .47, Kaplan-Meier analysis).

It is generally accepted that the MYCN oncogene represents
the core of the chromosomal region on 2p24-25, frequently
amplified in human neuroblastoma tumors as no genes in
this region have been reported to be amplified independent
of the MYCN gene locus.'™* Mechanisms of gene amplifi-
cation are complex. Thus, it is yet unclear whether it is
possible for a highly proliferating clone of cells to control
the size and structure of resulting amplicons, as we can see a
variety of amplicon sizes, rearrangments, deletions, and
resulting structures in MYCN amplicons in neuroblastoma
tumors.'? In accordance to these previous observations, we
can see a high number of gene coamplification combina-
tions in our investigated population defining differences in
amplicon size and structure and, in a subset of amplicons,
deleted regions. Most of the investigated MYCN amplicons
(66 0f 98) span shorter distances telomeric and centromeric
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of the MYCN locus, including DDXI, NAG, and EST-
AA581763. Genes located in farther distances from MYCN
are coamplified less frequently (Fig 2). For all investigated
genes, we can show that frequency of gene coamplification
within the 2p24-25 amplicon in neuroblastoma is directly
correlated to the physical distance to MYCN. These results
underline the role for MYCN as the core gene within the
2p24-25 amplicon, and make a superordinated, controlled
determination of the amplicon size and structure unlikely.

Coamplification of DDXI, NAG, SDCI, LPINI, and
NSEI within the MYCN amplicon have been reported pre-
viously”®** and our data are in accordance with the re-
ported coamplification frequencies and maximal amplicon
sizes. Despite these genes, we can first describe the coampli-
fication of SMC6 and a locus in centromeric vincinity to
MYCN as EST-AA581763. Interestingly, SMCé6 belongs to
the same DNA organizing SMC complex as NSEI,* thus,
two genes encoding for proteins involved in DNA damage
repair lie within 3,000 kb distance telomeric and centro-
meric to MYCN and are coamplified in a subset of tumors.**
As expected, investigated genes located most distantly to
MYCN in our study (SDCI and LPINI) are coamplified in
only 4% and 5%, respectively. Thus, we could show that
these genes statistically earmark the maximal expansion of
the MYCN amplicon, as almost 95% of the investigated
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Fig 3. Kaplan-Meier survival analyses for DDXT coamplification in the (A) population of all 98 investigated tumors (n = 98) and (B) in tumors with a long-term
follow-up = 72 months (n = 51} after initial diagnosis and (C) for DDXT mRNA expression in a subset of patients (n = 19).

neuroblastoma tumors showed amplicon sizes of smaller
extension. We hypothesize that genes in farther distances
telomeric or centromeric to MYCN have to be found even
more rarely coamplified with MYCN.

Reiter and Brodeur'* found a high frequency of rear-
rangements in investigated MYCN amplicons. They hy-
pothesized that most of the coamplified sequences
belonging to normally functional genes would lack their
genomic function, because genes would not lie within a
physiological genomic context in the DNA amplicons com-
pared with their context (eg, promotor regions) in the wild
type chromosomal region. They defined a 130 kb core re-
gion for the MYCN amplicon containing the MYCN gene
and a region of 125 kb centromeric and 5 kb telomeric to
MYCN that is amplified in 32 (97%) of 33 MYCN amplified
tumors. However, recent studies by Chen et al*® could show
that rearrangements, even at the MYCN locus, occur late in
amplicon formation, as they could be found less frequently
compared with the according unrearranged sequences in
the same cell line. These results indicate that even the case of

www.jco.org

existing rearranged sequences within an amplicon structure
does not exclude the existence of coamplified functional
regions in far distance to the amplicon’s core.

Based on recent BLAT alignment data, DDX1 and NAG
are the closest yet known functional sequences telomeric to
MYCN on 2p24-25, but they do not lie within the formerly
defined core region. The coamplification frequency for
both genes based on our data is in accordance to this find-
ing, as both genes are coamplified less often compared with
sequences within the defined core region (Fig 2). We found
EST-AA581763 coamplified in 91% of all 98 investigated
cases according to the close genomic localization 87.3 kb
centromeric to MYCN and thus, within the defined ampli-
con core region. Conspicuously, the centromeric gene
SCM6 is coamplified less often than the telomeric genes
DDXI or NAG, although it is assigned in a closer distance to
MYCN. This finding might be explained as a result of the
high variety of amplicon borders and rearrangements de-
scribed outside the defined core region by Reiter and Bro-
deur.'* Another argument for functionality of coamplified
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Table 2. Analyses of 98 MYCN-Amplified Neuroblastoma Patients
P

Univariate Kaplan-Meier analysis
DDX1-coamplification® .027
Staget .016
Age at diagnosis .27
Multivariate Cox-regression analysis
First variable
DDX1-coamplification
Second variable
Staget .06
Age at diagnosist .033

*Coamplification versus noncoamplification.
tStages 1, 2, 3, 45 versus 4.
1< 12 versus = 12 months.

genes is given by the frequent finding of an upregulated
mRNA expression level of the respective amplified gene.*

For neuroblastoma tumors, most data concerning cor-
relation of gene amplification and expression exist for
MYCN, DDXI, and NAG.>*%* Our expression analysis
of 19 out of the 98 primary neuroblastomas with MYCN
amplification also revealed significantly higher mRNA
expression levels for DDX1 and NAG in tumors with coam-
plification for the according gene, compared with nonco-
amplified tumors.

It is thought that genetic alterations, deletions of chro-
mosomal regions, amplification, and coamplification of
genes in tumor cells could lead to a growth advantage for the
malignant cell clone through either loss of tumor suppres-
sor genes or alteration of gene products with oncogenic
potential. Both aberrations qualify the malignant clone to
overcome physiological growth control mechanisms. Thus,
it does not seem to be conclusive that coamplification and
resulting overexpression of a gene might be responsible for
a better prognosis in malignant disease. However, we can
show that coamplification of DDX within the MYCN am-
plicon correlates with an improved long-term survival
probability in neuroblastoma patients (Table 1; Fig 3).
These data are, in part, contrary to previous investigations
of smaller sample studies that describe no correlations or
trends towards a worse prognosis in case of DDX ] coampli-
fication (n = 13, 16, 27, 35, 66, and 45 respectively).s'“
Interestingly, the survival analysis of 66 neuroblastoma pa-
tients recently published by De Preter et al'® shows a trend
toward a better prognosis for patients in the groups of
DDX1 and DDXI1/NAG coamplified neuroblastomas,
which is in accordance with our investigation. However,
their analysis did not reach statistical significance, probably
because of the shorter follow-up time and the smaller co-
hort size (n = 66).

DDXI1 is a putative RNA helicase containing the char-
acteristic D(Asp)-E(Glu)-A(Ala)-D(Asp)-box highly con-
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served sequence motif. The DDX family proteins share
function by altering RNA secondary structure, thus they are
found to influence translation initiation, splicing, and ribo-
some and splicesome assembly. Godbout et al'” identified a
homologous region in the amino acid sequence for DDX1
to heterogenous nuclear ribonucleoprotein-U (hnRNP-U),
a RNA binding and processing protein.”® Furthermore,
DDX1 has recently been identified as an interaction partner
for heterogenous nuclear ribonucleoprotein K (hnRNP-K),
and the authors can show that the ability of RNA unwinding
of DDX1 is dependent on complex formation with
hnRNP-K in vitro.** hnRNP-K is a multifunctional protein
involved in regulation of transcription, translation, nuclear
transport, and signal transduction.*®*** Recent findings
identify translational silencing of differentiation regulat-
ing proteins as a major specific function of active
hnRNP-K. This translation control activity is regulated
by c-Src kinase.*® Thus, DDX 1 might be directly involved
in RNA processing by its local homology to hnRNP-U,
and in translational silencing processes by its interaction
with hnRNP-K.

Our data also provide a trend towards a better progno-
sis in patients with neuroblastomas coamplified for NAG.
Scott et al'! recently characterized the NAG transcript and
genomic structure. These authors found a significant asso-
ciation between coamplification of NAG and lower stage of
the MYCN-amplified tumors. These data are in accordance
to our findings for a better survival in the NAG-coamplified
group of tumors, although there is no correlation in
MYCN-amplified neuroblastoma between stage and sur-
vival, per se. In our group of 98 neuroblastoma patients, we
can see a significantly better outcome for patients with
tumors of stage 1, 2, 3, and 4S at the time of diagnosis
compared with stage 4 (n = 98; P = .016, Kaplan and Meier
analysis; Table 2). In contrast to our DDX1 coamplification
data, this analysis loses statistical significance with exclu-
sion of patients with a short time-to-follow-up period
(<72 months; n = 51; P = .44, Kaplan and Meier analysis).

As coamplification of a gene involved in mechanisms
of cell proliferation and/or division (eg, RNA processing
like DDX1) may lead primarily to a growth advantage for
the according cells, it may also lead to a better chemother-
apy response in these tumors. Thus, more than a direct
antiproliferative effect on tumor growth, enhanced chemo-
sensibility should be discussed as a more likely reason for
the better outcome of patients with DDX1 coamplification.
Comparable findings in childhood acute lymphoblastic leu-
kemia demonstrate that amplification of the AMLI gene or
involvement of AML1 in a gene fusion product, as a result of
a translocation t(12;22), results in a better response to che-
motherapy treatment of the leukemic cells and thus a better
prognosis for the patients.***? These data emphasize the
possibility for a factor-mediating clonal growth advantage
to sensitize cells to chemotherapy treatment.
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Taken together, our data show that coamplification
frequency of genes in primary human neuroblastoma tu-
mors with MYCN amplification is directly correlated with
the physical distance to the core region of the amplified
chromosomal region on chromosome 2p24-25. Our find-
ings strongly imply a role for DDXT in tumorigenesis and
further tumor development of MYCN-amplified human
neuroblastoma tumors. Thus, we show that coamplifica-
tion of DDXT identifies a subgroup of patients with a signif-
icantly better survival probability. Furthermore, the
prognostic impact of DDXI coamplification is statistically
independent of tumor stage and patient’s age at diagnosis.
One possible mechanism for our findings might be a func-
tional interaction of DDX1 with hnRNP-K in influencing
the translational control of genes involved in cellular differ-
entation processes.

More information about the regulation of these differ-
entiation influencing pathways is needed for future thera-
peutic approaches that may aim at influencing DDX1 and

hnRNP-K pathways contributing differentiation induction
in human neuroblastomas. Our findings are of substantial
clinical interest for patients with MYCN-amplified
neuroblastoma for evaluation of survival probability and
reevaluation after initial treatment. However, further con-
firmation of our correlated data is needed to evaluate a
possible practical usage for the coamplification and expres-
sion status of DDX1 as an additional prognostic marker for
MYCN-amplified neuroblastoma.
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The Coamplification Pattern of the MYCN Amplicon Is an Invariable
Attribute of Most MYCN-Amplified Human Neuroblastomas

AxelWeber, Sven Starke, Eckhard Bergmann, and Holger Christiansen

Abstract

Purpose: Fifteen percent to 20% of human neuroblastomas show amplification of the MYCN
oncogene physiologically located at chromosome 2p24-25, indicating an aggressive subtype of
human neuroblastoma with a poor clinical outcome. Recent findings revealed that the structure of
the amplicon differs interindividually and that coamplification of genes in telomeric proximity to
MYCN might play a relevant role in neuroblastoma development and response to treatment, re-
spectively. We now asked if the amplicon structure is an invariable attribute of an individual tumor
or if the coamplification pattern could change during progress or in case of recurrent disease.
Experimental Design: \We used a previously described multiplex PCR approach to analyze the
coamplification status of MYCN-amplified human neuroblastomas (n = 33) in tumor tissue at
the time of initial diagnosis and in consecutive tissue specimens at later time points after initial
treatment or from relapsing disease. The MYCN copy number per haploid genome (Mcn/hg) in
these specimens was determined in a separate duplex PCR.

Results: In 32 of the 33 investigated tumors, the amplicon structure showed no changes after
initial chemotherapy and in recurrent disease. Mcn/hg showed a decrease after initial treatment
(n = 23), whereas we found a significant increase in recurrent disease (n = 10).

Conclusion: Our data indicate that the initial determined structure of the 2p24-25 amplicon is a
consistent attribute in the great majority of the individual MYCN-amplified neuroblastomas and
shows no plasticity during or after chemotherapy. Observed changes in the Mcn/hg over the
course of disease are in line with preexisting cell culture findings.

A[m)liﬁcﬂtion of the MYCN oncogene is the most extensively
studied biological marker for an unfavorable prognostic
outcome in patients with neuroblastoma (1-3). The overall
survival probability for patients with MYCN amplification is
<30% in the first 6 years after initial diagnosis (own data of 216
patients with MYCN-amplified neuroblastoma). Within this
population, patients that show no metastatic disease at initial
diagnosis (stages [, 11, and I1I) respond better to current therapy
strategies, including high-dose chemotherapy, autologous stem
cell transplantation, and treatment with 13-¢is-retinoic acid
compared with patients with initial stage IV disease. Examining
primary tumor samples of a large cohort of patients for
coamplification pattern of different genes telomeric and
centromeric to MYCN, we recently showed that the coampli-
fication of the DDX1 gene, in proximal telomeric vicinity to
MYCN, identifies a subgroup of patients with an improved
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survival probability compared with patients without this
coamplification, independently of stage and age (4).

However, not all of the long-time-surviving patients har-
bored DDX1 coamplification and not every patient that
underwent rapid progression of disease lacked DDX1 coampli-
fication. Other investigators found only a trend toward a better
prognosis (5) or even described a trend toward a worse
prognosis for patients with DDX1 -coamplified wumors (6-9).
Because of the relative homogeneity regarding prognosis of the
patients in these studies and the small numbers of investigated
patients, statistical significance was not obtained. We hypoth-
esized that DDX1 might influence the response of neuroblas-
toma cells to chemotherapy under certain conditions but does
not serve as a warrant for survival per se.

In cell culture studies on methotrexate-treated Chinese
hamster and mouse cells, Hahn et al. (10, 11) showed that
an elevation in the amplification number of the amplified
dihydrofolate reductase gene occurs under increasing selective
pressure. Furthermore, the authors described a trend to a
reduction in the amplicon size under these strong selective
conditions. In general, the size of the amplified DNA fragments
in those cell models is described to be a stable auribute
independent of the manner of amplification as double-minute
chromosomes or homogenously staining regions (11, 12).

These findings and our previously determined data of
coamplification pattern in primary neuroblastoma prompted
us to ask if the structure and the copy number of the
chromosome 2p24-25 amplicon, once determined at initial
neuroblastoma development, are invariable attributes for each
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individual MYCN-amplified neuroblastoma. To answer that
question, we analyzed the coamplification pattern of subse-
quent tissue specimens taken at initial diagnosis and at
different time intervals after treatment initiation of 33 patients
with MYCN -amplified neuroblastoma using the two multiplex
PCRs previously described (4). Furthermore, we determined the
number of amplified copies of MYCN in relation to inhibin-f-b
in a separate, semiquantitative duplex PCR (Supplementary
Fig. S1).

Patients and Methods

Patients. We studied primary tumor specimens from 33 children
with MYCN-amplified neuroblastomas diagnosed in Germany from
1986 to 2003. The 33 neuroblastomas were selected out of a total
number of 174 wmor specimens with MYCN amplification within this
period of time. The selection criterion was the availability of tumor
tissue of comparable quality to different time points during therapy of
each individual patient for DNA isolation.

All neuroblastoma diagnoses were confirmed by histologic assess-
ment of a tumor specimen obtained at surgery. The tumors were
classified according to the International Neuroblastoma Staging System
criteria (13). All patients were treated according to previously described
protocols with confirmed consent for therapy and study procedures
(14, 15). Therapy included surgery, polychemotherapy, and, dependent
on the randomization procedure, high-dose chemotherapy with auto-
logous stem cell transplantation, anti-GD2 antibody, and retinoic acid
treatment.

Our study group consisted of 1 stage I, 0 stage II, 10 stage I11, 17 stage
IV, and 5 stage IV-§ tumors. The median patient age at diagnosis was
30.8 months (range 0.6-163.3 months). The median follow-up time for
all 33 patients was 25.2 months (range 7.5-150.1 months). The median
follow-up time of the patients that died of the disease was 18.4 months
(n = 21) compared with 82.6 months for patients alive (n = 12).

The mean time interval between first and second biopsy of all
investigated patients (n = 33) was 4.6 months (range 1.0-76.9 months).
The mean time between first and third biopsy (n = 3) was 22.5 months.
Most of the second biopsies were taken from the site of the initial tumor
during operation after initial chemotherapy treatment. The mean time
between first and second biopsy of these patients (n = 23) was
4.1 months (range 1.0-20.3 months). For 10 patients, recurrent dise