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Referat:

Aberrationen in der DNA-Kopienzahl sind haufige genetische Verdanderungen bei malignen
Lymphomerkrankungen. Zugewinne sowie Deletionen stellen dabei Mechanismen zur
Onkogen-Aktivierung sowie Tumorsuppressorgen-Inaktivierung dar und tragen somit zur
Pathogenese der Erkrankung bei. Array-CGH und SNP-Array sind Messplattformen, die die
genomweite Bestimmung von Kopienzahlaberrationen in einem Experiment ermdglichen.
Die bei der Analyse entstehenden Datensdtze sind komplex und erfordern automatische
Methoden zur Unterstitzung der Analyse und Interpretation der Messergebnisse.

In dieser Promotionsarbeit wurden Methoden entwickelt, welche die Analyse von Array-
CGH- und SNP-Array-Messungen ermoglichen. Diese Methoden wurden fiir die Auswertung
umfangreicher Datensidtze von malignen Non-Hodgkin-Lymphomen verwendet. Dabei
wurden Lymphome der Entitdten Burkitt-Lymphom, diffus grofRzelliges B-Zell-Lymphom,
Mantelzelllymphom, primares ZNS-Lymphom und peripheres T-Zell-Lymphom - nicht
anderweitig spezifiziert — analysiert. Fiir die untersuchten Lymphom-Entitaten konnten
hierbei zahlreiche neue rekurrente Kopienzahlaberrationen sowie uniparentale Disomien
gezeigt werden, die neue Einblicke in die Pathogenese der jeweiligen Erkrankungen
erlauben.

Dariber hinaus erfolgte ein Vergleich beider Messplattformen anhand eines Datensatzes mit
gepaarten Array-CGH- und SNP-Array-Daten. Fir die eingesetzten Plattformen (2800k-BAC-
Array vs. Affymetrix 250k-Sty-SNP-Array) konnte eine circa zwolffach hohere effektive
Auflésung der SNP-Array-Plattform gezeigt werden. Die wesentlichen Ergebnisse dieser
Arbeit sind in sieben Publikationen eingeflossen.
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1 Einfiihrung

Veranderungen der DNA-Kopienzahl spielen bei unterschiedlichen Erkrankungen,
insbesondere bei der Pathogenese von malignen Tumorerkrankungen, eine wichtige Rolle
[4]. Die Lange der betroffenen Genomregionen kann dabei von wenigen Basenpaaren bis zu
ganzen Chromosomen reichen. Veranderungen der Kopienzahl kénnen die Genexpression
der betroffenen Gene beeinflussen. So konnen Deletionen zur Inaktivierung von
Tumorsuppressorgenen und Zugewinne zur Aktivierung von Onkogenen filihren [5]. Durch
umfangreiche genomische Analysen an verschiedenen Tumorentitaten konnten Regionen
identifiziert werden, die mit hoher Rekurrenz Kopienzahlaberrationen in den jeweiligen
Tumorentitdten zeigten [6]. Teilweise fihrten diese Analysen zur Identifikation von Onko-
und Tumorsuppressorgenen und ermoglichen somit perspektivisch neue, spezifischere
Therapieoptionen [6].

Array-CGH und SNP-Array sind Messplattformen, die die genomweite Detektion von
Kopienzahlveranderungen in einer einzigen Analyse ermdoglichen. Die bei den Messungen
erzeugten Datenséatze sind umfangreich und die Messergebnisse kdnnen durch eine Vielzahl
von Storgroflen beeinflusst werden. Daher werden automatische Methoden bendétigt, die die
Auswertung der Datensatze unterstiitzen und dabei fiir bekannte StérgroRen adjustieren.
Neben der Analyse einzelner Messungen werden auch Methoden zur gemeinsamen
Auswertung mehrerer Messexperimente und Methoden fir die integrative Auswertung mit
anderen klinischen und molekularen Daten, beispielsweise gepaarten
Genexpressionsmessungen, bendtigt.

Die Ergebnisse, die im Rahmen dieser Promotionsschrift prasentiert werden, umfassen die
Entwicklung von Analysemethoden zur Auswertung von Kopienzahldatensatzen auf Basis
von Array-CGH- und SNP-Array-Messungen. Die verschiedenen Methoden werden dabei auf
umfangreiche Lymphomdatensdtze angewendet. Es erfolgt die Beschreibung der daraus
resultierenden Analyseergebnisse sowie deren biologische und klinische Bedeutung.
Zusatzlich werden beide Messplattformen verglichen und es werden Methoden fir die
Assoziation der Kopienzahldaten mit anderen molekulargenetischen und klinischen
Annotationen der Lymphome vorgestellt. Im ersten Teil der Arbeit (Abschnitt 1.1) erfolgt
dazu eine kurze Einfihrung zur Thematik der Kopienzahlaberrationen und der untersuchten
Tumorentitdt der Lymphome. Im Anschluss (Abschnitt 1.2) wird die Motivation fir die Arbeit
dargelegt. Die folgenden Abschnitte 1.3 und 1.4 beschreiben die Methoden fiir die Analyse
der Array-CGH- und SNP-Array-Daten und deren Applikation auf Lymphomdatensatze. In
Abschnitt 1.5 wird ein Vergleich beider Plattformen anhand der Ergebnisse von gepaarten
Array-CGH- und SNP-Array-Messungen vorgenommen. Daran schlief3t sich eine Beschreibung
von Methoden zur Assoziation von Kopienzahl- und Genexpressionsdaten sowie zur
Assoziation mit dichotomen oder stetigen Merkmalen an (Abschnitt 1.6). Die Abschnitte 2.1-
2.7 beinhalten Publikationen, in die Ergebnisse dieser Promotionsarbeit eingeflossen sind.
Die wichtigsten Ergebnisse der Publikationen sind jeweils auf einer einleitenden Seite
zusammengefasst. Der geleistete Eigenanteil an diesen Publikationen ist in Abschnitt 2.8
dargestellt. AbschlieBRend werden die Resultate in Kapitel 3 diskutiert und ein Ausblick in die
zukinftige Rolle der Kopienzahlanalyse gewagt. Kapitel 4 fasst die wichtigsten Ergebnisse
dieser Promotionsarbeit kurz zusammen.



1.1 Biologischer Hintergrund

1.1.1 Aberrationen der DNA-Kopienzahl und Tumorentstehung

Somatische Mutationen sind ungerichtete Verdanderungen des Erbgutes, die spontan
auftreten oder durch &dulere Einflisse verursacht werden. Sie kdnnen negative
Auswirkungen haben und zum Tod der betroffenen Zelle fiihren oder Krankheiten des
Organismus verursachen [7]. Es gilt als nachgewiesen, dass somatische Mutationen die
Ursache von Tumorerkrankungen sind [8]. Die fiir die Tumorentstehung relevanten Gene
werden in zwei Gruppen unterteilt. Proto-Onkogene kénnen durch Mutationen in einen
aktivierten Zustand (,gain-of-function”) versetzt werden und so zur Tumorentstehung
beitragen. Die aktivierte Form wird als Onkogen bezeichnet [8]. Tumorsuppressorgene
bilden die zweite Gruppe. Bei diesen Genen sind Mutationen, die zum Verlust der Funktion
(,,loss-of-function”) fihren, mit der Tumorentstehung assoziiert. Wahrend Mutationen in
einem Proto-Onkogen dominante Effekte auf die betroffene Zelle haben kénnen, sind die
Mutationen in Tumorsuppressorgenen im allgemeinen rezessiv, sodass beide Allele
betroffen sein missen, damit eine Auswirkung auf den Phadnotyp der Zelle sichtbar wird [8].

Je nach Art und GroRRe der von der Mutation betroffenen Genomregion unterscheidet man
Gen-, Chromosomen- und Genommutationen [9]. Chromosomenmutationen fiihren zu
Veranderungen in grofleren Chromosomenabschnitten und werden im nachfolgenden
Absatz naher beschrieben. Man unterscheidet Verluste (Deletionen) und Zugewinne
(Duplikationen) von Chromosomenabschnitten. Beiden Mutationstypen ist eine
Veranderung der vorhandenen Gendosis gemeinsam, die Auswirkungen auf den Phanotyp
haben kann. Die Anderung der Gendosis kann beispielsweise zur Anderung der Expression
und somit der Aktivitdt von betroffenen Genen fiihren. Folglich konnen diese Aberrationen
zur Aktivierung von Proto-Onkogenen sowie zur Inaktivierung von Tumorsuppressorgenen
flihren. Sind beide Allele von einer Deletion betroffen, spricht man von einer homozygoten
Deletion, beim Zugewinn vieler Kopien von einer (High-Level-)Amplifikation. Weitere
Chromosomenmutationen sind Translokationen und Inversionen. Hier kommt es nicht zu
einer Veranderung der Gendosis. Bei Translokationen erfolgt die Umlagerung eines
Chromosomenabschnittes an ein anderes Chromosom, was zur Entstehung von
Fusionsproteinen oder fehlerhafter Regulation der Genexpression fihren kann. Bei Inversion
erfolgt der inverse Einbau eines Chromosomenteils nach doppeltem Bruch des Chromosoms
[9]. Der Verlust eines elterlichen Allels fiihrt zum Verlust der Heterozygositat (Loss Of
Heterozygosity, LOH). Fiir die betroffenen Gene ist folglich nur noch die Erbinformation
eines Elternteils verfligbar. Die Deletion eines Allels fiihrt automatisch auch zu LOH in der
betroffenen Region, allerdings kann LOH auch ohne Veranderung der Kopienzahl auftreten,
wenn gleichzeitig das verbleibende elterliche Allel dupliziert wird. In diesem Fall spricht man
von uniparentaler Disomie (UPD). Deletionen und UPD stellen Mechanismen zur
Inaktivierung von Tumorsuppressorgenen dar. Oftmals erfolgt die Deaktivierung dabei in
zwei Schritten. Das Tumorsuppressorgen wird zundchst durch eine Punktmutation in einem
Allel inaktiviert. Anschlielend wird die intakte Genkopie durch UPD oder Deletion entfernt

[8].

Die im Rahmen dieser Promotionsarbeit betrachteten Messplattformen, Array-CGH und
SNP-Array, ermoglichen die Detektion von Chromosomenmutationen, die zu einer
Veranderung der Gendosis flihren: Deletionen und Duplikationen. Dariliber hinaus
ermoglicht die SNP-Array-Plattform die Detektion von uniparentalen Disomien, respektive
kopienzahlneutralen LOH. Die Detektion dieser Aberrationen in Tumorproben kann die
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Grundlage fur die Identifikation von neuen Onko- und Tumorsuppressorgenen sein.
Erschwerend ist jedoch, dass die Tumorzellen haufig genetisch instabil sind und dadurch
viele genetische Veranderungen akkumulieren [8]. Die in einem Tumor entdeckten
Mutationen sind daher teilweise zufdllige Nebenprodukte der erhohten genetischen
Instabilitat. Erst durch die Messungen von mehreren Tumorfdllen kénnen rekurrent
betroffene Genomregionen identifiziert werden, die aller Voraussicht nach relevante Gene
fiir die Tumorentstehung umfassen.

1.1.2 Lymphome

Maligne Lymphome sind Tumorerkrankungen, die durch Lymphozyten und deren
Vorlauferzellen hervorgerufen werden [10]. Lymphozyten sind weiRe Blutkdrperchen und
umfassen neben natirlichen Killerzellen auch B- und T-Zellen. Die beiden letzteren bilden die
zellulare Basis des adaptiven Immunsystems [11].

B- und T-Zellen entstehen beim Menschen aus Blutstammzellen im Knochenmark, wobei die
Progenitorzellen der B-Lymphozyten im Knochenmark (Bonemarrow) und die der T-
Lymphozyten im Thymus reifen. B-Zellen ermdglichen Uber ihre Ausdifferenzierung zu
Plasmazellen die Produktion von Antikérpern und somit die humorale Immunantwort. Es
besteht auch die Mdoglichkeit der Differenzierung von B-Lymphozyten zu Gedachtniszellen,
die bei erneutem Kontakt mit dem gleichen Antigen eine schnellere und starkere
Immunantwort ermdéglichen. Zur Bildung hochaffiner Antikérper durchlaufen B-Zellen in
ihrer Entwicklung mehrere Schritte. Zunachst wird Uber eine genetische Umlagerung, die
sogenannte V(D)J-Rekombination, genetische Variabilitdt in die Region eingefiihrt, die den B-
Zell-Rezeptor bzw. die Antikdrper kodiert. Durch das Durchlaufen dieses Zufallsprozesses
wird gewahrleistet, dass im menschlichen Organismus circa 102 verschiedene Antikdrper
produziert werden kdnnen, ohne das es Kontakt zu einem Antigen gab [11]. Im Rahmen der
Affinitatsreifung im Keimzentrum wird diese Zahl noch deutlich erhéht. Dort erfolgt durch
die somatische Hypermutation eine weitere Verdanderung der genetischen Information der
B-Zelle. Die Affinitat des B-Zell-Rezeptors bzw. der Antikdrper wird durch eine kiinstlich
erhohte Mutationsrate in der Genomregion, die den B-Zell-Rezeptor kodiert, verandert.
Gekoppelt mit einem Selektionsprozess, der B-Zellen mit erhdhter Affinitat selektiert, kann
der Organismus so mit der Entwicklung und Produktion hochaffiner Antikorper auf
bedrohliche Antigene reagieren.

T-Lymphozyten kénnen sich zu verschiedenen Klassen von T-Zellen ausdifferenzieren, die
verschiedene Aufgaben in der Immunantwort libernehmen. Sie kénnen als Cytotoxische T-
Zellen infizierte Zellen zerstoren, als T-Helferzellen (iber die Ausschiittung von Zytokinen
kostimulatorisch auf andere Zellen des Immunsystems wirken oder als Regulatorische T-
Zellen die Aktivitdt anderer Lymphozyten unterdriicken und somit die Selbsttoleranz des
Immunsystems gewahrleisten [11]. Bei der Entwicklung der T-Zellen erfolgt ebenfalls eine
V(D)J-Rekombination, wobei die Affinitat des T-Zell-Rezeptors verdndert wird, der den T-
Zellen das Erkennen von Antigenen ermoglicht.

Sowohl B- als auch T-Zellen kdnnen neoplastische Transformation durchleben und so zur
Entstehung von Leukdmien oder Lymphomen fiihren [12]. Dabei spielen Fehler in den
genetischen Prozessen zur Veranderung der B- und T-Zell Rezeptoren oftmals eine zentrale
Rolle. Bei den Lymphomen unterscheidet man zunachst zwischen Hodgkin- und Non-
Hodgkin-Lymphomen. Hodgkin-Lymphome sind durch einen bestimmten abnormalen
Zelltyp, die sogenannten Sternberg-Reed-Riesenzellen gekennzeichnet. Bei Non-Hodgkin-
Lymphomen (NHL) treten diese Zellen nicht auf. Im Rahmen dieser Arbeit wurden
verschiedene Entitdten der Non-Hodgkin-Lymphome auf Kopienzahlverdanderungen der DNA
untersucht. Non-Hodgkin-Lymphome koénnen in B-Zell- und T-Zell-Lymphome eingeteilt
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werden, je nachdem welchen zelluldren Ursprung sie haben. Die Charakteristiken der
Tumorzellen spiegeln dabei hdufig das Entwicklungsstadium der Zelle wieder, aus welcher
der Tumor entstanden ist. Seit 2001 erfolgt die Klassifikation der Lymphomerkrankungen
anhand der WHO-Klassifikation. Fir die Klassifikation werden neben dem zelluldren
Ursprung, der Differenzierungsgrad der Zellen sowie morphologische, klinische,
immunphadnotypische, molekularbiologische und zytogenetische Merkmale beriicksichtigt
[13, 14]. Die aktuelle WHO-Klassifikation der Lymphome wurde 2008 in [14] publiziert. Im
Rahmen dieser Arbeit werden B-Zell-Lymphome der Typen Mantelzelllymphom (Manuskript
2 (Abschnitt 2.2) und Manuskript 3 (Abschnitt 2.3)), Burkitt-Lymphom (Manuskript 6
(Abschnitt 2.6)), diffus groRzelliges B-Zell-Lymphom (Manuskript 7 (Abschnitt 2.7)) und
primdres ZNS-Lymphom (Manuskript 4 (Abschnitt 2.4)) sowie T-Zell-Lymphome des Typs
peripheres T-Zell-Lymphom — nicht anderweitig spezifiziert — (Manuskript 5 (Abschnitt 2.5))
analysiert. Eine umfassende Charakterisierung dieser Lymphomentitaten kann im Rahmen
dieser Arbeit nicht erfolgen. In den betreffenden Publikationen und in der zugehdrigen
Zusammenfassung sind jedoch die wesentlichen klinischen und molekulargenetischen
Eigenschaften der untersuchten Lymphomentitaten beschrieben.



1.2 Motivation und Rationale fiir die Arbeit

Bei der Messung mit Hochdurchsatztechnologien wie Array-CGH und SNP-Arrays entstehen
umfangreiche Datensdtze mit Millionen von Messpunkten. Die Auswertung dieser
Datensatze ist entsprechend komplex und erfordert die Unterstiitzung durch automatische
Auswertewerkzeuge. Je nach verwendeter Messplattform gliedert sich die Auswertung dabei
in verschiedene Analyseschritte, die mit entsprechenden Algorithmen unterstiitzt werden
mussen.

Fir beide Plattformen sind Methoden zur Qualitatsanalyse und Normalisierungsschritte zur
Korrektur von systematischen Messfehlern erforderlich, um die Vergleichbarkeit der
Messergebnisse Uber mehrere Falle zu gewahrleisten. Da die Kopienzahlaberrationen
zusammenhdngende Genomregionen umfassen, sind oftmals mehrere benachbarte
Messsonden betroffen. Basierend auf der Annahme, dass die Messfehler fir jede Sonde
unabhangig und gleichverteilt sind, werden fir beide Technologien Glattungs- oder
Segmentierungsverfahren benétigt. Dadurch kénnen zusammenhdngende Regionen mit
gemeinsamer zugrundeliegender Kopienzahl selektiert und so das Signal-zu-Rausch-
Verhaltnis verbessert werden [15]. AnschlieRend missen die ermittelten Segmente
klassifiziert werden, wobei die dabei verwendeten Schwellwerte von Faktoren wie
Tumorzellgehalt oder Hybridisierungsqualitat der Chips abhangen und in der Regel in
Abhangigkeit von verwendeter Messplattform und analysierter Tumorentitdt gewahlt
werden. Bei der Analyse mehrerer Tumorfalle sollte fiir beide Plattformen die Haufigkeit der
auftretenden Kopienzahlaberrationen analysiert werden. Regionen, die haufig von
konkordanten Aberrationen betroffen sind, bezeichnet man als rekurrent. Diese sollten
automatisch selektiert werden und kénnen anschlieRend in weitere Analysen einflieSen,
beispielsweise in die Korrelation der DNA-Kopienzahl mit der Expression der Gene in der
betroffenen Region.

Ziel dieser Arbeit ist es, Analysepipelines fir Array-CGH- und SNP-Array-Daten
bereitzustellen. Im Rahmen des Verbundprojektes ,Molekulare Mechanismen in Malignen
Lymphomen (MMML)“ erfolgten umfangreiche Kopienzahl-Messungen an malignen B-Zell-
Lymphomen. Dabei wurden fiir n=514 Lymphome CGH-Arrays hybridisiert. Fir n=192
Tumore erfolgte die Messung mit Affymetrix-SNP-Arrays. Im Rahmen dieser Arbeit sollten
diese Datensdtze mit den entwickelten Analysepipelines ausgewertet werden. Dariber
hinaus erfolgte ein Vergleich der Messergebnisse beider Plattformen anhand von n=96
Fallen mit gepaarten Messungen. Dabei wurde die Auflésung beider Plattformen unter
Berlicksichtigung der individuellen Messwertstreuung beider Plattformen verglichen.

Die Auswertepipeline fiir SNP-Array-Daten wurde zusatzlich auf umfangreiche Datensatze
anderer Lymphomentitaten angewendet, darunter Mantelzelllymphome (n=32), Primare
ZNS-Lymphome (n=19) und periphere T-Zell-Lymphome — nicht anderweitig spezifiziert —
(n=49).

Fir die Analysen gilt es, neben der deskriptiven Beschreibung der auftretenden
Kopienzahlaberrationen auch den Zusammenhang zwischen der Inzidenz der Aberrationen
und weiteren Charakteristiken der Lymphome bzw. Patienten zu betrachten. Ein besonderer
Schwerpunkt liegt dabei auf der gemeinsamen Analyse von DNA-Kopienzahl und
Genexpression.  Hierfir werden  Methoden  bendétigt, die fir  rekurrente
Kopienzahlaberrationen konkordant lber- bzw. unterexpremierte Gene selektieren kénnen.
Transkripte, die einen entsprechenden Gendosiseffekt zeigen, sind als putative Onko- bzw.
Tumorsuppressorgene geeignete Kandidaten fir weitere funktionale Analysen.



1.3 Array-CGH-Analyse

Motivation

Vergleichende genomische Hybridisierung (comparative genomic hybridization, CGH) ist eine
Methode zur Messung von Kopienzahlveranderungen im Genom. Dabei wird eine
untersuchte Gewebeprobe, beispielsweise Tumorgewebe, mit einer euploiden
Referenzprobe verglichen. Fir Tumor- und Referenzprobe wird jeweils DNA extrahiert,
unterschiedlich gefarbt und anschlieRend gemischt. Bei klassischen chromosomalen CGH-
Messungen erfolgt die Hybridisierung des DNA-Gemischs in einer kompetitiven Reaktion
gegen Metaphasechromosomen. Dabei konkurrieren DNA-Fragmente aus Tumor- und
Referenzprobe um freie Bindungsstellen. AnschlieRend werden die Farbmuster der
Chromosomen mittels Floureszensmikroskopie und CCD-Kamera bestimmt und mit
geeigneter Software ausgewertet. Dabei ermdglicht das Farbverhaltnis von Tumor- und
Referenzfarbung Riickschliisse auf Kopienzahlveranderungen im Tumor. Fiir Genomregionen
mit normaler Kopienzahl im Tumor ist ein ausgeglichenes Verhaltnis der beiden Farbstoffe zu
erwarten. Fir Regionen, bei denen der Tumor eine Deletion aufweist, ist jedoch weniger
komplementare Tumor-DNA im Probengemisch. Dadurch ist weniger passende Tumor-DNA
vorhanden, die um die freien Bindungsstellen an den Chromosomen konkurrieren kann.
Entsprechend ist der Anteil an bindender Referenz-DNA groRer, was sich in einem
Ungleichgewicht bei der Farbung der entsprechenden Genomregionen widerspiegelt, wobei
der Farbstoff der Referenz-DNA (iberwiegt. Im umgekehrten Fall eines Kopien-Zugewinns im
Tumor wird entsprechend der Farbstoff der Tumor-DNA Uberwiegen.

Bei der Matrix- oder Array-CGH-Technologie werden anstatt der Metaphasechromosomen
DNA-Sonden auf einem Chip verwendet. Dabei werden DNA-Klone, die jeweils einer
definierten Genomregion zugeordnet werden kdénnen, auf einem Chip fixiert (gespottet). Bei
modernen Chips kénnen auf engstem Raum eine Vielzahl von Sonden untergebracht
werden. Flr jeden dieser Spots kann nach der Reaktion das Farbverhaltnis von gebundener
Tumor- und Referenz-DNA bestimmt werden. Das Farbverhaltnis ermdéglicht Riickschliisse
auf die Kopienzahl des Tumors an der zugehorigen Genomposition. Durch die hohe Anzahl
an Sonden pro Array kann so eine deutlich hohere Auflésung als bei chromosomaler CGH
erreicht werden, sodass kleinere Aberrationen detektiert bzw. die Grenzen von Aberrationen
genauer bestimmt werden kénnen. Als Ergebnis eines Array-CGH-Experiments liegen fir
jeden gemessenen Tumorfall Farbverhaltnisse fir alle auf dem Array gespotteten Sonden
vor. Die Farbintensitdten werden dabei quantifiziert und das Verhaltnis liegt anschlieend als
Quotient von Tumor- und Referenzintensitat vor bzw. wird mit log2 auf die logarithmische
Skala transformiert. Die im Rahmen dieser Arbeit analysierten Chips umfassten circa 2800
Klonpositionen, wobei aktuelle Arrays deutlich hdhere Sondenanzahlen aufweisen kénnen.

Methodik

Im Rahmen der Arbeit wurde das Auswertewerkzeug aCGHPipeline konzipiert und mit der
Statistiksoftware R [16] implementiert (vgl. Abschnitt 2.1, Publikation 1). Das
Auswertewerkzeug erlaubt zunachst das Einlesen von Array-CGH-Daten sowie der
zugehorigen Annotation fiir die gemessenen Falle und CGH-Klone des verwendeten Arrays.
AnschlieBend erfolgt eine Qualitdtsanalyse, bei der fiir alle gemessenen Fille und alle
gemessenen CGH-Klone Auffdlligkeiten bezliglich der Streuung sowie Haufungen von
Fehlwerten deskriptiv analysiert werden. Hierbei kann auch ein automatischer Abgleich der
Klone mit bekannten Kopienzahl-Polymorphismen (CNP) erfolgen. Kopienzahlverdanderungen



in diesen Regionen stellen eine natirliche Varianz der Kopienzahl dar [17]. Entsprechende
Veranderungen sind haufig nicht mit Tumorentstehung oder Progression assoziiert.

Durch Unterschiede in den Mengen bzw. der Qualitdt der fir die Hybridisierung
verwendeten Tumor- und Kontroll-DNA kénnen chipspezifische Verzerrungen der Messwerte
entstehen. Folgende Gleichung illustriert den Effekt, wobei T die Intensitat des Tumorsignals,
K die Intensitat der euploiden Kontrolle und g der chipspezifische Verzerrungsfaktor ist:

log, (Q*LK) = log, (g) + log, G) = log, (E) +c

aCGHPipeline erlaubt es, den Verzerrungsparameter ¢ zu schatzen und die Daten chipweise
zu normalisieren (vgl. Abschnitt 2.1, Publikation 1).

Nach der Normalisierung der Daten kdnnen die Messwerte x;; fur Array i und Klon j mit
folgendem Modell beschrieben werden:

T N N-,.ab N b
(Ti(cij — ciy) + 6ippiy™ + ¢ (1 —piy)
Xij = lng N + Ei]'
Cl;]

pf‘_}’er = (1 — a%‘l)(l — t{\fj)

Hierbei ist CIT] die Kopienzahl des Tumors fir Array i und Klon j, cll\} entsprechend die
Kopienzahl der normalen Kontrollprobe an dieser Position. pfjber
Zellen in der Tumorprobe, wobei der Anteil durch den chipspezifischen Anteil an
normalen/euploiden Zellen in der Tumorprobe (a%\]) sowie den Anteil an Tumorzellen, die die
Aberration nicht aufweisen (t{lj), bestimmt ist. ['; ist ein chipspezifischer Dampfungsfaktor
und g;; der Messfehler.

Das Signal-zu-Rausch-Verhaltnis fur Array-CGH-Messungen ist gering [15]. Die Ursache dafr
liegt zum einen in den relativ hohen Messfehlern (g;;). Zum anderen werden die
Signalausschlage fur Kopienzahlaberrationen haufig durch Beimengung von Normalzellen in
den Tumorproben (al) und durch unspezifische Kreuzhybridisierung (Tj) gedampft.
Zusatzlich konnen die Tumore inhomogen sein, sodass der Tumor aus mehreren Subklonen
besteht, die sich in ihrem Kopienzahlprofil unterscheiden. Trdagt ein groBer Anteil der
Tumorzellen die Aberration nicht (t{lj ist entsprechend groR), dann wird das Signal ebenfalls

gedampft.

ist der Anteil aberranter

Da Kopienzahlaberrationen haufig mehrere benachbarte Klone umfassen, kdnnen
Glattungsfilter oder Segmentierungsverfahren eingesetzt werden, um die Streuung der
Messwerte zu reduzieren. Bei Segmentierungsverfahren erfolgt eine Einteilung der
Messwerte in Regionen mit gleicher zugrunde liegender Kopienzahl. Fiir jedes ermittelte
Segment wird die Kopienzahl einzeln robust geschatzt, beispielsweise liber den Mittelwert
oder Median aller zugehorigen Messwerte. In aCGHPipeline sind Schnittstellen zu zwei
verschiedenen Segmentierungsverfahren implementiert: einmal auf Basis von Hidden-
Markov-Modellen (Fridlyand et al.) [18], sowie auf Basis zirkuldrer bindrer Segmentierung
(Olshen et al.) [19]. Die aus der Segmentierung resultierenden Segmente koénnen
anschliefend mit aCGHPipeline bezliglich der vermuteten Kopienzahl im Tumor klassifiziert



werden. Dabei erfolgt die Einteilung in Segmente mit normaler Kopienzahl, mit Kopie-
Zugewinnen und mit Deletionen.
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Abbildung 1: Darstellung des Kopienzahlprofils fiir ein Lymphom. Im oberen Teil der Grafik sind alle Messwerte
in genomischer Reihenfolge auf der log2ratio-Skala dargestellt (schwarze Punkte). Die Nummerierung auf der
X-Achse gibt dabei die zugehorigen Chromosomen an. Vertikale schwarze Linien zeigen die
Chromosomengrenzen und vertikale Strichlinien die Positionen der Zentromere an. Blaue Markierungen bei 1
zeigen Zugewinne, bei —1 Deletionen an. Markierungen bei 0 stellen die normale Kopienzahl dar.
Im unteren Teil der Grafik ist Chromosom 9 im Detail dargestellt. Schwarze Punkte zeigen die Rohmesswerte
auf der log2ratio-Skala an. Die blaue Linie zeigt das Ergebnis der Segmentierung, das die Basis fir die
Klassifikation im oberen Teil der Grafik ist. Die horizontalen schwarzen Linien markieren die Schwellwerte fir
die Klassifikation. Segmente oberhalb der oberen Linie werden als Zugewinne, unterhalb der unteren Linie als
Deletionen klassifiziert. Segmente zwischen beiden Linien werden als Regionen mit normaler Kopienzahl
gewertet

Die Klassifikation kann dabei mittels festen Schwellwerten oder alternativ. mit
streuungsabhangigen Schwellwerten erfolgen. Bei letzterem Verfahren fiihrt starkere
Streuung in den Messwerten zu hoheren und damit konservativeren Schwellwerten. Das
Ergebnis von Segmentierung und Klassifikation ist flir einen Lymphomfall exemplarisch in
Abbildung 1 dargestellt.

Fiir viele Fragestellungen erfolgt die Analyse mehrerer Tumore der gleichen Entitat. Dabei
soll die Inzidenz der Aberrationen in der Tumorentitat bestimmt werden. Die Detektion von
Regionen, die in der untersuchten Tumorentitdt haufig von gleichartigen Aberrationen
betroffen sind, ist dabei von zentralem Interesse. Diese haufig aberranten oder auch
rekurrenten Regionen umfassen vermutlich Gene, die eine entscheidende Rolle bei der
Entstehung oder Progression der untersuchten Tumore spielen. Seltene Aberrationen treten
im Gegensatz dazu meist zufallig auf und resultieren aus der erhohten genomischen
Instabilitdit der Tumorzellen. Das Paket aCGHPipeline umfasst eine Methode zur
automatischen Detektion von rekurrenten Regionen. Dabei werden die Haufigkeiten von
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Zugewinnen und Deletionen fiir alle gemessenen Tumore Uber alle Klone aggregiert. Die
daraus entstehenden Haufigkeiten von Zugewinnen und Deletionen werden mittels einer
Hidden-Markov-Modell-basierten Methode segmentiert. AnschlieBend werden die
entstehenden Segmente basierend auf ihrer zugrunde liegenden Haufigkeit in rekurrente
und sporadische Regionen klassifiziert. AbschlieBend kann fiir jede rekurrente Region in
jedem untersuchten Tumor geprift werden, ob der Tumor diese Aberration aufweist. Das
erfolgt Uber die Analyse des Anteils an aberranten Klonen innerhalb der rekurrenten
Regionen und individuell fiir jeden gemessenen Tumorfall. Die dabei ermittelte Klassifikation
kann anschlieBend fiir weitere Analysen genutzt werden. Typische Fragestellungen sind
dabei die prognostische oder diagnostische Bedeutung des Vorliegens bestimmter
Aberration oder auch deren Einfluss auf die Genexpression der zur Region gehérigen Gene.
Die automatische Detektion von rekurrenten Regionen und die Klassifikation der einzelnen
Tumorfalle beziglich des Vorliegens der Aberration ist exemplarisch in Abbildung 2 gezeigt.
AbschlieBend bietet aCGHPipeline eine Reihe von MaRzahlen fir die Quantifizierung der
genomischen Instabilitdt der untersuchten Tumorfdlle und umfasst Methoden, die eine
gemeinsame Auswertung mit gepaarten Genexpressionsdatensatzen unterstitzen.

Anwendung
aCGHPipeline ist inzwischen auf eine Vielzahl verschiedener Array-CGH-Datensatze

angewendet worden. Im Rahmen des MMML-Verbundprojektes wurden mittels
aCGHPipeline 514 Lymphomproben untersucht. Die Ergebnisse dieser Analysen sind dabei in
eine Vielzahl von Publikationen eingeflossen (vgl. Manuskripte 1 und 7, Quellen [20-26]).
Dariber hinaus erfolgte die Analyse eines Datensatzes von 53 klarzelligen
Nierenzellkarzinomen mit aCGHPipeline. Hierbei lag der Fokus der Analyse auf dem
Zusammenhang von Kopienzahlaberrationen und dem Metastasierungsverhalten der
Tumore [27]. Im Rahmen des deutschen Gliomnetzwerkes (German Glioma Network) wird
aCGHPipeline fiir Analysen verwendet, bei denen die Kopienzahlprofile von Primartumoren
und gepaartem Rezidivtumor verglichen werden [28].
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Abbildung 2: Automatische Detektion von rekurrenten Regionen exemplarisch fir Chromosom 12 eines
analysierten Lymphomdatensatzes (vgl. Manuskript 1).

(A) Fur jeden Klon sind die Haufigkeiten von Zugewinnen (hellgrau) und Deletionen (dunkelgrau) bei allen 183
untersuchten Tumoren dargestellt. Die schwarzen Linien zeigen die Segmentierung in Regionen von
benachbarten Klonen mit gleichen Aberrationshdufigkeiten, getrennt fiir Zugewinne und Deletionen. Die
gestrichelte vertikale Linie gibt die Position des Zentromers an. Die horizontalen Geraden bei circa —0,1 und
+0,1 geben die Schwelle fur die Klassifikation in rekurrente und sporadische Aberrationen an. Wéahrend
Deletionen auf Chromosom 12 selten sind, gibt es hdufige Zugewinne. Eine Region bei circa 50 Mb zeigt in
annahernd 20 % der untersuchten Lymphomproben Zugewinne (vgl. schwarze Markierung).

Diese Region ist in (B) fir alle 183 Lymphome untersucht worden. Die Heatmap zeigt die Messwerte aller 183
Lymphome fiir Chromosom 12 nach erfolgter Klassifizierung in Deletion, normale Kopienzahl und Zugewinn.
Jede Spalte zeigt einen Lymphomfall, wobei diese beziiglich Ahnlichkeit geclustert sind. Jede Zeile gibt die
Messwerte eines Klones an, wobei die Klone entsprechend ihrer Position auf Chromosom 12 geordnet sind
(von oben beginnend). Auf der rechten Seite der Heatmap ist zur Orientierung fiir einzelne Klone die Position
auf dem untersuchten Chromosom angegeben. Hellgraue Farbung zeigt Zugewinne, dunkelgraue Farbung
Deletionen an. Schwarze Farbung steht fir normale Kopienzahl und weilRe fiir Fehlwerte, beispielsweise durch
schlechte Qualitat fiir einzelne Klonmesswerte. Die Markierung am linken Rand der Heatmap gibt die Position
der untersuchten rekurrenten Region an (vgl. schwarze Markierung in (A)). Die schwarze Markierung am
oberen Rand kennzeichnet alle Lymphomfalle, bei denen der rekurrente Zugewinn tatsachlich vorliegt. Fir die
Klassifikation wurde gefordert, dass mindestens 50 % der Klone innerhalb der rekurrenten Region im jeweiligen
Fall einen Zugewinn aufweisen mussten
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1.4 SNP-Array-Analyse

Motivation

SNP-Chips sind DNA-Microarrays, die es ermdglichen, den Genotyp von Einzelnukleotid-
Polymorphismen (Single Nucleotide Polymorphism, SNP) zu bestimmen. SNPs stellen
Variationen einzelner Basenpaare an einer Genomposition innerhalb einer Spezies dar. Bei
diploiden Genomen gibt es fiir jeden SNP in einem Individuum drei mdgliche Auspragungen:
homozygot A/A, homozygot B/B oder heterozygot A/B. Dabei reprasentieren A und B jeweils
eine der Basen Adenin (A), Guanin (G), Cytosin (C) und Thymin (T), die an der
entsprechenden Genomposition vorkommen koénnen. Die im Rahmen dieser Arbeit
analysierten SNP-Arrays ermoglichen dabei die parallele Messung von mehreren 100.000
SNP-Positionen. Es kamen 100k (50k Xba und 50k Hind) und 500k (250k Sty und 250k Nsp)
SNP-Arrays der Firma Affymetrix zum Einsatz.

Die Hybridisierung einer Probe auf dem SNP-Array und die nachfolgende Analyse lauft in
mehreren Schritten ab (vgl. Abbildung 3) [29]. Zundchst wird die DNA der untersuchten
Probe extrahiert und mittels Restriktionsenzymen verdaut. An die Schnittstellen der
entstehenden Fragmente werden anschlielRend Adapter ligiert. Die dabei entstehenden
Segmente werden danach mittels PCR amplifiziert, wobei praferentiell Fragmente
bestimmter Lange amplifiziert werden. Im Anschluss werden die amplifizierten Segmente
fragmentiert und gelabelt. Danach erfolgt die Hybridisierung auf dem SNP-Array. Auf dem
SNP-Array sind fiir jede zu messende SNP-Position verschiedene Oligonukleotide gespottet,
die jeweils 25 Basen umfassen und als Probeset bezeichnet werden. Die Probesets umfassen
dabei Proben, die komplett komplementar zu je einer moéglichen Basen-Auspragung der SNP-
Position sind. Diese werden PM-Proben (Perfect-Match) genannt. Darliber hinaus gibt es
auch MM-Proben (Mismatch), die zu beiden moglichen Basenauspragungen mindestens eine
Mismatchbase unter den 25 Nukleotiden aufweisen. Die MM-Proben sollen damit der
Abschatzung von unspezifischer Kreuzhybridisierung dienen.

Nach mehreren Farbe- und Waschschritten [30] werden abschlieRend die Signalintensitaten
ermittelt. Dazu werden die Arrays gescannt und die daraus resultierenden Bilddaten mittels
geeigneter Software ausgewertet. Fir jede SNP-Position konnen anschlieBend die
Intensitaten der PM-Proben fiir Genoytp A und B und die Intensititen der MM-Proben
analysiert werden, um den Genotyp des zugehorigen SNPs in der gemessenen Probe zu
bestimmen. Fiir die Kopienzahlanalyse wird eine Tumor-DNA-Probe auf einem SNP-Array
hybridisiert und anschlielend die Intensitdt aller Proben eines Probesets aggregiert. Die
ermittelte Intensitat wird anschlieBend mit den Intensitdten von mehreren euploiden
Kontrollfdllen verglichen. Die Messung dieser Kontrollen erfolgt dabei auf unabhdngigen
SNP-Arrays der gleichen Plattform. Deletionen im Tumor fiihren zu reduzierten Mengen an
komplementarer DNA fiir alle Proben der betroffenen Probesets, Zugewinne fihren zu einer
erhohten Menge an passenden DNA Strangen. Entsprechend beobachtet man fiir Deletionen
reduzierte und fir Zugewinne erhdhte Intensitaten fir die jeweils betroffenen Probesets.
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Abbildung 3: Ablauf einer SNP-Array-Messung: Mittels Restriktionsenzymen wird die DNA verdaut. An die
entstehenden Fragmente werden anschlieend Adaptoren ligiert. Mittels PCR erfolgt anschlieRend die
Amplifikation. Abschliefend werden die Strange gelabelt, fragmentiert und auf einem Array hybridisiert

Methodik

Im Rahmen der Arbeit wurde eine Auswertepipeline flir die Kopienzahlanalyse mit SNP-
Array-Daten entwickelt und auf mehrere Lymphomdatensatze angewendet. Grundlage fir
die Analyse stellen gemessene SNP-Arrays der Tumorproben und Messungen von euploiden
Kontrollen dar. Dabei sollten Tumorproben und euploide Kontrollen am besten im selben
Labor gemessen werden, da ansonsten laborspezifische Messunterschiede zu erhoéhter
Streuung in den Kopienzahlsignalen fihren (vgl. Abschnitt 1.5). Die komplette
Analysepipeline ist in Abbildung 4 schematisch dargestellt.

In einem ersten Analyseschritt werden Tumor- und Kontrollproben gemeinsam
genotypisiert. Daflir wurde im Rahmen dieser Arbeit der BRLMM-Algorithmus verwendet
[31]. Die Call-Rate, der Anteil erfolgreich bestimmter Genotypen, ist dabei ein erstes
wichtiges Kriterium fiir die Hybridisierungsqualitat der Chips.

Basierend auf den ermittelten Genotypdaten erfolgt die Bestimmung von Regionen mit Loss
of Heterozygosity (LOH). Dafiir wird eine auf Hidden-Markov-Modellen basierte Methode
eingesetzt [32], die in der Software dChip [33, 34] implementiert ist. Die Methode
ermoglicht die Detektion von LOH-Regionen in Tumorfillen ohne gepaarte euploide
Kontrollproben vom selben Patienten. Die Methode basiert auf der Selektion von
zusammenhangenden Genomregionen, in denen keine heterozygoten Genotypen auftreten
bzw. deren beobachtete Haufigkeit deutlich unter der erwarteten Haufigkeit liegt. Fir die
Segmentierung und Selektion putativer LOH-Regionen wird ein Hidden-Markov-Modell
verwendet, das die genomischen Abstande von benachbarten SNPs, die SNP-spezifische
Haufigkeit von heterozygoten Genotypen und die zugrundeliegende Haplotypstruktur im
Genom beriicksichtigt [32]. Die Sensitivitat der Methode ist dabei abhangig von der Anzahl
bzw. der Dichte der gemessenen SNP-Marker. Sie ist jedoch geringer als bei einem direkten
Vergleich von Tumorgenotypen mit gepaarten Keimbahn-Daten vom selben Patienten.
Hierbei sucht man nach Regionen, in denen heterozygote Genotypen in der Keimbahn-
Kontrolle in der gepaarten Tumorprobe homozygot werden. Fiir viele Analysen werden
jedoch aus Kostengriinden und aufgrund der Materialverfligbarkeit keine gepaarten
Keimbahn-Kontrollen gemessen, sodass die beschriebene Methode in diesen Fallen eine
gute Alternative darstellt.
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Abbildung 4: Schematischer Uberblick {iber die einzelnen Schritte der SNP-Array-Analyse und die verwendeten
Methoden fiir jeden Analyseschritt

Die Analyse der DNA-Kopienzahl erfolgt mit CNAG [35]. Diese Methode erméglicht fiir jeden
Tumorfall die Selektion eines individuellen Sets von bis zu 10 euploiden Kontrollen. Dabei
erfolgt die Auswahl der Kontrollen mit dem Ziel, dass die Streuung des Kopienzahlsignals des
Tumorfalles minimiert wird. Die Signalintensitat hangt stark von der Lange der PCR-
Fragmente und deren Anteil an Guanin und Cytosin (GC-Anteil) ab, da diese Parameter die
Amplifikationskinetik der PCR-Reaktion beeinflussen [36]. Die Art des Einflusses kann je nach
Laborbedingungen und PCR-Parametern variieren. Im Rahmen der Analyse eines
Mantelzelllymphomdatensatzes (vgl. Manuskripte 2 und 3; Abschnitte 2.2 und 2.3) konnte
dieser Effekt gezeigt werden (vgl. Abbildung 5 undAbbildung 6). Da in CNAG zusatzlich eine
Normalisierung fiir die Fragmentlange und den GC-Gehalt der gemessenen SNPs erfolgt,
kann eine weitere Reduktion der Messwertstreuung erreicht werden. Die ermittelten
Kopienzahlsignale werden anschlieBend mittels eines Hidden-Markov-Modells analysiert
[35]. Die Zustande des Hidden-Markov-Modells bilden dabei die DNA-Kopienzahl im Tumor
ab, wobei die Menge moglicher Zustinde O, 1, 2, 3, 4, 5 und =6 DNA-Kopien im Tumor
umfasst. Durch die Anpassung des Hidden-Markov-Modells erfolgt fiir jeden analysierten
Tumorfall die Segmentierung in zusammenhadngende Segmente. Hierbei ist jedem Segment
ein Zustand und somit eine geschatzte DNA-Kopienzahl zugeordnet. Als Ergebnis erhalt man
fiir jeden Tumorfall und jeden gemessenen SNP des Arrays einen geschatzten Rohwert fiir
die Kopienzahl auf der log2ratio-Skala sowie ein zugehoriges Segment und damit eine
Schatzung der Kopienzahl im Tumor an der Genomposition des SNPs.
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A
Signal vs Fragmentlédnge in HapMap-Kontrollen und MCL Signal vs GC-Gehalt in HapMap-Kontrollen und MCL
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Abbildung 5: (A) Einfluss von Fragmentlange und (B) GC-Gehalt auf die Signalintensitat. Blaue Kurven
markieren die HapMap-Kontrollen, rote Kurven die Mantelzelllymphome. Wahrend der Zusammenhang
zwischen Signalintensitat und Fragmentlange (A) in beiden Gruppen gleichformig ist (Idngere Fragmente fiihren
zu reduzierter Signalintensitat), ist der Zusammenhang mit dem GC-Gehalt in den Gruppen gegenlaufig (B). Das
fihrt bei der Ermittlung der Kopienzahlprofile durch den Vergleich der Lymphomfélle mit den Kontrollen zu
erhohter Streuung (vgl. Abbildung 6)
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Abbildung 6: Kopienzahlanalyse fiir die Zelllinie Granta519. In Grafik (A) ist das Kopienzahlprofil der Zelllinie
basierend auf der Analyse mit dChip [33, 34] dargestellt. Die robust mit medianer absoluter Abweichung (MAD)
geschatzte Streuung betrdgt dabei 0,46. Im Abschnitt (B) erfolgte die Korrektur fiir PCR-Fragmentléange sowie
GC-Gehalt. Dadurch konnte die Streuung um circa 40 % reduziert werden (MAD=0,27). Damit wird die
anschlieBende Segmentierung und Klassifizierung deutlich erleichtert.

w
.

1

Die Ergebnisse von LOH und Kopienzahlanalyse werden anschliefend in der Statistiksoftware
R zusammengefihrt. Das ermdglicht die Bestimmung von uniparentalen Disomien (UPD),
also Regionen, die LOH aufweisen und gleichzeitig normale Kopienzahl zeigen. Des Weiteren
kann auf Basis der Hidden-Markov-Modell-basierten Segmentierung der Daten eine
Klassifikation in High-Level-Amplifikationen (Zugewinne von sehr vielen Kopien), einfache
Zugewinne, Deletionen und homozygote Deletionen (Verluste von beiden Kopien) erfolgen.
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Bei der Standardkonfiguration werden Segmente mit HMM Zustand=0 als homozygote
Deletionen, Zustand=1 als einfache Deletionen und Zustand=2 als normal klassifiziert.
Segmente mit den Zustianden 3 und 4 werden als einfache/schwache Zugewinne und
Segmente mit den Zustanden 5 und 6 als High-Level-Amplifikationen zusammengefasst.
Darliber hinaus konnen kurze aberrante Segmente, die nur wenige benachbarte SNPs
umfassen, als mogliche technische Artefakte gefiltert werden. Abschlieend kénnen die
detektierten Aberrationen und deren Uberlapp mit bekannten Kopienzahlpolymorphismen
in tabellarischer Form exportiert und die Kopienzahlprofile fiir Einzelfdlle sowie aggregiert
fir alle Tumorfalle bzw. Subgruppen grafisch in HTML-Form dargestellt werden. Die Daten
konnen entsprechend der Vorgaben der Software GISTIC [37] exportiert werden. Dadurch
kann GISTIC verwendet werden, um rekurrente Aberrationen zu bestimmen.

Anwendung
Die hier beschriebene Auswertepipeline wurde im Rahmen des MMML-Verbundprojektes

auf 39 Burkitt-Lymphome angewendet. Die Klassifikation der Tumore erfolgte dabei mittels
Genexpressionsdaten. In vorherigen Arbeiten des Verbundes konnte gezeigt werden, dass
die Abgrenzung von molekularen Burkitt-Lymphomen (mBL), d. h. mittels Transkriptomdaten
klassifizierten Burkitt-Lymphomen, zuverldssig funktioniert und gut reproduzierbar ist [3].
Die Ergebnisse dieser Arbeit sind in Manuskript 6 (vgl. Abschnitt 2.6) dargestellt. Ein
bedeutendes Ergebnis der Analyse war die Detektion von homozygoten Deletionen in der
Region Chr1:23538204-23657473 fiir zwei mBL-Falle. Diese Region umfasst zwei Gene, E2F2
und ID3. In spateren Analysen konnte gezeigt werden, dass das Gen /D3 in circa 70 % der
Burkitt-Lymphome durch Mutationen oder homozygote Deletionen beschadigt ist [26, 38].
Dies deutet darauf hin, dass die Inaktivierung von /D3 ein bis dahin unbekannter, zentraler
Mechanismus bei der Entstehung des Burkitt-Lymphomes ist.

In einer weiteren Analyse mit der beschriebenen Pipeline wurden im Rahmen des MMML-
Verbundes neben mBL auch diffus grofRzellige B-Zell-Lymphome untersucht und dabei eine
bisher unbekannte rekurrente Deletion in der Region 19p13 aufgedeckt [39]. In gleicher
Weise erfolgte die Analyse von SNP-Array-Daten fiir Mantelzelllymphome, primare ZNS-
Lymphome und periphere T-Zell-Lymphome (nicht anderweitig spezifiziert). Die Ergebnisse
dieser Analysen sind in den Manuskripten 2, 3, 4 und 5 zusammengefasst (vgl. Abschnitte
2.2, 2.3, 2.4 und 2.5). Dariber hinaus wurden SNP-Array-Daten einer Familie mit
Pradispositionssyndrom fiir Rhabdoid-Tumore untersucht [40]. In den untersuchten Fallen
war das Gen SMARCBI1, das fiir den Hauptteil der Erkrankungen verantwortlich ist, nicht
inaktiviert. Es konnte jedoch eine LOH-Region mit normaler Kopienzahl auf Chromosom 19
gezeigt werden. Gleichzeitig konnte eine nonsense-Mutationen in dem Gen SMARCA4/BRG1,
das in der entsprechenden Genomregion liegt, nachgewiesen werden. Beide Gene,
SMARCA4 und SMARCBI, sind an der Bildung des SWI/SNF Chromatin-Remodeling-Complex
beteiligt, sodass mit der Inaktivierung von SMARCA4 durch Mutation ein alternativer
Mechanismus zur Entstehung der Tumore gezeigt werden konnte.
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1.5 Vergleich von Array-CGH- und SNP-Array-Analyse

Motivation

Im Rahmen des von der deutschen Krebshilfe unterstitzten Verbundprojektes ,,Molekulare
Mechanismen in malignen Lymphomen®“ (MMML), wurden circa 900 Lymphomproben
molekulargenetisch charakterisiert. Dabei erfolgte unter anderem die Analyse von
Kopienzahlverdnderungen. Innerhalb der ersten Férderperiode (Oktober 2003 bis April 2006)
erfolgte die Messung der Kopienzahl fiir circa 500 Lymphomfalle mit CGH-Arrays. Dabei kam
ein benutzerdefinierter Chip mit circa 2800 BAC/PAC-Klonen zum Einsatz (vgl. Abschnitte 1.3
und 2.1). In der 2. Forderperiode des Projektes sollte gepriift werden, ob die bisherigen
Array-CGH-Messungen zukinftig durch Analysen mit 250k-SNP-Arrays der Firma Affymetrix
abgelost werden konnen. Diese SNP-Arrays umfassen deutlich mehr Marker als die CGH-
Arrays und ermoglichen durch die Genotypinformationen dariiber hinaus die Detektion von
uniparentalen Disomien (UPD).

Methodik

Bei direktem Vergleich der Anzahl von gemessenen Markern pro Array und des medianen
Abstandes von benachbarten Markern (vgl. Tabelle 1) zeigt sich eine deutliche Uberlegenheit
der SNP-Array-Plattform. Allerdings muss bei einem Vergleich auch die Qualitat der
einzelnen Messpunkte beriicksichtigt werden, d. h., wie groR die Messfehler pro Messpunkt
sind.

Array-CGH (2,8k-Array) Affymetrix 250k-Sty-SNP- Verhiltnis
Array Array-CGH vs. SNP-Array
Anzahl Marker 2751 circa 238000 1:86,5
Medianer Abstand zwischen 665 Kb 5 Kb 133:1
benachbarten Markern
Genotypisierung Nein Ja
(LOH Detektion)

Tabelle 1: Vergleich der Eigenschaften von SNP- und CGH-Arrays

Um beide Methoden zu vergleichen, wurden 95 aggressive B-Zell-Lymphome und filinf
Zelllinien mit Affymetrix 250k-Sty-SNP-Arrays gemessen. Fir die Zelllinien wurden dabei
Replikate in zwei verschiedenen Labors gemessen. Damit sollte geprift werden, ob die
zukunftige Messung weiterer Falle auf mehrere Labors verteilt werden kann oder ob eine
Aufteilung zu Verzerrungen bzw. Batcheffekten fihrt. Als euploide Kontrollproben wurden
48 frei verfigbare HapMap-Fille von Affymetrix verwendet. Diese wurden durch 20
laboreigene Kontrollen ergdnzt, die im gleichen Labor wie die 95 Primarfalle und ein Replikat
der flnf Zelllinien gemessen wurden.

Fiir 92 der 95 Lymphomfalle und fir vier von flnf Zelllinien lagen bereits Messungen mit
dem 2,8k-CGH-BAC/PAC-Array vor. Die Analyse der CGH-Arrays erfolgte mit dem R-Paket
aCGHPipeline, wie in den Abschnitten 1.3 und 2.1 beschrieben. Fir die Auswertung der SNP-
Array-Daten wurde, wie in Abschnitt 1.4 beschrieben, vorgegangen.

Firr alle 92 Primarfalle, die mit beiden Plattformen analysiert wurden, erfolgte der Vergleich
der Messwert-Streuung in Regionen mit normaler Kopienzahl. Dazu wurde der Median der
absoluten Abweichungen (MAD) der Rohmesswerte auf der Log2-Skala ermittelt. Dabei
wurden nur Regionen betrachtet, die in beiden Plattformen als ,,normal”, d. h. Kopienzahl
N=2, klassifiziert wurden. In diesen Regionen sollten die Rohmesswerte auf der Log2-Skala
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zuféllig um 0 streuen. Es zeigte sich, dass die Streuung bei den SNP-Chips etwa 1,8-fach tber
der Streuung der CGH-Arrays lag (vgl. Abbildung 7A).

Nachfolgend wurde untersucht, wie die hohere Anzahl der Messsonden der SNP-Arrays
genutzt werden kann, um die héhere Streuung auszugleichen. Dazu wurden fiir jeden BAC-
Klon des CGH-Arrays alle tGberlappenden SNP-Positionen des 250k-Sty-Arrays bestimmt. Fir
circa 5% der BAC-Klone gab es keine Uberlappenden SNPs, 95 % der BAC-Klone wurden
durch jeweils 1 bis 40 SNPs des 250k-Sty-Arrays reprasentiert. Bildet man fiir jeden BAC-Klon
den Median aller Gberlappenden SNP-Rohmesswerte, ergibt sich eine geringere Streuung fir
die gemittelten SNP-Messwerte im Vergleich zu den Rohwerten aus der CGH-Messung (vgl.
Abbildung 7B). Durch die Mittelung der SNP-Signale wird erwartungsgemaR deren Streuung
deutlich reduziert.

A MAD der Rohsignale (log2 ratios) fiir 92 Primartumore B MAD der Signale nach Abbildung der SNP-Messwerte
auf Array-CGH Klone
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Abbildung 7: Vergleich der Streuung der Rohmesswerte fiir Array-CGH und SNP-Arrays

Fur die Schatzung der Streuung wurde der Median der absoluten Abweichungen (MAD) aller Signale
verwendet, deren Kopienzahl auf beiden Plattformen als ,,normal“ (N=2) ermittelt wurde. (A) Die Rohsignale
der SNP-Arrays zeigen im Vergleich zu den Array-CGH-Daten eine im Mittel circa 1,8-fach erhohte Streuung. (B)
Bildet man die SNP-Messwerte auf die CGH-Klone ab und mittelt alle zugehorigen SNP-Messwerte eines CGH-
Klones mit dem Median, kann die Streuung der SNP-Messwerte reduziert werden. Es zeigt sich, dass die
ermittelte Streuung etwas geringer als bei den Klonmesswerten der CGH-Arrays ist

Im Anschluss wurden die Klone entsprechend der Anzahl der tGiberlappenden SNP-Messwerte
eingeteilt. Fiir jede untersuchte Tumorprobe kann die Streuung der SNP-Messwerte mit der
Streuung der CGH-Messwerte in Abhangigkeit der Anzahl gemittelter SNP-Messwerte
verglichen werden (vgl. Abbildung 8A). Dabei zeigte sich erwartungsgemald ein Abfallen der
Streuung mit steigender Anzahl der gemittelten SNP-Messwerte, sodass ab einer
bestimmten Anzahl gemittelter SNP-Werte die Streuung unter das Niveau der CGH-
Messwerte fallt. Die Anzahl der gemittelten SNP-Positionen, die bendétigt wird, damit das
gemittelte SNP-Signal niedrigere Streuung als die CGH-Rohsignale zeigen, kann je nach
betrachtetem Tumorfall variieren. Im Beispiel von Abbildung 8A wird dieser Effekt bei einer
Mittelung von mindestens vier SNP-Signalen erreicht.

Um die Anzahl der SNP-Messwerte zu bestimmen, die im Mittel bendtigt werden, um die
gleiche bzw. niedrigere Streuung zu erhalten als die CGH-Messwerte, wurden alle 92
Primdrtumore mit gepaarten Array-CGH und SNP-Array-Daten analysiert. Getrennt fir die
Anzahl Uberlappender SNP-Positionen wurde fir jeden der 92 Falle der Quotient aus der
Streuung der gemittelten SNP-Signale und der Streuung der CGH-Signale bestimmt.
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AnschlieBend erfolgte die Darstellung des Medians dieser Quotienten, getrennt fiir jede
Anzahl an Uberlappenden SNPs. Dabei zeigt sich, dass im Mittel bei einer Mittelung von 27
SNP-Signalen die Streuung der gemittelten SNP-Signale niedriger ist, als die der CGH-
Messungen (vgl. Abbildung 8B). Berlicksichtigt man daher die erhoéhte Anzahl an
Messpunkten der SNP-Arrays und gleichzeitig die erhohte Streuung der SNP-Signale, zeigt
sich, dass die effektive Auflosung der SNP-Array-Plattform etwa das Zwoélffache der CGH-
Arrays betragt. Dabei wird die 86,5-fache Anzahl an Messsonden durch die Anzahl der
Sonden geteilt, die benétigt wird, um die gleiche Signalqualitat zu erreichen (86,5/7 = 12).

A Abhingigkeit von Streuung und Anzahl gemittelter SNPs B Abhingigkeit von Streuung und Anzahl gemittelter SNPs
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Abbildung 8: Zusammenhang zwischen der Anzahl gemittelter SNP-Signale und Streuung. (A) Vergleich der
Streuung der Array-CGH-Signale und der gemittelten SNP-Signale fir eine Lymphomprobe. Die rote Linie zeigt
die Streuung der CGH-Signale an. Die schwarze Linie zeigt die Streuung der gemittelten SNP-Signale in
Abhédngigkeit zur Anzahl gemittelter SNPs an. (B) Vergleich der Streuung der Array-CGH-Signale und der
gemittelten SNP-Signale, gemittelt Gber alle 92 Primarfalle. Die blaue Linie zeigt den Median des Quotienten
der Streuung von gemittelten SNP-Signalen und Array-CGH-Signalen an. Die rote Linie bei 1 zeigt an, ab wann
die gemittelten SNP-Signale geringere Streuung als die CGH-Messungen aufweisen, d. h., ab wann der Quotient
<1ist. Im untersuchten Datensatz wird dies bei einer Mittelung von 27 SNP-Signalen erreicht (vertikale Linie).

Im Anschluss wurde die Konkordanz der Array-CGH- und SNP-Array-Daten analysiert. Dazu
wurden fiir die Daten der Zelllinien die Kopienzahlsignale der CGH-Arrays mit den SNP-
Signalen verglichen. Um die Vergleichbarkeit zu gewahrleisten, erfolgte fiir jeden CGH-Klon
die Mittelung aller Giberlappenden SNP-Signale. Fiir die Zelllinie Su-DHL5 ist der Vergleich in

Abbildung 9 dargestellt. Insgesamt zeigte sich eine gute Konkordanz der Messergebnisse.
Nur fur eine Zelllinie (HAT) zeigte sich eine groRere diskrepante Region auf Chromosom 1,
wobei eine Nachmessung mittels Agilent 244k-Array-CGH am Institut fir Humangenetik in
Kiel das Ergebnis der SNP-Array-Analyse bestatigte. Flr alle 92 mit beiden Technologien
gemessenen Primarfalle ergab ein Vergleich der detektierten rekurrenten Aberrationen eine
gute Ubereinstimmung zwischen beiden Plattformen.
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Anhand der fiinf gemessenen Zelllinien erfolgte eine Analyse der Reproduzierbarkeit der
SNP-Array-Messungen. Die Zelllinien wurden jeweils in zwei verschiedenen Labors
gemessen. Die Ergebnisse sind exemplarisch in Abbildung 10 dargestellt. Insgesamt zeigte
sich eine sehr gute Konkordanz der Replikatmessungen. Im Mittel konnten fiir 98.5 % der
Marker, die LOH zeigten, die LOH auch in der zweiten Messung bestatigt werden. Fiir >96 %
aller Positionen, fiir die Kopienzahlveranderungen nachgewiesen werden konnten, zeigten
die Replikationsmessungen konkordante Kopienzahlveranderungen an. Besonders
homozygote Deletionen konnten aufgrund des starken Signalausschlages, trotz der geringen
GrolRe der betroffenen genomischen Regionen, zuverladssig reproduziert werden.

In einem Labor wurden 20 euploide Kontrollproben gemessen. Diese wurden gemeinsam mit
48 unabhangigen Affymetrix-Hapmap-Kontrollen fiir die Kopienzahlanalyse verwendet. Bei
Ausschluss der laboreigenen Referenzen zeigte sich eine um circa 35 % erhdhte Streuung in
den Kopienzahlsignalen. Folglich kann die Qualitdat der Messung durch den Einsatz
laboreigener Referenzen deutlich verbessert werden.
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A Kopienzahlprofil HAT (Labor 1)

Kopiezahl
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Abbildung 10: Reproduzierbarkeit der SNP-Array-Messung der Zelllinie HAT. Die Messungen erfolgten in zwei
verschiedenen Labors. Die Punkte zeigen jeweils die rohen Kopienzahlsignale geordnet nach Genomposition
an. Sie ergeben sich aus dem Vergleich der SNP-Signalintensitdten mit normalen Kontrollen. Griine Punkte
zeigen LOH-Regionen ohne Kopienzahlveranderungen an (UPD). Cyan gefdarbte Regionen zeigen LOH bei
gleichzeitigem Vorliegen von Kopienzahlaberrationen an

Ergebnisse

Zusammenfassend konnte im Rahmen dieser Analyse gezeigt werden, dass die effektive
Auflésung der SNP-Array-Plattform das circa Zwolffache der CGH-Arrays betragt. Da die SNP-
Array-Plattform zusatzlich die Detektion von LOH ermoglicht, ist sie die (iberlegene
Technologie. Es konnte dariiber hinaus gezeigt werden, dass die Ubereinstimmung von CGH-
und SNP-Array-Messungen gut ist und die SNP-Array-Analysen auch bei der Messung in
verschiedenen Labors gut reproduzierbar ist. Allerdings sollten fiir die Analyse jeweils
laboreigene euploide Kontrollen bereitgestellt werden. Als Ergebnis der Analyse erfolgte die
Kopienzahlanalyse im MMML-Verbundprojekt anschlieBend mit Affymetrix 250k-SNP-Arrays.
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1.6 Assoziationen von DNA-Kopienzahlaberrationen mit RNA-Expression,
Lymphomentitat sowie klinischen und phanotypischen Faktoren

Motivation

Die deskriptive Beschreibung der auftretenden Kopienzahlaberrationen sowie deren
Haufigkeiten in einer untersuchten Tumorentitat sind oftmals nur der erste Schritt in der
Auswertung von CGH- und SNP-Array-Datensatzen.

Rekurrente Aberrationen betreffen oftmals groRere Regionen des Genoms, die eine Vielzahl
von Genen und nichtkodierenden RNAs enthalten. Das erschwert die Identifikation von
relevanten Zielgenen innerhalb dieser Regionen. Fir die Auswahl plausibler Kandidatengene
erfolgt oftmals ein Abgleich der Kopienzahldaten mit gepaarten Genexpressionsmessungen.
Dabei soll unter Beriicksichtigung des Problems des multiplen Testens untersucht werden,
welche Gene/Transkripte innerhalb von rekurrenten Regionen einen konkordanten
Gendosiseffekt zeigen, das heiRt bei erhohter bzw. reduzierter DNA-Kopienzahl eine erhdhte
bzw. reduzierte Expression aufweisen. Diese sind vielversprechende Kandidaten fir
Onkogene (Kopien-Zugewinn und erhohte Expression) oder Tumorsuppressorgene (Deletion
und reduzierte Expression) und konnen anschlieBend in groRReren Kollektiven auf
Aberrationen oder mittels funktionaler Analysen untersucht werden.

Haufig werden bei einer Analyse die Aberrationshaufigkeiten fir verschiedene
Tumorsubgruppen getrennt betrachtet. Dabei soll untersucht werden, ob den Tumoren
gleiche Aberrationen zugrunde liegen. GroRe Abweichungen in den beobachteten
Aberrationshaufigkeiten weisen dabei auf unterschiedliche molekulare Mechanismen bei der
Entstehung oder Progression der zugehoérigen Tumorsubgruppen hin. Folglich kénnen die
ermittelten Aberrationshaufigkeiten in den betrachteten Subgruppen verwendet werden,
um Einblicke in die genetischen Unterschiede der Entitaten zu gewinnen. Weiterhin kénnen
Regionen mit starken Unterschieden in den Aberrationshaufigkeiten geeignete diagnostische
Marker sein, die es erlauben, die Subgruppen zu unterschieden. Flir manche Fragestellungen
ist es darliber hinaus erforderlich, den Zusammenhang zwischen der Inzidenz von
Kopienzahlaberrationen in Abhangigkeit von stetigen GroRen wie dem Erkrankungsalter des
Patienten zu untersuchen. Dafiir gilt es Methoden bereitzustellen, die es erlauben,
Fragestellungen dieser Art zu untersuchen.

Methodik

Im Rahmen der Promotionsarbeit wurde eine Methode entwickelt, mit der eine integrative
Analyse von Genexpressions- und Kopienzahldaten madglich ist. Sie nutzt als Eingabe die
Grenzen der rekurrenten Regionen sowie eine Statustabelle in Form einer N x M Matrix, die
fir jeden gemessenen Tumorfall n angibt, ob er die entsprechende rekurrente Region m
aufweist oder nicht. Diese Daten werden in aCGHPipeline automatisch generiert. Zusatzlich
werden eine Matrix der gepaarten Expressionswerte und die Genompositionen der
gemessenen Transkripte bendétigt. Die Methode vergleicht anschlieBend, fir jede rekurrente
Region individuell, die Expression aller Transkripte in der betroffenen Genomregion
zwischen den Tumoren mit und ohne Aberration. Als statistischer Test fiir die Differenz des
Expressionsniveaus in Abhdngigkeit der Kopienzahl wird der t-Test eingesetzt. Fir jede
rekurrente Region erfolgt die Adjustierung fiir multiples Testen Uber alle gemessenen
Transkripte innerhalb der zugehoérigen Genomregion mittels False Discovery Rate (FDR),
wobei der g-value frei wahlbar ist [41]. Die Ausgabe erfolgt fiir jede betrachtete Region
grafisch bzw. im HTML-Format und ist beispielhaft in Abbildung 11 dargestellt.
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Gendosiseffekt fiir Deletion von Chr10g23.31 in DLBCL
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Abbildung 11: Analyse des Einflusses von Deletionen der Region Chr10g23.31 in DLBCL auf die Expression der
betroffenen Gene. Auf der x-Achse sind die zugehdrigen Probesets in genomischer Reihenfolge sortiert und mit
Gensymbol sowie Affymetrix hgul33a Probeset-ID gekennzeichnet. Auf der y-Achse ist die Differenz der
mittleren Expression von Fallen mit und ohne Deletion dargestellt. Dabei zeigen die Punkte die Differenzen der
Mittelwerte und die Linien die 95 % Konfidenzintervalle an. Probesets, deren Expression sich signifikant in den
Fallen mit und ohne Aberration unterscheidet, sind rot markiert. Als Schwellwert fiir Signifikanz wurde FDR =
10 % verwendet

Aberrationen der DNA-Kopienzahl kdnnen dariber hinaus die Expression von Genen
auBerhalb der betroffenen Genomregion beeinflussen (trans-Effekte). Das Aufspliren dieser
Effekte erfordert aufgrund der komplexen Kombinatorik jedoch sehr groRe Datensdtze von
gepaarten Kopienzahl- und Expressionsdaten [42] und konnte daher im Rahmen dieser
Promotionsarbeit nicht verfolgt werden.

Um die Unterschiede der Kopienzahlprofile zwischen zwei Subgruppen systematisch zu
untersuchen, wurde eine Methode implementiert, die fir jede Messsonde die Haufigkeit von
Zugewinnen und Verlusten vergleicht. Fir jede Sonde wird dazu in den Vergleichsgruppen
die Anzahl der Fidlle mit Kopien-Zugewinn sowie die Anzahl der Falle ohne Zugewinn
(normale Kopienzahl oder Deletion) ermittelt. Fir die daraus entstehende Vierfeldertafel
wird der p-Wert des Fisher-Tests bestimmt. Analog erfolgt der Test fiir die Haufigkeit von
Deletionen. Anschliefend werden die —logio(p) Werte flir Zugewinne und Verluste in ein
gemeinsames Vergleichsdiagramm geplottet (vgl. Abbildung 12C). Hohe Ausschlage zeigen
starke Differenzen in den Haufigkeiten von Zugewinnen bzw. Deletionen an, wobei Werte
von 2 einem nominalen p-Wert von 0,01 entsprechen. In Abbildung 12 ist die Methode
anhand des Array-CGH-Datensatzes des MMML-Verbundes illustriert. Dabei erfolgte die
Analyse an einem Teildatensatz von n=330 Lymphomen, fiir den der Mutationsstatus des
Gens TP53 (Genomposition: 17p13.1) vorlag. Verglichen wurden hierbei Lymphome mit
(n=87) und ohne TP53-Mutation (n=243). Die signifikantesten Unterschiede in den
Haufigkeiten von Kopienzahl-Aberrationen zwischen beiden Subgruppen ergeben sich
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hierbei fir die Genomregion 17p. Die Analyse der Kopienzahlprofile beider Subgruppen
zeigt fur Falle ohne TP53-Mutation in circa 5% der Tumore eine Deletion von 17p an
(Abbildung 12B), in den Tumoren mit TP53-Mutationen zeigen circa 40 % der Lymphome
eine Deletion (Abbildung 12A). Die Analyse des Vergleichsprofils nach der oben
geschilderten Methodik zeigt einen deutlichen Ausschlag fiir Verluste bei 17p, also der
Genomposition von TP53. Der Ausschlag betragt im Maximum circa 10, was einem
nominalen p-Wert von 1*10%0 entspricht. TP53 ist eines der bekanntesten
Tumorsuppressorgene und spielt eine zentrale Rolle bei der DNA-Reparatur, der Regulation
des Zellzyklus und der Steuerung der Apoptose. Deaktivierung von TP53 ist ein zentraler
Schritt in der Entwicklung von vielen humanen Tumorerkrankungen [43]. Eine naheliegende
Interpretation dieses Befundes ist daher, dass bei Auftreten einer TP53-Mutation haufig das
verbleibende, intakte Allel durch eine Deletion ausgeschaltet wird und dadurch beide Allele
des Gens deaktiviert werden. Ein dhnliches Zusammenwirken von TP53-Mutationen und
chromosomalen Aberrationen von Chrl7p13.1 konnte auch fiir Mantelzelllymphome gezeigt
werden (vgl. Manuskript 3; Abschnitt 2.3).
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Abbildung 12: Vergleich der Kopienzahlprofile des MMML-Array-CGH-Datensatzes in Abhéangigkeit des
Mutationsstatus von TP53 (Genomposition: 17p13.1). (A), (B) Die beiden Profile zeigen die Haufigkeit der
Kopienzahlaberrationen in den Lymphomen (A) mit TP53-Mutation (n=87) und (B) ohne TP53-Mutation (n=243)
an.

(C) Vergleichsprofil. Fiir Zugewinne sind die Haufigkeiten zwischen Fallen mit und ohne Mutation klonweise mit
Fisher-Test verglichen, wobei der resultierende p-Wert des Tests als —logio(p) dargestellt ist. Fiir Verluste
erfolgt der Vergleich analog mit der Darstellung von logio(p). Verluste bei 17p zeigen den groBte Ausschlag,
wobei p-Werte von annihernd 1*10%° erreicht werden

Fir die Analyse der Kopienzahlprofile in Abhdngigkeit von stetigen EinflussgréRen lasst sich
die oben eingefiihrte Methode nicht einsetzen. Alternativ kdnnen jedoch die rekurrenten
Regionen und die genetische Komplexitat fiir jeden untersuchten Tumorfall bestimmt
werden. Methoden zur automatischen Bestimmung dieser GroRen sind beispielsweise auch
im Paket aCGHPipeline implementiert (vgl. Abschnitt 1.3). Der Einfluss stetiger GroRen auf
die Inzidenz einzelner rekurrenter Regionen oder die genetische Komplexitat im Allgemeinen
kann anschlieBend mittels logistischer Regression bzw. im Fall der genetischen Komplexitat
mittels Poisson-Regression untersucht werden. Anschliefend kénnen die Zusammenhange
beispielsweise wie in Abbildung 13 dargestellt werden.
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Abbildung 13: Zusammenhang zwischen dem Auftreten eines 1q21-Zugewinns sowie genetischer Komplexitat
und Erkrankungsalter.

(A) Zusammenhang zwischen 1g21-Zugewinnen und Erkrankungsalter. Die grinen Punkte zeigen Lymphome
ohne 1g21-Zugewinn, die roten Punkte Lymphome mit 1g21-Zugewinn (die Punkte sind beziglich der y-
Richtung leicht verrauscht, um Uberlappungen bei gleichem Erkrankungsalter zu vermeiden). Die horizontal
gestrichelte Linie gibt die Haufigkeit von 1921+ im gesamten untersuchten Kollektiv an, die blaue Linie zeigt das
Ergebnis der logistischen Regression an und beschreibt die bedingte Wahrscheinlichkeit fir das Auftreten von
1921+ gegeben das Erkrankungsalter.

(B) Zusammenhang von genetischer Komplexitdat und Erkrankungsalter. Die genetische Komplexitat ist dabei
die Summe aller aufgetretenen Aberrationen (vgl. Abschnitt 2.7), die Punkte sind analog zur linken Teilgrafik
gescattert, um Uberlappungen zu vermeiden. Die blaue Linie stellt das Ergebnis der Poisson-Regression dar und
zeigt somit das Ansteigen der genetischen Komplexitdt mit zunehmendem Alter

Anwendung

Die Anwendung der Methode zur Korrelation von Kopienzahl- und Genexpression zur
Detektion von signifikanten Gendosiseffekten ist in Manuskript 1 (vgl. Abschnitt 2.1) und
Manuskript 6 (vgl. Abschnitt 2.6) mit CGH- und SNP-Array-Datensdtzen im Rahmen des
MMML-Projekts gezeigt. Beim Einsatz der Methode gibt es jedoch eine Reihe von
Limitationen. Zunachst sind gepaarte Kopienzahl- und Genexpressionsdaten erforderlich.
Dariiber hinaus kdnnen Zusammenhange nur bei entsprechend groRer Anzahl von Fallen mit
und ohne Aberration aufgedeckt werden. AuRerdem ist nicht auszuschlieBen, dass in Fallen
ohne Aberration die Expression relevanter Gene Uber andere, beispielsweise epigenetische,
Mechanismen dereguliert wird und daher kein Zusammenhang der Expression und der
zugrundeliegenden Kopienzahl gezeigt werden kann. Weitere Anwendungen der
beschriebenen Methode zur Korrelation von Genexpressions- und Kopienzahldaten sind in
Manuskript 4 (Abschnitt 2.4) und in [26, 39] zu finden.

Die Methode zum Vergleich die Kopienzahlprofile zwischen zwei Subgruppen wurde
ebenfalls in einer Reihe von Publikationen eingesetzt [20, 22, 24, 26]. Auch diese Methode
ist durch die Fallzahl der untersuchten Vergleichskollektive limitiert.

Die genetische Charakteristik von diffus grofRzelligen B-Zell-Lymphomen (DLBCL) in
Abhangigkeit des Alters wurde in Manuskript 7 (Abschnitt 2.7) anhand von n=364
Lymphomproben untersucht. Dabei kam die im aktuellen Abschnitt beschriebene Methode
zur Assoziation von Kopienzahlaberrationen mit stetigen EinflussgroBen zum Einsatz. Neben
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den numerischen Kopienzahlaberrationen wurde auch die Inzidenz von Translokationen und
molekulargenetischen  Klassifikatoren [20, 44] sowie die Auspragungen von
immunhistochemischen Markern analysiert. Dabei konnte fiir Zugewinne von 1g21, 18qg21,
7p22 und 7921 sowie chromosomale Verdnderung (Zugewinne und Translokationen) des
BCL6-Lokus auf 3927 eine Assoziation mit hoherem Erkrankungsalter nachgewiesen werden.
Weiterhin zeigte sich eine erhohte Haufigkeit des ABC-Subtyps sowie von BCL2-Expression
bei hohem Erkrankungsalter. Die einzige Aberration, die bei jingeren Patienten gehauft
vorkam, war die IRF4-Translokation. Diese Translokation ist jedoch charakteristisch fiir eine
Subgruppe von Lymphomen, die sich auch in ihrem Genexpressionsprofil von den (ibrigen
Lymphomen unterscheiden [24]. Lymphome dieses Typs treten vorwiegend bei Kindern und
jungen Erwachsenen auf [24]. Insgesamt konnte ein Ansteigen der genomischen Komplexitat
mit zunehmendem Erkrankungsalter gezeigt werden (vgl. Abbildung 13). Dabei zeigt sich
jedoch ein kontinuierlicher Anstieg, sodass keine plausiblen Altersgrenzen fiir die
Unterscheidung von Lymphomen mit niedriger und hoher genetischer Komplexitat festgelegt
werden koénnen. Die Daten deuten vielmehr auf ein dem DLBCL zugrunde liegendes
Evolutionsmodell hin, bei dem mehrere genetische Aberrationen Uber die Zeit akquiriert
werden. Dabei hat jede Aberration einen konstanten Hazard. Genetisch komplexe
Lymphome treten daher gehauft bei dlteren Patienten auf, da durch die langere Zeitspanne
die Wahrscheinlichkeit, viele, gegebenenfalls auch weniger schwerwiegende Aberrationen
zu akkumulieren, erhoht ist.
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2 Publikationen

2.1 Publikation 1: ,Development and implementation of an analysis tool for array-

based comparative genomic hybridization“ Methods Inf Med. 2007;46(5):608-

13

Kreuz M, Rosolowski M, Berger H, Schwaenen C, Wessendorf S, Loeffler M,

Hasenclever D.

DOI: http://dx.doi.org/10.1160/ME9064
Bedingt durch die Komplexitdt und den Umfang der gemessenen Daten ist die manuelle
Analyse von Array-CGH-Daten sehr zeitaufwendig und fehleranfallig. Ziel war es daher, ein
Konzept fiir die automatische Auswertung von aCGH-Datensatzen zu erstellen. Basierend auf
diesem Konzept sollten die bendétigten Methoden entwickelt und ein Auswertewerkzeug
implementiert werden.
Im Rahmen der Arbeit wurde das R-Paket aCGHPipeline entwickelt, welches die Analyse
einzelner Arrays sowie die Aggregation der Daten mehrerer Arrays unterstiitzt. Das Paket
ermoglicht zunachst das Einlesen und die Qualitatskontrolle der Daten. Mittels chipweiser
Normalisierung kénnen Verzerrungsquellen wie Unterschiede in der Menge bzw. Qualitat
von Tumor- und Referenz-DNA eliminiert werden. Das Paket ermdglicht die Segmentierung
der normalisierten Daten in Genomregionen mit gleicher Kopienzahl. Daflir stehen zwei
verschiedenen Methoden zur Verfiigung [18, 19]. AnschlieBend ermoglicht die
implementierte Klassifikationsmethode die Einteilung der Segmente in Zugewinne, Verluste
und Regionen mit normaler Kopienzahl. Danach kénnen die Ergebnisse der einzelnen CGH-
Arrays aggregiert werden. Es besteht die Moglichkeit automatisch Regionen, in denen
gehduft konkordante Aberrationen auftreten (rekurrente Regionen), flir weitere
Auswertungen zu selektieren. aCGHPipeline unterstitzt die Korrelation von Kopienzahl- mit
Genexpressionsdaten und ermoglicht dadurch die Detektion von Gendosiseffekten. Im
Rahmen der Arbeit wurde das entwickelte R-Paket auf einen Datensatz von 189 Lymphomen
angewendet. Diese wurden jeweils mit einem Array gemessen, der 2799 BAC/PAC-Klone
umfasste. Dabei erfolgte ein Vergleich zwischen automatischer Auswertung mittels
aCGHPipeline und manueller Bewertung der Daten. Hierflir wurden 106 Lymphomfalle
betrachtet. Es ergab sich eine Ubereinstimmung fiir circa 97 % aller betrachteten Klon-
Messwerte. Mehr als 83 % der manuell als aberrant gewerteten Klone wurden von der
automatischen Methode konkordant bewertet. In Bereichen, in denen eine Methode einen
Zugewinn und die andere Methode eine Deletion anzeigt, war stets ein Vorzeichenfehler in
den manuell bewerteten Daten die Ursache. Weitere Unterschiede traten hauptsachlich an
Segmentgrenzen und bei schwachen Signalausschlagen, d.h. quantitativ schwachen
Aberrationen, auf. In diesen Fallen ist die Bewertung der Ergebnisse ohne weitere
unabhangige Validierung schwierig.
Das in der Publikation beschriebene Kollektiv wurde im Rahmen der verbleibenden Laufzeit
des MMML-Verbundes auf n=514 Lymphomproben erweitert. Die Ergebnisse dieser
Analysen sind mittlerweile in zahlreiche Publikationen eingeflossen [20-26].
Das R-Paket aCGHPipeline wurde zudem eingesetzt, um einen Datensatz von 53 klarzelligen
Nierenzellkarzinomen zu analysieren und den Zusammenhang zwischen auftretenden
Kopienzahlaberrationen und klinischem Verlauf sowie Metastasierungsverhalten der Tumore
zu untersuchen [27]. Aktuell wird aCGHPipeline fir Analysen im Rahmen des deutschen
Gliomnetzwerkes (German Glioma Network) verwendet. Hierbei werden Array-CGH-
Messungen von Gliomen mit verschiedenen histologischen Graden und Paare von
Primartumoren und Rezidiven untersucht [28].
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Summary

Objectives: Array-comparative genomic hybridization
(aCGH) is o high-throughput method to detect and map
copy number aberrations in the genome. Mulfi-step
analysis of high-dimensional data requires an infe-
grated suite of bioinformatic tools. In this paper we
defail an analysis pipeline for array (GH data.
Methods: We developed an analysis fool for array (GH
data which supports single and multi-chip analyses s
well as combined analyses with paired mRNA gene ex-
pression data. The functions supporting relevant sfeps
of analysis were implemented using the open source
software R and combined as package aCGHPipeline.
Analysis methods were illustrated using 189 (GH
arrays of aggressive B-cell lymphomas.

Results: The package covers data input, quality control,
normalization, segmentation and clossification. For
mulfi-chip analysis a(GHPipeline offers an algorithm
for automaic delineation of recurrent regions. This fask
was performed manually up fo now. The package also
supports combined analysis with mRNA gene ex-
pression data. Qutputs consist of HTML documents to
facilitate communication with clinical partners.
Conclusions: The R package aCGHPipeline supports
basic tasks of single and multi-chip analysis of array
(GH data.
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1. Introduction

Aberrations in copy number play an impor-
tant role in various diseases, especially in
the pathogenesis of malignant tumors [1].
The length of aberrant segments can range
from a few base-pairs to whole chromo-
somes. Copy number aberrations can affect
gene expression: Deletions may lead to
tumor suppressor gene inactivation and
copy number gains may cause activation of
oncogenes [2].

Array comparative genomic hybridi-
zation (aCGH) is a method to detect and
map these copy number aberrations in the
genome. Several thousand known DNA
clones or oligonucleotides are spotted on a
chip[1]. Each clone represents a specific re-
gion of the genome. Resolution and cover-
age of the analysis depends on the number
of spotted clones and their distribution in
the genome.

DNA is isolated from test and reference
tissue and differentially labeled using flu-
orescence dyes. A balanced mixture of la-
beled test and reference DNA is hybridized
to the CGH array.

Test and reference DNA compete for free
binding sites [3]. Signals of test and refer-
ence fluorescence intensity at each clone
position are measured, preprocessed [4] and
combined as a log?2 ratio. This signal is as-
sumed proportional to the log2 ratio of test
and reference copy number in the cor-
responding genomic region. If the reference
tissue is chosen euploid, information on
copy number changes in the test sample can
be obtained. Raw data from one CGH-array

experiment consists of several thousand
clone-specific log2 ratios.

2. Motivation

Due to data complexity, manual interpreta-
tion of array CGH data is time-consuming
and error-prone. Automatic methods which
facilitate the array CGH analysis are
required.

We developed an analysis tool for array
CGH data [5] which supports single and
multi-chip analysis as well as combined
analysis with paired mRNA gene expression
data. The methods were implemented using
the open source software R [6] and com-
bined as package aCGHPipeline. The pack-
age is available upon request. Most of the
currently available analysis programs are
limited in the capability of multiple-chip
analysis. For example, CGH-Plotter [7] and
CGHPro [8] provide only a graphical com-
parison of different chips but there is no sup-
port for further statistical investigations of
genetic differences. The aim of aCGHPipe-
line is to overcome these limitations.

Here we describe relevant steps in the
analysis of array CGH data that can be per-
formed using functions from our tool. Fig-
ure 1 gives a schematic overview over tasks
addressed below which are supported by the
package. [llustrations are taken from an
analysis of array CGH data of 189 aggres-
sive B-cell lymphomas [9]. Each array con-
tained 2799 BAC/PAC clones. 1500 of these
clones cover the whole genome at intervals
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of approximately 2 Mb, the remaining 1299
clones span regions known to be frequently
involved in B-cell neoplasms or contain
proto-oncogenes or tumor suppressor genes

[9].

3. Methods

3.1 Quality Control

As for other high-throughput methods a
quality control step is required to detect and
reject invalid data. For every chip and every
clone aCGHPipeline calculates the median
absolute deviation and the proportion of
missing values. Summary statistics, histo-
grams and lists of arrays and clones which
are suspicious are summarized in a user-
friendly HTML output file for further in-
spection.

Large-scale copy number polymor-
phisms also occur as natural variation of the
normal human genome. The length of poly-
morphic segments ranges from kilo- to
megabases [10]. To distinguish between
normal variation and cancer-specific aber-
rations, it is important to compare the ge-
nomic positions of the used clone probes
with known polymorphic sites. Therefore
every clone on the array is compared with
the “Database of Genomic Variants”
(http://projects.tcag.ca/variation/)  [11].
Clones which are located in regions with
known copy number polymorphisms are
marked, enabling the user to interpret the
measured values cautiously.

3.2 Normalization

Imbalances in the amount or quality of used
test and reference DNA may lead to sys-
tematic array-specific bias in the measured
log2 ratios. Differences in labeling efficien-
cies of the fluorescence dyes may be elimi-
nated by using a dye swap design [12]. The
aim of normalization is to remove chip-
specific bias. aCGHPipeline provides a glo-
bal normalization for the correction of array
CGH data: Assuming that the majority of
clone positions is euploid in both tissues
most of the log2 ratios should vary about
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zero. Thus, ameasure of location, like mean,
median or mode, can be used to estimate the
bias individually for each array. The bias is
then removed by subtracting the measure of
location from all measurements on this
array. We take the 50% of the measurements
with the highest values in the corresponding
density function and calculate the mean of
these values weighted with the appropriate
density as an estimator for the mode of the
distribution. We suggest using this mode es-
timator for normalization, because based on
a simulation study it is more robust in cases
with a relevant proportion of aberrant
clones.

3.3 Segmentation

The goal of array CGH analysis is the detec-
tion of copy number aberrations in tumor
DNA. Measured signals have to be classi-
fied in chromosomal gains, losses and re-
gions with normal copy number. Copy
numbers cannot be directly read off the sig-
nal ratios: The signal to noise ratio is rather

low [13] and samples of primary tumors are
typically contaminated with a certain
amount of non-tumor DNA thus attenuating
the ratio. A strategy for noise reduction is
needed.

Copy number aberrations typically occur
in segments comprising several clones. Seg-
mentation methods aim at detecting seg-
ments of neighboring clones with the same
copy number and to smooth the signal to re-
duce the noise.

Several segmentation algorithms for
array CGH data are described in the litera-
ture [2, 7, 14-19]. We have implemented an
interface to the Hidden Markov Model
(HMM)-based segmentation method of
Fridlyand et al. [17] and to the Circular
Binary Segmentation (CBS) method of
Olshen etal. [16]. Based on the results from
other research groups [20, 21], and fol-
lowing our own experience, we currently
recommend using the CBS method of
Olshen.

Methods Inf Med 5/2007
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Fig. 2 The upper graphicillustrates an array CGH profile of a single chip. Black points show the normalized log2 ratios in
genomicorder. Grey bars indicate the classified data (0 = normal copy number; 1 = copy number gain; —1 = copy number
loss). The lower graphic illustrates the segmentation for chromosome 9. The bold grey line marks the resulting segments.
Thresholds for classification are indicated by dotted black lines.

3.4 (lassification

After segmentation each array is repre-
sented by a set of segments and smoothed
segment-specific signals. To ease inter-
pretation the segments are classified into
gains, losses and segments with normal
copy number. Note that with current tech-
nology further differentiation within the
loss or gain category is difficult except for
high-level amplification peaks. Thresholds
are required to achieve such a subdivision. If
a segment level is above the threshold, the
segment is classified as a gain. A segment
which is below minus the threshold is
counted as a loss. This process is also re-
ferred to as threshholding. aCGHPipeline
supports choosing a fixed or a noise-de-
pendent threshold. A fixed threshold is uni-
formly specified on the log2 ratio scale for
all arrays. A noise-dependent threshold is
specified in units of an array-specific noise
estimate. For each array aCGHPipeline
provides a robust noise estimator based on
median absolute deviation of the differences
between measured log?2 ratios and the cor-
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responding smoothed segment levels. Thus
the noise estimate is not inflated by ge-
netic heterogeneity. Choosing the noise-
dependent approach leads to an increased
threshold for chips with poor quality but not
for chips with a high genetic heterogeneity.

Users have to specify the classification
threshold manually considering informa-
tion on the fraction of normal tissue con-
tamination in tumor samples and the sensi-
tivity of the array type used. For a given
array platform the sensitivity can be as-
sessed on the basis of data with known copy
number aberrations or through the analysis
of DNA with different numbers of X chro-
mosomes [13, 22].

An example of classified array CGH
data is shown in Figure 2. After classifi-
cation the genetic heterogeneity of each
array can be summarized, e.g. by calculat-
ing the number of aberrant segments or
clones. These heterogeneity measures help
to quantify the instability of the genome in
different tumor entities or to analyze the
impact of heterogeneity on the prognosis
of patients.

3.5 Multi-chip Analysis

When analyzing a large set of tumor
samples amajor biological question is to de-
tect regions which are commonly aberrant
and therefore may be key events for tumor
development or proliferation.

A major objective of multi-chip analysis
is thus to delineate genomic regions which
are characteristically aberrant in a specific
type of cancer. These recurrent regions pro-
vide lists of putative candidate genes for
biological follow-up research. Presence or
absence of recurrent regions in single tis-
sues define candidate variables for prog-
nostic factor analyses.

Up to now these recurrent regions were
visually determined e. g. by looking at heat-
maps (Fig. 3b). We developed an algorithm
to automatically propose recurrent regions.
We first calculate and plot the frequencies
of gains and losses for each clone along the
genome (see Fig. 3a for a single chromo-
some). To delineate recurrent regions as
“genomic regions which are characteris-
tically aberrant in the data” we divide clones
into segments with the same frequency of
aberration and define recurrent regions as
those resulting segments that are both above
a certain threshold and dominate adjacent
segments.

3.5.1 Segmentation of Multiple-chip
Frequency Data

For segmentation we use a Hidden Markov
Model (HMM) [23]. Each state has a bi-
nomial emission distribution with varying
underlying probability p. HMMs with up to
five states are fitted chromosome-wise to
the frequencies of gains and losses of the
clones because the number of recurrence
levels is initially unknown. The model that
fits best is selected via the Akaike informa-
tion criterion (AIC). Smoothing is achieved
through a state transition matrix giving high
probability to staying in the same under-
lying state. The result of the segmentation
procedure for gains and losses is illustrated
in Figure 3a.
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3.5.2 Threshold for Recurrence

As a next step we have to separate “char-
acteristic” segments from sporadic ones.
Every segment is therefore compared with a
frequency threshold. Regions which show
an aberration more frequently than the se-
lected threshold were counted as recurrent
segments. Recurrent segments that domi-
nate neighboring segments are selected as
recurrent regions.

The user can specify a frequency thresh-
old or use a threshold that is suggested by
our algorithm. aCGHPipeline uses a
2-means clustering of the frequencies of
gains and losses of the clones to distinguish
sporadic form characteristic aberrations.
The mean of the center of the “sporadic
aberrations” and the center of the “char-
acteristic aberrations “* centers is used as the
threshold.

Automatically delineated recurrent re-
gions should be checked manually by in-
specting a heatmap because theoretically
the identity of the cases contributing to a re-
current region may vary along the segment
indicating that the region should be split.

3.5.3 Analysis of Recurrent Regions

Having delineated the recurrent regions in
the data set one may want to decide on pres-
ence or absence of recurrent regions in
single samples. We have implemented a vot-
ing algorithm for this purpose. A recurrent
region consists of a set of clones. A recur-
rent region is called present in an individual
sample if and only if a user-specified pro-
portion (e.g. 50%) of its clone set is classi-
fied as concordant aberration.

The algorithm determines a matrix of
CGH arrays by recurrent regions indicating
presence and absence of the recurrent re-
gions on the respective chip. The horizontal
blue bar in Figure 3b indicates the result of
the voting algorithm for the recurrent region
marked by the vertical grey bar.

3.6 Analysis of Paired Array (GH
and Gene Expression Data

If paired array CGH and gene expression
data 1s available one can ask whether a re-
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effect.

spective aberration is associated with a gene
dose effect on mRNA gene expression.
Given the assignment of copy number aber-
rations in recurrent regions to individual
samples as described above, mRNA ex-
pression in samples with the aberration can
be compared to samples without this ab-
erration.

Figure 4 depicts confidence intervals for
the difference in mean gene expression
comparing cases with and without a loss for
genes mapping into a recurrent region on
chromosome 6 in lymphoma data.

If a higher resolution is desired, a map-
ping assigning copy number information
from individual clones to genes in the corre-
sponding genomic region is required.

We have implemented an algorithm that
generates a data pair for each gene ex-
pression probe set consisting of the respec-
tive mRNA expression level and a copy
number state derived from the array CGH
data. If a probe set maps on one or more
CGH clones their copy number state is as-
signed if equivalent. Ifthe probe set maps in
a gap between clones on the CGH array the
copy number state of the neighboring clones
is returned if equivalent. Otherwise a miss-
ing value is assigned.

4. Application

The analysis pipeline was applied to a set of
189 arrays of aggressive B-cell lymphomas.
Within the quality control step six arrays
were rejected due to high noise. In addition

Methods Inf Med 5/2007

48 clones were excluded from the analysis
because they were missing in more than 50
percent of the cases. 291 of the remaining
clones are located in regions with known
copy number polymorphisms.

Array CGH data was normalized using
global normalization with mode estimator.
Normalized log2 ratios were smoothed by
applying the Circular Binary Segmentation
(CBS) method of Olshen et al. with default
parameters.

For a subset of 106 arrays, manual inter-
pretation ofthe data was available. Best con-
cordance between manual and automatic
classification was achieved by using a fixed
threshold of 0.17 for the classification of the
segments resulting from CBS. In that case
96.8% of all clones were assessed con-
sistently, More than 83% of the clones
which were called aberrant by manual inter-
pretation were concordantly detected by the
automatic method. Investigation of dis-
crepant results showed that in cases where
one method assigned a copy number gain
while the other assigned a loss mostly repre-
sented sign errors within the manual analy-
sis. The bulk of discrepancies occurred at
boundaries of aberrant regions and in cases
where the putative aberration is quantita-
tively weak. In these cases a validation of
the results is difficult.

Using the methods for multi-chip analy-
sis 16 regions of recurrent gains and six
regions of recurrent losses were delineated
for further investigation.

5. Conclusion and Qutlook

With aCGHPipeline we developed a com-
prehensive tool for the analysis of array
CGH data. The package covers data input,
quality control, normalization, segmen-
tation and classification. The automatic
analysis essentially reproduced the manual
interpretation. It is less error-prone, less
time-consuming and more reproducible,
thus further analyses of our group will be
based on it.

For multi-chip analysis aCGHPipeline
proposes an algorithm for automatic delin-
eation of recurrent regions. This task was
performed manually up to now. The package
also supports combined analysis with
mRNA gene expression data. Results are
presented as HTML documents to facilitate
communication with clinical partners.
aCGHPipeline is implemented in R in
which further data analysis can easily be
performed. The current version of the pro-
gram provides no graphical user interface so
that users need a basic knowledge of R
programming. A planned integration of
aCGHPipeline in the gene expression ware-
house (GeWare) [24] will add this feature.
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2.2 Publikation 2: ,Recurrent loss of the Y chromosome and homozygous
deletions within the pseudoautosomal region 1: association with male
predominance in mantle cell ymphoma“ Haematologica. 2008 Jun;93(6):949-
50
Nieldnder I, Martin-Subero JI, Wagner F, Baudis M, Gesk S, Harder L, Hasenclever D,
Klapper W, Kreuz M, Pott C, Martinez-Climent JA, Dreyling M, Arnold N, Siebert R.
DOI: http://dx.doi.org/10.3324/haematol.12656

Das Mantelzelllymphom (MCL) ist ein malignes Lymphom aus der Gruppe der B-Zell-Non-

Hodgkin-Lymphome. Es ist durch die Translokation zwischen den Chromosomen 11 und 14

(t(11;14)(913;932)) charakterisiert, welche zur Uberexpression von Cyclin-D1 fiihrt und in

nahezu allen MCL auftritt [45]. Manner sind deutlich haufiger betroffen als Frauen

(Verhaltnis: 2:1 oder hoher [45]). Die Griinde fir dieses Ungleichgewicht sind bisher nicht

bekannt. Eine mogliche Ursache kdnnten genetische oder epigenetische Veranderungen auf

den Geschlechtschromosomen sein, welche zur Tumorentstehung beitragen.

Im Rahmen der Studie wurden daher genetische Aberrationen auf den

Geschlechtschromosomen untersucht. Es konnte gezeigt werden, dass haufig Verluste des

Y-Chromosoms in Mantelzelllymphomen auftreten. In einem Datensatz, der am Institut fir

Humangenetik in Kiel untersucht wurde, traten Verluste des Y-Chromosoms in 22 von 80

(27,5 %) der untersuchten mannlichen Patienten auf. Mittels Dreifarben-Fluoreszenz-in-situ-

Hybridisierung (FISH) wurde das Auftreten der t(11;14)-Translokation und des Verlusts von

Chromosom Y gemeinsam untersucht. Damit konnte gezeigt werden, dass in einem Grof3teil

der untersuchten Proben die Verluste von Chromosom Y klonal in den t(11;14)-positiven

Tumorzellen waren. In 15 von 18 untersuchten Proben trat der Chromosom-Y-Verlust in den

Lymphomzellen deutlich haufiger auf als in den t(11;14)-negativen Bystander-Zellen.

Im Rahmen der Studie wurden auch 20 MCL-Proben von mannlichen Patienten mittels

Affymetrix 100k-SNP-Arrays untersucht (vgl. Manuskript 3). Fiir die Analyse der SNP-Array-

Daten wurde die in Abschnitt 1.4 beschriebene Auswertepipeline verwendet. Das Y-

Chromosom ist auf den Affymetrix 100k-Arrays nur durch die Pseudoautosomalen Regionen

(PARs) reprasentiert. Diese Abschnitte des Genoms sind auf dem X- und Y- Chromosom

gleichermaBen vorhanden. Die Pseudoautosomale Region 1 (PAR1) umfasst circa 2,6

Megabasen (Mb) [46] und ist auf dem 100k-SNP-Array durch 19 SNPs reprasentiert. Verluste

von Chromosom Y zeigen sich durch einfache Deletionen in den 19 betreffenden SNPs.

Mittels der SNP-Array-Analyse konnten fiir zwei Lymphomfalle homozygote Deletionen der

PAR1-Region gezeigt werden. In diesen Fallen war die genetische Information sowohl auf

dem X- als auch auf dem Y-Chromosom deletiert. Mittels FISH-Analyse wurden die

homozygoten Deletionen fir die PAR1-Gene SHOX, CSF2RA und CRLF2 in beiden Fillen
erfolgreich verifiziert und zwei weitere Falle mit homozygoten Deletionen in einem
unabhangigen Datensatz detektiert.

Zusammenfassend konnte gezeigt werden, dass die Auswertepipeline fiir SNP-Arrays (vgl.

Abschnitt  1.4) auch zur Detektion von Kopienzahlaberrationen auf den

Geschlechtschromosomen X und Y geeignet ist. Darliber hinaus konnte gezeigt werden, dass

Verluste von Chromosom Y haufig als sekundare Aberrationen in MCL auftreten und die

Gene in der Region PAR1 fiir die Entstehung von MCL potenziell bedeutsame

Tumorsuppressorgene sind.
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Recurrent loss of the Y chromosome and
homozygous deletions within the pseudoautosomal
region 1: association with male predominance in
mantle cell lymphoma

Mantle cell lymphoma (MCL) is a B-cell lymphoprolif-
erative disorder which predominantly affects men. In a
large retrospective survey of the European MCL Network
including 304 patients, median age was 63 years at first
diagnosis with a male preponderance of 76%.' The genet-
ic hallmark of MCL is the translocation t(11;14)(q13;q32)
which leads to overexpression of the CCND{ gene
encoding Cyclin D1. Although recent studies revealed a
number of genomic alterations and differentially
expressed genes in MCL, the causes for the male predom-
inance are still unknown. Hormonal differences might
contribute to this gender imbalance. Another hypothesis
is that male predominance in MCL results from a sex
chromosome linked genetic or epigenetic alteration.
Interestingly, some cytogenetic studies on MCL reported
recurrent loss of the whole chromosome Y.

Using the karyotype parsing software from the
Progenetix project [www.progenetix.net] on data from the
Mitelman database [available form  URL:
hty://cgap.nci.nih.gov/Chromosomes/Mitelman, October 2007
edimion], we show that 42 out of 365 (11.5%) cytogeneti-
cally analyzed t(11;14)-positive B-cell non-Hodgkin'’s
lymphoma (B-NHL) in male patients (excluding plasmo-
cytoma/multiple myeloma, NHL not otherwise specified and
immature NHL) harbor a deletion of the Y chomosome.
Similarly, 22 out of 80 (27.5%) t(11;14)-positive lym-
phoma in male patients cytogenetically analyzed in the
Iostitute of Human Genetics (University Hospital
Schleswig-Holstein, Campus, Kiel, Germany) showed
loss of the Y chromosome. These findings indicate that
the loss of the Y chromosome is a recurrent cytogenetic
event in MCL.

Loss of the Y chromosome is known to be a common
aging phenomenon in cells of elderly males,” but recent
studies also suggest significance in tumor development,
particularly in prostate cancer.” To differentiate between
age-related random and clonal losses of the Y chromo-
some, we analyzed whether loss of chromosome Y is
restricted to the t(11;14)-positive MCL tumor cells or
whether this change also occurs in the normal cells of the
biopsies, e.g. due to an age-related effect. Therefore, we
performed triple-color Fluorescence i1 situ hybridization
(FISH) in 21 MCL of male patients harboring a chromo-
some Y loss by conventional cytogenetic analysis. The
commercially available locus-specific identifier (LSI)
IGH/CCND1 dual color, dual fusion translocation probe
(Abbott/Vysis, Downers Grove, IL, USA) was used to
detect the translocation t(11;14)(q13;432)/IGH-CCND1
fusion and combined with a probe for chromosome
region Yq12 (CEP Y Sat1II, s 1Pectrum aqua, Abbott/Vysis)
(Figure 1 AB). FISH was performed using reported meth-
ods” on flxed cells from cytogenetic analyses. The cytoge-
netically described loss of tEe Y chromosome was con-
firmed by FISH in all but 3 of the 21 MCL cases.
Cytogenetic studies of these 3 MCL cases showed mark-
er chromosomes, which presumably harbor the Yql2
chromosome material detected by the FISH probe. FISH
analyses demonstrated that in 12 of the remaining 18
MCIL, loss of chromosome Y was present in the clone
with the translocation t(11;14) whereas a maximum of

Letters to the Editor

3% (median 1.1%, range 0-3%]) of the t(11;14)-negative
cells showed Y chromosomal loss (Online Supplementary
Figure 1A). In 3 other MCL cases, 9% (case 15), 12% (case
5) and 16% (case 13) of the t(11;14)-negative cells har-
bored a chromosome Y deletion, but loss of chromosome
Y was obviously more frequent (5.9-8.3 fold) in the
t(11;14)-positive cells. Accordingly, loss of chromosome Y
seems to be a clonal feature of tl%e t(11;14)-positive tumor
cells in 83% of the investigated MCI In’5 of the 15 MCL
cases with clonal chromosome Y loss, we also identified
at least 3% t(11;14)-positive cells without chromosome Y
deletion (cases 11-15). The presence of the Y chromo-
some in these lymphoma cells indicates that loss of chro-
mosome Y occurred secondary to t(11;14).

It is widely assumed that the Y chromosome predomi-
nantly lacks genes involved in oncogenesis. Most of its
few genes are localized at the pseudoautosomal regions
(PARs) which show homology and recombine with two
segments on the X chromosome. A recent array CGH
study identified complete loss of the terminal short arm
of the X chromosome including the Kallmann (KAL) gene
locus in Xp22.31 and the PAR1 in one t(11;14)-positive

rimary MCL.” Here we evaluated recently obtained
100K GeneChip data (GeneChip® Human Mapping 100K
Set, Affymetrix, Santa Clara, CA, USA) (Nielander et al.,
in preparation) of 20 primary MCL from male pamens
with regard to aberrations targeting the pseudoautosomal
regions of the sex chromosomes. Among these were 5
cases with chromosome Y loss detected by FISH (cases 4,
6,9, 14 and 18).

Probe preparation and array hybridization was per-
formed according to the GeneCl')l,lp Human Mapping
100K assay protocol (Affymetrix, Santa Clara, CA,
USA) (http://www.affymetrix.con). Copy number analy-
sis was performed using the CNAG program v2.0.”

We wused 90 Hapmap samples provided by
Affymetrix (30 CEPH trios) as euploid reference
arrays (htip://www.affymetrix.com/support/technical/sam-
ple_data’hapmap_trio_data.affx). Segmentation of raw
copy number data was performed using the Hidden
Markov Model approach provided by CNAG.

There are no tags for chromosome Y on the microarray
except for the PAR. Remarkably, in 2 of the MCL cases
with chromosome Y deletion, GeneChip analysis identi-
fied a region of complete loss in the pseudoautosomal
region 1 (PAR1) in Xp/Yp (Online Supplementary Figure
1C). According to the GeneChip data, the minimally
deleted region spanned approximately 2.5 Mb from the
Xp-telomere to the SNP “rs5982788% including 16
pseudoautosomal genes (NCBI Build 35) (Online
Supplementary Figure 1, Online Supplementary Table 1). To
confirm and extend these findings, FISH analyses were
performed using Iocus-sgeciﬁc probes, which consisted of
differentially labeled bacterial artificial chromosome
(BAC/PAC) clones. In this way, homozygous loss of the
SHOX (RP11-800K15), CSF2RA (RP4-674K6), and CRLF2
(RP11-475E20) genes was confirmed in both MCL show-
ing biallelic loss of the PAR1 in the GeneChip data.
Furthermore, a FISH screening of the remaining 16 MCL
with chromosome Y loss detected one additional case
showing biallelic loss of all these gene loci. The case
described by Rubio-Moscardo et al. was also confirmed
by FISH to harbor biallelic loss of the PAR1.” To further
confirm the border of the homozygously deleted region,
we performed FISH analyses of the 3 MCL with Xp-dele-
tion detected here using the LSI Kallmann Region Probe
(Abbott/Vysis). In 2 of these cases, homozygous loss did
not comprise the KAL gene locus. The amount of detect-
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ed cells showing biallelic loss of the PAR1 in the samples
studied here corresponded approximately to the tumor
cell content which was calculated by t(11;14)-FISH
(Figure 1D). The signal constellation in the putative non-
tumorous cells indicated that both X-chromosomal and
Y-chromosomal PAR1 were present, ruling out a constitu-
tional copy number polymorphism (Online Supplementary
Figure 1F). These findings suggest deletion of the X-chro-
mosomal PAR1 to be restricted to the t(11;14)-positive
cells in these MCL.

To summarize, the clonality of chromosome Y loss in
t(11;14)-positive tumor cells provides evidence for its rel-
evance as secondary aberration in MCL. It seems that its
role in MCL development might have been underestimat-
ed. Our data may also rule out the hypothesis that the
loss of chromosome Y in lymphoid cells may predispose
these cells to the development of MCL, thus explaining
male predominance. The detection of a deletion in
Xp22.33 in addition to chromosome Y loss suggests the
involvement of a pseudoautosomal tumor suppressor
gene (TSG). Inactivation of a PAR-linked candidate TSG
in combination with Y chromosome loss through an age-
related effect in elderly cells could be a plausible explana-
ton for the male predominance observed in MCL.
Remarkably, pseudoautosomal linkage has also been pro-
posed for Hodgkin's lymphoma.® It may be of particular
interest that a cluster of cytokine-receptor genes resides
on the PAR1 region.” Aberrant expression of chemokines
and chemokine receptors has been reported to play a role
in malignant hematopoietic cells.”" Future studies,
including mutation and expression analyses of genes
located in PAR1, might lead to the identification of candi-
date genes involved in MCL lymphomagenesis.
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Basierend auf Mausexperimenten konnte gezeigt werden, dass die fir MCL charakteristische
Translokation t(11;14)(q13;932) fir die Lymphomentstehung nicht ausreicht [47], sondern
weitere sekundare Aberrationen fiir die Transformation notwendig sind.
Im Rahmen dieser Studie wurden daher 26 MCL-Proben sowie sechs MCL-Zelllinien mittels
Affymetrix 100k-SNP-Arrays untersucht. Ziel war es, sekunddre Aberrationen in MCL zu
beschreiben, wobei der Schwerpunkt auf der Detektion von UPDs und fokalen High-Level-
Amplifikationen sowie homozygoten Deletionen lag. Diese konnten mit klassischen CGH- und
Array-CGH-Analysemethoden bisher nur unzureichend charakterisiert werden. Aus
Voruntersuchungen war bekannt, dass UPDs rekurrente genetische Aberrationen in MCL-
Zelllinien sind [48]. Als euploide Kontrollen dienten 90 frei verfliigbare HapMap-Falle. Die
Daten wurden wie in Abschnitt 1.4 beschrieben analysiert. Da keine laboreigenen
Referenzen vorlagen, zeigten die Kopienzahlprofile vergleichsweise hohe Streuung. Um die
Menge falsch positiver Aberrationen zu reduzieren, wurden daher Aberrationen mit weniger
als 10 benachbarten SNPs verworfen.
Die dabei beobachteten Aberrationsmuster zeigten eine groBe Konkordanz beziiglich
rekurrenter Aberrationen in vorherigen Kopienzahl-Analysen bei MCL [49]. Es konnten
haufige Zugewinne auf den Chromosomenarmen 3q, 8q, 10p, sowie Verluste auf den
Chromosomenarmen 1p, 6q, 8p, 9p, 99, 10p, 11q, 13g und 17p gezeigt werden. Zusatzlich
konnten fiinf Regionen mit Zugewinnen in 24 Fillen und sieben Regionen mit Verlusten in 24
Fallen gezeigt werden, die in der Literatur bisher nicht beschrieben wurden. Fiir die Region
11913.4—-q13.5 konnte eine rekurrente High-Level-Amplifikation nachgewiesen werden (in
drei Zelllinien detektiert), die zwei snoRNAs und neun Gene, unter anderem MAP6, umfasst.
Fir die Analyse der homozygoten Deletionen wurde zusatzlich zu den Standardkriterien
(geschatzte Kopienzahl=0 fir >10 benachbarte SNPs) ein sensitives Screening mit dem
Kriterium: geschatzte Kopienzahl <0,6 flir mindestens zwei benachbarte SNPs, von denen
mindestens einer einen ,,No-Call“ zeigte, durchgefiihrt. Alle elf homozygoten Deletionen, die
mittels konservativen Kriterien in MCL-Zelllinien detektiert wurden, konnten mittels FISH-
bzw. PCR-Analyse bestatigt werden. Unter anderem auch eine homozygote Deletion des
Gens MAP2. Von den 17 zusatzlichen, mittels sensitiver Kriterien bestimmten homozygoten
Deletionen konnten hingegen nur vier bestatigt werden. In den Primartumoren konnte
aufgrund der Kontamination durch Normalzellen keine Validierung erfolgen.
Es konnte gezeigt werden, dass die Chromosomenarme 11g und 13q zuséatzlich zu
Deletionen auch rekurrent von UPDs betroffen waren, wobei der Tumorzellgehalt der
Primarfalle zwischen 21 % und 95 % (Mittelwert 75 %) schwankte. Die Sensitivitdat der UPD-
Analyse ist bei niedrigem Tumorzellgehalt gering, sodass die Rekurrenz der UPD-Ereignisse
unterschatzt wird [50]. Fiir einen Lymphomfall wurde neben einer UPD-Region auf 17p auch
eine homozygote Mutation von TP53 sowie normale Kopienzahl mittels FISH gezeigt. Somit
wurde die Deaktivierung eines Tumorsuppressorgenes durch UPD nachgewiesen.
Im Rahmen der Studie wurde gezeigt, dass mit TP53, MAP2 und MAP6 mehrere Gene
Aberrationen zeigen, die mit der Organisation von Mikrotubuli assoziiert sind. Mittels
Expressions-, Methylierungs- und Mutationsanalyse konnte am Institut fir Humangenetik in
Kiel weitere Evidenz flr die Bedeutung dieser Gene in MCL gewonnen werden.
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Mantle cell lymphoma (MCL) is an

Summary

The translocation t(11;14)(q13;q32) is the genetic hallmark of mantle cell
lymphoma (MCL) but is not sufficient for inducing lymphomagenesis. Here
we performed genome-wide 100K GeneChip Mapping in 26 t(11;14)-positive
MCL and six MCL cell lines. Partial uniparental disomy (pUPD) was shown
to be a recurrent chromosomal event not only in MCL cell lines but also in
primary MCL. Remarkably, pUPD affected recurrent targets of deletion like
11q, 13q and 17p. Moreover, we identified 12 novel regions of recurrent gain
and loss as well as 12 high-level amplifications and eight homozygously
deleted regions hitherto undescribed in MCL. Interestingly, GeneChip
analyses identified different genes, encoding proteins involved in
microtubule dynamics, such as MAP2, MAP6 and TP53, as targets for
chromosomal aberration in MCL. Further investigation, including mutation
analyses, fluorescence in situ hybridisation as well as epigenetic and
expression studies, revealed additional aberrations frequently affecting these
genes. In total, 19 of 20 MCL cases, which were subjected to genetic and
epigenetic analyses, and five of six MCL cell lines harboured at least one
aberration in MAP2, MAP6 or TP53. These findings provide evidence that
alterations of microtubule dynamics might be one of the critical events in
MCL lymphomagenesis contributing to chromosomal instability.

Keywords: mantle cell lymphoma, microarray, single nucleotide polymor-
phisms, microtubule-associated proteins, partial uniparental disomy.

aggressive B-cell chromosomal event alone is not sufficient to result in

non-Hodgkin lymphoma (B-NHL) genetically characterised
by the translocation t(11;14)(q13;q32) that leads to overex-
pression of cyclin D1 (Williams et al, 1992). Based on
studies with transgenic mice, it is well established that this

© 2008 The Authors
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lymphomagenesis and that secondary genomic alterations are
required for malignant transformation (Lovec et al, 1994;
Gladden et al, 2006). In this multistep transformation process,
tumour suppressor gene (TSG) inactivation has been shown to
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be a key mechanism. In MCL, frequently targeted TSGs encode
for proteins that inhibit malignant transformation by protect-
ing the genome from DNA damage (ATM) or from deregu-
lated cell cycle progression (CDKN2A/P16, RBI) or by
inducing apoptosis in cells with a disrupted cell cycle control
(TP53)(Nielander et al, 2007).

MCL has been the subject of several array-based compar-
ative genomic hybridisation (arrayCGH) studies, and genomic
aberrations in addition to t(11;14)(q13;q32) have been exten-
sively characterised (Kohlhammer et al, 2004; de Leeuw et al,
2004; Rubio-Moscardo et al, 2005a,b; Tagawa et al, 2005;
Mestre-Escorihuela et al, 2007). Except one, all these studies
used microarrays consisting of bacterial artificial chromosome
(BAC) or Pl-artificial chromosome (PAC) clones for which
maximal resolution is restricted to 50-200 kb. Microarrays
consisting of short synthetic oligonucleotides provide higher
resolution. Some platforms allow genotyping simultaneously,
so that loss of heterozygosity (LOH) without changes in DNA
copy number is also detectable. This chromosomal event, so
called partial uniparental disomy (pUPD), has been recently
reported as a frequent mechanism of TSG inactivation in
haematological neoplasms and solid tumours (Bignell et al,
2004; Bruce et al, 2005). In 2006, we could show that pUPD is
a recurrent genetic mechanism alternative to chromosomal
deletion in MCL cell lines (Nielaender et al, 2006). By loss
of (part of) one parental chromosome and duplication of
the remaining one from the other parent, pUPD results in
LOH without chromosomal deletion. As the gene dosage is
not altered, pUPD cannot be detected by conventional
arrayCGH.

In the present study, we used 100 K GeneChip arrays to
determine genomic imbalances and pUPD in a series of 26
MCL patients and six MCL cell lines. Taking advantage of the
high resolution of this array, we focused on detection of small
homozygous deletions. Moreover, this microarray enabled the
identification of pUPD. The detection of these two genetic
alterations has been shown to be a promising strategy to
identify novel TSGs (Nielander et al, 2007). We identified
minimally altered regions targeted by homozygous deletions
harbouring novel candidate TSG loci, which might be asso-
ciated with MCL pathogenesis. Moreover, we could show that
pUPD is a recurrent chromosomal event not only in MCL cell
lines, but also in MCL primary cases and leads to inactivation
of TSGs. This further confirms that pUPD has to be considered
as an alternative mechanism of TSG inactivation in MCL.
Finally, our study identified genes encoding microtubule-
associated proteins to be frequently targeted by chromosomal
and epigenetic aberrations in MCL.

Methods and materials

Tissue samples

DNA-samples and fixed cells were selected from the files of the
Institute of Human Genetics, the Second Medical Department

and the Institute of Haematopathology, (University Hospital
Schleswig-Holstein, Campus, Kiel, Germany). Genomic DNA
was extracted from frozen dimethyl sulphoxide stocks derived
from lymph node (LN), peripheral blood (PB), bone marrow
(BM) and spleen (S) or from frozen tissue blocks of the
affected LN using the QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany). The MCL panel for the single nucleotide
polymorphism (SNP) array comprised 26 patients with
primary MCL. The median age of the patients at diagnosis
was 66 years (range, 38-84 years). A subset of cases of this
panel was also used for fluorescence in situ hybridisation
(FISH) (n = 13), MAP2 mutation analyses (n = 20), TP53
mutation analyses (7 = 26) and epigenetic studies (n = 20).
For the FISH screens and denaturing high performance liquid
chromatography (DHPLC) analyses of MAP2, an additional 14
and 20 t(11;14)-positive MCL cases from files of the Institute
of Human Genetics (University Hospital Schleswig-Holstein,
Campus, Kiel, Germany) were included, respectively. Table SI
shows all MCL samples included in this study. Tonsils and PB
of healthy donors were used as non-tumours controls. For real
time RT-PCR experiments, LN c¢DNA pooled from 12
Caucasians (aged 20-59 years) and purchased from the human
immune system multiple tissue cDNA panel (Clontech Lab-
oratories, Mountain View, CA, USA) and a tonsil freshly
prepared from the Institute of Haematopathology (University
Hospital Schleswig-Holstein, Campus, Kiel, Germany) were
used as normal controls. The study was performed in the
framework of the ‘European MCL Network’, for which central
and local ethics approval was obtained.

Cell lines

A panel of six MCL cell lines was studied: GRANTA-519,
HBL-2, UPN-1, REC-1, MAVER-1 and JEKO-1. A compilation
of studies characterising these cell lines is shown in Table SIL

Microarrays

The GeneChip Human Mapping 100 K array set (Affymetrix,
Santa Clara, CA, USA) has been used according to the protocol
provided by the manufacturer (Affymetrix) (http://www.
affymetrix.com). Microarrays were washed and stained with
the Fluidics Station 450 (Affymetrix) and scanned with the
GeneChip Scanner 3000 (Affymetrix) using GeneChip Oper-
ating System (GCOS; Affymetrix) version 1.4. The BRLMM
algorithm (http://www.affymetrix.com/support/technical/
whitepapers/brimm_whitepaper.pdf) was used with default
parameters (score threshold = 0-5, prior size = 10 000 and DM
threshold = 0-17) to genotype MCL tumour samples in com-
bination with Hapmap reference arrays (http://www.affyme-
trix.com/support/technical/whitepapers/brlmm_whitepaper.pdf).
The genotyping call rates of the hybridised SNP chips ranged
from 96:06% to 99-88% (median = 98-:59%) for the 50K Xbal
array and from 94:54% to 99-77% (median = 98:92%) for the
50 K HindlIl array. Ninety HapMap samples provided by

© 2008 The Authors
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Affymetrix (30 CEPH trios) were used as normal reference
arrays (http://www.affymetrix.com/support/technical/sample_
data/hapmap_trio_data.affx). A complete list of Affymetrix
reference samples is shown in Table SIII.

Copy number analysis

Copy number analysis was performed using the Copy Number
Analyser for GeneChip (CNAG) program v2.0 (Nannya et al,
2005). The optimised reference selection method implemented
in CNAG was used (Nannya et al, 2005). Thus, CNAG selected
a gender-specific reference set out of the 90 controls individ-
ually for each array. Xbal and Hindlll arrays were combined
for the analysis. Segmentation of raw copy number data was
performed using the Hidden Markov Model (HMM) approach
provided by CNAG. HMM parameters were adjusted individ-
ually for each array due to differences in hybridisation quality
and tumour cell content. Starting with default parameters, the
mean levels of HMM states were adjusted manually to increase
smoothing for samples with higher noise while increasing
sensitivity for low noise samples. With regard to outliers and
technical artefacts, HMM segments with aberrant copy num-
ber were considered as a copy number aberration only if they
consisted of at least 10 consecutive SNPs. High-level ampli-
fications were defined as aberrations with HMM copy number
25. For male cases, the call of high-level amplifications on
chromosome X was copy numbers 24.

Liberal screening for homozygous deletions. Homozygous
deletions were defined as aberrations with copy number = 0.

Sensitive screening for homozygous deletions. In this more
sensitive approach for detecting homozygous deletions, the
Copy Number Analysis Tool (CNAT; Affymetrix) version 2.0
was used to calculate the copy number (CN), applying a
0-5 Mb genome smoothing filter. The data set was screened for
regions with a copy number <0'6 in a minimum of two
adjacent SNPs of which at least one showed a ‘NoCall’.

LOH analysis

A HMM-based method (Beroukhim et al, 2006) implemented
in the dChip program (Lin et al, 2004; Zhao et al, 2004) (Build
date: Apr 11 2007) was used to infer regions with LOH from
tumour samples. The HMM considering haplotype (LD-
HMM) (Beroukhim et al, 2006) method was selected for the
LOH calculations to account for linkage disequilibrium (LD)-
induced SNP dependencies. The LOH call threshold was set to
the default value of 0-5. An empirical haplotype correction
(Beroukhim et al, 2006) was applied. Thus, the genotypes of
putative tumour-associated LOH regions were compared with
the genotypes observed in euploid reference samples. If the
genotypes in the respective region were highly concordant
between the tumour sample and at least 5% of the normal
reference samples the LOH region was rejected by dChip.

© 2008 The Authors
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Partial uniparental disomy

Partial UPD regions represent genomic regions in which the
LOH was not caused by altered copy number. A LOH region
determined by dChip was called UPD if the copy number
analysis using CNAG revealed no aberrations within that
region. If a LOH region was partially affected by copy number
aberrations, subregions with normal copy number were called
UPD if they comprised at least 50 neighbouring SNPs.

Copy number polymorphisms

As an attempt to distinguish copy number aberrations from
copy number variations (CNVs) present in healthy individuals,
aberrant regions were compared to published data included in
the ‘Database of Genomic Variants’ (http://projects.tcag.ca/
variation/). Regions showing overlap 250% with known
genomic variants were classified as CNVs.

Interphase FISH

The commercially available locus-specific identifier (LSI) IGH/
CCND1 dual colour probe (Abbott/Vysis, Downers Grove, IL,
USA) was applied to detect translocation t(11;14)(q13;q32).
Differentially labeled bacterial artificial chromosome (BAC)
clones, fosmid clones or commercial centromere probes
(Abbott/Vysis) were applied to verify copy number results
from 100K GeneChip analyses and to perform FISH screen-
ings. A summary of the used FISH assays is shown in
Table SIV. FISH was performed as published elsewhere
(Martin-Subero et al, 2002). Hundred nuclei were evaluated
per hybridisation whenever possible.

Delineation of homozygous deletions

Polymerase chain reaction (PCR)-based methods were used to
confirm homozygous deletions detected in the SNP array data
of the MCL cell lines. To identify novel candidate TSGs,
regions of homozygous loss were delineated by PCR. Primer
sequences, polymerase enzymes and PCR conditions are
summarised in Table SV.

Mutation analyses

The coding exons and exon/intron-boundaries of MAP2 were
amplified and analysed by DHPLC as previously described
(Arnold et al, 1999). Sequences and annealing temperatures of
primer pairs are shown in Table SV. PCR products that
showed aberrant chromatograms were subjected to direct
sequencing using the Big Dye Terminator v1.1 Cycle Sequenc-
ing Kit and the Genetic Analyser ABI PRISM 310 system
(Applied Biosystems, Foster City, CA, USA). TP53 mutation
analysis was performed as previously described (Gross et al,
2001). Sequence variations were checked and named according
to the R12 release of the IARC TP53 Database (Petitjean et al,
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2007) to determine whether they are rare polymorphisms or
deleterious.

Methylation studies

Sodium bisulfite conversion of genomic DNA was performed
with EpiTect Bisulfite Kit (Qiagen). The methylation status of
MAP2 was evaluated by methylation-specific PCR (MSP)
(Herman et al, 1996) as well as bisulfite sequencing (Frommer
et al, 1992). For bisulfite sequencing, the whole CpG island
upstream of MAP2 was amplified after DNA bisulfite treat-
ment, ligated into a pCR2.1-TOPO vector and transformed
into competent Escherichia coli (TOP10) using the TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA, USA). Insertion of the
DNA fragments was tested by PCR of the colonies. Cloned
DNA was amplified from 10 positive colonies using vector-
specific primers followed by direct sequencing using Big Dye
Terminator vl.1 Cycle Sequencing Kit and the Genetic
Analyser ABI PRISM 310 system (Applied Biosystems). Primer
sequences for MSP and bisulfite sequencing, the used poly-
merase enzymes and PCR conditions used in the analyses are
shown in Table SV. To control the result of bisulfite conver-
sion and the specificity of the MSP reactions, we used
CpGenome Universal Methylated and CpGenome Universal
Unmethylated DNA (Millipore, Billerica, MA, USA).

Expression studies

MAP2 and MAP6 expression in MCL cell lines was analysed by
SYBR Green-based real-time RT-PCR using the iCycler iQ
multi-color-real-time PCR detection system (Biorad, Hercules,
CA, USA). Total RNA was isolated from cultured cells with
NucleoSpin RNA/Protein Kit (Macherey-Nagel, Diiren, Ger-
many), high quality was confirmed with the Experion auto-
mated electrophoresis system {Biorad) and cDNA synthesis was
performed using the QuantiTect Reverse Transcription Kit
(Qiagen). For the real-time PCR of MAP2 we used QuantiTect
SYBR Green PCR Kit and the QuantiTect Primer Assays of
MAP2 (Hs_ MAP2_1_SG) and MAP2 alternative transcripts
(Hs_MAP2_va.l_SG) (Qiagen). These two primer assays are
able to detect all known transcript variants of MAP2. For MAP6
real ime PCR we used the QuantiTect Primer Assay Hs_
MAP6_1_SG. Normalisation for the quantity of ¢cDNA was
done by performing simultaneous real-time RT-PCR for
hypoxanthine phosphoribosyltranferase 1 (HPRT1), B-glucu-
ronidase (GUSB) and glucose-6-phosphat-dehydrogenase
(G6PD) with appropriate QuantiTect Primer Assays
(Hs_HPRT1_1_SG, Hs_GUSB_1_SG, and Hs_G6PD_1_SG)
(Qiagen). The thermal profile for the SYBR Green-based PCRs
consisted of 15 min Taq polymerase activation at 95°C followed
by 45 cycles of PCR at 94°C for 15 s (denaturation), 55°C for
30 s (annealing), and 72°C for 30 s (extension). Following
amplification, a melting curve analysis was performed to verify
the correct product by its specific melting temperature (Tm).
Melting curve analysis consisted of a denaturation step at 95°C

for 1 min, lowered to 55°C for 30 s, and followed by 80 cycles of
incubation in which the temperature is increased to 95°C at a
rate of 0-5°C/10s/cycle with continuous reading of fluorescence.
Results were analysed by iCycler iQ Optical Software Version
3.0a and ratios were calculated by AACT method.

Results

GeneChip array data

In this study, samples from 26 MCL patients (20 male and six
female) were subjected to 100K GeneChip Mapping analyses.
The characteristic translocation t(11;14)(q13;q32) was con-
firmed by cytogenetics and/or FISH. Based on FISH, the tumour
cell content varied from 21% to 95% (mean 75%) (Table SI). In
addition, a panel of six t(11;14)-positive MCL-derived cell lines
was studied. Results of the LOH analysis based on this 100K
GeneChip array data have already been published for five of these
MCL cell lines (Nielaender et al, 2006).

Gains and losses. Copy number analyses identified a pattern of
genomic imbalances typical for MCL, including low-level gain
and monoallelic loss of regions that are known to be recurrently
affected in MCL. A genomic overview of gains and losses
detected in the investigated MCL primary cases is given in Fig 1.
Two hundred thirty-six and 204 genetic events leading to
monoallelic loss were identified in the primary MCL and MCL
cell lines, respectively (mean of 9 per MCL and 34 per MCL cell
line). In addition to deletions, 206 low-level copy gains were
detected in the primary MCLs (mean of 8 per MCL) and 181 in
the MCL cell lines (mean of 30 per MCL cell line). By overlapping
genomic segments showing copy number changes, we delineated
the minimal altered regions (MARs) as well as minimal peak
regions within these MARs, which were determined by
imbalances of single cases (Fig SI). Chromosomal regions that
were affected in at least four primary MCL or MCL cell lines are
summarised in Table SVI. Frequently affected regions of
chromosomal gain were identified in 1q23.3-q25.1, 2p25.1,
2q32.3, 3q27.3-3q28, 4q35.1-935.2, 7p22.3-pl5.3, 7pl2.l,
7q21.11, 8p23.3, 8q22.1-q24.21, 10p15.3, 10pl12.1-p11.22,
11q13.3-q21, 12q13.3-q14.1, 13¢31.3, l4qll.2, 15q21.3,
17q23.2, 18q21.2-q22.3 and 19p12. Genomic loss was
frequently detected in 1p33-p32.3, 1p31.1-p21.1, 2q13, 2q24.1-
q31.2, 2q37.1, 3p14.2-p12.2, 6q23.3-q27, 8p23.2-p21.2, 9p24.3-
p21.2, 9q13-q31.2, 10pl4-p13, 11q22.3-q23.2, 12p13.2-p13.1,
13q12.3-q13.1, 13q14.2-q14.3, 13q22.2-q31.1, 13934, 14q32.12,
15q11.2, 17p13.3-p12, 22q11.22, 22q13.2-q13.33, and Xp22.33.
Some of these regions contain known CNVs, also present in
healthy individuals, and are marked in Table SVI. In addition to
common alterations previously reported in MCL, 100K
GeneChip mapping identified five regions frequently targeted
by chromosomal gain as well as seven regions of recurrent
genomic loss, which have not been reported yet. Some of these
novel regions contain candidate genes showing typical tumour
suppressor or oncogene properties, such as FHIT in 3pl3,
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Fig 1. Genome-wide detection of copy number changes in MCL primary cases. Proportion of gains and losses analysing GeneChip data of 26 MCL
primary cases are displayed from Ipter to Xqter. Light grey columns indicate chromosomal gain, whereas dark grey columns indicate loss of genetic

material.

CDKNIB in 12p13.1, MYCBP in 13q22.3, or CDKN2AIP and
ING2 in 4g35.1 (Table SVI).

High-level amplifications. Regions showing a copy number =5
were classified as high-level amplified. Amplicons included
genes previously described as being amplified or overexpressed
in MCL, such as BCL2 (18q21.33), GPC5/MIRN17 (13q31.3)
and BMII (10p12.2) (Bea et al, 2001; de Leeuw et al, 2004;
Rubio-Moscardo et al, 2005b). Novel detected regions of
genomic amplification in MCL involved chromosomes 4p14,
6p21.2, 8p23.1, 8p23.1-p22, 8q24.21, 11ql3.4-q13.5, 11ql4.1,
11q22.3, 11q23.1-q23.2, 17p11.2, 18ql12.2 and 18ql2.2-q12.3
(Table SVII). Noteably, most of the detected high-level
amplifications (~90%) were observed in the MCL cell lines.
There were only two primary MCL cases showing this kind of
aberration. Each of these newly detected amplified regions was
observed in only one sample with the exception of 11q13.4-
q13.5, which was detected in three MCL cell lines. This region
harbours nine genes including MAP6 (microtubule-associated
protein 6), SERPINHI (serine proteinase inhibitor 1), GDPD5
(glycerophosphodiester phosphodiesterase domain 5), RPS3
(ribosomal Protein S3), UVRAG (UV radiation resistance
associated gene), WNT11 (wingless-type MMTV integration
site family), MOGAT2 and DGAT2 (mono- and diacylglycerol
O-acyltransferases), as well as the hypothetical protein
LOC283212. In addition, this chromosomal region is coding
for 2 snoRNAs (SNORDI15A and SNORDI15B).

Homozygous deletions. 'Two different approaches were used for
the identification of candidate homozygously deleted regions in
the MCL GeneChip data. In the liberal screening of the MCL
cell lines, 11 homozygous deletions were identified in eight
different chromosomal regions and, except the CNV, all of
them were confirmed by PCR and/or FISH (Table 1). Applying

© 2008 The Authors

the sensitive screening method, 19 additional candidate
homozygous deletions, all affecting different loci, were
identified in MCL cell lines; four were validated by PCR and/
or FISH, two were consistent with known CNVs (Table 1). The
additional 13 regions suggestive for homozygous loss could not
be confirmed. Noteably, this evaluation criteria detected every
previously reported homozygous deletion in MCL cell lines,
including TSG loci in 1p32.3 (CDKN2C/P18), 2q13 (BCL2L11),
9p21.3 (CDKN2A/P16), and 13ql4.2 (RBI1) (Nielander et al,
2007). Nevertheless, 43% of the regions suggestive for
homozygous deletion represented false positive findings.
However, four PCR-proven homozygously deleted regions
and two CNVs detected by the sensitive screening were not
detected by the liberal approach, most likely due to smoothing
of the data. Table I displays the verified regions of homozygous
loss in the MCL cell lines detected by both approaches.
Moreover, the borders of five novel deleted regions were
delineated by PCR to identify potential TSGs (Table I).

In the 26 primary MCL cases, 15 and six regions met the
criteria for homozygous deletion in the sensitive and liberal
approach, respectively. Confirmation by PCR-based methods
was not performed due to contamination of the tumour
samples by normal surrounding tissue. FISH was only applied
for verification of deletions exceeding ~100 kb (i.e. the insert
size of the used BAC, PAC or fosmid clones) that were not
classified as CNVs. Homozygous deletion could be confirmed
in 9p21.3 and in Xp22.33. In Table II, regions of homozygous
loss, which were detected by GeneChip data analysis of the
MCL primary cases, are summarised with regard to size, CNVs,
target genes and FISH verification.

Loss of heterozygosity in regions with normal copy number. The
100K GeneChip data of the primary MCL cases was also
subjected to LOH analyses in order to identify regions of
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Table I. Homozygous deletions in MCL cell lines.

Liberal screening Sensitive screening PCR-based confirmation and ~ FISH Affected Target

Locus*  [start-stop in bp*] [start-stop in bp*| delineation [start-stop in bp*]  confirmation cell lines genes

1p32.3  Not detected 50 837 181-57 453 350  (Maestre-Escorihuela et al, 2007) Not done UPN-1 CDKN2C

2q13 111 616 112-112 182 931 111 616 112-112 155 057 (Tagawa et al, 2005) Not done JEKO-1 BCL2L11

2q34 210 048 358-210 472 004 210 048 358-210 472 004 210 079 601-210 462 202 Confirmed UPN-1 MAP2

2q37.3  Not detected 237 396 643-237 486 004 237 272 264-237 637 712 Confirmed  UPN-1 No genes

9p21.3 21 948 524-22 102 599 21 948 524-22 090 176  (Kohlhammer et al, 2004; Not done GRANTA-519, CDKN2A,
de Leeuw et al, 2004; REC-1, MAVER-1 CDKN2B
Tagawa et al, 2005)

9p2L.2 27 316 780-27 716 911 27 248 185-27 716 731 27 287 093-27 940 630 Not done MAVER-1 MOBKIL2B,

IFNK, C9orf72

9p21.1 28 761 537-30 316 115 28 761 537-30 316 115  Confirmed but not Not done MAVER-1 No genes
delineated by PCR

12p13.1 Not detected 13 617 759-13 618 078 13 616 272-13 652 667 Not done REC-1 GRIN2B

13q14.2  Not detected 47 812 793-47 817 924  (Pinyol et al, 2007) Not done UPN-1 RBI

13q33.1 101 552 480-101 943 751 101 552 480-101 943 751 Confirmed by FISH not Confirmed  JEKO-1 FGF14
delineated by PCR

18922.1 62 853 023-63 491 358 63 097 606-63 491 358 62 390 461-64 346 179 Confirmed  UPN-1 DSEL

22q11.22 20 994 635-21 479 136 20 994 635-21 479 136  CNVT{ Not done GRANTA-519, IGL@

HBL-2
Xp22.31 Not detected 6492 343-6 543 186 CNV} Not done  JEKO-1 No genes
Xq28 Not detected 153 981 072 CNV} Not done ~ GRANTA-519 No genes

CNV, copy number variation.
“NCBI Build 35.
FAccording to database of genomic variants.

pUPD. A median number of 1.6 pUPDs (ranging from 0 to 5)
was identified in the samples. As previously reported for MCL
cell lines (Nielaender et al, 2006), regions frequently affected
by pUPD in primary MCL are known to be commonly targeted
by deletions in MCL, e.g. 11q and 13q (Fig 2A). Some of the
detected regions showing pUPD are known to harbour
common TSGs, like TP53 in 17p13.1.

Mutation analyses of TP53 in one MCL sample displaying
pUPD in the short arm of chromosome 17 (Fig 2B) revealed a
homozygous missense mutation of a single nucleotide (g.14490
T>A) in exon 8, affecting a DNA binding domain (Fig 2C).
This mutation has been reported to be deleterious for TP53-
DNA interaction (http://www-p53.iarc.fr). FISH analysis using
a TP53 locus-specific probe confirmed a normal gene dosage of
two copies (Fig 2D).

Involvement of genes encoding microtubule-associated
proteins in MCL

Remarkably, 100K GeneChip data and further investigation of
candidate genes identified genes encoding different microtu-
bule-associated proteins, such as MAP2, MAP6 and TP53, to be
recurrently affected by chromosomal aberrations in MCL.
Although it is widely known that MCL karyotypes show high
complexity, alterations in microtubule organisation have not
been reported so far.

322

MAP6 gene. High-level amplification of MAP6 was confirmed
in all three MCL cell lines MAVER-1, JEKO-1 and HBL-2 by
FISH using a BAC clone spanning the MAPG6 locus. A combined
analysis of FISH and R-banding revealed the existence of two
derivative chromosomes 6 harbouring the amplified 11q13.5
region in MAVER-1 (Fig 3). FISH screening of interphase
nuclei from 27 primary MCL identified one case with five gene
copies, although the control gene locus in 11q22.3 was also
involved. To investigate whether gene dosage affected MAP6
expression, we performed real-time RT-PCR in the six MCL cell
lines. Higher expression of MAP6 was detected in JEKO-1,
GRANTA-519 and REC-1 compared to a freshly prepared
tonsil, which was used as normal control (Fig $2).

MAP2 gene. Homozygous deletion of MAP2 detected in the
MCL cell line UPN-1 was confirmed by PCR and FISH. In
addition, the REC-1 cell line showed a heterozygous deletion
of part of the long arm of chromosome 2, including MAP2.
FISH screening of the additional MCL cell lines and 27
primary cases failed to detect further cases with chromosomal
loss affecting MAP2.

Mutation analysis of MAP2 was performed in 40 primary
MCL and five MCL cell lines by DHPLC of the coding exons
and the exon/intron boundaries followed by sequencing
aberrant fragments. DHPLC screening of MAP2 identified a
G>A transition in one MCL case (MCL 16). This mutation

© 2008 The Authors
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Table II. Putative and confirmed homozygous deletions in MCL primary cases.

Sensitive screening

Liberal screening

Number of

Locus* [start-stop in bp*] [start-stop in bp*] affected MCL FISH confirmation Candidate genes
1p21.2 100 823 226-100 823 636 Not detected 1 Not done (<100 kb) No genes
3p26.3 1 510 440-1 511 278 Not detected 1 Not done (CNVY) No genes
4q22.1 90 356 219-90 356 586 Not detected 1 Not done (CNVY) No genes
5q22.2 111 710 742-111 711 216 Not detected 1 Not done (CNVY) EPB4114A
9p24.1 7 501 166-7 503 589 Not detected 1 Not done (CNV¥) No genes
9p23 12 742 340-12 750 718 8 916 956-12 974 756 1 Not done (CNVY) PTPRD, TYRP1
9p21.3 Not detected 21 762 317-22 801 336 2 Homozygous deletion verified CDKN2A, CDKN2B
9p21.2 27 692 974-27 693 855 Not detected 1 Not done (<100 kb) No genes
9p21.1 Not detected 30 425 441-31 302 460 1 Not done (CNVT) No genes
11q22.2 100 654 097-100 773 657 100 546 098-102 615 349 1 No assay applicable due to BIRC2, BIRC3
repetitive sequences
11q22.3 109 749 455-109 749 570 Not detected 1 Not done (CNVY) No genes
12p13.1 13 617 759-13 618 078 Not detected 1 Not done (<100 kb) GRIN2B
22q11.22 21 099 653-21 337 561 21 099 653-21 479 136 1 Not done (CNVY) IGL@
Xp22.33 677 050-2 528 646 677 050-2 561 008 2 Homozygous deletion verified PARI genes
Xp21.2 29 303 376-29 351 134 Not detected 1 Not done (CNVY) ILIRAPLI
Xp21.1 33 396 094-33 415 950 Not detected 1 Not done (CNVY) No genes
Xq21.33 98 159 771-98 164 282 Not detected 2 Not done (<100 kb) No genes

CNV, copy number variation; PAR1, pseudoautosomal region 1.
*NCBI Build 35.
tAccording to database of genomic variants.

affected the first position of a coding triplet in exon 5 causing
an amino acid change from glutamic acid (E) to lysine (K)
(Fig 4). There was no evidence for a SNP at this DNA sequence
position in NCBI Build database and DHPLC analyses failed to
detect this alteration in 50 DNA samples (100 alleles) derived
from peripheral blood of healthy individuals (data not shown).

To investigate the DNA methylation status of the CpG
island within the MAP2 promotor (Fig 5A), bisulfite-treated
DNA probes of five MCL cell lines and 20 MCL cases were
subjected to MSP. In 18 of the 20 MCL cases the pattern of
PCR products indicated partial DNA hypermethylation,
including the MCL 16 with the MAP2 mutation. The DNAs
of the MCL cell lines JEKO-1 and HBL-2 were also partially
hypermethylated and the MSP pattern of the REC-1 cell line
indicated virtually complete DNA methylation of the MAP2
CpG island (Fig 5B). Noteably, REC-1 had only one MAP2
allele due to a heterozygous deletion of part of chromosome 2.
The MCL cell line GRANTA-519 showed only a weak PCR
product of methylated DNA and the additional two MCL cases
and the MCL cell line MAVER-1 seemed to be completely
unmethylated. In contrast to the distribution in MCL, eight
non-tumours controls (four tonsils and four PB) showed a
MSP pattern indicating an unmethylated status of MAP2
promotor. These findings could be confirmed by bisulfite
sequencing (Fig 5C and D, Fig S3).

To investigate how DNA methylation status of the MAP2
CpG island correlates with MAP2 gene expression in MCL cell
lines we performed real-time RT-PCR. Two different primer

© 2008 The Authors
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assays were used to detect all known MAP2 transcript variants
(Fig 5E). In UPN-1 and REC-1, no expression of MAP2
transcripts could be detected. Real-time RT-PCR results of
HBL-2 indicated reduced expression of all MAP2 transcripts
compared to control LN tissue. In GRANTA-519 and MAVER-
1 the expression of MAP2 transcripts was similar or minimally
reduced whereas JEKO-1 showed a considerable higher
expression of all MAP2 transcripts compared to the LN tissue
(Fig 5E). Similar results were obtained using a freshly prepared
tonsil as reference (data not shown).

TP53 gene. Due to its influence on microtubule dynamics,
TP53 was subjected to mutation analyses in all samples of the
MCL GeneChip panel. One case showing a homozygous TP53
mutation had already been analysed as part of the pUPD
investigation. In six of the additional 25 primary cases mutations
within the coding sequence of TP53 were detected using DHPLC
followed by sequencing aberrant fragments. Detected mutations
include six different point mutations and one microdeletion of
one single base pair (Table III). In all these cases copy number
and LOH analyses of the 100K GeneChip data indicated
genomic loss of the second allele (Table SVI). Three point
mutations and one microdeletion affecting the coding sequence
of TP53 were detected in MCL cell lines UPN-1, HBL-2,
MAVER-1 and JEKO-1 (Table III). In all these cell lines the
second TP53 allele was deleted. Both REC-1 and GRANTA-519
exhibited the wild type allele but the latter showed a hetero-
zygous deletion of the TP53 locus. Some of the MCL cell line
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Fig 2. Partial uniparental disomy (pUPD) in MCL. (A) Genome-wide distribution of pUPD in 26 primary MCL cases detected by 100K GeneChip
Mapping (Affymetrix). Proportion of MCL cases showing pUPD is displayed in turquoise. Chromosomes are shown from Ipter (left) to Xqter (right).
(B) Detection of pUPD in the short arm of chromosome 17 in MCL 8. The profile of genomic imbalances is given as black dots with a value of 2
indicating a balanced status. Chromosome 17 is shown from pter (left) to qter (right). Heterozygous calls are given as green dots and the estimated
LOH region is overlaid in grey. A blue arrow indicates chromosomal location of the TP53 gene. (C) FISH analysis using a locus-specific probe
consisting of BAC clones labelled in spectrum orange (TP53) and spectrum green (control locus in 17q21.2). Signal constellation indicates a normal
gene dosage of two copies in the MCL 8. (D) Homozygous point mutation affecting exon 8 of TP53 in the same MCL showing pUPD in 17p13.1.

data has been already reported elsewhere (Amin et al, 2003; the detection of genomic imbalances with high resolution
M’Kacher et al, 2003; Camps et al, 2006; Zamo et al, 2006). (approximately 24 kb) and genotyping was performed simul-

taneously to identify regions of pUPD. Overall, the identified

. . genomic imbalance pattern was consistent with those previ-
Discussion ; : . o :

ously described by cytogenetics or arrayCGH studies in MCL
(Kohlhammer et al, 2004; de Leeuw et al, 2004; Rubio-

100K GeneChip microarray dat:
GeneChip microarray data Moscardo et al, 2005b; Tagawa et al, 2005; Mestre-Escorihuela

In the present study, we performed 100K GeneChip microarray et al, 2007; Pinyol et al, 2007).
analyses of 26 primary MCL and six MCL cell lines. The use of Using the GeneChip mapping technique, we not only
short synthetic oligonucleotides as arrayed elements enabled delineated previously reported alterations but also identified

Fig 3. High level amplification in 11q13.5. (A) Genomic profiles of part of chromosome 11 in three MCL cell lines. Copy number is given as black
dots with a value of 2 indicating a balanced status. Chromosomal region in the long arm is shown from centromeric to telomeric. The minimal altered
region is indicated by blue vertical bars. (B-D) Interphase FISH of the MCL cell lines using a locus-specific probe for MAP6 (spectrum green) and a
control locus in 11q22.3 (spectrum orange). (E-F) R banding followed by FISH on metaphases of MAVER- 1 using the described MAP6 probe. High
level amplification was shown to affect two derivative chromosomes 6 [a:der(6)(6pter?6q22:11q137:11q22711q23::11q22->11q23::7),
bider(6)(%:6p2176q22::11q13711q14::11q237 amp)].
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Fig 4. Homozygous deletion in 2q34. (A) Genomic profile of part of the chromosome 2 in the MCL cell line UPN-1. Copy number is given as black
dots with a value of 2 indicating a balanced status. Chromosomal region in the long arm is shown from centromeric to telomeric. A red arrow
indicates the homozygously deleted region. A Genome Browser extract (NCBI Build 35) displays gene content and the chromosomal position of
primers (red bars) for delineation of the minimal affected region. (B) Multiplex-PCR of the target gene and a control locus confirmed the
homozygous deletion of MAP2 but not of the adjacent coding sequences of RNAz 59616 and C2orf21. (C) DHPLC chromatograms of the primary
MCL 16 (red) and a healthy control (blue). (D) Sequencing of the aberrant fragment revealed a heterozygous mutation in exon 5 of MAP2 changing
amino acid composition of the protein (E163K). Here, the reverse strand is displayed showing a C>T transition.

novel regions of recurrent genomic imbalance in MCL. Taking
advantage of the high resolution of the used SNP arrays, we
focused on detecting high-level amplifications and small
regions of homozygous loss. In this way, novel regions
harbouring potential oncogenes or candidate TSG were
identified that might be involved in tumourigenesis. Moreover,
we introduced two useful bioinformatic approaches for
identifying homozygous losses in 100K GeneChip data and

In line with a recent study of five MCL cell lines
(Nielaender et al, 2006), LOH analysis of primary MCL
tumor tissue demonstrated that pUPD is a recurrent genetic
mechanism in MCL tumourigenesis. Genomic distribution of
detected pUPD in the analysed primary MCL showed that
recurrently affected regions, such as 1l1q and 13q, are
commonly targeted by deletions in MCL. Furthermore, we
explicitly demonstrated TSG inactivation by pUPD targeting

point out advantages and disadvantages. the TP53 locus in 17p13.1. A homozygous missense mutation

Fig 5. Epigenetic and expression studies of MAP2. (A) Genome Browser extract (NCBI Build 35) displaying location of MAP2 CPG island. (B)
Methylation specific PCR (MSP) of REC-1, two primary MCL and controls. Methylation specific amplification was verified using universal
methylated (MC) and universal unmethylated (UC) DNA as controls. Genomic DNA (gC) was tested to exclude unspecific amplification. (C) Part of
the analysed MAP2 CpG island sequences investigating bisulfite-treated DNA of REC-1 and a tonsil. The included CpG dinucleotides 5-11 are marked
by black bars. (D) Bisulfite genomic sequencing of the MAP2 CpG island in the MCL cell line REC-1 and two primary MCL. Tonsil and peripheral
blood (PB) samples from healthy donors were used as controls. Each column represents a CpG dinucleotide and each row represents one of 10
sequenced clones. Black and white spots indicate methylated and unmethylated CpGs, respectively. Grey spots indicate CpG dinucleotides that failed
to be analysed. (E) Real-time Reverse Transcription (RT-) PCR. Two primer assays were applied to investigate all known MAP2 transcripts. Primer
position is indicated by black arrows. Expression of MAP2 transcripts was examined in six MCL cell lines and compared to MAP2 expression in lymph
node tissue of healthy individuals. Each value has been normalised to the average expression of three housekeeping genes. In UPN-1 and REC-1 no
MAP2 expression was detected, thus log, ratio was not calculable (N/C).

© 2008 The Authors
326 Journal Compilation ©® 2008 Blackwell Publishing Ltd, British Journal of Haematology, 144, 317-331

46



GeneChip Microarray Analyses in Mantle Cell Lymphoma

(A) 2099970001 (D)
Chromosome Bands Localized b‘ FISH Maﬁﬁini Clones
RaiSeq Genes Analyzed CpGs of MAP2 CpG island
MAP2 =——
CpG Islands ilslands < 300 Bases are Light Green) -368 bp -16 bp
3
(B) MCL cell line a ¥
- - 200 bp
UMUMUMUM
REC-1 MC UC H, 0 LS100 o~
_
MCL cases g
. _sEsas T II 10T
Bl LY 1l L
L ' ™
B, :;ﬁ:z Q
e s . " =
i Wt
4 tonsils 4 pB rg‘
'_
(C) 5 6 7 8 9 10 11
| —1 /o  —
Tlcdlcd et TTTlcdT TTedecdaT|cddcd ot TGlcslaTA -
[ A (5
- 2
Y oM
y \ | | J \ a
T|Tqltde T T TT[rGfr T T GG|Tg e T|TG|G|TeleT TefrG|GTA o s/nus/unn
\ / " 1 \ ﬂ ’ 5
f A “ \ }' [
| ” WALV WU fﬁ;»\ A
(E) MAP2 transcripts NM 002374
NM_001039538 ' ............. — HH—'"*—'I"
2 e i } 8 s
Primer assay >
. e wez 1 so ————H——
Real time RT-PCR
. >
Primer assay II
Hs_ MAP2_va.1_SG I ! I
Expression NM_002374 and NM_031846 Expression NM_001039538, NM_031845 —
(MCL cell lines vs. lymphnode) and NM_031847 (MCL cell lines vs. lymphnode)
10 10
\/C
o 1 T o 1 T T T T T
s |2 5 & § § ¢ls |E 5§ & & § ¢
g1 |5 & & z z g 1301 2 x = £ 2 -
s = s =
o (O]
0-01 0-01
© 2008 The Authors
Journal Compilation © 2008 Blackwell Publishing Ltd, British Journal of Haematology, 144, 317-331 327

47



I. Vater et al

Table ITI. TP53 mutation analyses in MCL.

MCL primary Second abberation

cases TP53 mutation in 17pl3.1
MCL 4 2.12178 delC - p.122X Deletion
MCL 6 2.14487 G>T - p.R273L Deletion
MCL 8 .14490 T>A - p.V274D pUPD
MCL 15 2.13203 G>A - p.R175H Deletion
MCL 17 2.14070 C>T - p.R248L Deletion
MCL 19 212108 G>T - p.E62X Deletion
MCL 21 2.13091 G>C - p.A138P Deletion

Second abberation

MCL cell lines TP53 mutation in 17pl3.1
UPN-1 214525 G>A - p.E286K Deletion
MAVER-1 g 14511 A>G - p.D281G Deletion
JEKO-1 2.12096 delC - p.58X Deletion
HBL-2 g.14511 A>G - p.D281G Deletion

g., genomic sequence position; p., protein sequence position (http://
www-p53.iarc.fr).

affecting a DNA binding domain was detected. This mutation
is frequent in lymphomas (28%) and has been reported to be
deleterious  for TP53-DNA interaction (http://www-p53.
iarc.fr). TP53 inactivation by chromosomal deletion is a
common chromosomal event in MCL and is associated with
poor prognosis (Rubio-Moscardo et al, 2005b). The present
study showed that pUPD is an alternative mechanism to
chromosomal deletion leading to homozygosity of a TSG
inactivating mutation. Thus, pUPD seems to be a critical
genetic event in MCL pathogenesis.

Genes encoding microtubule-associated proteins
as targets of chromosomal aberrations

Interestingly, analysis of the 100K GeneChip data identified
different genes encoding microtubule-associated proteins
(MAPs) to be involved in chromosomal alterations in MCL.
MAPs are cellular proteins that are associated with microtu-
bules and alter their dynamics. Microtubule dynamic property
is crucial for the assembly of the mitotic spindle and the
attachment and movement of chromosomes along the spindle
(Zhai et al, 1996). Microtubule-largeting drugs suppressing
microtubule dynamics are widely used as cancer chemother-
apeutic agents (Jordan & Wilson, 2004). In addition to their
direct involvement in the physical process of mitosis, micro-
tubules also serve as scaffolds for signalling molecules (Mol-
linedo & Gajate, 2003). The family of MAPs includes products
of oncogenes, tumour suppressors and apoptosis regulators,
suggesting that alteration of microtubule dynamics and
changes in the scaffolding properties of microtubules may be
critical events in tumourigenesis and tumour progression
(Bhat & Setaluri, 2007). Until now, alterations in microtubule
organisation have not been reported in MCL (Jares et al, 2007).

In this study, a homozygous deletion of the MAP2 locus was
identified in the MCL cell line UPN-1. Real time RT-PCR
revealed absence of MAP2 expression in UPN-1 and REC-1.
REC-1 harbours a heterozygous deletion of part of the long
arm of chromosome 2 and epigenetic studies showed complete
DNA methylation of the CpG island of the remaining MAP2
allele. Moreover, the DNAs of the MCL cell lines JEKO-1 and
HBL-2 were also partially hypermethylated. MSP analysis
demonstrated partial hypermethylation in 90% of 20 investi-
gated primary MCL. In one of these cases showing partial
hypermethylation, a point mutation affecting the coding
sequence of MAP2 was identified. These findings suggest that
DNA hypermethylation is a frequent mechanism leading to
MAP2 gene inactivation in MCL. MAP2 protein participates in
the stabilisation of microtubules and is predominantly
expressed in neurons, where it is essential for the regulation
of organelle transport within axon and dendrites (Sanchez
et al, 2000). Moreover, MAP2 was the first protein shown to
copurify and interact directly with the regulatory subunit of
the protein kinase A (PKA), also known as cAMP-dependent
protein kinase (cAPK) (Vallee et al, 1981; Theurkaufl & Vallee,
1982). Among other cellular effects, PKA-catalysed phosphor-
ylation modulates cell growth, cell division and actin cyto-
skeleton rearrangements. MAP2 protein operates as an
A-kinase anchoring protein (AKAP} and targets the PKA to
microtubules. Attachment to microtubules occurs through its
tubulin-binding domain (Serrano et al, 1984; Hirokawa,
1994). MAP2 also harbours a conserved binding site for
phosphatase PP2A, although direct binding of the phosphatase
has yet to be reported. PP2A represents a family of heterotri-
meric serine/threonine phosphatases implicated in the regula-
tion of a plethora of cellular processes such as apoptosis,
transcription, translation, DNA replication, signal transduc-
tion, protection against tumourigenesis and cell division
(Janssens et al, 2005). Soltani et al (2005) reported that
MAP2 expression is associated with prognosis in melanoma.
A five-year clinical follow-up study showed longer disease-free
survival of patients whose primary tumors express abundant
MAP2 as compared with patients with weak or no MAP2
expression. Moreover, exogenous expression by adenovirus
leads to cell cycle arrest, growth inhibition and apoptosis in
metastatic melanoma cells (Fang et al, 2001; Soltani et al,
2005). Thus, lack of MAP2 expression might be also associated
with MCL pathogenesis.

The p53 protein is also associated with microtubules in vitro
and in vivo (Giannakakou et al, 2000) and has been reported to
regulate other microtubule-associated proteins (Murphy et al,
1999; Johnsen et al, 2000; Mirza et al, 2002). TP53 inactivation
by chromosomal deletions or by mutations is a common genetic
alteration in MCL. Galmarini et al (2003) demonstrated that
microtubule protein composition was altered in TP53 mutants
(mut-p53) and dynamic instability of microtubules was signif-
icantly increased. Mutation analyses in this report identified
seven primary MCL cases to harbour homozygous mutations in
the coding sequence of TP53. In all these cases, the second allele
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got lost by chromosomal deletion or pUPD. Similarly, TP53 was
shown to be homozygously mutated in four of six investigated
MCL cell lines (Amin et al, 2003; M’Kacher et al, 2003; Camps
et al, 2006; Zamo et al, 2006). Galmarini et al (2003) also
reported that the MAP6 (also called STOP) protein and its
corresponding mRNA-expression were increased in the mut-
p53 cells, than in the wt-p53 cells suggesting negative transcrip-
tional regulation of MAP6 by p53 protein. Interestingly, our
MCL GeneChip data showed high-level amplification of MAP6
in the three MCL cell lines MAVER-1, JEKO-1 and HBL-2. Real-
time RT-PCR detected higher expression of MAP6 in JEKO-1,
GRANTA-519 and REC-1 compared with non-tumours tonsil
tissue. The apparent lack of correlation between MAP6 dosage
and expression in MAVER-1 and HBL-2 might be caused by
putative non-neuronal transcripts variants that cannot be
detected with the primers used. According to this, the murine
homologue shows non-neuronal transcript variants, which lacks
whole exons (Bosc et al, 2003). So far, no human non-neuronal
transcript variant has been identified. High-level amplification
of MAP6 was frequently detected in MCL cell lines but in none of
the investigated primary MCL. As cell lines are frequently
derived from cases with advanced disease, this finding might
indicate that MAP6 amplification is associated with disease
progression. In line with this hypothesis, a chromosomal
rearrangement of another MAP gene, i.e. MAP4, was recently
identified as secondary alteration in a large B-cell lymphoma
(DLBCL), which was present at relapse but not at initial
diagnosis (Murga Penas et al, 2006). According to our GeneChip
data, it is widely assumed that cell lines generally harbour an
increased number of chromosomal aberrations compared to the
primary tumour cells.

Our study provides evidence that alterations of microtubule
dynamics might be critical in MCL tumourigenesis and
tumour progression. Nineteen of the 26 primary MCL from
the SNP array panel and five of the six MCL cell lines
harboured a genetic or epigenetic defect in at least one of the
three microtubule-associated genes MAP2, MAP6 and TP53.
Six primary cases were not analysed by methylation-specific
methods. Only one case and one MCL cell line, in which all
three gene loci were analysed, did not show any of the
investigated alterations.

The complexity of the mitotic spindle requires fine-tuning
of the dynamics of all microtubules for proper function. MAPs
can either stabilise or destabilise microtubules. Changes in
levels of expression have been reported to correlate with
aggressiveness of cancer cells or their sensitivity to microtu-
bule-targeting agents. Although plenty of studies exist regard-
ing microtubule-associated proteins in neurons, where they
play a critical role in neurite outgrowth and dendrite
development, their mechanisms of operation in mitotic spindle
regulation are rather unclear. Mitotic spindle organisation is a
fine-tuning process and investigation of the involved proteins
is difficult due to low dosage. In contrast to abundant gene
expression in brain tissue, expression of MAP2 and MAP6 is
hardly detectable in other kinds of tissues. In our study,
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genomic alterations, such as MAP6 amplification or MAP2 and
TP53 inactivation, provide evidence for the involvement of
microtubule-associated genes in MCL tumourigenesis. Alter-
ations in microtubule dynamics and mitotic spindle organi-
sation might contribute to the karyotype complexity and
chromosomal instability that are characteristic features of
MCL. Supporting this hypothesis, a recent study underlined
the high expression level of centrosome-associated gene
products in blastoid MCL (Neben et al, 2007). MCL has one
of the worst prognoses amongst all lymphomas. There is no
therapy that can be considered as standard. Resistance against
microtubule-targeting chemotherapeutic agents may be the
consequence of changes in microtubule dynamics.

In conclusion, our study demonstrated that 100K GeneChip
microarray analyses is a useful strategy to analyse MCL
genomes with regard to genomic imbalances, particularly
homozygous deletions, as well as pUPD. Moreover, we
identified novel candidate TSG and oncogene loci that might
harbour genes involved in MCL pathogenesis. Interestingly,
different genes encoding microtubule-associated proteins
could be identified as targets of chromosomal aberrations in
MCL. Our findings suggest that alteration of microtubule
dynamics is a critical genetic event in MCL.
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Primdre ZNS-Lymphome (PZNSL) sind aggressive B-Zell-Lymphome, die auf das zentrale
Nervensystem begrenzt sind. Sie zeigen eine schlechte Prognose und werden als diffus
groRzellige B-Zell-Lymphome (DLBCL) klassifiziert [14]. Die Frage, inwieweit sich PZNSL von
systemischen DLCBL beziglich ihrer Pathogenese und ihrer molekulargenetischen
Eigenschaften abgrenzen, ist Gegenstand aktueller Forschung.
Im Rahmen der Studie wurden Proben von 19 PZNSL mit Affymetrix 100k-SNP-Arrays
untersucht. Als euploide Referenzen wurden 90 frei verfligbare HapMap-Proben sowie
sieben laboreigene Kontrollfille verwendet. Die Analyse der SNP-Arrays erfolgte wie in
Abschnitt 1.4 beschrieben. Fiur 18 der untersuchten PZNSL-Proben lagen
Genexpressionsmessungen mit Affymetrix hgu95av2-Chips vor.
Die Analyse der Kopienzahl-Aberrationen ergab elf Regionen mit rekurrenten Deletionen und
zehn Regionen mit rekurrenten Zugewinnen. Die dabei betrachteten Regionen mit
maximaler Uberlappung (MCR) waren in mindestens vier untersuchten PZNSL-Fillen
aberrant (>20 %). Fur alle rekurrenten Regionen wurde die Genexpression der Gene
innerhalb der MCR zwischen Fallen mit und ohne die entsprechende Aberration verglichen.
Die dabei beobachtete Korrelation zwischen Gendosis und Expression war gering. Nur in vier
Regionen konnten signifikante Gendosiseffekte fir zugehorige Probesets gezeigt werden.
Allerdings war die untersuchte Fallzahl mit 18 PZNSL-Proben klein. Zusatzlich wurden
rekurrente UPD-Regionen bestimmt. Hier waren am haufigsten Regionen auf den
Chromosomenarmen 6p (>40 %) und 9p (>20 %) betroffen.
Die im untersuchten Datensatz am haufigsten betroffene Region war 6p21.32. Insgesamt
traten sieben einfache Deletionen, zwei homozygote Deletionen und sieben UPDs auf,
sodass fiur die Region in 14 von 19 (74 %) untersuchten Fallen genomische Aberrationen
gezeigt werden konnten. Die homozygoten Deletionen wurden mit FISH-Analysen bestatigt.
Die zugehorige MCR umfasst die Gene HLA-DRB, HLA-DQA und HLA-DQB und hatte eine
Lange von 0,3 Mb. In zehn von 19 untersuchten Fallen war die Region 6g21 von Verlusten
betroffen, die unter anderem das Gen PRDM1 enthélt. Fir dieses Gen konnte bereits
Inaktivierung in PZNSL und DLBCL gezeigt werden [51, 52]. Die Region 9p21.3 war in sechs
Fallen deletiert (in einem Fall homozygot) und zeigte in drei weiteren Fallen UPD. Sie
umfasste die Gene MTAP sowie CDKN2A/p16 und CDKN2B/p15. Auch fur diese Region
konnten bereits gehauft Aberrationen in PZNSL gezeigt werden [53]. Methylierungsanalysen
in acht PZNSL-Fallen zeigte in sechs Fallen eine Hypermethylierung der Promotorregion von
CDKN2A/p16 an.
Die Region 19913.43 war am haufigsten von Kopien-Zugewinnen betroffen (47 %) und
umfasst ebenso wie die Region 19q13.31 (in 37 % der Félle zugewonnen) mehrere Gene, die
Zinkfingerproteine codieren. Die Region 18q21.33—q23 zeigte in 43 % der untersuchten
PZNSL Zugewinne. Mogliche Zielgene der Aberrationen sind hierbei BCL2 und MALTI.
Zusammenfassend konnten in der Publikation 19 PZNSL-Falle bezlglich ihres genomischen
Aberrationsprofils charakterisiert werden. Dabei konnten sowohl bekannte als auch neue
rekurrente Aberrationen beschrieben werden. Darlber hinaus konnte gezeigt werden, dass
verschiedene genetische und epigenetische Mechanismen an der Deaktivierung bestimmter
Zielgene beteiligt sind und eine ausschlieBliche Betrachtung der Kopienzahl unzureichend ist.
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To determine the pattern of genetic alterations in primary
central nervous system lymphomas (PCNSL), 19 PCNSL were
studied by high-density single-nucleotide polymorphism
arrays. Recurrent losses involved 6p21.32, 6q21, 8q12-12.2,
9p21.3, 3p14.2, 4g35.2, 10g23.21 and 12p13.2, whereas gains
involved 18g21-23, 19q13.31, 19q13.43 and the entire chromo-
somes X and 12. Partial uniparental disomies (pUPDs) were
identified in 6p and 9p21.3. These genomic alterations affected
the HLA locus, the CDKN2A/p16, CDKN2B/p15 and MTAP, as
well as the PRDM1, FAS, MALT1, and BCL2 genes. Increased
methylation values of the CDKN2A/p16 promoter region were
detected in 75% (6/8) PCNSL. Gene expression profiling
showed 4/21 (20%) minimal common regions of imbalances to
be associated with a differential mRNA expression affecting the
FAS, STAT6, CD27, ARHGEF6 and SEPT6 genes. Collectively,
this study unraveled novel genomic imbalances and pUPD with
a high resolution in PCNSL and identified target genes of
potential relevance in the pathogenesis of this lymphoma
entity.
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Introduction

Primary central nervous system lymphomas (PCNSL) are
aggressive B-cell lymphomas confined to the central nervous
system associated with a poor prognosis.'? They are classified
as diffuse large B-cell [ymphoma (DLBCL).>* However, it is still
a matter of debate whether they differ from systemic DLBCL
with respect to their molecular features and pathogenesis.
Studies addressing the genetic characteristics of PCNSL identi-
fied recurrent chromosomal abnormalities.”” In addition to
translocations of the immunoglobulin (IG) and the BCL6 loci
present in a subset of PCNSL, gains and losses of genetic material
are recurrent in PCNSL.*? Gains of 18q were the most frequent
alteration (38%) in one series of 13 PCNSL analyzed by interphase
fluorescence in situ hybridization (FISH).” High-level amplifica-
tions were mapped to 18g21-23 by comparative genomic
hybridization to chromosomes in two tumors of a series of 19
PCNSL.” In addition, gains of 12q (63%, 12/19), 1q, 9q, 16p, and
17q (26% each, 5/19) were identified by comparative genomic
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hybridization and/or FISH.” Furthermore, deletion of 6q was
reported in 47% (9/19) PCNSL.? Finally, deletion of the human
leukocyte antigen (HLA) class I region in 6p21.32 including
homozygous loss was reported to affect more than half of all
PCNSL and to be associated with loss of MHC expression.'*'?
Although these studies provided interesting and important
insights into the genetic abnormalities in PCNSL, they were
limited by a low resolution and the inability to detect partial
uniparental disomy {pUPD). Therefore, a series of 19 PCNSL
was studied by high-density single-nucleotide polymorphism
{SNP) arrays. This high-resolution technology allowed narrow-
ing down chromosomal regions of interest and, furthermore,
identification of novel imbalances and regions with pUPD.

Materials and methods

Clinical data

Stereotactic biopsies of 19 immunocompetent patients (11
females and 8 males) were included in this study. All studies
were approved by local ethics committees. Informed consent
was provided according to the Declaration of Helsinki
Principles. Systemic lymphoma manifestation was excluded by
extensive staging. All PCNSL were histopathologically classified
as CD20+ DLBCL according to the World Health Organization
(WHO) classification.> The diagnoses were based on a
combination of routine morphology and immunohistochemistry
using monoclonal mouse antibodies against CD20, CD45,
Ki-67 (MIB-1), IgM, 1gG, BCL6, and MUMT/IRF4 as reported
earlier.'*"* The clinical characteristics are summarized in Table 1.

GeneChip 100k mapping array

DNA extraction was carried out as reported previously.’® For
each tumor sample, a total of 500 ng DNA were processed
according to the Affymetrix GeneChip Mapping 100k Assay
Manual (Affymetrix, Santa Clara, CA, USA). Briefly, 250 ng of
genomic DNA was digested with Xbal or Hindlll and ligated to
GeneChip Human Mapping 50k adaptors. Adaptor-ligated
restriction fragments were amplified by PCR, purified, fragmen-
ted and labeled as described.'® Samples were hybridized to
GeneChip Human Mapping 50k Xba240 or Hind240 arrays
{Affymetrix) using the Affymetrix Hybridization Oven 640
{(Affymetrix). Washes and staining of the arrays were performed
with an Affymetrix Fluidics Station 450 (Affymetrix), and images
were obtained using an Affymetrix GeneChip Scanner 3000
{Affymetrix).
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Table 1 Patients’ data

PCNSL no. Gender Age at diagnosis Affected MCRs DLBCL subtype significance

01 M 81 1, 5, 6,10, 12, 13, 16, 19, and 20 GCB

02 F 61 5,9, 14, and 18 GCB

03 E 68 2,3,4,5,6,8, 9 11,18, and 20 ABC

04 F 67 1,5, 6,10, 12, 18, 19, and 20 GCB

05 F 75 3, 5,6,7,12,19, 20, and 21 ABC

06 M 66 2,3, 5,6,10, 11, 13, 17, 18, 19, and 20 ‘type 3’

07 F 77 5,9, 11, 16 and 21 ‘type 3’

08 F 78 17 ‘type 3'

09 M 56 — ‘type 3’

10 F 75 21 GCB

11 F 65 17 and 20 ABC

12 F 82 6, 11, 14, 18, 19, and 21 ‘type 3'

13 M 52 1,2, 4,5, 11,15, 16, and 20 ‘type 3’

14 F 47 5,11, and 14 GCB

15 F 76 4,5, 6,9, 13, 14, 18, 19, 20, and 21 GCB

16 M 68 5,7,8 16and 18 GCB

17 M 74 2,3,4,5,6,7,8,9, 11,13, 15, and 17 ABC

18 M 55 1,5, 6,9, 10, 11, 12, 15, 18 and 21 ABC

19 M 54 5,6,7,8,11,14, 15, 16, 19, and 20 NA

Abbreviations: ABC, GCB, ‘type 3', activated B-cell-like, germinal center B-cell-like and ‘type 3’ (non-ABC/non-GCB) of DLBCL classified by gene

expression profiling; DLBCL, diffuse large B-cell lymphoma; F, female; M, male; MCR, minimal common region, note that only regions with

alterations in more than 20% are assigned as described in Table 2; NA, not analyzed; PCNSL, primary central nervous system lymphoma; pUPD,

partial uniparental disomy.

Data analysis April  2007)*'?* was used to infer regions with loss

of heterozygosity (LOH). The HMM considering haplotype

Reference samples: As reference, 90 HapMap samples  (linkage disequilibrium (LD)-HMM)** method was selected

(30 Centre d’Etude du Polymorphism Humain (CEPH) trios) for the LOH calculations to account for LD-induced

provided by Affymetrix were used (http://www.affymetrix.com/ ~ SNP dependencies. The LOH call threshold was set to the

support/technical/sample_data/hapmap_trio_data.affx). The re- default value of 0.5. An empirical haplotype*® correction was

ference set was completed by a set of seven samples with applied. Thus, the genotypes of putative tumor LOH

diploid karyotypes hybridized in the same laboratory as the  regions were compared with those observed in euploid

tumor samples. reference samples. If the genotypes in the respective region
Genotyping: The Bayesian robust linear model with Mahala-  were highly concordant between the tumor sample and at [east

nobis distance classifier (BRLMM) algorithm'” was used with 5% of the normal reference samples, the LOH region was

default parameters (score threshold = 0.5, prior size= 10000, rejected by dChip.

and dynamic model (DM) threshold =0.17) to genotype tumor pUPD regions represent genomic regions in which LOH is not

samples together with euploid reference arrays. caused by altered copy number. LOH regions determined by
Copy number analysis: Copy number was analyzed using the  dChip were called pUPD if copy number analysis using CNAG

CNAG program v2.0 using the optimized reference selection did not show aberrations within that region. If an LOH region

method implemented in CNAG.'® Thus, CNAG selected a was partially affected by copy number aberrations, subregions

gender-specific reference set out of the 97 controls individually with normal copy number were called pUPD if they comprised

for each array. Xba240 and Hind240 arrays were combined for at least 50 neighboring SNPs.

the analysis. Segmentation of raw copy number data was carried

out using the Hidden Markov Model (HMM) approach provided

by CNAG. HMM parameters were adjusted individually for each

array because of the differences in hybridization quality and Correlation of minimal common regions with gene expression

tumor cell content (at least 80% as assured morphologically). profiles

Starting with default parameters, the mean levels of HMM states

were manually adjusted to optimize segmentation results for For all PCNSL (i.e., case nos. 1-18), except for PCNSL 19, gene

each sample. expression  profiles were available (GEO database®
With regard to outliers and technical artifacts, HMM segments GSE6047%%). For all mRNAs in the minimal common regions

with aberrant copy number were considered as copy number  (MCR) detected by SNP, corresponding tags on the HG-U95Av2

aberration only if they consisted of at [east 10 consecutive SNPs. platform (Affymetrix) were evaluated for mRNA expression.

The given breakpoints refer to the first neighboring SNPs without  Normalized gene expression profiles® were analyzed in geWork-

alteration. Homozygous deletions were defined as aberrations bench (http//wiki.c2b2.columbia.edu/workbench/index.php/Home).

with copy number = 0. Aberrant regions were compared to the After replacing all values below 100 by 100 (background noise

published data of the ‘Database of Genomic variants.”'* Regions correction) and log2 transformation, mRNAs of tumors harbor-

showing overlap >50% with known genomic variants were ing these MCRs were compared with those without genetic

classified as copy number polymorphisms (CNV). alterations in these loci as evidenced by SNP analysis.
Detection of loss of heterozygosity/pUPD: The HMM-based Statistically significant differential expression was determined

method”® implemented in the dChip program (build date: 11 using Student’s t-test with a-correction.
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Figure 1 Genome-wide detection of copy number changes and regions with pUPD analyzing 100k GeneChip data of 19 PCNSL. (a) Proportion of
gains and losses are displayed from 1pter (left) to Xejter (right). Light gray columns indicate chromosomal gain, whereas dark gray columns indicate
loss of genetic material. The numbers indicate MCRs of frequent imbalances described in Table 2. (b) Proportions of pUPD from 1pter (left) to Xqter
(right).
Sequencing of the PRDMT gene clones RP11-140A9 (sg) and RP11-1081N13 (so) to detect
deletions in 8q12. In addition, two commercial assays were
Sequencing of the PRDM1 gene was carried out as described applied to confirm copy number changes of MALTT and ETV6
previously.”® In brief, all exons of the PRDM1 gene were (LS| MALTT and LSI ETV6 dual-color break apart probes, Abbott/
amplified by PCR. Amplicons were separated by agarose Vysis). Probe preparation and FISH were performed as
gel electrophoresis, subsequently cleaned up and directly  published.”® Whenever possible, at least 100 interphase nuclei
sequenced from both sides. were evaluated per hybridization.
FISH Bisulfite pyrosequencing
To verify copy number results from 100k GeneChip analyses, Bisulfite pyrosequencing of CDKN2A/p16 was performed
dual-color FISH was applied. FISH probes consisted of spectrum according to standard protocols with slight modifications in
orange (so) or spectrum green (sg) (Abbott/Vysis, Downers eight PCNSL (case nos. 02, 03, 06, 10, 11, 14, 17 and 19), in
Grove, 1L, USA) labeled P1-derived or bacterial artificial which sufficient material was available.?” Briefly, genomic DNA
chromosome  (PAC/BAC)  clones  (Invitrogen,  Karlsruhe, was bisulfite converted using the EpiTect Bisulfite Conversion
Germany). The clones RP1-93N13 (so) and RP1-172K2 (sg)'? Kit (Qiagen, Hilden, Germany). In a subsequent PCR amplifica-
were used to detect deletions in the HLA region in 6p21.32, and  tion, locus-specific primers were used with one primer
Leukemia
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Table 2 MCR of frequent imbalances in 19 PCNSL
MCR Cytoband Physical mapping (Mb)? Frequency Candidate genes®
Loss:

1 3p14.2 60.7-60.8 4/19 (21%) FHIT

2 4q12 53.6-54.0 4/19 (21%) SCFD2

3 4q13.1 60.2-61.0 4/19 (21%) Unknown

4 4g35.2 187.8-189.3 4/19 21%) FAT, ZFP42

5 6p21.32 32.5-32.7 7/19 (37%) 2 HZD, +7 pUPD (7/19; 37%)  HLA-DRB, HLA-DQA, HLA-DQB

6 6g21 106.4-108.4 10 /19 (52%) PRDM1

9 8q12.1-q12.2 59.8-62.2 6 /19 (32%) TOX; CA8; RAB2A
ihl 9p21.3 21.7-22.7 6/19 (32%) 1 HZD+3 pUPD (3/19; 16%) MTAF, CDKN2A/p16, CDKN2B/p15
13 10g23.21 90.7-90.8 4/19 (21%) FAS®, AMSH-LP
15 12p13.2 11.7-11.9 4/19 (21%) 1 HZD ETV6
17 16g11.2 19.2°-20.6 4/19 (21%) (CNV)

Gain:

7 7921.3-g22.1 93.8-100.4 4/19 (21%) Unknown

8 7931.33 125.6-125.7 4/19 (21%) (CNV)
10 9p24.3 0.2°-0.5 4/19 (21%) (CNV)
12 9p13.3 33.0-34.5 4/19 (21%) NFX1, BAG1
14 12 Pter-Qter 5/19 (26%) Several (STAT6, CD27)%
16 14q11.2 21.6-22.0 5/19 (26%) (CNV)
18 180g21.33-923 58.8 (47.0)-76.1 8/19 (43%) BCL2, (MALT1)
19 19913.31 48.2-49.3 7/19 (B7%) ZNF cluster (ETHE1)
20 19q13.43 61.5-63.8 9/19 (47%) ZNF cluster
21 Xg21.33-g28 95.8-154.8 6/19 (32%) Unknown (ARHGEF6, SEPT6)®
Abbreviations: CNV, copy number variation according to the Database of Genomic Variants; HZD, homozygous deletion; MCR, minimal common
region; pUPD, partial uniparental disomy.
#According to NCBI Build 35.
PCommon genes with typical tumor suppressor or oncogene properties.
“Position of first SNP represented on the microarray.
9Differentially expressed genes as determined by gene expression profiling.
biotinylated at the 5'-end (5'biotin-CAGGGGTTGGTTGGTTAT ~ DNA was isolated from 20 peripheral blood samples from 10 men
TAGA-3'; 5-CTACAAACCCTCTACCCACCTAA-3"). Amplifica- and 10 women. The latter was also used as a normal control.
tion reactions contained ~75ng bisulfite-converted DNA,
primers, AccuPrime Taq Polymerase and buffer 1l (Invitrogen,
Karlsruhe, Germany), 50 mv MgCl, and 5 mm of each dNTP in a Results
final volume of 50 pl. After initial denaturation, PCR consisted of
45 cycles of each 95 °C for 30s, 60 °C for 30s and 68 °C for 30s,  Frequency of genomic imbalances and pUPD
followed by a final synthesis at 68 °C for 2 min. PCR products  All PCNSL harbored at least three regions of chromosomal
were verified by gel electrophoresis. Single strands were imbalances or pUPD. The median of aberrant regions per
prepared using the VacuumPrep Tool (Biotage, Uppsala, PCNSL was 18. A genomic overview of gains and losses
Sweden), followed by a denaturation step at 85°C for 2min detected in the 19 investigated PCNSL is presented in Figure Ta.
and final sequencing primer (5'-CCCTCTACCCACCTAAAT-3') A total of 188 genomic losses (median per PCNSL: 9, range:
hybridization. Pyrosequencing was performed using the Pyro- 0-32) and 126 genomic gains (median per PCNSL: 6, range: 0-13)
sequencer 1D and the DNA methylation analysis software Pyro  were identified. Overlapping genomic segments of copy number
Q-CpG 1.0.9 (Biotage), which was also used to quantify the ratio T:C changes delineated MCRs. In each of the cases, between 0 and
(mC:0) at the CpG sites analyzed. Assays were validated using an 12 MCRs were affected. Chromosomal regions that were
in vitro methylated DNA (Millipore, Billerica, MA, USA) and pooled affected in at least 4 (21%) PCNSL are summarized in Table 2.
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Imbalances and regions with pUPD at chromosome 6 (a) and chromosome 9 (b) analyzing 100k GeneChip data of 19 PCNSL. The

chromosomes are displayed from pter (left) to qter (right). Proportion of deletions is indicated as dark gray columns and proportion of gains as light
gray columns. Proportion of pUPD is separately displayed in black color. The numbers indicate MCR of frequent imbalances described in Table 2.
5: MCR of deletion in 6p21.32; 6: MCR of deletion in 6¢q21; 10: MCR of 9p24.3 (common CNV); 11: MCR of deletion in 9p21.3; and 12: MCR of

gain in 9p13.3.

Gains were identified in 7q21.3-g22.1, 7q31.33, 9p24.3,
9p13.3, 12pter-qter, 14q11.2, 18g21.33-q23, 19q13.31,
19q13.43, and Xq21.33-q28. Genomic losses were frequently
detected in 3p14.2, 4q12, 4q13.1, 4q35.2, 6p21.32, 6q21,
8q12.1-q12.2, 9p21.3, 10g23.21, 12p13.2 and 15q11.2. Some
of these regions contain known CNVs, also present in healthy
individuals (Table 2). The 100k GeneChip data of the PCNSL were
also subjected to LOH analysis in order to detect regions of pUPD.
Overall, we identified 78 regions of pUPD in 17 of these PCNSL
with a median number of 4 pUPDs per PCNSL (range: 0-12). The
genome-wide distribution of pUPD is shown in Figure 1b.

Loss of genetic material and pUPD

The region most commonly affected by loss or pUPD (14/19,
74%) was located in 6p21.32 (Figure 2a, Table 2, MCR 5). In
two of these PCNSL (case nos. 04 and 05), homozygous [oss was
detected and subsequently confirmed by FISH. The MCR
comprised 0.3Mb and harbored the MHC class 1l encoding
genes HLA-DRB, HLA-DQA, and HLA-DQB. Remarkably, the
region most commonly affected by pUPD extended from the
HLA region to the telomeric region of 6p.

Of the 19 PCNSL, 10 (53%) harbored a deletion in the long
arm of chromosome 6 with an MCR of 2.0Mb in 6¢21
(Figure 2a, Table 2, MCR 6). The MCR encompassed 11 genes,
among them the PRDMT gene. In this region, a pUPD was not
detected. Sequencing of all exons of the PRDMT gene failed to
detect any mutations of the second allele in the tumors with
heterozygous deletion of PRDM]T.

Six (32%) PCNSL carried a deletion in 8q12.1-q12.2 encom-
passing an MCR of 2.4 Mb, where TOX, CA8 and RAB2A are
located (Figure 3d, Table 2, MCR 9). In five of these cases,
heterozygous deletion was confirmed by FISH. Six (32%) PCNSL
showed a small (1.0 Mb) MCR of a deletion in 9p21.3 involving
CDKN2A/p16, CDKN2B/p15, and MTAP (Figure 2b, Table 2,
MCR 11). In one of these PCNSL, the deletion was homozygous.
Further three PCNSL showed a pUPD in this region.

A small minimally deleted region affecting only one SNP
within the 3p14.2 region was detected in 4 (21%) PCNSL,
encompassing the FHIT gene locus (Figure 3a, Table 2, MCR 1).
In 4 (21%) PCNSL, we detected a deletion of 0.4 Mb deletion in
4q12 involving the SCFD2 gene locus (Figure 3b, Table 2, MCR
2). Another 0.8 Mb MCR of deletion was detected in 4q13.1
(Figure 3b, Table 2, MCR 3). In addition, 4 (21%) PCNSL
showed a 1.5-Mb-sized MCR in 4q35.2, where the FAT gene is
located (Figure 3b, Table 2, MCR 4). Two small (0.2 Mb) MCRs,
one in 10923.21 involving the FAS and AMSH-LP genes
{Figure 3e, Table 2, MCR 13) and another in 12p13.2 affecting
the ETV6 gene (Figure 3f, Table 2, MCR 15), were observed in
four (4/19, 21%) PCNSL. One PCNSL harboring a 12p13.2
deletion (PCNSL no. 13) even showed a homozygous loss,
which was confirmed by FISH.

Gains of genetic material
Chromosomal gains affected regions ranging in size from 84 kb

to whole chromosomes. Eight (43%) PCNSL showed a gain in
18g21.1-gq23. In seven of these cases both MALTT and BCL2
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Figure 3 Detailed mapping of chromosomal imbalances in 19 PCNSL. Chromosomes 3 (a), 4 (b), 7 (c), 8 (d), 10 (e), 12 (f), 18 (g) and 19 (h) are
displayed from pter (left) to qter (right). Proportions of deletions and gains are indicated as dark gray and light gray columns, respectively. The
numbers indicate frequently altered MCR of frequent imbalances described in Table 2. 1: MCR of deletion in 3p14.2; 2: MCR of deletion in 4q12;
3: MCR of deletion in 4¢13.1; 4: MCR of deletion in 4g35.2; 7: MCR of gain in 7q21.3-¢22.1; 8: MCR in 7¢31.33 (common CNV); 9: MCR of
deletion in 8¢12.1-¢12.2; 13: MCR of deletion in 10q23.21; 14: gain of the entire chromosome 12; 15: MCR of deletion in 12p13.2; 18: MCR of
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DNA methylation in %

deletion in 9p

no deletion in 9p

Figure 4 Pyrosequencing analysis of the CDKN2A/p16 locus. Quantification of DNA methylation of 13 CpG dinucleotides within the promoter
region of CDKN2A/p16 by pyrosequencing. Methylation values of each CpG are shown as gray vertical bars for each analyzed sample. PCNSL are
arranged according to their chromosomal aberrations in 9p affecting the CDKN2A/p16 locus (black horizontal bar = heterozygous deletion in 9p,
white horizontal bar = no deletion in 9p). PCNSL with 9p deletion showed higher methylation values compared to those without 9p deletion.

were affected, whereas in a single case only the BCL2 gene was
gained (Figure 3g, Table 2, MCR 18). These results were
confirmed by FISH. Two small MCRs of chromosomal gain were
detected in 19q13.31 (7/19, 37%, Figure 3h, MCR 19) and in
19q13.43 (9/19, 47%, Figure 3h, MCR 20). Both regions harbor
several genes encoding zinc finger proteins. Five {(26%) PCNSL
showed a gain of the entire chromosome 12. In two additional
cases, gain was restricted to bands 12p11.21-q24.33 and
12q24.11-q24.33, respectively (Figure 3f, MCR 14). Six (32%)
PCNSL showed a gain of Xg21.33-q28 (MCR 21; whole
chromosome X: 4/19, Table 2). Four of 19 (21%)
PCNSL showed gains in 7q21.3-q22.1 (Figure 3c, MCR 7,
Table 2). Four additional tumors harbored gains in 9p13.3
(Table 2), the latter containing the NFXT and BAGT genes
(Figure 2b, MCR 12).

Comparison of MCR with gene expression profiles

To investigate the effect of chromosomal imbalances on
expression of genes within the MCR, corresponding tags on
the HG-U95Av2 platform were further studied (Table 2).** In 17
of 21 MCRs, at least one mRNA could be analyzed with respect
to a differential expression between PCNSL with and without
any alteration in the respective MCR. Only four MCRs showed a
differential expression of at least one mRNA.

In MCR 13 (loss of 10g23.21), only one of seven mRNA was
significantly differentially expressed (P=1.9E—03). As depicted
in Supplementary Figure 1, FAS expression was very low in
cases with alterations in this MCR but also in 5 of 14 PCNSL
without alterations in MCR 13.

For MCR 14 (gain of chromosome 12), 668 tags were
analyzed; of these, 203 of these tags were differentially
expressed, whereas expression of 186 tags (92%) was below
100, that is, the defined background threshold. Seventeen tags,
corresponding to 16 genes, were significantly differentially
expressed at higher levels, including STAT6 and CD27
(Supplementary Figure 1).

In MCR 19 (gain of chromosome 19q13.31), one tag,
corresponding to the gene ETHET, was significantly differentially
expressed (P=9.8E—03, Supplementary Figure 1).

In MCR 21 (gain of chromosome Xq21.33-q28), 87 of 217
tags showed a significantly differential expression. Expression
values were below 100, that is, the defined background
threshold, in 83 of 87 (95%) of these tags. The four tags with a
differential expression corresponded to two genes, ARHGEF6
and SEPT6 (Supplementary Figure 1).

Methylation status of the CDKN2A/p16 locus in PCNSL

As shown in Figure 4, six of eight PCNSL showed increased
methylation at the CDKN2A/p16 locus compared with controls.
Methylation in PCNSL with heterozygous deletion at the
CDKN2A/p16 locus was increased as compared with PCNSL
without deletion in 9p, although this did not reach significance
owing to the limited number of samples in each group. Thus,
both deletions and DNA methylation may be considered as
mechanisms of CDKN2A/p16 inactivation in PCNSL.

Discussion

In this study, genomic imbalances and LOH were addressed in a
series of 19 PCNSL using high-density oligonucleotide arrays.
PCNSL showed multiple chromosomal imbalances. In addition
to novel recurrent regions of genomic imbalances, unknown
regions of pUPD were identified, and homozygous and
heterozygous deletions in PCNSL involving the HLA locus and
the tumor suppressor gene loci MTAP, CDKN2A/p16, and
CDKN2B/p15 were confirmed.

Alterations in 6p21.32 by deletion or pUPD were the most
frequent abnormality (14/19, 73%). The altered region harbors
the HLA-DRB, HLA-DQA, and HLA-DQB genes. These findings
are in line with previous reports on homozygous and hetero-
zygous deletions at the HLA class I locus, which were
associated with a lack of MHC class Il antigen expression by
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the tumor cells of PCNSL. The progressive loss of MHC
proteins may facilitate tumor cell escape from the immune
response.’''%?® This may be particularly relevant for lympho-
mas of immunoprivileged organs such as brain and testis, which
are characterized by a physiologically downregulated immuno-
phenotype, including low numbers of lymphocytes. In fact, in
extracerebral DLBCL, decreased CD8 T-cell numbers have
been noticed in MHC class ll-negative as compared with
MHC class ll-positive tumors (median: 2.8 vs 11%), and
MHC class ll-negative DLBCL were correlated with a poor
outcome.**?

Ten (53%) PCNSL showed a deletion involving 621, being in
accordance with data reported previously.”'° The chromosomal
region 621 is frequently deleted in various B-cell malignancies,
including DLBCL, mantle cell lymphoma, acute lymphatic
leukemia and immunoblastic lymphoma.”*'3% This region has
been suggested to harbor a tumor suppressor gene. In fact, 6g21
contains the PRDMT gene encoding BLIMP1, which has
recently been reported to function as tumor suppressor gene in
PCNSL as well as in systemic DLBCL of the activated B-cell
type.”>**3% In a significant fraction (4/21, 21%) of PCNSL,
inactivating mutations of the PRDMT gene were associated with
loss of BLIMPT protein expression.”” These mutations may
contribute to tumorigenesis by blocking terminal B-cell differ-
entiation. In this context, it is of note that the tumor cells of
PCNSL are impaired in their differentiation as they do not
perform Ig class switch recombination and, thus, are character-
ized by an 1gM+1gD + phenotype.’” However, in this study,
sequencing analysis of 8 of the 10 identified PCNSL with 6g21
deletion failed to detect any PRDMT mutation, which could
suggest that either biallelic BLIMPT inactivation is a secondary
event in PCNSL or that alternative means of BLIMPT inactivation
exist in PCNSL.

SNP chip analysis also showed heterozygous deletions in 8q
with a 2.4-Mb MCR between 8q12.1 and 8g12.2 in 6 of 19
(32%) PCNSL. This MCR harbors a gene encoding the nuclear
factor TOX (KIAA0808), which is required for CD4 T-cell
development.®® Is it interesting that the 1gG + B-cell population
was reduced in the spleen of TOX-deficient mice. However,
early steps of B-cell development apparently were normal in
these animals. It is intriguing to speculate that TOX may
contribute to the observed arrest of B-cell differentiation in
PCNSL. TOX has been reported to be also deleted in 4%
(8/205) of childhood acute lymphatic leukemia.’® Further
candidate genes within the 8q12.1-8q12.2 region are the
potential oncogene CA8, which promotes growth, proliferation
and invasion of carcinoma cells,**** and the RAB2A gene
encoding the ras-related rab2.

The tumor suppressor genes, CDKN2A/p16 and CDKNZB/
p15, at 9p21.3 as well as MTAP were targeted by recurrent
deletions and pUPD present in 6 and 3 of 19 (32 and 16%)
PCNSL, respectively. One PCNSL even showed a biallelic
loss.*> Furthermore, CDKN2A/p16 has been shown to be
methylated in 64% (16/25) in PCNSL** P16, that is, one of
the encoded proteins, specifically inhibits CDK4 and CDK6 and
potentially blocks G1 cell-cycle progression through the de-
phosphorylation of retinoblastoma through its inhibitory effect
on the CDK4/cyclin D1 complex activity.*” Compared with
previous studies, in which DNA methylation of the CDKN2A/
p16 locus in PCNSL was mostly analyzed by methylation-
specific PCR, we accurately quantitated methylation of 13 CpG
dinucleotides by bisulfite pyrosequencing of DNA from eight
PCNSL of this series. Our identification of recurrent CDKN2A/
p16 promoter methylation, which likely leads to its invactiva-
tion, is in accordance with Chu et al.** Moreover, the frequent
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methylation of the gene in PCNSL with heterozygous deletions
suggests that biallelic inactivation in these tumors may result
from two different mechanisms, that is DNA methylation and
chromosomal deletion.

Additional recurrent deletions present in at least 4 (21%)
PCNSL were in 3p14.2, 4q12, 4q13.1, 4q35.2, 10g23.21, and
12p13.2. In 3p14.2, the FHIT gene was partially deleted. FHIT,
which is supposed to have a key function in tumor suppres-
sion,***” has heen shown to be either deleted or mutated in
33% (19/57) of systemic DLBCL. Clinically relevant, decreased
FHIT expression has been reported to correlate with an inferior
prognosis in systemic DLBCLs.*® In 4q12, a 200-kb MCR of
deletion involving the SCFD2 gene, a potential p53 target gene,
was detected.* In 4g35.2, the FAT tumor suppressor gene was
affected by deletion. Another small MCR of deletion affected the
tumor suppressor gene FAS gene at 10q23.21. FAS (CD95), a
transmembrane receptor of the tumor necrosis factor super-
family, is an important mediator of apoptosis.”® FAS mutations,
which may impair apoptosis, have been identified in 20% (2/10)
PCNSL.”® In 12p13.2, a 200-kb MCR of deletion was detected
with one PCNSL showing biallelic loss; in another PCNSL, the
pattern of imbalances suggested a deletion to have occurred
before amplification of an allele. The deletions affected the
ETV6 gene, which is frequently translocated in hematopoietic
tumors.”’!

In PCNSL, recurrent gains in 18q have been described by
various groups.’”7'% 1821 harbors the BCL2 and MALTT
genes. MALTT complexes with BCL10 and a CARD protein to
activate the nuclear factor-xkB pathway.*? In fact, both MALT1
and BCL10 are expressed by the tumor cells of PCNSL, which
also show evidence for an activation of the nuclear factor-xB
pathway.”® In our study, 819 PCNSL and 7/19 PCNSL
showed gains of BCL2 and MALTI, respectively. Microarray
data identified two small MCRs frequently gained in 19q13.31
and 19q13.43. Both regions harbor several genes encoding
zinc finger proteins, which might be involved in trans-
criptional regulation. This region partly overlaps with a region
of gain in 19q13.12-13.43 detected in 2 (22%) PCNSL
recently.'® In accordance with previous observations,®”
two PCNSL showed gains of 12p11.21-q24.33 and 12q24.11-
12q24.33, and five further tumors showed triploidy of
chromosome 12, Furthermore, PCNSL had two small
MCRs of copy number gains in 7q21.3-q22.1 and 9p21.1-
p21.3 and one large MCR of recurrent copy number gain in
Xg21.33-q28. The region 7921.3-q22.1 harbors the
candidate genes NFXT and BAGIT. NFX1 is a nuclear
transcription factor, which downregulates HLA class 1l antigen
expression.” Bag1 interacts with Bcl2 to increase its antiapop-
toic activity.”®

It is tempting to speculate that PCNSL corresponding to the
ABC and GCB subgroups as defined for systemic®®*® may be
characterized by different patterns of genomic aberrations
indicating particular and distinct pathways relevant for patho-
genesis. In this series of PCNSL, MCR 2 (loss 4q12), MCR 3 (loss
4q13.1), and MCR 15 (loss 12p13.2) were exclusively asso-
ciated with the ABC-type, whereas MCR 14 (gain chromosome
12) was only observed in the GCB-subtype of PCNSL. However,
this observation should be interpreted with caution due to the
low number of PCNSL available for such studies, which
precludes such an analysis.

In conclusion, the identification of novel candidate tumor
suppressor genes and oncogene loci through high-density
oligonucleotide SNP array analysis may provide the basis for
further studies aiming at the identification of genes involved in
PCNSL tumorigenesis.
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Das periphere T-Zell-Lymphom — nicht anderweitig spezifiziert — (PTCL-NQOS) ist eine seltene

Erkrankung und macht circa 9 % aller aggressiven Lymphome aus. PTCL-NOS sind duRerst

aggressiv und prognostisch ungiinstig (ereignisfreies 5-Jahres-Uberleben 20-30 %) [14].

In der Studie wurden 49 periphere T-Zell-Lymphome (PTCL-NOS) mit Affymetrix 250k-Sty-

SNP-Arrays untersucht. Als Kontrollen dienten 39 HapMap-Falle von Affymetrix sowie 20

laboreigene euploide Referenzfille. Fiir zwei Lymphomfalle konnten weniger als 90 % der

Genotypen bestimmt werden. Aus Qualitatsgrinden wurden diese Falle daher von der

weiteren Analyse ausgeschlossen. Die ,Call-Rate” der Ubrigen Lymphomfille lag im Median

bei 97 %. Die Analyse der SNP-Arrays erfolgte wie in Abschnitt 1.4 beschrieben.

Aberrationen, die weniger als finf zusammenhdngende SNPs umfassten, wurden als

mogliche AusreiRer bzw. falsch positive Aberrationen verworfen.

25 der analysierten 47 PTCL-NOS zeigten keinerlei genomische Aberrationen, mit Ausnahme

von Kopienzahl-Polymorphismen (CNP) und Deletionen des T-Zell-Rezeptor Genlocus. Diese

Beobachtung ist konsistent mit den Ergebnissen vergleichbarer Studien [54, 55]. Mittels

Analyse der T-Zell-Rezeptor B-Rekombination konnte gezeigt werden, dass Tumorproben

von Fallen mit komplexen genetischen Aberrationsmustern weniger infiltrierende Bystander-

Zellen umfassten. Ein geringer Tumorzellgehalt der Proben verhindert daher vermutlich in

einigen Fallen die Detektion von genetischen Aberrationen.

Chromosom 7 war am haufigsten von Zugewinnen betroffen, unter anderem die Region

7q921. In dieser Region liegt das Gen CDK®, fir das bereits eine Bedeutung fiir die Regulation

des Zellzyklus in T-Zell-Lymphomen gezeigt wurde [56]. Fir die Region 2p15—-16 konnten vier
einfache Zugewinne sowie eine High-Level-Amplifikation gezeigt werden, die das Gen REL
umfassen. Amplifikation von REL wurden flir PTCL-NOS bisher nicht beschrieben, konnten
aber bereits flir andere Lymphome z. B. DLBCL gezeigt werden [57]. Fiir drei Falle wurden die

Zugewinne mit FISH erfolgreich validiert und in einem unabhangigen Datensatz von 18 PTCL-

NOS konnten drei weitere Falle mit REL-Zugewinnen nachgewiesen werden.

Die Region 10p11 zeigte in der Analyse am haufigsten Deletionen. Insgesamt wurden in

sechs Fallen einfache und in einem Fall eine homozygote Deletion detektiert. Die Region

umfasst die Gene ZEB1, ARHGAP12, KIF5B, EPC1 und CCDC7.In anderen Studien wurden

Verluste der Region in circa 15 % der untersuchten PTCL-NOS-Fille gezeigt [54, 58]. Fir

adulte T-Zell-Leukdamien konnten bereits Translokationen fiir das Gen EPC1 gezeigt werden

[59]. Die Deletionen auf Chromosom 10 konnten nur in drei von finf getesteten Fallen mit

FISH validiert werden. Eine mogliche Erklarung fiir die Diskrepanz der Ergebnisse ist der

teilweise erhebliche Anteil an infiltrierenden Bystander-Zellen in den Tumorproben. Auf

Chromosom 9p21 konnte in zwei Fallen eine homozygote Deletion gezeigt werden, die die

Gene CDKN2A, CDKN2B und MTAP umfasst und bereits flir PTCL-NOS beschrieben wurde

[54]. UPD-Regionen zeigten im analysierten Datensatz nur geringe Rekurrenz.
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Peripheral T cell lymphomas (PTCL) represent only approx-
imately 9% of aggressive lymphomas (Riidiger et al, 2002).
Although transformation of mature T cells is hence an
uncommon event (Newrzela et al, 2008), if transformed, they
behave highly aggressively and patients show poor response to

First published online 22 October 2009
doi:10.1111/j.1365-2141.2009.07956.x

Summary

Little is known about genomic aberrations in peripheral T cell lymphoma,
not otherwise specified (PTCL NOS). We studied 47 PTCL NOS by 250k
GeneChip single nucleotide polymorphism arrays and detected genomic
imbalances in 22 of the cases. Recurrent gains and losses were identified,
including gains of chromosome regions 1q32-43, 2p15-16, 7, 8q24, 11ql14-
25, 17q11-21 and 21q11-21 (=5 cases each) as well as losses of chromosome
regions 1p35-36, 5q33, 6p22, 6ql6, 6q21-22, 8p21-23, 9p21, 10p11-12,
10q11-22, 10q25-26, 13q14, 15924, 16q22, 16924, 17p11, 17p13 and Xp22
(24 cases each). Genomic imbalances affected several regions containing
members of nuclear factor-kappaB signalling and genes involved in cell cycle
control. Gains of 2p15-16 were confirmed in each of three cases analysed by
fluorescence in situ hybridization (FISH) and were associated with
breakpoints at the REL locus in two of these cases. Three additional cases
with gains of the REL locus were detected by FISH among 18 further PTCL
NOS. Five of 27 PTCL NOS investigated showed nuclear expression of the
REL protein by immunohistochemistry, partly associated with genomic gains
of the REL locus. Therefore, in a subgroup of PTCL NOS gains/
rearrangements of REL and expression of REL protein may be of
pathogenetic relevance.

Keywords: non-Hodgkin-lymphoma, peripheral T cell lymphoma NOS, SNP
array, genomic profiling, REL.

therapy and short survival. The largest subgroup among PTCL
consists of those ‘not otherwise specified” (NOS) (Swerdlow
et al, 2008). These lymphomas are characterized by a heter-
ogeneous morphology. At present, PTCL NOS cannot be
further subdivided in subgroups based on morphology or

© 2009 Blackwell Publishing Ltd, British Journal of Haematology, 148, 402-412
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immunohistochemistry. Recently, gene expression profiling
studies were performed to identify subgroups showing differ-
ent clinical behaviour (Ballester et al, 2006; Martinez-Delgado,
2006; de Leval et al, 2007; Piccaluga et al, 2007). However,
these results may be difficult to interpret because PTCL NOS
frequently show an abundant reactive infiltrate.

Several studies evaluating genomic aberrations in PTCL have
been conducted by the use of classical cytogenetic analysis as
well as metaphase comparative genomic hybridization (CGH),
showing complex karyotypes in most cases (Schlegelberger
et al, 1994; Lepretre et al, 2000; Renedo et al, 2001; Melendez
et al, 2004; Zettl et al, 2004). Translocations affecting the T cell
receptor gene loci were rarely observed (Lepretre et al, 2000;
Gesk et al, 2003). Most frequent gains that were recurrent in
more than one study were located on chromosomes 7¢32-ter
(Schlegelberger et al, 1994; Lepretre et al, 2000; Renedo et al,
2001; Melendez et al, 2004; Zetd et al, 2004), 19 (Lepretre
et al, 2000; Renedo et al, 2001; Melendez et al, 2004), 17cen-
q21 (Renedo et al, 2001; Zettl et al, 2004), 11q13 (Renedo
et al, 2001; Zettl et al, 2004) and 9q34 (Renedo et al, 2001;
Zettl et al, 2004). Losses were most frequently detected on
chromosomes 6q (Schlegelberger et al, 1994; Lepretre et al,
2000; Melendez et al, 2004; Zettl etal, 2004) and 13q
(Schlegelberger et al, 1994; Lepretre et al, 2000; Renedo et al,
2001; Melendez et al, 2004; Zettl et al, 2004). Both of these
deletions have been reported in other lymphoma entities
(Zhang et al, 1997; Hartmann et al, 2008; Schmitz et al, 2009)
and may be associated with lymphoma progression. Recently,
two BAC array CGH studies with 2460 and 2304 BAC
probes were carried out on 20 and 51 PTCL NOS respectively
(Thorns et al, 2007; Nakagawa et al, 2009). Commonly
altered regions in both studies included gains of the
chromosome region 4q as well as losses of 9p21, 13¢14 and
13q21-q33.

Single nucleotide polymorphism (SNP) arrays were origi-
nally designed for genotyping, but they are currently also used
for screening of copy number aberrations (Nielinder et al,
2007; Vater et al, 2009). In addition to copy number data they
also provide information about the genotype and regions with
loss of heterozygosity (LOH) or partial uniparental disomy
(pUPD) (Matsuzaki et al, 2004; Vater et al, 2009). Recently, a
GeneChip 50k SNP array study of 33 PTCL NOS and 40
angioimmunoblastic T cell lymphomas identified commonly
gained regions on chromosomes 8q24, 9p23 and 19q13 as well
as losses of chromosomes 9p21 and 3q26 (Fujiwara et al,
2008). In the present study, we analysed 47 PTCL NOS with a
higher resolution 250k GeneChip SNP array, which offers a
theoretical median inter-SNP-distance of 51 kb.

Materials and methods

Patient samples

Fresh frozen samples of 49 patients with PTCL NOS,
diagnosed according to the World Health Organization criteria

SNP Array Genomic Profiling of PTCL NOS

{Swerdlow et al, 2008) were included in this study. All cases
were CD3-positive and 21 cases showed scattered CD30-
positive cells. Angioimmunoblastic T cell lymphomas and
anaplastic large cell lymphomas were excluded from the study
|CD3, CD4, CD10, CD23 (Novocastra, Newcastle upon Tyne,
UK), CD8, CD20, CD21, ALK1 and CD30 (DAKOQO, Glostrup,
Denmark)]. Overall survival (OS) data were available for 16
cases. Onc of 26 cases tested was positive for Epstein—Barr
virus encoded small RNA (EBER). Reference samples were
obtained from 10 healthy male and female donors each. Four
reference samples were of consanguineous origin. Informed
consent was obtained in accordance with the Declaration of
Helsinki and approval of the ethics committee of the
University Hospital of Frankfurt as well as from the Institu-
tional Review Boards of the institutions providing cases with
clinical data was obtained.

GeneChip Mapping 250k SNP arrays

DNA of 49 PTCL NOS was extracted from frozen tissue using
the QIAamp DNA Mini kit (Qiagen, Hilden, Germany)
according to the manufacturers instructions. Two hundred
and fifty nanogram DNA per case underwent a Styl restriction
enzyme digest, adaptor-ligation, polymerase chain reaction
(PCR)-amplification, clean-up and hybridization onto
Affymetrix  GeneChip  Mapping 250k Styl-SNP-arrays
according to the Affymetrix GeneChip Mapping 500k Assay
Manual. Arrays with call rates <90% were excluded from
further analyses. GeneChip SNP array data are available
at  http://www.ncbinlm.nih.gov/geo/
GSE15842).

(accession number

Statistical analysis of GeneChip Mapping 250k SNP arrays

Thirty-nine Hapmap samples (NA10851, NA10855, NA10863,
NAT1831, NA11832, NA12056, NA12057, NA12234, NA12264,
NA12707, NA12716, NA12717, NA12801, NA12812, NA12813,
NA18503, NA18504, NA18505, NA18506, NA18507, NA18508,
NAI8515, NA18516, NA18517, NA18532, NA18545, NA18558,
NA18605, NA18612, NA18959, NA18967, NA18969, NA18997,
NAI9137, NA19138, NA19139, NA19152, NA19153, NA19154,
provided by Affymetrix, http://www.aflymetrix.com/support/
technical/sample_data/500k_data.affx) and 20 laboratory-
specific samples were used as normal reference arrays. Copy
number analysis was performed using the CNAG (Copy
Number Analyzer for Genechip) programme v2.0 (Nannya
et al, 2005). CNAG was configured to select an optimal
reference set individually for each array (Nannya et al, 2005).
Gender-specific reference sets were used. Segmentation of raw
copy number data was performed using the Hidden Markov
Model (HMM) approach provided by CNAG. HMM para-
meters were adjusted individually for each array due to
differences in hybridization quality.

With regard to outliers and technical artefacts, HMM
segments with aberrant copy number were considered as copy

© 2009 Blackwell Publishing Ltd, British Journal of Haematology, 148, 402-412 403
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number aberration only if they consisted of at least five
consecutive SNPs. High level amplifications were defined as
aberrations with HMM copy number 25, homozygous dele-
tions as aberrations with copy number = 0. For the male
chromosome X (except of pseudoautosomal region 1), inter-
pretation of log2-ratios had to be adjusted with respect to the
gender specific (single copy) reference. Therefore segments
with estimated HMM copy number of 1-3 copies were
assumed as normal (copy number n = 1). Segments with
estimated copy number 24 were selected as copy number gains
and segments with estimated copy number 0 as losses.
Pseudoautosomal region 1 was treated in the same way as
the autosomal regions. Pseudoautosomal region 2 was not
covered by the 250k GeneChip SNP array. Copy number
variations/polymorphisms (CNVs) were identified by the use
of web databases (http://projects.tcag.ca/variation/ and http://
genome.ucsc.edu/cgi-bin/hgGateway) and  excluded from
further analyses.

For genotyping analysis the BRLMM algorithm was used
with default parameters (score threshold = 0-5, prior size =
10 000 and DM threshold = 0:17) to genotype PTCL samples in
combination with the reference arrays (http://www.affymetrix.
com/support/technical/whitepapers/brlmm_whitepaper.pdf).
A HMM-based method (Beroukhim et al, 2006) implemented
in the dChip programme (Lin et al, 2004), (build date: April
11 2007) was used to infer regions with LOH from tumour
samples. The HMM considering haplotype method (Berouk-
him et al, 2006} was selected for the LOH calculations to
account for linkage disequilibrium induced SNP dependencies.
The LOH call threshold was set to the value of 0:99. An
empirical haplotype correction was applied (Beroukhim et al,
2006). Thus putative LOH regions were excluded if there was a
95% concordance of the homozygous genotypes of the
candidate LOH region with respective regions of more than
5% of the reference samples. LOH regions were designated
pUPDs if no copy number aberrations were present in the
region. In LOH regions, partially affected by copy number
aberrations subregions without copy number aberrations were
classified as pUPD if they comprised at least 50 neighbouring
SNPs.

T cell receptor i (TRB@) rearrangement analysis

T cell receptor P rearrangement analysis was conducted with
DNA from the frozen tissue blocks using the commercially
available BIOMED2 primers (van Dongen et al, 2003}
(IdentiClone™ TRB@ Gene Clonality Assay, #9-205-0021;
InVivoscribe Technologies, La Ciotat, France). The length of
the fluorescence-labelled PCR products was determined on a
DNA sequencer (ABI 3100; Applied Biosystems, Darmstadt,
Germany) and analysed by the GeneScan Software 3.1 (Applied
Biosystems). Peak ratios were determined between the height
of the clonal peak and the average of the two adjacent peaks
(1-4 bp smaller and larger respectively) as described previously
(Luo et al, 2001; Geissinger et al, 2005).

Fluorescence in situ hybridization (FISH)

Fluorescence in situ hybridization was performed according
to routine protocols (Martin-Subero et al, 2006a,b; Ventura
et al, 2006). For confirmation purposes, cryosections of three
and five PTCL NOS cases investigated by GeneChip SNP
arrays were analysed by FISH using probes for the REL locus
(2pl6-1) and a region on chromosome 10pll, respectively.
Twenty further formalin-fixed paraffin embedded PTCL NOS
cases on tissue microarray format were additionally studied by
FISH for both chromosomal regions. A REL break apart
probe was designed using the BAC clones RP11-373124,
covering the REL locus and extending to centromere, and
RP11-49805 mapping telomeric to REL (Hartmann et al,
2008). Recently established as well as commercially available
FISH probes for TRA@/TRD@, TRB@ and TRG@ (Abbott/
Vysis, Abbott Park, lllinois, USA) were applied. For FISH of
10p11 the differentially labelled BAC clones RP11-19501 and
RP11-476F14 were used.

Immunohistochemistry

Twenty-seven formalin-fixed paraffin embedded PTCL NOS
cases were stained for REL protein either on whole tissue
sections or tissue microarray format using a commercially
available, previously published (Rodig et al, 2007) polyclonal
rabbit anti-REL antibody (PCI139 1:200; Calbiochem, Merck
Chemicals, Nottingham, UK). To detect antibody binding, the
DAKO Envision System (DAKO) was used. Images were
acquired using a Nikon Eclipse E1000 microscope and Nikon
digital camera DXM1200 (Nikon, Diisseldorf, Germany).

Results

250k SNP array analyses

To identify chromosomal imbalances at a genome-wide level in
49 PTCL NOS, DNAs from frozen tissue were hybridized onto
Affymetrix GeneChip Mapping 250k SNP arrays. Two arrays
showed call rates <90% and were therefore excluded from
further analyses. Array call rates of the remaining 47 cases
ranged from 90-3% to 99-4% with a median of 97:0%. The 20
laboratory-specific reference arrays showed a minimum call
rate of 91-2%, maximum call rate of 98:4% and a median of
96'8%. Following the criteria described in Materials and
methods, in 25 PTCL NOS cases no genomic imbalances were
detected apart from known CNVs and deletions in the T cell
receptor gene loci (Fig 1A), which were detectable in 17/25
cases and most likely represent physiological TCR gene
rearrangements in the monoclonal T cell populations. The
remaining 22 PTCL NOS showed a mean of 159 gains
(median 13-5), 12:7 losses (median 85) and 65 pUPDs
(median 2:0) per case (Table SI). A tendency was observed for
inferior survival in patients with genomic imbalances. How-
ever, this was not statistically significant (Fig 2A).
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Fig 1. (A) Unsupervised hierarchical clustering of 47 PTCL NOS by genomic imbalances. Copy numbers are colour coded: gains green, losses red.

(B) Profile of genomic gains and losses. Proportion of gains and losses in the 22 PTCL presenting a complex genomic aberration pattern, highlighted

in green and red, respectively.

TRB@ rearrangement analysis

T cell receptor B rearrangement analysis was performed in
46/47 cases with successful SNP array hybridization. To
estimate the amount of the clonal T cell population in relation
to the polyclonal T cell background infiltrate, TRB@ rear-
rangement patterns were analysed by visual inspection for the
height of the clonal peak and the peaks of the reactive T cell
background. A ratio between the height of the clonal peak and
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the two adjacent peaks was determined, as published previ-
ously (Luo et al, 2001; Geissinger et al, 2005). In 10 of 15
PTCL with a heavy polyclonal background infiltrate or lack of
a detectable clonal TRB@ rearrangement no genomic imbal-
ances were detected by SNP Chip analysis, probably because of
cell background (Table SII).
A significant non-tumour cell infiltrate in cases without

the too high polyclonal T

detection of chromosomal imbalances most probably also
explains why biallelic T cell receptor gene rearrangements

{(B)o_|
! = (ases with REL gain, n =4
o |1 = = Cases without REL gain, n=5
o7 1
|
o 0
e |
>
e 1 P-value=0-113
=]
" o5
=1
I
~ I
e - -
|
o |
=]
T T T T
0 20 40 60 80
Months

Fig 2. Overall survival in cases with available clinical data. (A) The survival of 16 patients of the two groups with and without detectable imbalances
was compared by Kaplan-Meier analysis, with the P-value calculated by the Logrank test. (B) The survival of patients presenting gains of the REL
locus was compared to patients without aberrations of the REL locus (all nine patient samples showing genomic imbalances) (Kaplan—Meier analysis,
with the P-value calculated by the Logrank test).
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(i.e. homozygous deletions of the T cell receptor gene loci in
SNP array data) were detected significantly less frequent in
these cases as compared to cases with genomic imbalances (not
shown). Cases without genomic imbalances presented instead
more frequently heterozygous deletions of T cell receptor gene
loci. Interestingly, there were eight cases lacking genomic
imbalances in SNP array data, which were also lacking a
reactive T cell background infiltrate in TRB@ rearrangement
analysis and four of these cases presenting B cell contents
<30% in CD20 immunostaining, suggesting the existence of a
subgroup of PTCL NOS without chromosomal imbalances.

Detection of genomic imbalances in PTCL NOS by 250k
SNP arrays

Two PTCL showed a total of five high level amplifications
(copy number 25). One of these cases displayed four
amplifications, mapping to chromosome 1p12-q21, 12p11-
12, 12q12 and 12ql2-13 (Table 1), whereas the other case
presented a single amplification of 2p15-16. Genomic gains in
additional PTCL cases, overlapping with the genomic ampli-
fications, were detected in one case each for the regions on
chromosome 12, while four additional cases showed gains
overlapping with the 491 kb amplified region on chromosome
2p15-16 (60 974 940-61 465 940 bp, see below). Gains (copy
number 23) occurred most frequently on chromosome 7.
According to statistical analysis, 65 regions on chromosome 7
were discontinuously gained in 7-11 PTCL cases, suggesting
trisomy of chromosome 7 in seven cases (Fig 1). Further
frequently gained regions (25 cases) were located on chromo-
some 1q32-43, 2pl15-16, 8q24, 11ql4-25, 17q11-21 and
21ql1-21 (Table SIII).

Homozygous deletions were detected in TRA@, TRB@ and
TRG@ in 12, 2 and 12 cases respectively, most likely reflecting
biallelic T cell receptor gene rearrangements. Eleven further
homozygous deletions were identified in five PTCL, two of
them overlapping at chromosome 9p21 (Table II). Three

additional cases showed overlapping heterozygous deletions at
chromosome 9p21, covering CDKN2A, CDKN2B and MTAP.
Other homozygous deletions were located on chromosome
1p21, 5q21-22, 6q21, 6q23-24, 10p11, 14g32, Xp11 and Xq21
(one case each, Table II). Heterozygous deletions were
observed most frequently on chromosome 10p11-12 (several
small regions, 4-9 cases, Table SIV), 9p21, 17p11 and 17p13
(five cases each), 1p35-36, 5q33, 6p22, 6ql6, 6q21-22, 8p21—
23, 10q11-22, 10q25-26, 13ql4, 15924, 16¢22, 16q24 and
Xp22 (four cases each). Large pUPDs were mostly detected in
cases with detectable genomic imbalances, most likely due to a
strong reactive background infiltrate in the cases without
detectable genomic aberrations (Yamamoto et al, 2007).
pUPDs occurred most frequently on chromosome 1p21-22
and 9p (three cases each, Fig S1, Table SV). For the frequently
lost region 1p35-36 two cases presented overlapping
pUPD, for 5@33, 9p21, 10q11-21, 13q14 Xpl1 and Xp21 one
case each was detected with an overlapping pUPD (Tables I1
and SV).

Deletions of chromosome 10p11

Deletions other than those of the T cell receptor gene loci were
most frequently detected on chromosome 10p. The homozy-
gous deletion on chromosome 10pll (linear position
31 643 666-33 014 706 bp) in one case was overlapping with
heterozygous deletions in six further PTCL. FISH analysis was
performed on cryosections of five of these cases available and
deletions of 10p11 were confirmed in three of five cases,
including the case with the biallelic loss. Twenty further PTCL
NOS cases were investigated for deletions of 10p11 by FISH
and a heterozygous deletion was detected in one additional
case.

The affected region on chromosome 10p11 contains the five
genes ZEBI (previously TCF8), ARHGAPI2, KIF5B, EPCI and
CCDC7. Given that this genomic region has been described
to be deleted in human T-cell lymphotropic virus type 1

Table 1. Amplifications detected by GeneChip Mapping 250k SNP array in 47 PTCL NOS.

Sample with amplification

Chromosome (and samples with

band overlapping gains) Startbase Stopbase Genes

1pl2—q21 16 120 003 522 142 545 761 HMGCS2, REG4, ADAM30, NOTCH2, PPIAL4A, PDE4DIP

2pl5-16 8 (4, 16, 20, 22) 60 974 940 61 465 940 REL, PEX13, AHSA2

12p11-12 16 (22) 26 009 784 32 724 615 BHLHEA41, SSPN, ITPR2, FGFR10OP2, TM7SF3, MED21,
STK38L, ARNTL2, PPFIBP1, MRPS35, KLHDCS5, ERGIC2,
FAR2, TMTC1, PTHLH, CAPRIN2, DDX11, DENND5B,
Cl2o0rf72, FAM60A, IPOS, BICDI1, FGD4

12q12 16 (22) 38 530 268 40 491 596 SLC2A13, CNTNI, LRRK2, PDZRN4

12q12-13 16 (22) 41 453 448 46 691 389 IRAK4, TWF1, NELL2, DBX2, ARID2, SFRS2IP, PLEKHASY,

SLC38A2, AMIGO2, P11, RAPGEF3, HDAC7, VDR, COL2A1

Amplifications were defined as aberrations with copy numbers 25. Up to four additional cases showed gains overlapping with the amplified region (in
brackets). Startbase and Stopbase derive from the first and last SNP affected by the amplification. In affected regions no miRNAs or pUPDs were
found. (Genes, miRNAs and linear positions according to UCSC Genome Browser on Human — May 2004 Assembly.)

406 © 2009 Blackwell Publishing Ltd, British Journal of Haematology, 148, 402-412
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(HTLV-1)-associated adult T cell leukaemias/lymphomas
(ATLs) (Hidaka et al, 2008), a PCR-based diagnostic test for
HTLV-1 proviral load was performed and HTLV-1 infection of
PTCL NOS presenting deletions at chromosome 10p11 could
be excluded. As ZEBI, which codes for zinc finger E-box
binding homeobox 1, has been shown to be mutated in few
ATLs (Hidaka et al, 2008) and EPCI shows reduced gene
expression in PTCL (Piccaluga et al, 2007), the coding exons of
these two potential target genes were sequenced in the six
PTCL cases displaying heterozygous deletions of this region,
but no mutations were detected. mRNA expression levels of
ZEBI and EPCI were not significantly reduced in five PTCL
showing a loss of 10p11 compared to 10 PTCL with balanced
copy number of 10p11 and CD4" T-cells from peripheral
blood. This may potentially be due to high expression of the
genes in the reactive background infiltrate. Likewise, no
methylation of TCF8 or EPCI promoter sites was detected in
PCR fragments amplified from bisulphite treated DNA (data
not shown). No tumour suppressive function has yet been
assigned to the other three genes CCDC7, KIF5B and
ARHGAPI2 mapping to the deleted region nor did they show
reduced gene expression in PTCL NOS (Piccaluga et al, 2007).
Therefore they were not further investigated.

Gains of chromosome 2p15-16 covering REL and
immunohistochemical detection of REL protein expression

In the GeneChip SNP array data, five cases showed gains of
chromosome 2p15-16, with one amplification among these
gains. Three of these cases were investigated by FISH and gains

could be confirmed in each of the cases using probes flanking
the REL locus. In addition, two of these cases showed a split
signal indicating a chromosomal breakpoint at the REL locus.
These two cases were further investigated by FISH with fusion
probes for REL and TRA@/TRD@, TRB@ and TRG@. How-
ever, no juxtaposition of REL next to one of the T cell receptor
gene loci was detected. Twenty additional PTCL NOS cases
were investigated by FISH for genomic changes of the REL
locus. Three of 18 evaluable cases showed gains of REL (3—4
signals), but no additional chromosomal breakpoint at the REL
locus was observed.

Immunohistochemical stainings for REL were performed for
27 cases of PTCL NOS, including five cases with genomic gains
of 2pl15-16. Five PTCL cases displayed nuclear positivity,
among these two cases with gains of the REL locus. The case
with the genomic amplification of REL in SNP array data and
an additional breakpoint at the REL locus, presented the
strongest immunohistochemical reaction of all cases, which
was, however, mainly confined to the cytoplasm of the tumour
cells (Fig 3). Reactive tonsils and Hodgkin lymphoma lymph
nodes were stained as controls. As expected, cytoplasmatic
REL positivity in tonsillar germinal centre B cells as well as
strong cytoplasmatic and nuclear positivity of Hodgkin- and
Reed-Sternberg cells of classical Hodgkin lymphoma was seen
(Barth et al, 2003).

Discussion

In the present study, 250k SNP arrays were applied to 49 PTCL
NOS. Forty-seven cases were suitable for further analysis

Fig 3. REL immunostaining. (A) Classical Hodgkin lymphoma, positive control for nuclear and cytoplasmatic staining. (B) PTCL NOS with genomic
amplification and breakpoint at the REL locus and cytoplasmatic staining pattern in the tumour cells. (C) PTCL NOS with nuclear staining pattern
and gain of the REL locus. (D) PTCL NOS with nuclear staining pattern and balanced copy number of 2p15-16. 400x Original magnification.
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according to quality control parameters. Gains of chromosome
2p15-16 detected by SNP array data in five cases could be
confirmed in all three cases available for FISH analysis. Losses
of 10p11 could be confirmed in three of five cases available for
FISH analysis. These data demonstrate the validity of the array
results, particularly concerning the detection of gains. Hetero-
zygous losses are difficult to confirm by FISH in tissue sections
of tumours with a reactive background infiltrate and therefore
GeneChip SNP arrays may provide a more sensitive platform
for the detection of losses. This may also apply to the detection
of further heterozygous deletions of 10p11 by FISH in tissue
sections.

In 25 PTCL NOS no chromosomal imbalances apart from
CNVs were detected, whereas 22 PTCL NOS presented a
complex aberration pattern. A similar fraction of PTCL NOS
lacking detectable genomic imbalances was also observed in
other studies in 11/27 cases (Renedo et al, 2001), in 57/73 cascs
(Fujiwara et al, 2008) and 22/51 cases (Nakagawa et al, 2009)
and it was reported that these cases have a better overall
survival (Fujiwara et al, 2008; Nakagawa et al, 2009). In the
TRB@ rearrangement analysis (Luo et al, 2001), cases with
complex copy number aberrations displayed a lower reactive
background infiltrate as the cases without detectable aberra-
tions, in agreement with the study by Nakagawa et al (2009).
Therefore, lack of detectable chromosomal imbalances was, in
most cases, probably the result of a strong background
infiltrate. However, eight cases without detectable copy
number aberrations displayed a monoclonal rearrangement
pattern without T cell background infiltrate, which would
explain the lack of detectable copy number aberrations. Thus,
it is likely that the malignant clones in these cases indeed
lacked clonal genomic imbalances detectable at the resolution
of our SNP-chip analysis. PTCL NOS with a lack of copy
number aberrations and a balanced translocation as sole
abnormality were previously reported by (Nelson et al, 2008).
In conclusion, there is very likely a fraction of PTCL that has a
mainly balanced copy number status. It remains to be
determined whether such cases define a distinct subgroup of
PTCL NOS in terms of pathogenesis and clinical behaviour.

In the present study, gains of chromosome 7 were the most
frequent aberration observed, in line with previous studies
(Renedo et al, 2001; Melendez et al, 2004; Zettl et al, 2004;
Nelson et al, 2008; Nakagawa et al, 2009). Eleven of the 22
cases with aberrations presented gains of the region 7q21,
containing CDK6, which has been shown to be one target gene
on chromosome 7 in PTCL (Nagel et al, 2008). Losses of
chromosome 9p21 were observed in five cases, including two
homozygous deletions, and one additional case with an pUPD.
Losses of 9p21, covering CDKN2A and CDKN2B, were
frequently observed in previous array CGH studies of PTCL
NOS (Thorns et al, 2007; Nakagawa et al, 2009} and seven of
these deletions were homozygous. In addition to gains of 7q21,
covering CDK6, and losses of 9p21, including CDKN2A and
CDKNZ2B, other cell cycle genes mapped to frequently deleted
regions: deletions of 13ql4 (47 447 838-50 689 816 bp)
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including RBI in four PTCL and deletions of 17p13 (6888—
8 195 094 bp} covering 1TP53 in five PICL. The finding of
recurrent genomic aberrations affecting several factors
involved in cell cycle control in a total of 15 PTCL suggests
an important role of cell cycle genes in PICL NOS.

Gains of 8q24 were previously reported in some PTCL (Zettl
et al, 2004; Thorns et al, 2007). Interestingly, we observed a
163 kb minimal common gained region on chromosome 8q24
(117 750 212-117 913 160 bp, five cases), containing EIF3H,
whereas MYC (128 817 686-128 822 853 bp) was gained in
only two of the five cases. EIF3H shows [requently genomic
amplifications in prostate cancer and was shown to promote
cell growth in vitro (Saramaki et al, 2001; Savinainen et al,
2006). Closely located to the common gained region on
chromosome 8q24 in our study, a different region
(118 306 152—118 306 326 bp) was observed to be frequently
gained in PTCL NOS (11/33 cases) (Fujiwara et al, 2008),
which was also gained in four of the five cases with gains on
8q24 in the present data set. Therefore, in PTCL NOS the
target gene of gains affecting chromosome 8q24 may be
different from MYC.

Deletions were most frequently detected on chromosome
10p11-12. The 197 Mb deletion on chromosome 10p11
covering the five genes ZEBI, ARHGAPI2, KIF5B, EPCI and
CCDC7 occurred in seven PTCL, in one of these as a
homozygous deletion. Deletions on chromosome 10p11-12
have been reported in metaphase CGH as well as array CGH
studies in approximately 15% of PTCL NOS (Zettl et al, 2004;
Nakagawa et al, 2009). In other T cell neoplasms, including
Sézary syndrome, T — prolymphocytic leukaemia as well as
ATLs, deletions of this particular region have also been
described (Dirig et al, 2007; Hidaka et al, 2008; Vermeer et al,
2008). Therefore, in different subsets of mature T cell
neoplasms similar mechanisms of transformation may be
present. EPCI, enhancer of polycomb 1, one of the genes
located in this region and displaying histone acetyltransferase
activity (Attwooll et al, 2005), showed reduced mRNA expres-
sion in PTCL NOS compared to reactive T cell subsets
(Piccaluga et al, 2007). mRNA expression of ZEBI, also
mapping to this region, was downregulated in samples of
leukaemic ATL isolated from peripheral blood compared to
reactive CD4" T cell subsets (Hidaka et al, 2008). In the same
study, missense mutations of ZEBI were detected in four of 44
ATL samples and cell lines. However, as mutations or reduced
mRNA expression of EPCI or ZEBI were not found in the
present study, their role in PTCL NOS remains unclear.

Gains of chromosome 2p15-16 (60 974 94061 465 940 bp)
including REL were detected in five PTCL, one of these cases
displaying a genomic amplification. Genomic gains of the REL
locus have — to our knowledge — so far not been reported in PTCL
NOS, possibly due to a lower coverage of array platforms
formerly applied. REL is one of the five nuclear factor (NF)-kB
family members, which form various homo- and heterodimers
and which translocate to the nucleus upon activation (Jost &
Ruland, 2007). Gains of 2p15-16 could be confirmed in three
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cases available for FISH and two of these cases showed, in
addition to the gain of 2p15-16, a breakpoint at the REL locus. In
an independent series of 18 PTCL NOS, three further cases
presented gains of 2p15-16. Immunohistochemistry revealed
nuclear expression of REL protein in five of 27 PTCL NOS,
including two cases with gains of 2p15-16. Therefore, a small
subgroup of PTCL NOS is characterized by nuclear REL
expression, which is, in some cases, related to genomic
aberrations of the REL locus. This should be studied on a larger
series of cases — possibly in conjunction with the determination
of other key markers ofboth the canonical and alternative NF-xB
pathway. We described previously one PTCL NOS case
presenting a translocation of REL to TRA@/TRD® (Gesk et al,
2003). In the current series none of the two PTCL NOS with REL
breakpoints showed a translocation of REL to one of the TCR
loci. This is in line with the finding that translocations of
oncogenes to one of the TCR loci rarely occur in T cell
lymphomas (Gesk et al, 2003; Leich et al, 2007). Genomic gains
of the REL locus and nuclear expression of REL protein have
been described in Hodgkin lymphoma (Joos et al, 2002; Barth
et al, 2003} and primary mediastinal B cell lymphoma (Rodig
et al, 2007; Weniger et al, 2007). NF-kB activity was reported in
a subgroup of PTCL NOS in a gene expression study and was
defined as an indicator of favourable prognosis (Martinez-
Delgado et al, 2005). We observed a tendency for superior
survival in patients with gains of REL. However, this did not
reach statistical significance (Fig 2B). This finding needs further
investigations in a larger cohort under a controlled clinical
setting. In the present study, three cases each also displayed
heterozygous deletions of 14q12-21 and 16q11-21 containing
the two NF-xB signalling factors NFKBIA and CYLD. Overall, a
total of 10 PTCL showed genomic imbalances affecting members
of the NF-kB pathway, of which nine cases also displayed
chromosomal aberrations containing cell cycle genes.

In conclusion, genomic aberrations detected in the present
study are largely in line with previous data and aberrant
genomic regions could be delineated to several candidate
genes. Gains and translocations of REL as well as expression of
REL protein were observed in a subgroup of PTCL. Several of
the candidate genes identified are involved in cell cycle control
or NF-kB signalling, which suggests that imbalances of both
may be important survival factors in subgroups of PTCL NOS.
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Burkitt-Lymphome (BL) sind durch die sogenannte ,Burkitt-Translokation” t(8;14)(q24;932))

bzw. deren Varianten t(8;22) und t(2;8) charakterisiert [60]. Diese kann in fast allen Burkitt-

Lymphomen, aber auch in anderen Lymphomen, z. B. DLBCL, nachgewiesen werden. Durch

die Translokation gerat der Transkriptionsfaktor MYC unter den Einfluss von

Immunglobulingenen und wird Uberexprimiert, wodurch die Proliferation der Zellen stark

angeregt wird. Zusétzlich fihrt die Uberexpression von MYC zur Stimulation von Apoptose-

Signalwegen [60], der durch weitere Aberrationen wie die Mutation des Apoptose-Genes

TP53 entgegen gewirkt werden kann. Im Vergleich zu DLBCL zeichnen sich BL durch geringe

genetische Komplexitat aus [3], wobei ein Grofteil der bisherigen Erkenntnisse auf

chromosomaler CGH bzw. aCGH basierte, die nur geringe Auflosung ermoglichen.

Ziel der Arbeit war es, mittels hochauflosender Kopienzahl-Analyse weitere sekundare

genetische Aberrationen in Burkitt-Lymphomen zu detektieren und deren Auswirkung auf

die Genexpression zu untersuchen. Im Rahmen dieser Studie wurden 39 molekular definierte

BL (mBL) [3] mittels Affymetrix SNP-Arrays untersucht. 30 Falle wurden dabei mit 500k-

Arrays (250k Sty + 250k Nsp) untersucht, neun weitere mit 250k-Sty-Arrays. Die Analyse der

SNP-Daten erfolgte mittels der in Abschnitt 1.4 beschriebenen Pipeline. Als euploide

Referenzen wurden 20 laboreigene Sty, zehn laboreigene Nsp-Arrays sowie 39 HapMap-Fille

verwendet. Fir die neun mit Sty-Arrays gemessenen Fille wurden die fehlenden Nsp-

Messwerte interpoliert, um eine gemeinsame Auswertung der Messungen zu gewahrleisten.

Die Kopienzahl-Analyse bestdtigte eine geringe genetische Komplexitdt flir einen Grolteil

der untersuchten mBLs. Bei 29 von 39 untersuchten Tumoren zeigten >95 % der Marker

normale Kopienzahl. Die Software GISTIC [37] wurde verwendet, um Regionen zu
selektieren, die rekurrent von Aberrationen betroffen waren. Dabei wurden 13 rekurrente

Zugewinne und 16 rekurrente Deletionen detektiert. Uberlappende Uniparentale Disomien

(UPD) konnten fiir Chromosom 1 und 17 sowie fir die Chromosomenarme 6p und 13q

gezeigt werden, wobei deren Rekurrenz mit circa 10 % jeweils gering war.

Fir alle 39 untersuchten Lymphomfalle lagen Genexpressionsmessungen mit Affymetrix

hgul33a-Arrays vor. Innerhalb der rekurrenten Regionen wurde untersucht, fiir welche Gene

sich ein signifikanter Gendosiseffekt zeigt. Nach Korrektur fir multiples Testen konnte fir

17,5% der Probesets in rekurrenten Regionen ein signifikanter Gendosiseffekt gezeigt

werden. Bei acht mBL-Fallen wurden insgesamt 32 High-Level-Amplifikationen detektiert. In

fiinf mBL-Fallen wurden homozygote Deletionen nachgewiesen, die nicht durch Kopienzahl-

Polymorphismen (CNP) erklart werden konnten. Insgesamt waren sechs Regionen betroffen,

wobei die Region Chr1:23538204-23657473 als einzige in zwei Fallen betroffen war. Diese

Region umfasst die Gene E2F2 und ID3. Im Rahmen des ICGC-Projektes Molecular

Mechanisms in Malignant Lymphoma by Sequencing (MMML-Seq) konnte inzwischen

gezeigt werden, dass ID3 in 68 % (36/53) der mBL-Fille mutiert ist [26]. Die Deaktivierung

von ID3 stellt daher vermutlich einen zentralen Mechanismus in der Entstehung von BL dar

[26, 38].
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ABSTRACT

Background
Knowledge about the genetic lesions that occur in Burkitt’s lymphoma, besides the pathogno-
monic /G-MYC translocations, is limited.

Design and Methods

Thirty-nine molecularly-defined Burkitt’s lymphomas were analyzed with high-resolution sin-
gle-nucleotide polymorphism chips for genomic imbalances and uniparental disomy:.
Imbalances were correlated to expression profiles and selected micro-RNA analysis.
Translocations affecting the AYC locus were studied by fluoresence i situ hybridization.

Results

We detected 528 copy number changes, defining 29 recurrently imbalanced regions. Five hun-
dred and eighteen regions of uniparental disomy were found, but these were rarely recurrent.
Combined imbalance mapping and expression profiling revealed a strong correlation between
copy number and expression. Several recurrent imbalances affected the MYC pathway: the
micro-RNA-supercluster 17-92 was frequently gained and the transcription factor E2F2 was
recurrently deleted. Molecular Burkitt’s lymphoma lacking MYC translocations showed AMYC
gains. Amplifications of the polymerase iota gene were associated with increased frequency of
positions scored as aberrant.

Conclusions

The present findings suggest that uniparental disomies do not play a major role in the patho-
genesis of Burkitt’s lymphoma, whereas some genes may contribute to the development of this
lymphoma through gene dosage effects. Amplifications of the polymerase iota gene may be
functionally linked with increased genomic alterations in Burkitt’s lymphoma. The pattern and
rarity of chromosomal changes detectable, even at the high resolution employed here, together
with aberrations of genes regulating MYC activity, support the hypothesis that deregulation of
the MYC pathway is the major force driving the pathogenesis of Burkitt’s lymphoma, but
show that this deregulation is more complex than previously known.

Key words: Burkitt's lymphoma, genomic imbalance, MYC, uniparental disomy.
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Introduction

Burkitt’s lymphoma (BL) is an aggressive mature B-cell
lymphoma. Left untreated, it is fatal within months. There
are three subtypes of BL: sporadic BL, mainly found in the
Western world, endemic BL, mostly found in tropical
Africa, and BL associated with immunosuppression.'
About 90% of patients with endemic BL and 30% of those
with sporadic BL are infected by Epstein-Barr virus (EBV),
suggesting a pathogenic role of the virus, although only
few viral genes are expressed in EBV* BL.”

The hallmark genetic lesion of BL is the so-called
“Burkitt translocation” t(8;14)(q24;q32) and its variants
t(8;22) and t(2;8), which juxtapose the A1YC oncogene to
one of the three immunoglobulin (/G)-loci.” One of these
Burkitt translocations is present in almost all cases of BL
investigated so far,” but is not specific because it is also
found in other lymphoma types.” /G locus-driven MYC
expression leads to strong proliferation signals, allowing
the cells to grow rapidly.” However, strong expression of
MYC also stimulates apoptotic pathways.” The BL clone
must, therefore, acquire additional lesions to disrupt this
signaling to benefit from the growth-enhancing effects of
MYC. Some of the additional mutations described so far
disrupt the p53-mediated pathway of apoptosis, by target-
ing TP53 itself or components of its signaling cascade,
allowing BL cells to evade external and internal death sig-
nals.” Compared to most other mature B-cell lymphomas,
BL is characterized by the rarity of chromosomal aberra-
tions secondary to the /G-MYC fusion. The most frequent
secondary changes in BL detected by conventional cytoge-
netics are gains in 1q and in chromosomes 7 and 12.°

The current knowledge on secondary chromosomal
changes in BL predominantly relies on analyses performed
by conventional cytogenetics and comparative genomic
hybridization (CGH) to chromosomes or low-resolution
arrays."” These techniques are not suitable for detecting
chromosomal imbalances at high-resolution and might,
therefore, have failed to detect pathogenically important
changes. Moreover, they are also not suitable for detecting
chromosomal changes not causing structural alterations,
such as uniparental disomies (UPD). UPD were recently
detected in various cancers’ and have been proposed to be
an alternative mechanism to down-regulate tumor sup-
pressor genes by duplication of inactivating mutations or
deletions on one allele."”" Finally, previous studies have
focused on cases not classified by gene expression. As we
recently showed, a considerable number of mature aggres-
sive B-cell lymphomas would have to be re-classified if
molecular signatures are applied.” We, therefore, per-
formed high-resolution single nucleotide polymorphism
(SNP) chip analysis on 39 sporadic BL cases collected by
the “Molecular Mechanisms of Malignant Lymphomas”
(MMML) consortium and defined as “molecular Burkitt’s
lymphoma (mBL)”.

Design and Methods

Collection and extraction of DNA

Biopsies were diagnosed by experienced pathologists from the
MMML consortium according to WHO criteria.' Five cases of BL
were used as “core” BL in the classification based on gene expres-
sion,” 29 were in the “atypical” group. A tumor cell content of at
least 70% was an inclusion criterion. Whole tissue DNA of tumor

| R. Scholtysik et al

sections was extracted with the QiaAmp DNA Blood Kit accord-
ing to the manufacturer’'s manual (Qiagen, Hilden, Germany).
Central approval for the MMML network was obtained through
the institutional review board of the University of Géttingen
(D403/05).

Single nucleotide polymorphism chips

All 39 samples were analyzed on 250k Sty GeneChips
(Affymetrix, Santa Clara, CA, USA), and 30 of these with enough
material were additionally hybridized to Nsp-chips for a combined
resolution of approximately 500k SNP. Each 250k GeneChip was
prepared and hybridized according to the Affymetrix manual. The
GeneChips were scanned by a GeneChip scanner 3000 with G7
update (Affymetrix). The sample files were genotyped with the
BRLMM-algorithm (see below). The SNP-chip files have been sub-
mitted to the GEO database under accession number GSE21597.

Genotyping and copy number analysis

The BRLMM algorithm'? was applied with default parameters
(score threshold=0.5, prior size=10000 and DM threshold=0.17) to
genotype mBL and 63 non-mBL tumor samples (unpublished data)
using 89 Hapmap samples provided by Affymetrix
(hutp:/Nosos.affymetrix.com/support/technical/sample_data/500k_data.a
ffx) as a reference. The reference set was complemented by 20 lab-
oratory-specific reference samples (11 female, 9 male) for the Sty
array and 10 (6 female, 4 male) for the Nsp array. We supplement-
ed the Hapmap samples with laboratory-specific samples because
the Copy Number Analyzer for GeneChips (CNAG) software
selects the reference samples that minimize the signal variance, so
that a larger collection of references results in a lower "noise", and
the laboratory-specific references should better eliminate a labora-
tory-specific signature. Median call rates of the mBL tumor sam-
ples were 96.23% and 98.96% [or Sty- and Nsp-arrays, respective-
ly (range, 90.44-98.63% and 90.26-99.65%).

Copy number analysis was performed using the CNAG pro-
gram v2.0," employing the same reference samples as for geno-
typing. CNAG was configured to select an optimal gender-specific
reference set individually for each array.” This resulted in selection
of 97.6% of the laboratory-specific references for Sty-arrays and
81.6% for Nsp-arrays. The lower proportion for Nsp possibly
reflects the lower number of references for the Nsp-samples, giv-
ing the software less variance in references to choose from. For
samples with Sty and Nsp arrays available, data from both chips
were combined. Segmentation of raw copy number data was per-
formed using the hidden Markov model (HMM) approach provid-
ed by CNAG.

HMM parameters were adjusted individually for each array to
adapt the segmentation to differences in hybridization quality and
tumor cell content of the analyzed samples. Starting with default
parameters, the mean levels of HMM states were adjusted to opti-
mize the segmentation results, i.e. to avoid missing clearly aber-
rant regions, as well as to prevent frequent successive alternation
between neighboring HMM states.

With regard to outliers and technical artifacts, HMM segments
were considered as copy number aberration only if they consisted
of at least five consecutive imbalanced SNP. A preliminary analysis
with a more stringent limit of ten consecutive SNP resulted in the
identification of the same 33 recurrent regions, and only in small
shifts in the borders of six of these regions (see Genomic
Identification of Significant Targets in Cancer [GISTIC] analysis),
due to exclusion of one imbalanced case for each of these six
regions. This shows the robustness of the approach. High level
amplifications were defined as aberrations with an HMM copy
number of at least five, homozygous deletions as aberrations with
a copy number of zero.

. haematologica | 2010; 95(12)
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For the chromosome X in males (except for pseudo-autosomal
region 1), interpretation of log: ratios had to be adjusted with
respect to the gender-specific (single copy) reference. Therefore,
segments with an estimated HMM copy number of one to three
copies were assumed to be normal (copy number n=1). Segments
with an estimated copy number of at least four were selected as
copy number gains and segments with an estimated copy number
of zero as losses.

Loss of heterozygosity and uniparental disomy analysis

An HMM-based method" implemented in the dChip pro-
gram''® (Build date: Apr 11, 2007) was used to infer regions with
loss of heterozygosity (LOH). The “HMM considering haplotype”
(LD-HMM)* method was selected for the LOH calculations to
account for linkage disequilibrium-induced SNP dependencies.
The LOH call threshold was set at 0.99, applying an empirical hap-
lotype correction.'* Thus, putative LOH regions were excluded if
there was 95% concordance of the homozygous genotypes of the
candidate LOH region with respective regions of more than 5% of
the reference samples. For samples for which both Sty and Nsp
arrays were available, the combined Sty/Nsp set of 39 Affymetrix
Hapmap samples was used as the normal reference set. The com-
plete set of Sty reference arrays was selected as the reference for
tumor samples without Nsp array data.

LOH regions were called UPD if no copy number aberrations
were present in the region. In LOH regions partially affected by
copy number aberrations, subregions without copy number aber-
rations were classified as UPD if they comprised 50 or more neigh-
boring SNP.

Test for recurrence using Genomic Identification
of Significant Targets in Cancer

For each imbalance detected by CNAG, the mean log: ratio
was determined. For gains and losses, the segment level was set
to 0.1 and -0.1 if the mean log: ratio was less than 0.1 or greater
than -0.1, respectively. The segment level of balanced regions was
set to 0. Using these segment values we selected recurrent gains
and losses using GISTIC with standard parameters and thresh-
olds.”” Regions with known copy number polymorphisms were
filtered by GISTIC using the Database of Genomic Variants
(Version: June 2008)." Each recurrent aberration identified by GIS-
TIC was represented by a region with the highest G-score (peak
region) and a robustified wide peak region."” If the majority of the
markers showed a concordant copy number status for the peak or
the wide peak region, the respective region in each of the affected
cases was classified as present.

Correlation of copy number and gene expression

We compared the mRNA expression level of genes within a
recurrent region detected by GISTIC between cases with aberrant
and balanced genomic status using Student’s t-test, employing
Hg17 (NCBI Build 35) for annotation, considering only regions

with more than two contributing samples. Gene expression pro-
files of BL have been published.” Due to the small sample size we
combined gains and high level amplifications. Adjustment for mul-
tiple testing within each recurrent region was performed with the
step-down minP method implemented in the R-package multtest'”
using a family wise error rate of 5%.”

RNA extraction, reverse transcription and real-time
polymerase chain reaction quantification of micro-RNA

RNA extraction, reverse transcription and real-time polymerase
chain reaction (PCR) quantification were performed as described
previously.” Briefly, the RecoverAll kit (Ambion, Austin, Texas,
USA) was used for RNA-extraction from four 20 pm sections of
formalin-fixed, paraffin-embedded tissues. The TagMan® univer-
sal PCR master mix, No AmpErase® UNG-kit and the TagMan®
microRNA (miRNA) reverse transcription kit from Applied
Biosystems (Foster City, California, USA) were used for cDNA
synthesis and quantitative PCR. The reactions were performed in
a 384-well format for 377 different miRNA (U6 in quadruplicate
and miR16 in quintuplicate). The profiles were measured on the
LightCycler® 480 instrument (Roche, Basel, Switzerland). To nor-
malize the obtained raw CT values, we shifted the values of each
sample such that the means of the probes of U6 and miR-16 were
constant across all samples. That constant was chosen to be the
mean of the means of U6 and miR-16.

Results

We generated 250k Sty SNP chips from 39 mature,
aggressive B-cell lymphomas that had an mBL index =0.95
according to gene expression. For 30 of the tumors addi-
tional 250k Nsp chips were generated for a combined
interrogation of 500k SNP, employing a resolution not pre-
viously attained for BL. Thirty-five of 38 evaluated tumors
had an /G-MYC translocation detectable by fluorescence
in situ hybridization (FISH).*** Histological diagnoses by
experienced pathologists did not always agree with the
gene expression signature of mBL, with the series encom-
passing 27 BL, 6 centroblastic diffuse large B-cell lym-
phomas (DLBCL), one follicular lymphoma grade 3b, and
5 unclassifiable lymphomas. Twenty-four patients were
16 years or younger at the time of diagnosis.

As signals from single SNP probes are rather noisy, we
only considered aberrations detected by at least five con-
secutive SNP for copy number analysis, resulting in a
median detection window size of 33.8 kb and 16.6 kb for
250k and 500k arrays, respectively. Overall, the analysis
detected 484 gains, 388 losses and 518 UPD before filter-
ing for known copy number variations, combining the
datasets from both arrays. Filtering left 308 gains and 220
losses that had less than 50% marker overlap with anno-

Table 1. Overview of the aberrations found in 39 cases of BL, after filtering for copy number polymorphisms.

9 BL (Sty chips, 250k)

30 BL (Sty+Nsp chips, 500K) Al 39 BL

Total Mean Median Total Mean Median Median size (bp)
Copy number changes 93 103 6 43 14. 8. 23,233
- Gains 63 7 3 245 82 1 362,547
- Losses 30 33 3 190 6.3 25 1041,924
Uniparental disomies 58 6.4 1 460 15.3 145 770,662

A region was defined as aberrant if the HMM assigned a concordant copy number other than two to at least five consecutive SNPFiltering for copy number polymorphisms was
done using the Database of Genomic Variants (Version: June 2008).% As no corresponding germline DNA was available, UPD were detected by a statistical approach. The smallest

detected aberration was a gain of 886 bases.

haematologica | 2010; 95(12)

2049 l

78



tated copy number polymorphisms (Table 1, Figure 1). Of
these, 32 were high level amplifications and 6 were
homozygous deletions (Online Supplementary Tables S1 and
S2). Concerning the size of the copy number changes, the
smallest aberrant region was 886 bases long and the medi-
an size was 522,475 bases (Table 1). The fraction of SNP
detected in the normal copy number state of two was cal-
culated to be more than 99% for 15 of the 39 tumors, and
more than 95% for an additional 14 samples.

After filtering, data processing and testing for recurrent
events, we detected 13 gains and 16 losses passing the sig-
nificance threshold given by GISTIC (Tables 2 and 3;
Ounline Supplementary Figure S1; complete annotation of
genes in Online Supplementary Tables S3 and S4). It was not
possible to calculate recurrence for UPD, as the tumors
had too few overlapping UPD to reach a meaningful
threshold. Regions with at least a few overlapping broad
UPD encompass major parts of both arms of chromo-
somes 1 and 17, and the chromosomal arms 6p and 13q
(Figure 1). The highest recurrence in gains (peak limit
region aberrant in =7 cases) was detected for 1q25.1,
1q31.3, 3q27.2, 6q15, 11q24.3, and 13q31.3 (Table 2). The
most frequent regions for losses of genetic material (peak
limit region aberrant in =6 cases) were 3q13.13, 17p13.1,
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19q13.42 and Xp22.33 (Table 3). A recent conventional
CGH study which also employed a molecular definition
of BL,” also described gains on 1q, 8q24-ter and 13q31-q32,
and a recurrent loss on 17p (Tables 2 and 3).

Some regions contained genes with already known rel-
evance for BL or cancer in general. For example, the gains
at 3q27.3 (7 cases) always involved BCLé. Although a
deregulation by translocation for this oncogene was
described for large B-cell lymphomas,” none of the affect-
ed BL samples showed a translocation detectable by FISH.”
Increased expression of BCL6 was seen in affected cases
(Figure 2B). Thus, BCL6 might be up-regulated solely by
genomic gains in BL. Deleted regions involving or near
previously known tumor suppressors were 9p21.3 (in only
2 cases) and 17p13.1, as these regions harbor CDKN2B
and TP53, respectively, two well described tumor suppres-
sor genes in BL.”* While the recurrent loss on 9p21.3 nar-
rowed exactly down to the CDKN2B gene, the target in
the region 17p13.1 is unclear: four cases had lost one copy
of the entire arm of chromosome 17, thereby deleting a
copy of TP53. We also detected a partial UPD overlapping
with the entire chromosomal region in three further cases.
However, three additional cases had smaller heterozygous
deletions, approximately 2 Mb away from the TP53 gene,

16 18 20 22

Figure 1. Proportion of gains,
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Table 2. Recurrent gains in 39 BL as defined by GISTIC.
Cytoband g¢-value' Wide peak’ Peak limit? N. N. Selected
wide peak  peak limit genes’
1g25.1 6.38E-06 chr1:166 155 454-171 863 618 chrl:171 851 737-171 863 618 10 10 FASLG
1g31.3 7.93E-06 chrl:195 253 751-195 672 280 chrl:195 369 624-195 638 957 12 13 PTPRC
3q27.3 0.058 chr3:188 956 472-189 175 357 chr3:189 056 204-189 167 011 6 7 BCL6
6q15 0.095 chr6:91 249 512-91 370 379 chr6:91 269 731-91 295 723 6 7 MAP3K7
122 0.12 chr7:49 995 112-50 127 527 chr7:49 995 112-50 127 527 6 6 IKZFI
Tq34 0.11 chr7:141 162 879-142 244 396 chr7:141 162 879-142 244 396 6 6
8q24.13 0.16 chr8:121 784 261-129 821 355 chr8:126 106 216-126 249 512 4 5 mye
11q23.3 0.11 chrl1:115 828 212-118 580 638 chrl1:117 008 605-118 321 365 3 3
11q24.3 0.012 chrl1:127 825 348-127 931 093 chrl1:127 825 348-127 919 072 9 9 ETS1
12q15 0.0051 chr12:61 724 591-82 263 925 chr12:67 278 531-68 393 145 3 4
12q24.33 0.19 chr12:128 465 362-132 449 811 chr12:131 860 026-132 008 369 2 3
13¢31.3 1.16E-05 chr13:90 362 259-90 843 579 chr13:90 766 137-90 811 413 7 7 hsa-mir-17-92
18¢21.2 T.75E-05 chr18:49 301 605-55 260 237 chr18:49 999 396-53 164 071 2 3 POLI

'significance as reported by GISTIC; *for the meaning of different regions see the Design and Methods section; *for a complete list of all annotated genes see Online

Supplementary Table S3.
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each including STXS8, USP43 and WDR16 as the only
annotated genes. In our gene expression data, only STX8
is represented on the chip and is significantly down-regu-
lated in cases with deletion (Figure 2A). Deletions involv-
ing 13q14.3 and/or 13q34 were recently observed by FISH
in over 40% of childhood BL.” We, however, detected a
recurrent loss centered at 13q32 only in 3/39 (7.7 %) cases.

Concerning MYC, we detected a recurrent gain in five
cases at 8q24.13, the location of this gene. Notably, the
expression of MYC is not significantly different between
cases with the respective gain and cases with an /G-MYC
translocation, which is known to cause strong MYC over-
expression (Figure 2A). It is interesting that three out of 39
BL cases had no detectable AMYC translocation in FISH,"*
although this does not exclude cryptic insertions of MYC
into an /G locus or vice versa. Nevertheless, they were
scored as mBL by gene expression.” Two of these are
among the cases with /YC gain.

The gain in 1q31.3, found in 13 cases, contained the
gene PTPRC, a regulator of B-cell receptor and cytokine
signaling,” and two annotated miRNA genes (hsa-mir-
181b-1 and -213). The high recurrence of this gain hints at
its importance for the tumor. Because the gene expression
data showed no significant up-regulation of PTPRC in
affected cases, and the gains often involved not the com-
plete coding sequence of this gene (data not shown), the
miRNA genes are strong target candidates.

The region gained on 13q31.3 in seven BL harbored the
miRNA-17-92 supercluster. Only one of these cases
showed a high level amplification at this location. For
some of the BL analyzed (but not for the single case show-
ing the amplification), miRNA expression profiles for their
mature forms were recorded. The miRNA contained in
the supercluster were consistently expressed at higher lev-
els in cases with the respective gain (Online Supplementary
Table S5), though this failed to be statistically significant
after correcting for multiple testing. Three cases harbored

Table 3. Recurrent losses in 39 cases of BL as defined by GISTIC.

losses at 1p36.12 (and 4 further cases had large UPD
involving the same region) which contained the gene
:2[2, a transcription factor that binds to the promoter of
the miRNA-17-92 cluster.

Three BL showed a high level amplification of 18q21.2.
Remarkably, these three are first, third and seventh in a
ranked list of all 39 BL ordered according to the proportion
of aberrant SNP (Figure 3). The gene expression data for
this region (Online Supplementary Figure S2) show that the
POLI gene was significantly up-regulated, as were three
other genes with unclear relevance.

Using expression data available for all BL,” we compared
the expression of genes in a recurrent region in cases with
an aberration detected by SNP-chip to cases without the
respective aberration, to pinpoint gene dosage effects of
possible oncogenes or tumor suppressors, if present. Some
exemplary regions are shown in Figure 2. We detected a
clear concordant effect of copy number on expression
strength: a gain led preferentially to a stronger expression
of a large fraction of gained genes, with 12 of 108 probe-
sets even reaching statistical significance after correction
for multiple testing (and not a single significantly down-
regulated gene). Likewise, the majority of genes in a het-
erozygously lost region displayed reduced expression (52
of 258 probe-sets significant after correction, 2 inversely
correlated). A statistically significant positive correlation
was, therefore, detected in 17.5% of all probe-sets in aber-
rant regions.

Discussion

Cytogenetic and low-resolution CGH studies previously
performed on BL revealed few consistent genomic imbal-
ances.”” A caveat regarding these studies was the defini-
tion of BL on non-molecular grounds. These earlier studies
probably included unrecognized molecular DLBCL in their

oband  ¢-value' Wide peak? Peak limit? N. N. Selected
wide peak peak limit genes®

1p36.12 0.014 chr1:23,457,835-23,714,048 chr1:23,535,005-23,673,234 2 3 E2F2
3pla2 015  chr3:60,396,160-60,637,030 chr3:60,452,472-60,580,245 3 3 FHIT
3q13.13 0.085 chr3:110,456,383-110,657,226 chr3:110,482,177-110,611,242 6 6 DPPA4, DPPA2
4p15.32 0.15 chr4:17,969,802-29,966,659 chr4:17,991,350-18,456,461 8 1
6q14.3 0.094 chr6:76,830,186-107,898,353 chr6:78,151,877-96,248,104 4 4
q22 015 chrT:66,573,850-67,281,794 chr:66,810,706-67,240,659 5 5
10p11.21 0.22 chrl10:36,983,732-37,133,784 chr10:37,007,511-37,106,346 3 3
11q24.3 0.085 chr11:122,263,650-134,452,384 chr11:126,328,752-132,876,984 4 5
13¢33.2 0.20 chr13:96,008,275-114,142,980 chr13:96,913,194-112,193,013 3 3
17p13.1 0.014 chr17:9,125,548-9,654,733 chr17:9,125,548-9,598 824 7 7 STX8, TP53
18p11.23 0.094 chrl8:7,079,886-7,359,571 chr18:7,125,227-7,359,571 5 5
18q22.3 0.15 chr18:55,355,976-76,117,153 chr18:55,355,976-76,117,153 3 3
19q13.42 0.085 chr19:58,746,599-59,029,391 chr19:58,758,793-58,990,786 6 6
20q13.2 0.094 ¢chr20:49,856,082-50,168,587 chr20:49,958,057-50,144,808 5 5
Xp22.33 0.0042 chrX:1-1,499,465 chrX:1-1,499 465 b 8
Xpll3 0.085 chrX:1-154,824,264 chrX:46,975,370-47,150,005 3 3

'significance as reported by GISTIC; *for the meaning of different regions, see the Design and Methods section; *for a complete list of all annotated genes, see Online

Supplementary Table S4.
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BL set, which contributed changes that newer studies do %

not recognize in mBL. The single high-resolution oligonu- £

cleotide array-CGH analysis in BL included, besides cell £ s

lines, only 13 primary tumors which were analyzed bya £ .

44k array,” limiting resolution and sensitivity. ® )
Furthermore, lymphomas were selected as BL based only g 1o

on histological diagnosis.” In our approach using molecu- £ Nl
larly-defined BL, we detected several of the aberrations 8 5 M

that this paper found in only one to three histological BL. & Lol I } H

In most case we were able (due to the larger number of Uiy ey ey
samples and the higher resolution) to set narrower limits 1.3 57 9111315171921 23 2527 2931 333537 39

to these regions and confirm them as recurrent events in Index position

primary tumors.

Concerning our published CGH analysis,”” at a resolu-
tion of 3000 probes of a subset of cases also analyzed here,
we note a good concordance between the two methods.
As expected, the SNP analysis detected multiple additional
aberrations that the CGH could not detect because of res-

Figure 3. Correlation of the recurrent gain at chri8 involving POL/
and the proportion of aberrant SNP. In a list ordered according to the
proportion of aberrant SNP detected (y-axis), the three cases with an
amplification involving POLI rank first, third and seventh (columns
marked in black; P=0.0035 in a Mann-Whitney U test).
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Figure 2. Gene dosage effects for genes in recurrently imbalanced regions. Green: reduced expression; red: stronger expression. The differ-
ence in expression between aberrant and non-aberrant cases is displayed on a log-scale. For all regions analyzed except 7q34, a clear gene
dosage effect is visible. Gene names marked in red indicate significant differences in expression after correcting for multiple testing. (A)
whole recurrently aberrant regions depicted; (B) single genes of interest out of a larger region.
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olution constraints, but the raw signal values for the CGH
clones gave the correct tendency for each aberration
detected with SNP chips (unpublished data). Regarding high
level amplifications and homozygous losses before filter-
ing for copy number polymorphisms, 22 concordant
regions were identified with both platforms. Importantly,
however, 35 additional imbalances were only seen with
the SNP-chips as the respective regions were not covered
on the CGH-array, and in ten further instances of imbal-
ances detected by SNP-chip analysis, CGH signals classi-
fied the regions as balanced.

Regarding the extent of genomic lesions in BL as com-
pared to in other aggressive lymphomas, e.g. DLBCL, a
direct comparison is currently not possible due to lack of
data  from identical high-resolution platforms.
Nevertheless, an array CGH study with 3000 BAC clones
detected a median of 8.5 copy number changes for
DLBCL,” while, with our higher resolutions, the median
copy number changes we found in BL was 6.0 with the
250k array and 8.5 with the 500k array (Table 1). Recent
publications on comparable high-resolution SNP-chip
approaches to mostly solid tumors reported more copy
number changes per case (e.g. a median of 12 losses and
12 gains; although it should be considered that a change of
>0.1 copies was already considered aberrant in one of
these studies).”” We, therefore, confirm that BL has a rel-
atively stable genome.

An important advantage of the SNP chip method com-
pared to CGH is the former’s ability to detect UPD, with
the caveat that the exact detection of these disomies was
hampered in this study as no normal tissue DNA was
available for germline comparison. Nevertheless, using a
statistical approach, robust pinpointing of larger stretches
of LOH is possible. In several tumors, UPD are an addi-
tional way to inactivate tumor suppressor genes,”'’ beside
deletions and/or mutations. Thus, the integration of losses
and UPD may allow better detection of new candidate
tumor suppressors. Instead, we show that in BL there is
little congruency between UPD and regions recurrently
lost and no strong accumulation of UPD in specific regions
(Figure 1), suggesting that UPD do not play a major role in
BL. Nevertheless, the few UPD detected here may still be
of functional relevance in the affected cases, as exempli-
fied for TP53, for which cases with UPD were found
besides cases with deletions.

Regarding the differential gene expression analysis, we
detected a clear gene dosage effect for the recurrently
aberrant regions (Figure 2). The only exception to this is
the recurrent gain at 7q34, which includes nine genes, but
not a single one with a strong dosage effect. This under-
lines that the gain and loss of genetic material can be a
potent mechanism to deregulate certain genes in BL, in
line with the results of a recent study comparing array-
CGH data with gene expression levels.’

Four cases that had a large deletion on chromosome 17
retained only a single copy of TP53, encoding the p53
tumor suppressor. These four cases showed lower TP53
gene expression compared with the 35 unaffected cases
(Figure 2B). Notably, three further cases showed UPD
encompassing TP53, suggesting that these events may also
have pathogenic relevance. Indeed, two of two cases with
deletion and two of two cases with UPD that were
sequenced had inactivating TP53 mutations (data not
shown). The exact target of smaller deletions on chromo-
some 17 in three additional cases was more ambiguous:

haematologica | 2010; 95(12) l

the deletion was approximately 2 Mb away from 7P53
and included three annotated genes (STXS, USP43 and
WDR16) that were heterozygously lost in each affected
case. However, as none of these genes shows differential
expression between B-cell subsets (data not shown) and
there were no previous reports about their functional
involvement in cancer, the relevance of these deletions is
unclear.

A significantly up-regulated gene in the amplified region
18q21.2, POLI, codes for DNA polymerase iota which
plays a role as an error-prone polymerase in somatic
hypermutation” and some forms of DNA-damage
response.” We speculate that over-expression of POLI
shifted the balance of DNA repair to more error-prone
repairs, which would explain the high percentage of aber-
rant SNP detected in these cases (Figure 3). The expression
of POLI was also positively correlated with an increased
percentage of aberrant SNP in our set of tumors
(Spearman’s correlation=0.3; P=0.06). In breast cancer
cells, a higher amount of POLI leads to a higher mutation
burden,” suggesting a similar role in BL. A recent study in
mice actually implicated POLI as a new oncogene in a col-
orectal cancer model.”

We found that the MYC gene was not only targeted by
translocation events, but additionally by gains of genetic
material in five of the 39 BL. The gene expression was not
different in mBL with the gain, but this is explainable by
the fact that, to become a mBL, the up-regulation of MYC
is obligatory.” Indeed, we identified three mBL that had no
detectable MYC translocation by FISH (* and data not
shown), but two of these showed a low-level gain includ-
ing MYC. These cases were nevertheless classified as
mBL.* The most frequent deregulation of MYC is, there-
fore, by translocation to another enhancer (such as /G-
MYC), but we suppose that the gain of genomic material
is an additional mechanism by which the expression of
this important driver gene can be increased. The three BL
with a gain in addition to the translocation probably rep-
resent unbalanced translocation events. For the remaining
single case without translocation and without gain, the
mechanism of deregulation is unknown. TP53 deletions,
which may hamper the pro-apoptotic activity of MYC,
were not specifically associated with BL harboring MYC
gains.

Regarding MYC deregulation, gain of the miRNA-17-92
supercluster in seven cases is of note, because it is directly
transactivated by MYC.” This cluster has been shown to
be frequently over-expressed in several types of solid
tumors” and also B-cell malignancies,” in which it is also
often amplified.” Over-expression of this cluster in mouse
lymphocytes reduces apoptosis and accelerates lym-
phoma development,” defining it as an oncogene.”** In
addition, it was recently shown that these miRNA act syn-
ergistically with MYC in the development of aggressive
cancer.” They provide the tumor with a means to counter-
act activation-induced apoptosis caused by the high MYC
expression in BL, by reducing the expression of tumor sup-
pressor genes, for example TGFBR2,” BIM and PTEN.**

The miRNA-17-92 supercluster is controlled by an
autoregulatory loop with E2F-family proteins.” In our
series, three cases had heterozygous deletion of the F2F2
gene on 1p36.12, which directly binds the promoter of the
supercluster and increases its expression. The three cases
with £2F2 deletion had lower mRNA levels of the gene
than the other cases, although the difference did not reach
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statistical significance (data not shown). The deletion of a
positive regulator of the miRNA cluster at first seems coun-
terintuitive, as other cases in our series had specifically
amplified miRNA polycistron, hence over-expression of
these miRNA seems to be advantageous for the clone.
Besides regulating the miRNA cluster 17-92, E2F2 thus pre-
sumably has other effects on the tumor which promoted
the deletion. It was indeed shown that £2F2 functions as a
tumor suppressor in B cells of mice over-expressing MYC.*
The mice with heterozygous E2F2 deletions show strong

ously thought.

haploinsufficiency, resulting in accelerated development of
MYC-driven B-cell lymphomas, suggesting that also in

human BL, the heterozygous losses could have a strong

effect on the tumor clone. We thus propose that the het-

erozygous deletion of £2F2 would indeed tend to decrease
the expression of the miRNA-17-92 supercluster, but this
potential down-regulation is overcompensated in BL by the
high amount of MYC, a direct transactivator of this super-
cluster. In this way, the tumor can benefit from the remain-
ing effects of reduced £2F2 discussed above. In our dataset,
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Das diffus groRzellige B-Zell-Lymphom (DLBCL) ist eine heterogene Erkrankung [14]. Mittels

Genexpressionsanalysen konnten verschiedene molekulare Subgruppen identifiziert werden

[1], die sich teilweise prognostisch unterscheiden [44]. Die Inzidenz von DLBCL steigt mit

zunehmendem Alter stark an [13]. Bei erwachsenen Patienten sind DLBCL die haufigste

Lymphomerkrankung und machen circa 30—40 % aller Non-Hodgkin-Lymphome aus [61]. Bei

Kindern und Jugendlichen treten sie seltener auf. Fir Kinder und Jugendliche bis zu einem

Alter von 18 Jahren erfolgt die Therapie nach Protokollen der padiatrischen Lymphom-

Studiengruppen. Die verwendeten Behandlungsprotokolle fir erwachsene Patienten

unterscheiden sich recht deutlich von den padiatrischen. Zusatzlich erfolgt bei adulten

Patienten noch eine Einteilung in Patienten <60 und >60 Jahren entsprechend dem

International Prognostic Index (IPI) [62]. Das Alter bei Erkrankung ist ein starker

prognostischer Faktor bei DLCBL, wobei ein hoéheres Erkrankungsalter prognostisch

unglnstig ist [62]. Daruber hinaus gibt es Hinweise auf molekulargenetische Unterschiede
zwischen padiatrischen und adulten DLBCL. Padiatrische DLBCL sind im Wesentlichen vom

Typ GCB und zeigen zentroblastische Morphologie. t(14;18)-Translokationen und hohe

Proteinexpression von BCL2 und MUM!1 treten hingegen selten auf.

Im Rahmen der Studie wurden 364 DLBCL aus dem gesamten Altersspektrum molekular-

genetisch charakterisiert. Im Gegensatz zu den vorhergehenden Publikationen stand nicht

die Detektion der genetischen Aberrationen im Mittelpunkt, sondern die Analyse der

Inzidenz ihres Auftretens bei DLBCL in Abhangigkeit des Erkrankungsalters. Der Grof3teil aller

molekulargenetischen Studien bei DLBCL erfolgte aufgrund der altersabhangigen Inzidenz

der Erkrankung ausschlieBlich an adulten Patienten. Daher war Ziel der Studie zu prifen, ob
sich padiatrische und adulte DLBCL molekulargenetisch unterscheiden lassen und ob es

Hinweise auf plausible Altersgrenzen fiir die Einteilung der Patienten gibt.

Mittels logistischer Regressionsanalyse konnte gezeigt werden, dass Zugewinne der

Chromosomenregionen 121, 18921, 7p22 und 7921 sowie Translokationen und Zugewinne

des BCL6-Genlocus (3927) mit hoherem Erkrankungsalter assoziiert sind. Zusatzlich treten

der ABC-Subtyp und die hohe Proteinexpression von BCL2 in dlteren Patienten gehauft auf.

IRF4-Translokationen treten gehauft bei padiatrischen Patienten auf. Allerdings handelt es

sich bei Lymphomen mit /IRF4-Bruch vermutlich um eine eigene Krankheitsentitat [24].

Mittels Poisson-Regression konnte gezeigt werden, dass die genetische Komplexitat, d. h. die

Anzahl der aufgetretenen genetischen Aberrationen, mit zunehmendem Erkrankungsalter

ansteigt. Die Analyse der klinischen Daten ergab fiir ABC-Subtyp und BCL2-

Proteinexpression, trotz Adjustierung fir das Erkrankungsalter, eine prognostische

Bedeutung.

Die Regressionsanalysen zeigen einen kontinuierlichen Anstieg der genetischen Komplexitat

und der altersassoziierten Marker. Hinweise auf eine feste Altersgrenze ergaben sich nicht.

Stattdessen deutet der kontinuierliche Anstieg der genetischen Komplexitat auf ein

Tumorevolutionsmodell hin, bei dem genetische Aberrationen Ulber die Zeit aggregiert

werden.
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Patient age at diagnosis is associated with the molecular characteristics of diffuse

large B-cell lymphoma
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Diffuse large B-cell lymphoma is the most
frequent type of B-cell lymphoma in adult
patients but also occurs in children.
Patients are currently assigned to
therapy regimens based on arbitrarily
chosen age limits only (eg, 18 or
60 years) and not biologically justified
limits. A total of 364 diffuse large B-cell
lymphomas and related mature aggres-
sive B-cell lymphomas other than Burkitt
lymphoma from all age groups were
analyzed by comprehensive molecular
profiling. The probability of several bio-

logic features previously reported to be
associated with poor prognosis in dif-
fuse large B-cell lymphoma, such as
ABC subtype, BCL2 expression, or cyto-
genetic complexity, increases with age
at diagnosis. Similarly, various genetic
features, such as /IRF4 translocations,
gains in 1921, 18921, 7p22, and 7921, as
well as changes in 3927, including gains
and translocations affecting the BCL6
locus, are significantly associated with
patient age, but no cut-offs between age
groups could be defined. If age was

incorporated in multivariate analyses,
genetic complexity lost its prognostic
significance, whereas the prognostic im-
pact of ABC subtype and age were addi-
tive. Our data indicate that aging is a
major determinant of lymphoma biol-
ogy. They challenge current concepts
regarding both prognostic biomarkers
and treatment stratification based on
strict age cut-offs. (Blood. 2012;119(8):
1882-1887)

Introduction

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous
disease composed of different histopathologic and genetic sub-
types.! Moreover, gene expression profiling has identified several
molecular subgroups, of which the activated (ABC) and germinal
center (GCB) subtypes of DLBCL are clinically the most rel-
evant.® Several studies have shown that the GCB subtype is
associated with a more favorable prognosis than the ABC sub-
type.* Additional molecular biomarkers for prognosis have been
identified, including BCL2 protein expression,® chromosomal
aberrations,”” and genetic complexity.'® However, these biomark-
ers for DLBCL were established almost exclusively for lymphomas
in adults. Studies investigating biomarkers usually incorporated
age as part of the clinical International Prognostic Index (IPI)
because age is the strongest predictor of outcome in DLBCL. In the
IPI, age is used as a dichotomous variable with a cut-off at 60 years
at diagnosis and higher age being an unfavorable risk factor.!
DLBCL accounts for approximately 30% of adult lymphomas
and 10% of lymphomas diagnosed before the age of 18 years.” In
clinical practice, children and adolescents up to the age of 18 years
are usually treated according to protocols of pediatric lymphoma
study groups, whereas patients older than 18 years are treated

according to protocols of adult lymphoma study groups.!2 Over the
past decades, chemotherapy strategies in pediatric and adult
DLBCL study groups have developed very differently, making a
direct comparison of clinical results difficult.'!> Nevertheless. the
clinical outcome of DLBCL in children is much better than in
adults.!>13 The treatment outcome has been greatly improved in
adult patients by adding rituximab to CHOP-like regimens (cyclo-
phosphamide, anthracyclines like doxorubicin, vincristine, and
prednisolone every 21 or 14 days).'* The resulting survival rates for
low-risk adult patients (who are predominantly young) are compa-
rable with those for pediatric patients.!” The latter, however, are
treated completely differently, with pediatric regimens, which are
short, 5- to 6-day dose-intense courses, including steroids, vincris-
tine, high-dose methotrexate, cyclophosphamide or ifosfamide,
doxorubicin, cytarabine, etoposide, and intrathecal therapy for
some risk groups.'®17

Although the favorable prognosis of childhood and young adult
DLBCL may be in part the result of the differences in the treatment
protocols or so far unknown host factors, several lines of evidence
suggest that DLBCLs in children differ biologically from their
adult counterparts: (1) pediatric DLBCLs are almost exclusively of
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the centroblastic subtype: (2)in childhood, primarily the GCB
subtype of DLBCL is observed; (3) the chromosomal translocation
t(14;18) involving the BCL2 gene, which is present in 20% to 30%
of adult DLBCL of GCB subtype, is virtually absent before the age
of 18 years; and (4) BCL2 or IRE4/MUMI protein expression is
found less frequently in children than adults.'®1? Overall, DLBCL
in children seems to be molecularly more homogeneous than in
adults, supporting the hypothesis of an age-dependent pathogenesis
and biology. However, the age cut-off of 18 years used in clinical
practice seems rather arbitrary and does not reflect DLBCL
biology. 2

In line with the incidence pattern of DLBCL, all large profiling
studies published so far on this lymphoma have focused on adult
and elderly patients and contain hardly any young adult or even
pediatric patients. Thus, they do not allow us to conclude reliably
whether differences in treatment strategies. host characteristics, or
tumor biology are key to the strong association between age and
prognosis. Therefore, we performed a comprehensive molecular
characterization of DLBCL covering all age groups to determine
possible age cut-offs (eg. between pediatric and adult DLBCL),
which might serve as a biologic basis for assigning patients to
treatment regimens.

Methods
Study population

From a cohort of 742 samples from the network project Molecular
Mechanisms in Malignant Lymphoma (MMML), 364 cases with DLLBCL
and related mature aggressive B-cell lymphomas other than Burkitt
lymphoma were entered into this study based on a selection algorithm
outlined in supplemental Figure 1 (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). All biopsy
specimens were evaluated by a panel of hematopathologists according to
the WHO lymphoma classification! by a process of independent analysis on
single microscopes followed by discussion at a multihead microscope to
find a consensus for discrepant cases, as recently described.’ All cases were
part of previous publications with a different focus.’2! The study cohort
included the histopathologic diagnosis DLBCL, DLBCL in combination
with a follicular lymphoma, atypical Burkitt lymphoma, and aggressive
mature B-cell lymphoma not otherwise specified. Molecularly defined
Burkitt lymphomas were excluded (see supplemental Figure 1 for case
selection). All biopsy specimens obtained at relapse were excluded.
Supplemental Table 1 and supplemental Figure 1 contain a detailed
description of the study population. Because of the retrospective nature of
the study and the broad range of age groups incorporated, the therapy
applied was heterogeneous.>! The protocols of the MMML network were
approved by ethics committees of all participating institutions. A previously
published series of DLBCL homogeneously treated with R-CHOP was used
as a control cohort (supplemental Figure 2B).

Immunohistochemistry

Immunohistochemical staining was performed on paraffin slides using
standard techniques and antibodies against CD20, CD10, BCL2, BCL6,
MUMI, and Ki67, as described previously.” The stainings were analyzed
and scored semiquantitatively by at least 2 observers. In cases where no
paraffin-embedded material was available, the stainings were performed on
frozen sections. For all analyses, recently published guidelines for internal
positive controls were applied.??

Gene expression profiling and matrix (array) comparative
genomic hybridization

RNA and DNA were extracted from frozen sections (QIAGEN). Affymetrix
U133A GeneChip hybridization was performed in accordance with the

personal use only.
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manufacturer’s recommendations using 5 pg of total RNA, as previously
described.” The gene expression data from the previously published
series™!? are available at http://www.ncbi.nlm.nih.gov/geo (GEO accession
nos. GSE4475, GSE10172, and GSE22470, respectively). The cell-of-
origin signature (ABC, GCB),* molecular Burkitt signature,® and PAP%
were assigned to each case based on the gene expression data.

Array-based comparative genomic hybridization was performed in
273 cases by applying a BAC/PAC array containing 2799 DNA frag-
ments.?*25 The selection of recurrent copy number aberrations is described
in supplemental Methods and was performed according to Kreuz et al.?®

Interphase FISH

Interphase FISH was performed on frozen or paraffin-embedded tissue
sections with the use of probes for IGH, IGK, IGL, MYC, BCL6, IRF4, and
BCL2 loci 2! Tumor-biopsy specimens in which MYC was fused to IGH,
IGK, or IGL (IG-MYC) were distinguished from lymphomas with MYC
breakpoints without fusion of MYC to an immunoglobulin locus (non-1G-
MYC), as previously described,> but all lymphomas with MYC breaks
were combined for the analysis in the current study.

EZH2 mutational analysis

Replacement of a single tyrosine in the SET domain of the EZH2 protein
(Tyr641) was tested as previously described.”® In brief, exon 15 of EZH2
was amplified by PCR using the primers EZH2_6812 (5'-tttgtccccagtecatttte-
3"y and EZH2_0813 (5'-tggcaattcatttccaatca-3"), and amplicons were
subjected to direct sequencing using the same primers.

Statistical analyses

Differences in the incidence of biologic features were analyzed by
2 X 2 tables and tested using Fisher exact test. This analysis was done to
compare children (younger than 15 years) and adults (18 years of age or
older). The conditional probability that a biologic marker will be displayed,
given the age at diagnosis, was analyzed using logistic regression.

To analyze the association between overall genomic instability and age,
a score for genetic complexity was designed. Genetic complexity was
calculated as the sum of all detected genomic aberrations per lymphoma
sample taking into account: t(14:18) IGH/BCL2 juxtaposition, BCL6
translocation, MYC translocation, and all copy number aberrations listed in
supplemental Table 2. Correlation of age at diagnosis and genetic complex-
ity was analyzed using Poisson regression. Overall survival was defined as
time from first day of therapy to death from any cause. Patients without an
event in overall survival were censored at the last day with valid
information. Overall survival was estimated by the Kaplan-Meier method
and compared using the log-rank test. Multivariate analyses were done
using Cox proportional-hazard models (see also supplemental Methods).

Results

Different molecular characteristics of pediatric and adult
mature aggressive B-cell lymphoma other than Burkitt
lymphoma

To determine which molecular features of DLBCL are associated
with age, a cohort of 364 mature aggressive B-cell lymphomas
diagnosed as DLBLCL, composite follicular lymphoma/DLBCL,
or other high-grade B-cell lymphoma other than Burkitt lymphoma
was analyzed for molecular features. In a first step, we stratified our
cohort into children younger than 15 years (n = 15), adolescents of
15 to 18 years (n = 5), and adults 18 years of age or older
(n = 344), as is commonly done in clinical practice, and tested for
differences between children and adults in the incidence of biologic
features of DLBCL. As already described, chromosomal transloca-
tions affecting the /RF4 locus were significantly more frequent in
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Figure 1. Scatter plot showing the phenotypic variables on the x-axis, with each dot being an event-positive representative at its corresponding age level. The
y-axis represents age at diagnosis in years. The variables are not exclusive because a case with an IgH break might also be displayed in as being IgH-BCL2 translocation
positive. Note that this visualization is distorted by the skewed distribution of age at diagnosis. The color code indicates membership of each variable to an individual group:
green represents gene expression; red, chromosomal translocation/breaks; blue, chromosomal copy number gains; orange, chromosomal copy number losses; magenta,
immunohistochemistry markers; gray, morphology; and black, EZH2 Tyr 641 mutation status. The span from 24 to 36 years in which visual inspection reveals a strong increase

in several molecular features is highlighted in gray.

children than adults (P < .001).2" In contrast, gains of 2p16 and
6p25 were never detected in children, but in 17% and 15% of adult
DLBCLs, respectively (P =.047 and P = .048, supplemental
Table 2 for all variables tested)

Continuous change of molecular characteristics in mature
aggressive B-cell ymphoma (other than Burkitt lymphoma)
with patient age

To identify whether a clear cut-off can be defined between
lymphomas derived from young (pediatric) and old (adult) patients
based on the presence of molecular features can be defined, we
plotted the different molecular variables according to the age at
diagnosis (Figure 1). Visual inspection of Figure 1 suggested that
several features additional to that identified compared with that
described above may have age-dependent frequencies of occur-
rence. Moreover, the increase in these features seems to be
continuous throughout all age groups and appears to be strongest
between 24 to 36 years rather than 18 years (Figure 1). However,
the visualization has its pitfalls because the incidence of lympho-
mas in elderly patients is much higher and because the predomi-
nance of elderly patients in our cohort, which reflects the age
distribution known for Germany (http://www.krebsregister-sh.de/),

distorts the plot. Therefore, we modeled the conditional probability
that a molecular feature will be displayed at a given age at
diagnosis using logistic regression analysis (LRA), which elimi-
nates the distorting effect of the underlying age distribution. This
analysis determines the likelihood that a lymphoma will show a
molecular feature in relation to the patient age at the time of
diagnosis. LRA revealed a statistically significant association
between increasing age and the cell-of-origin signature of the ABC
subtype, BCL2 protein expression, absence of /RF4 translocations,
gains in 1q21, 18q21, 7p22, and 7q21 as well as changes in 3q27,
including gains and translocations affecting the BCL6 locus (Figure
2A; and supplemental Table 3 for all variables tested). Indeed. the
genetic complexity, measured as the sum of detectable genomic
aberrations, increased continuously with age (Figure 2B). LRA
confirmed that there is a significant continuous increase in the ABC
probability not only in our dataset but also in an independent case
collection (P = .042% supplemental Figure 2). Poisson regression
showed that the number of chromosomal aberrations in a lym-
phoma increased significantly with age (Figure 2A) with the shape
of the curves of the LRA analyses and the Poisson regression
suggesting a continuous increase in the probability of molecular
features with patient age rather than a strict border between age
groups (Figure 2).

88



From bloodjournal.hematologylibrary.org at SWETS INFORMATION SERVICES INC on April 3, 2012. For

BLOOD, 23 FEBRUARY 2012 - VOLUME 119, NUMBER 8

personal use only.

PATIENT AGEAND DLBCL 1885

T

Logatic regressicn. p = 00014

B L

& . D L W T I VRN b F | . N w S

Logitic regressicn. p = 00158

b

L R e

x . ©

o

LY . .

Logatc regression: p = 00022

IRF4-bresk positive

e NN A e

Logistc regression: p = 0.002%
Gsin 1q21

o zmin 1

No gain 1q21

D R L L L T
Logstic regression: p = 00360

Gain 7g21

No gsin 7q21

Ay -

LAF Bl SERSRAADTIN, , -

10

N g

AN APRP IR TISE - Y - ]

Logntc regression: p » 00069

x . o~ ~
Ao e

G enetic complexity as a function of age

12
1

Number of genetic abnormalities [jittered)]

= Poissonregression

p-value= 0.00000007

.

. .
-

. - .
-
- -

age

Figure 2. Logistic regression analysis of molecular features and age. (A) Logistic regression analyses of ABC/GCB gene expression groups, immunohistochemical BCL2
expression, IRF4 translocations, 1g21 gains, changes in 3q27 (including gains and translocations of BCL6), 18g21 gains, 7p22 gains, and 7921 gains. Patients with the
respective feature are plotted in red scattered around the horizontal at 1. Patients lacking the respective feature are given in green at the bottom scattered around 0. The
dashed line indicates the overall frequency of the feature irrespective of age. The blue logistic regression curve represents the estimated conditional probability of having the
feature at a given age at diagnosis. (B) Scatter plot of age at diagnosis (in years) versus genetic complexity calculated as the sum of all detected genomic aberrations per
lymphoma sample taking into account: t(14;18) IGH/BCL2 fusion, BCL6 translocation, MY C translocation, and all copy number aberrations listed in supplemental Table 2. The
line indicates the Poisson regression curve representing the estimated average number of abnormalities as a function of age at diagnosis.
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Table 1. Prognostic impact of features associated with age in a
univariate analysis and after adjustment for age

Marker Univariate result With adjustment for age
Relative risk P Relative risk P
ABC GE 2.76 1.6 X 107 214 00013
BCL2 IHC 2.61 .00048 2.36 0019
IRF4 break 0.18 .09 0.33 28
1921+ 1.44 1 1.20 44
18921+ 1.45 .06 1.23 29
7p22 + 1.63 .02 1.50 05
7921+ 1.43 .09 1.28 25
3q aberration 1.43 .05 1.19 34
Genetic complexity* 1.08 .009 1.05 A2

GE indicates gene expression; and IHC, immunohostochemistry.
*Genetic complexity as a continuous variable.

Interdependence of age and molecular characteristics in
relation to prognosis

We tested for prognostic significance in a Cox model combining
each molecular feature that was identified by LRA, with patient
age. As Table 1 shows, the prognostic impact of the molecular ABC
subtype (P =.0001) and BCL2 protein expression (P = .0019)
was maintained in a Cox model, including age. In contrast, all
genetic markers lost the significant prognostic impact if age was
taken into account. We further validated the prognostic significance
of the molecular subtype in a second and completely independent
cohort homogeneously treated with immunochemotherapy* and
confirmed the prognostic information of age and ABC/GCB
subtype to be independent and additive (supplemental Figure 2B).
Further molecular data, such as BCL2 protein expression, were not
accessible for analysis in this cohort.

Discussion

The age cut-off of 18 years is commonly used to stratify patients for
pediatric and adult therapy regimens. However, therapeutic ap-
proaches to DLBCL in pediatric and adult lymphoma study groups
have developed very differently over the past decades. Children
and adolescents up to the age of 18 years are treated with regimens
that are also applied for Burkitt lymphoma, whereas anthracycline-
based therapy in combination with anti-CD20 antibody is the
current gold standard for adult patients.'> This study showed that
molecular features of DLBCL are associated with age and that
prognostically unfavorable molecular features, such as the ABC
subtype and BCL2 expression, increase with patient age at
diagnosis. Our data are in line with previously published immuno-
phenotypes of pediatric DLBCL.?° However, our data do not
support a pathogenetic dichotomy between DLBCL in children and
adults (“2 lymphoma model”), as initially hypothesized. For all
features associated with increasing age (ABC subtype, BCL2
protein expression, absence of /RF4 translocations, gains in 1q21,
18q21, 7p22, and 7q21 as well as changes in 3q27, including gains
and translocations affecting the BCL6 locus, genetic complexity),
there was no clear age cut-off between pediatric and adult DLBCL.
Remarkably, the genetic features that increased in likelihood with
age in the LRA included changes associated with both ABC
(changes 3q27/BCL6, +18q21) and GCB type DLBCL (+1q21,
+7p22, +7q21).%% suggesting that there is an increase in genetic
complexity with age that is to some extent independent of the
molecular lymphoma subtype. The continuous increase in
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genomic complexity with age might suggest an “age evolution
model” characterized by a stochastic risk of acquiring genetic
aberrations with age. Probably the type of genetic changes that
accumulated in a lymphoma-initiating cell determines the
manifestation of a certain molecular subtype of DLBCL. In
relation to the choice of therapy, our data strongly argue for the
development of common treatment protocols for DLBCL in
adolescents and young adults because there is no biologic
rationale for a clearly definable age limit and the therapy would
be tolerated equally well.

Interestingly, differences in molecular features of pediatric and
adult disease are not restricted to DLBCL but have recently been
demonstrated for lymphoblastic leukemia® and follicular lym-
phoma.®> However, despite differences in clinical presentation,
such as sex distribution, we have failed to demonstrate molecular
differences between pediatric and adult Burkitt lymphoma so far.!?
Nevertheless, molecular characterization of malignant tumors
occurring in children and adults might be a very fruitful approach
for gaining insights into disease biology.

The clinical course after chemotherapy for adult DLBCL varies
substantially between individual patients. As a consequence, efforts
have been made to establish prognostic biomarkers by analyzing
lymphoma biology. However, the IPI, which is based on the clinical
features age. lactate dehydrogenase value, performance status, Ann
Arbor stage, and number of extranodal involvements, still seems to
be the most powerful prognostic tool in DLBCL.? In the IPI, age is
reflected by categorizing the patients as younger or older
than 60 years. Most studies of biomarkers correlate with the IPT as
the current prognostic gold standard. The cohort presented here is
of limited value for survival analysis because of the heterogeneous
treatment applied. Nevertheless, our data suggest that in future
studies prognostic biomarkers analyzed in homogeneously treated
cohorts should be very carefully analyzed for age association.
Because the age at disease onset influences the biology of the
lymphoma, prognostic markers might lose their prognostic signifi-
cance if age is depicted in survival analysis as a continuous
parameter. However, we also demonstrated that the prognostic
significance of the molecular subtypes of DLBCL is independent of
the patient age.

In conclusion, the present study, which represents the largest
cohort of DLBCL analyzed by comprehensive molecular profiling
so far, challenges current pathogenetic and clinical concepts in
DLBCL. It questions the biologic rationale for the use and level of
age cut-offs for stratification in clinical trials as well as the
application of some age-associated biomarkers.313
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2.8 Kennzeichnung des Eigenanteils fiir alle eingeschlossenen Publikationen

Im folgenden Abschnitt sind die geleisteten Eigenanteile fir alle eingeschlossenen
Publikationen stichpunktartig zusammengefasst.

Manuskript 1:
- Konzeption und Entwicklung der Analysemethoden

- Implementierung der Methoden als R-Paket aCGHPipeline

- Analyse der Array-CGH-Datensatzes mit aCGHPipeline

- Vergleich der Ergebnisse der automatischen Analyse mit der manuellen
Interpretation von CS und SW

- Schreiben des Manuskripts (gemeinsam mit DH)

Manuskript 2:
- Analyse des SNP-Array-Datensatzes wie in Abschnitt 1.4 dargestellt

- Anpassung der Qualitats- und Glattungsparameter an die Charakteristiken des
Datensatzes

- Anpassung der HMM-Interpretation des X-Chromosoms von mannlichen Patienten
zur Optimierung der Detektion von Deletionen des Y-Chromosoms via PAR1

Manuskript 3:
- Analyse des SNP-Array-Datensatzes wie in Abschnitt 1.4 dargestellt

- Anpassung der Qualitats- und Glattungsparameter an die Charakteristiken des
Datensatzes

- Selektion von homozygoten Deletionen und HL-Amplifikationen sowie der
rekurrenten Regionen und deren Abgleich mit bekannten Copy-Number-
Polymorphismen

- grafische Darstellung der Ergebnisse und Erstellung des zugehdrigen Methodenteils
sowie der Grafiken fir die Publikation

Manuskript 4:
- Analyse des SNP-Array-Datensatzes wie in Abschnitt 1.4 dargestellt

- Anpassung der Qualitats- und Glattungsparameter an die Charakteristiken des
Datensatzes

- Selektion von homozygoten Deletionen und HL-Amplifikationen sowie der
rekurrenten Regionen und deren Abgleich mit bekannten Copy-Number-
Polymorphismen

- Bestimmung von Gendosiseffekten in rekurrenten Regionen mittels gepaarten
Genexpressionsdaten (Affymetrix hgu95av2)

- grafische Darstellung der Ergebnisse und Erstellung des zugehorigen Methodenteils
sowie der Grafiken fur die Publikation
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Manuskript 5:

Analyse des SNP-Array-Datensatzes wie in Abschnitt 1.4 dargestellt

Anpassung der Analysepipeline auf die neue Generation der SNP-Arrays
(Affymetrix 250k/500k)

Anpassung der Qualitadts- und Glattungsparameter an die Charakteristiken des
Datensatzes

Selektion von homozygoten Deletionen und HL-Amplifikationen sowie der
rekurrenten Regionen und deren Abgleich mit bekannten Copy-Number-
Polymorphismen

grafische Darstellung der Ergebnisse und Erstellung des zugehorigen Methodenteils
sowie der Grafiken fir die Publikation

Manuskript 6:

Analyse des SNP-Array-Datensatzes wie in Abschnitt 1.4 dargestellt
Anpassung der Qualitats- und Glattungsparameter an die Charakteristiken des
Datensatzes

Zusammenfihrung der Messergebnisse mit unterschiedlicher Auflésung (500k
Sty+Nsp vs. 250k Sty-only)

Selektion von homozygoten Deletionen und HL-Amplifikationen sowie der
rekurrenten Regionen und deren Abgleich mit bekannten Copy-Number-
Polymorphismen

Bestimmung von Gendosiseffekten in rekurrenten Regionen mittels gepaarten
Genexpressionsdaten (Affymetrix hgu133a)

grafische Darstellung der Ergebnisse und Erstellung des zugehérigen Methodenteils
sowie der Grafiken fur die Publikation

Manuskript 7:

Analyse der Array-CGH-Daten mit aCGHPipeline und Bestimmung der rekurrenten
Regionen sowie deren Status in den untersuchten Fallen

Analyse des Zusammenhanges der Marker (rekurrente Regionen, IHC, molekulare
Klassifikationen) und des Erkrankungsalters als dichotome und stetige Variable
(gemeinsam mit DH)

Uberlebenszeitanalyse zur Bestimmung der prognostischen Bedeutung der
molekularen Marker in Abhangigkeit des Erkrankungsalters (gemeinsam mit DH)
Zusammenstellung der Ergebnisse und des zugehorigen Methodenteils sowie der
Grafiken fiir das Manuskript
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3 Diskussion und Ausblick

Somatische Verdanderungen in der DNA-Kopienzahl treten in einer Vielzahl von
Tumorerkrankungen auf und spielen eine wichtige Rolle bei der Tumorgenese [63]. Fir die
Identifikation von Genen, die die Pathogenese dieser Erkrankungen treiben, stellt die Suche
nach rekurrenten Kopienzahl-Aberrationen daher einen vielversprechenden Ansatz dar [6].
Die dabei gewonnenen Einblicke in die molekularen Mechanismen, die den Erkrankungen
zugrunde liegen, kénnen langfristig auch zu neuen Therapieansatzen fiihren [6].

Spezifische Aberrationen oder Aberrationsmuster kdnnen eine Bedeutung als diagnostische
oder prognostische Marker haben [64]. Sie ermdglichen es dariiber hinaus Tumore zu
klassifizieren oder Vorhersagen Uber deren biologische Eigenschaften, beispielsweise das
Metastasierungsverhalten, zu treffen [27, 65].

Die Untersuchung von Kopienzahlaberrationen in Datensatzen mit groRer Fallzahl erméglicht
die Identifikation von typischen evolutiondaren Mustern in der Pathogenese. Das erlaubt die
Abschatzung der Reihenfolge, in welcher die Tumore Aberrationen typischerweise
akquirieren [66]. Folglich kann fir individuelle Proben der Grad der Progression des
zugehodrigen Tumors abgeschatzt werden. Dieser ist flr viele Tumorentitaten von
prognostischer Bedeutung.

Die im Rahmen dieser Arbeit entwickelten Methoden erméglichen die Auswertung Array-
basierter Messungen von Kopienzahlaberrationen. Die mittels Array-CGH (vgl. Abschnitt 1.3)
oder SNP-Arrays (vgl. Abschnitt 1.4) gemessenen Rohdaten werden zunachst vorverarbeitet
und normalisiert. Anschliefend wird durch Segmentierung und Klassifizierung die Detektion
von Kopienzahlaberrationen ermoglicht. Die Auswertung von SNP-Arrays erlaubt zusatzlich
die Detektion von UPDs. Dariber hinaus umfassen die entwickelten Auswertewerkzeuge die
Funktionalitat fir die gemeinsame Betrachtung mehrerer Tumorproben sowie die Analyse
von Regionen, die rekurrent von Aberrationen betroffen sind. Zusatzlich werden
umfangreiche Methoden zur grafischen und tabellarischen Prdsentation der
Analyseergebnisse bereitgestellt. AbschlieBend wurden Methoden implementiert, mit denen
der Zusammenhang von DNA-Kopienzahlaberrationen und RNA-Expression sowie die
Assoziation mit klinischen und phanotypischen Eigenschaften der Tumore untersucht
werden kann.

Die Auswertewerkzeuge wurden auf Datensdtze von Mantelzelllymphomen, Burkitt-
Lymphomen, diffus grofRzelligen B-Zell-Lymphomen, primdaren ZNS-Lymphomen und
peripheren T-Zell-Lymphomen — nicht anderweitig spezifiziert — angewendet. Dabei konnten
die untersuchten Lymphomentitaten beziglich der Muster  auftretender
Kopienzahlaberrationen charakterisiert werden. Es gelang, zahlreiche genomische Regionen
zu detektieren, die rekurrent von Aberrationen betroffen waren. Somit konnten neue
Kandidaten fir Onko- und Tumorsuppressorgene identifiziert werden, die Evidenz fir neue
Pathomechanismen in diese Erkrankungen liefern.

Es erfolgten umfangreiche Validierungen der wesentlichen Ergebnisse mittels FISH und fir
die Array-CGH-Auswertungen eine parallele manuelle Bewertung der experimentellen
Daten. Dabei zeigte sich jeweils eine sehr gute Reproduzierbarkeit der Ergebnisse, die mittels
der hier entwickelten Werkzeuge bestimmt wurden. Ein systematischer Vergleich von 95 B-
Zell-Lymphomen und finf Zelllinien, die jeweils parallel mit Array-CGH und SNP-Arrays
untersucht wurden, ergab eine hohe Ubereinstimmung zwischen beiden Messplattformen
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und liefert dadurch weitere Evidenz fiir die Validitat der Analysemethoden (vgl. Abschnitt
1.5).

Zusatzlich konnte fiir eine Reihe von genomischen Regionen, bei denen mittels SNP-Array-
Messungen rekurrente Aberrationen detektiert wurden, inzwischen das vermeintliche
Zielgen durch Mutationsanalysen identifiziert werden. Beispielhaft sei an dieser Stelle das
Gen ID3 genannt, fir das rekurrente Deletionen in Burkitt-Lymphomen gezeigt werden
konnten (Manuskript 6; Abschnitt 2.6). Spatere Analysen ergaben, dass /D3 bei Burkitt-
Lymphomen in circa 68 % der Falle mutiert ist [26, 38, 67]. Mit der Inaktivierung von /D3
konnte damit ein bisher unbekannter Pathomechanismus fur das Burkitt-Lymphom
beschrieben werden [68]. Ein weiteres Beispiel stellt die genomische Region Chromosom
19p13.3 dar, fiir die mittels SNP-Array-Messungen und der hier beschriebenen
Auswertemethodik rekurrente homozygote Deletionen in Burkitt-Lymphomen und diffus
grolRzelligen B-Zell-Lymphomen gezeigt werden konnten [39]. Durch exomweite
Sequenzierung konnte TNFSF7 (auch als CD70 bezeichnet) als mogliches Zielgen der Deletion
identifiziert werden, da es rekurrente Mutationen in DLBCL zeigte [69]. Beide Beispiele
liefern Evidenz fir die Validitdt der Analyseergebnisse und illustrieren dariber hinaus das
Potenzial der Array-basierten Analyse von Kopienzahlveranderungen zur Exploration und
Detektion von Genen, die Treiber der Karzinogenese sind. Es zeigt sich jedoch auch, dass die
alleinige Betrachtung von strukturellen Aberrationen unzureichend ist. Einerseits sind die
aberranten Genomregionen oftmals so grof3, dass sie mehrere Gene umfassen. Nicht alle
dieser betroffenen Gene haben eine Bedeutung fiir die Pathogenese und die Identifikation
des oder der Kandidaten erfordert oftmals die Betrachtung weiterer molekulargenetischer
oder experimenteller Datenebenen. Andererseits wird die Inzidenz, mit der ein Gen in einer
bestimmten Tumorentitat dereguliert ist, unterschatzt, da Mutationen oder epigenetische
Aberrationen alternative Mechanismen fiir die Deregulation darstellen kénnen.

Die Einsatzmoglichkeiten der hier vorgestellten Auswertewerkzeuge sind nicht auf
Lymphome beschrankt. So wurden die Methoden bereits fiir die Analyse von klarzelligen
Nierenzellkarzinomen [27], Glioblastomen [28] und Rhabdoid-Tumoren [40] erfolgreich
eingesetzt. Ubertragung auf weitere Tumorentitdten oder andere Erkrankungen, bei denen
Veranderungen der DNA-Kopienzahl bedeutsam sind, waren ohne groRere Anpassungen
moglich. Eine Reihe von Kriterien beeinflussen jedoch die Qualitdt und Zuverlassigkeit der
Auswertung.

Kritische Parameter flr die Analyse sind eine hohe DNA-Qualitdit sowie ein hoher
Tumorzellgehalt der Proben, da ansonsten ein schlechtes Signal-Rausch-Verhaltnis die
Analyse beeintrachtigt. Schlechte DNA-Qualitdt resultiert in einer hohen Streuung der
Messwerte, bei niedrigem Tumorzellgehalt werden die durch Kopienzahlanderungen
hervorgerufenen Signalausschlage zu gering um die Aberrationen zuverlassig zu detektieren.
Einen positiven Einfluss auf das Signal-Rausch-Verhaltnis bei der Analyse von SNP-Array-
Daten hat auch die Verwendung von laboreigenen euploiden Referenzen (vgl. Abschnitt 1.5),
da dies zu niedrigerer Streuung der Messwerte fihrt. Biologische Charakteristiken der
Tumore koénnen die Analyse der DNA-Kopienzahl ebenfalls erschweren. Fiir polyklonale
Tumore kénnen Aberrationen, die ausschlieBlich in einem seltenen Tumorklon auftreten,
nicht detektiert werden. Bei polyploiden Tumoren gestaltet sich die Normalisierung
schwierig, da die Annahme, dass ein GrofSteil der Messpunkte normale Kopienzahl (N=2) hat,
verletzt ist. Diese Einschrankungen betreffen jedoch alle derzeit verfligbaren Algorithmen.
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AbschlieBend mochte ich an dieser Stelle einen kleinen Ausblick wagen und diskutieren, wie
sich die Analyse von DNA-Kopienzahlanderungen in Tumoren verandert und welche Rolle sie
in Zukunft spielen kodnnte. Die Entwicklung moderner Hochdurchsatz-Sequenzierung,
sogenannter ,Next Generation Sequencing“-Verfahren (NGS), ermoglicht neue Einblicke in
die genetischen Verdanderungen, die Tumorerkrankungen zugrunde liegen [70]. Neben der
Detektion von Punktmutationen sowie Insertationen und Deletionen kdénnen auch
strukturelle Verdanderungen wie Kopienzahlveranderungen oder Translokationen aufgedeckt
werden. Dabei ermdglicht Next Generation Sequencing eine im Vergleich zu Array-CGH und
SNP-Arrays hohere genomische Auflosung [71]. Dies erlaubt die Detektion kleinerer
Kopienzahlverdanderungen und eine genauere Bestimmung der Segmentgrenzen der
Aberrationen.

Die meisten Methoden zur Bestimmung von Kopienzahlveranderungen mittels NGS-Daten
basieren dabei auf der Betrachtung der Anzahl (berlappender Sequenzen (,Reads”) pro
Genomposition. Diese werden entweder zwischen Tumor- und gepaarter euploider
Referenzprobe verglichen oder es erfolgt die reine Betrachtung der Tumorproben, wobei
eine aufwendige Normalisierung fir den GC-Gehalt und regionale Unterschiede in der
Effizienz des Alignments erforderlich ist [72]. Danach erfolgt in der Regel eine Segmentierung
mit anschlieBender Klassifikation der Segmente. Mit zunehmender Verbreitung der NGS-
Analysen wurden eine Reihe von Analysemethoden fiir die Detektion von
Kopienzahlaberrationen in NGS-Datensitzen etabliert. Ein aktueller Uberblick iiber die
verfligbaren Methoden und ein Vergleich deren Performance sind in Duan et al.
zusammengestellt [73].

Es ist davon auszugehen, dass NGS bei der Detektion von Kopienzahlaberrationen in Zukunft
eine immer grolRere Rolle spielen wird. Dies liegt neben der hoheren Auflésung und der
gleichzeitigen Bestimmung von Mutationen und Translokationen auch an den stetig
sinkenden Kosten der NGS-Analysen. Wahrend in aktuellen Studien NGS-Analysen haufig
durch SNP-Array-Experimente zur Validierung sowie Qualitatskontrolle erganzt werden, wird
die Bedeutung von Array-basierten Methoden vermutlich langfristig schwinden. Trotzdem ist
davon auszugehen, dass Array-basierte Methoden in naherer Zukunft weiterhin groRe
Bedeutung sowohl flir Validierungsexperimente, als auch fir die Translation von
explorativen Analyseergebnissen in die klinische bzw. diagnostische Routine haben werden.

Mit den im Rahmen dieser Arbeit entwickelten Auswertewerkzeugen kann daher auch
weiterhin ein relevanter Beitrag zur Aufklarung von somatischen Kopienzahlaberrationen in
Tumorerkrankungen geleistet werden. Des Weiteren kdnnen die in Abschnitt 1.6
beschriebenen Methoden zur Korrelation von DNA-Kopienzahlaberrationen und RNA-
Expression sowie die Assoziation mit klinischen und phanotypischen Faktoren auch auf NGS-
basierte Kopienzahldaten ibertragen werden.

Grole internationale Verblinde wie das ,International Cancer Genome Consortium“ (ICGC)
oder ,The Cancer Genome Atlas“ (TCGA) haben sich zum Ziel gesetzt, neben den
Mutationspektren und den strukturellen Aberrationen auch das Transkriptom und das
Methylom von Tumoren zu untersuchen. Dabei werden beispielsweise im ICGC-Konsortium
flir 50 Tumorentitdten jeweils 500 Tumorproben mittels NGS analysiert [2]. Eine zentrale
Fragestellung dieser Untersuchungen ist, wie unterschiedliche genetische und epigenetische
Veranderungen in den Tumorentitaten zusammenwirken und zur Karzinogenese fiihren.

Die gemeinsame Betrachtung mehrerer molekulargenetischer Datenebenen erlaubt es, das
Zusammenwirken mehrerer Aberrationen, beispielsweise die Mutation eines Genes bei
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gleichzeitiger Deaktivierung der zweiten intakten Kopie durch Deletionen oder Uniparentale
Disomie, zu analysieren. Des Weiteren kann die Aktivierung oder Deaktivierung von an der
Karzinogenese beteiligten Genen in den Tumoren Uber unterschiedliche genetische oder
epigenetische Mechanismen erfolgen. Eine weitere Herausforderung ist, dass die
Tumorzellen relevante Regulationskreislaufe an mehreren Stellen aushebeln kdnnen,
wodurch eine Betrachtung einzelner Gene unzureichend ist und stattdessen die Betrachtung
von Regulationspathways erfolgen muss. Die im Rahmen dieser Arbeit erarbeiteten
Methoden fiir die integrative Analyse mehrerer Datenebenen stellen nur einen kleinen,
ersten Schritt dar. Die Entwicklung von bioinformatischen Methoden, die es erlauben, alle
gemessenen molekulargenetischen Datenebenen grundlegend zusammenzufiihren und zu
integrieren, stellt eine der groRten zukinftigen Herausforderungen dar.
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Veranderungen in der DNA-Kopienzahl spielen eine wichtige Rolle bei verschiedenen
Erkrankungen, insbesondere bei der Pathogenese und Progression von malignen Tumoren.
Anderungen der DNA-Kopienzahl kénnen die Expression von betroffenen Genen
beeinflussen, Zugewinne konnen zur Aktivierung von Onkogenen, Deletionen zur
Inaktivierung von Tumorsuppressorgenen fiihren. Die Detektion von Aberrationen der DNA-
Kopienzahl in Tumorproben kann somit Aufschlisse Uber die molekulargenetischen
Mechanismen bei der Krankheitsentstehung liefern. Darlber hinaus konnen detektierte
Kopienzahlveranderungen als diagnostische oder prognostische Marker eingesetzt werden
und die Grundlage fiir neue therapeutische Ansatze bilden.

Array-CGH- und SNP-Array-Messungen sind zwei Technologien, die die genomweite
Messung der DNA-Kopienzahl in einem einzigen Experiment ermoglichen. Die bei der
Messung entstehenden Datensdtze sind komplex und deren Auswertung erfordert
Unterstilitzung durch automatische Methoden.

Im Rahmen dieser Promotionsarbeit wurden Methoden fiir die Kopienzahlanalyse auf Basis
von Array-CGH- und SNP-Array-Daten entwickelt. Die entwickelten Methoden wurden fiir
die Auswertung umfangreicher Datensadtze von Non-Hodgkin-Lymphomen eingesetzt. Die
Resultate dieser Arbeit sind unter anderem in sieben Publikationen eingeflossen, die die
Grundlage der Promotionsarbeit bilden.

Die Ergebnisse der Promotionsarbeit umfassen die entwickelten Methoden (technische
Ergebnisse) und biologischen Ergebnisse aus der Applikation der Methoden auf die
Lymphomdatensatze (biologische und klinische Ergebnisse). Die wichtigsten Resultate sind
im folgenden Abschnitt in Thesenform zusammengestellt:
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Die wichtigsten technischen Ergebnisse dieser Arbeit sind:

1)

2)

3)

4)

Es wurde ein neues Auswertewerkzeug flr Array-CGH-Daten konzipiert und
entwickelt, welches alle Analyseschritte vom Einlesen der Daten Uber die Analyse der
Einzelchips bis zur gemeinsamen Analyse von multiplen Chips unterstiitzt. Das
Auswertewerkzeug wurde in der Statistiksoftware R implementiert und in der
Zeitschrift ,Methods of Information in Medicine” veroffentlicht (vgl. Manuskript 1;
Abschnitt 2.1).

Fir die Kopienzahlanalyse mit SNP-Arrays wurde eine neue Auswertepipeline
entwickelt. Sie umfasst die Genotypisierung, Qualitdatsanalyse, die Detektion von LOH
und die Kopienzahlanalyse fiir Einzelchips und die Aggregation und integrative
Analyse multipler Arrays.

Messungen mit der Array-CGH- und SNP-Array-Plattform wurden an einem Kollektiv
von 96 paarweise gemessenen Lymphomproben verglichen. Fir die Array-CGH-
Messung kam dabei ein BAC-Array (circa 2800 Messpunkte), fir die SNP-Array-
Messungen der Affymetrix 250k-Sty-Array (circa 238.000 Messpunkte) zum Einsatz.
Die wichtigsten Ergebnisse dieses Vergleichs waren:

i.  Gute Ubereinstimmung der Array-CGH- und SNP-Array-Messung.

ii. Deutlich hohere Markeranzahl fiir SNP-Array-Messungen, aber gleichzeitig
erhohte Streuung der Signale. Die effektive, fiir Streuung adjustierte
Auflosung war fir die SNP-Plattform circa zwdlffach hoher als fur die CGH-
Plattform. Folglich ist die SNP-Plattform (iberlegen, da mittels SNP-Array-
Messung zusatzlich auch die Detektion von LOH moglich ist.

iii. Die Reproduzierbarkeit der Ergebnisse bei SNP-Array-Replikations-
hybridisierungen in verschiedenen Labors war gut. Laboreigene euploide
Kontrollen reduzieren die Streuung der Messungen jedoch deutlich, sodass
bei Aufteilung der Messungen auf mehrere Labors jeweils getrennte
laboreigene Referenzfille hybridisiert werden sollten.

Es wurden neue Methoden entwickelt, die den Vergleich von Kopienzahlaberrationen
zwischen zwei Gruppen und die Analyse des Zusammenhangs von
Kopienzahlaberrationen und stetigen EinflussgrofRen, beispielsweise dem
Erkrankungsalter, unterstlitzen (vgl. Manuskript 7; Abschnitt 2.7). Darliber hinaus
wurden Methoden entwickelt, die eine gemeinsame Analyse von Kopienzahl- und
Genexpressionsdaten unterstiitzen (vgl. Manuskripte 1 und 6; Abschnitte 2.1 und
2.6). Dies erlaubt die Identifikation von Genen, deren Expression durch
Kopienzahlaberrationen dereguliert wird.

Die wichtigsten biologischen und klinischen Ergebnisse der Arbeit sind:

1)

Mittels Affymetrix 100k-SNP-Arrays wurden 26 MCL-Proben sowie sechs MCL-
Zelllinien auf Kopienzahlaberrationen untersucht. Die dabei beobachteten
Aberrationsmuster zeigten gute Konkordanz bezliglich der rekurrenten Aberrationen
zu vorherigen Kopienzahlstudien beim MCL. Im Rahmen der Studie wurde gezeigt,
dass mit TP53, MAP2 und MAP6 mehrere Gene Aberrationen zeigen, die mit der
Organisation von Mikrotubuli assoziiert sind. Darliber hinaus konnte durch die
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2)

3)

4)

5)

Kopienzahlanalyse der PAR1-Region indirekt der Verlust von Chromosom Y als
haufige sekundare Aberrationen im MCL gezeigt werden (vgl. Manuskripte 2 und 3;
Abschnitte 2.2 und 2.3).

19 PZNSL-Falle wurden mit Affymetrix 100k-SNP-Arrays untersucht. Die Analyse der
Kopienzahlaberrationen ergab elf rekurrente Deletionen und zehn rekurrente
Zugewinne. Darliber hinaus zeigten sich rekurrente UPD-Regionen in den
Chromosomenarmen 6p (>40 %) und 9p (>20 %). Im untersuchten Datensatz war die
Region 6p21.32 am haufigsten betroffen. Insgesamt traten sieben einfache
Deletionen, zwei homozygote Deletionen und sieben UPDs auf, sodass fiir die Region
in 14 von 19 (74 %) untersuchten Fallen genomische Aberrationen gezeigt werden
konnten. Das illustriert auch, dass verschiedene genetische Mechanismen an der
Deaktivierung bestimmter Tumorsuppressorgene beteiligt sein kdnnen und eine
ausschlieBliche Betrachtung der Kopienzahl unzureichend ist (vgl. Manuskript 4;
Abschnitt 2.6).

In einer weiteren Studie wurden 49 periphere T-Zell-Lymphome mit Affymetrix 250k-
Sty-SNP-Arrays untersucht. 25 der analysierten Proben zeigten kaum bzw. keine
Aberrationen, was konsistent mit den Ergebnissen vergleichbarer Studien ist. Fir die
Region 2p15-16 konnten vier einfache Zugewinne und eine High-Level-Amplifikation
gezeigt werden, die das Gen REL umfassen. Amplifikationen von REL wurden fir
PTCL-NOS bisher nicht beschrieben, allerdings fiir andere Lymphome, beispielsweise
DLBCL, gezeigt. Weitere rekurrente Aberrationen waren Zugewinne von Chromosom
7 sowie die Deletion von 10pll. UPD-Regionen zeigten hingegen nur geringe
Rekurrenz.

Fir 39 Lymphome, die mittels Genexpressionsdaten als Burkitt-Lymphome
klassifiziert wurden, erfolgte mit hochauflésenden SNP-Arrays die Beschreibung der
Kopienzahlaberrationen. Mittels gepaarter Genexpressionsdaten konnte fir 17,5 %
der Probesets in rekurrenten Regionen ein signifikanter Gendosiseffekt gezeigt
werden. Insgesamt konnten 32 High-Level-Amplifikationen und sechs homozygote
Deletionen nachgewiesen werden. Die Region Chr1:23538204—-23657473, die unter
anderem auch das Gen /D3 umfasst, war als einzige mehrfach von homozygoten
Deletionen betroffen. Im Rahmen des ICGC-Projektes Molecular Mechanisms in
Malignant Lymphoma by Sequencing (MMML-Seq) konnte in nachfolgenden
Analysen gezeigt werden, dass /D3 in 68 % (36/53) der mBL-Falle mutiert ist [26] (vgl.
Manuskript 6; Abschnitt 2.6).

In einer Analyse von Array-CGH-Daten von 364 DLBC-Lymphomen konnte gezeigt
werden, dass in DLBCL Zugewinne der Chromosomenregionen 1q21, 1821, 7p22
und 7921 sowie Translokationen und Zugewinne des BCL6-Genlokus (3g27) mit
hoherem Erkrankungsalter assoziiert sind. Dariiber hinaus zeigte sich ein signifikanter
Anstieg der genetischen Komplexitdit mit zunehmendem Erkrankungsalter. Die
Regressionsanalysen zeigen dabei einen kontinuierlichen Anstieg der genetischen
Komplexitdt und der altersassoziierten Marker. Hinweise auf eine feste Altersgrenze
ergaben sich nicht. Stattdessen deutet der kontinuierliche Anstieg der genetischen
Komplexitat auf ein Tumorevolutionsmodell hin, bei dem genetische Aberrationen
Uber die Zeit aggregiert werden (vgl. Manuskript 7; Abschnitt 2.7).
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