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RESUME DE LA THESE EN FRANCAIS

I- INTRODUCTION
Cartographie d’amplifications géniques pour I’identification d’oncogénes

Parmi différents mécanismes, I’amplification génique est un moyen d’activation
d’oncogenes, permettant leur surexpression par effet « géne dosage ». Ainsi, les produits (ARN et
protéine) d’un oncogeéne amplifié sont augmentés dans les cellules contenant un nombre accru de
copies du géne, si celui-ci n’est pas soumis a d’autres mécanismes de régulation.

Les amplifications géniques sont communes dans les génomes tumoraux. La mécanistique
de la formation de ces amplifications, encore mal connue, repose essentiellement sur des mode¢les. La
structure d’une amplification génique, ou « amplicon », peut étre intra-chromosomique ou extra-
chromosomique. Ces deux types de structures sont nommeées selon I’apparence des chromosomes
impliqués lors d’un examen caryotypique: dans le premier cas, les amplicons sont appelés des
« régions uniformément marquées » (ou « HSR, pour Homogeneously Staining Regions ») et sont
inclus dans un chromosome de la cellule; dans le second, les amplicons prennent la forme de petits
chromosomes acentriques surnuméraires, appelés chromosomes « double minute » (ou « DM », leur
nom provenant de leur forme et petite taille). Les HSR renferment généralement un nombre élevé de
copies du locus amplifié, répétées cote a cote sur un méme chromosome; a I’inverse, chaque
chromosome DM renferme généralement un nombre réduit de copies du locus amplifié mais de
nombreux chromosomes DM sont présents par cellule.

La cartographie fine des amplifications récurrentes dans plusieurs tumeurs, suivie de la
mise en évidence de régions consensus entre ces aberrations constitue un raccourci opératoire
important vers I’identification de nouveaux oncogénes. Cette démarche a été appliquée a maintes
reprises avec succes et a titre d’exemples, le géne N-myc a ainsi été identifié il y a 22 ans, en étudiant
des neuroblastomes (lignées cellulaires et tumeurs). Plus récemment, le géne mdm2 a lui été isolé a
partir d’une seule amplification génique dans une lignée cellulaire. Cette amplification, prenant la
forme de chromosomes DM, avait préalablement permis la transformation spontanée de la lignée
cellulaire d’origine et ainsi conféré un avantage sélectif aux cellules contenant les chromosomes DM.
Les caractéres oncogéniques respectifs de chacun de ces génes n’ont été effectivement démontrés
qu’apres leur identification, sur la base de leurs caractérisations fonctionnelles.

L’une des thématiques du groupe de Cytogénétique Moléculaire a 'IGBMC animé par
Stanislas du Manoir est d’identifier des oncogénes selon cette démarche et concerne plus
particuliérement les aberrations du bras long du chromosome 3 qui sont I'un des événements
cytogénétiques les plus fréquents dans les carcinomes épidermoides. La région 3q25-qter est en
particulier fréquemment le site d’amplifications dans ces tumeurs. Au début de ma thése, la principale
méthode de cartographie des aberrations chromosomiques utilisée dans le groupe était 1’Hybridation
Génomique Comparative sur chromosomes (faible résolution : une ou deux bandes cytogénétiques,
soit environ 10 a 15 Mb). Dans le cadre du développement de la plate-forme des puces a ADN de
I’IGBMC, notre équipe a ensuite commencé a développer une évolution de cette technique,
I’Hybridation Génomique Comparative sur puces a ADN, ou « CGH-array » qui permet
d’effectuer un profilage a haute résolution des aberrations chromosomiques dans un génome
d’intérét (par exemple tumoral, en comparaison a un génome normal). Elle repose sur 1’utilisation de
puces & ADN composées de clones d’ADN génomique, tels que les clones BACs qui ont par ailleurs
servi au séquencage du génome humain. Grace aux bases de données de séquences génomiques, il
est ensuite directement possible d’obtenir le contenu en génes du locus concerné. La délimitation
d’une région consensus d’amplification permet ensuite de restreindre la taille de la région
considérée et ainsi le nombre de genes. La discrimination entre ces génes candidats s’effectue
finalement par I’étude des conséquences transcriptionnelles des amplifications sur I’expression
des oncogenes candidats (démonstration de 1’effet gene dosage) et leur caractérisation
fonctionnelle.

La CGH-array était encore en émergence lorsque j’ai rejoint le laboratoire et j’ai participé a de
nombreuses mises au point et évolutions de la technique pour pouvoir mener a bien 1’analyse des
aberrations chromosomiques dans les différents types tumoraux présentés dans ma thése. Ainsi, de
nombreuses versions successives de notre puce dédiée au chromosome 3 ont été construites avec des



résolutions croissantes et mes travaux au sein du groupe ont contribué aux mises au point et
standardisation de la technique. Ces développements ont conduit a la mise en place récente, au sein de
notre groupe, d’une plateforme nationale qui est désormais opérationnelle. Elle est employée pour des
projets de cartographie par CGH-array du programme « Cartes d’Identité des Tumeurs » de La Ligue
Nationale Contre le Cancer d’une part, et impliquée dans des études émanant de la Cancéropdle
Grand-Est d’autre part.

Les différents projets que j’ai mené au sein de notre groupe de Cytogénétique
Moléculaire ont principalement consisté a analyser les aberrations du chromosome 3 pour des
carcinomes épidermoides, (du poumon et des voies aéro-digestives supérieures), dans le but
d’identifier des oncogenes. Un projet secondaire a été consacré a I’étude des aberrations du
chromosome 3 dans des sarcomes des tissus mous (Fibro-Histiocytomes Malins ou MFH).

I1- Aberrations du chromosome 3 dans les fibro-histiocytomes malins

Le gene hsa-miR-28, codant pour un microARN, comme oncogéne candidat.
Travaux effectués en collaboration avec Alain Aurias, Institut Curie, Paris.

Nous avons au départ entrepris d’analyser une lignée cellulaire, COMA, établie par nos
collaborateurs. La caractérisation cytogénétique initiale de la tumeur, un sarcome de tissu mou
diagnostiqué comme Fibro-Histiocytome Malin (MFH), et de la lignée cellulaire dérivée, COMA, a
montré la présence de deux amplifications de trés haut niveau, sous forme de chromosomes DM,
impliquant les régions chromosomiques 3q26-qter et 8q24, locus de 1’oncogéne c-myc. Par CGH-
array, nous avons cartographié¢ 1’amplicon du locus 3q28. Cette amplification a été¢ confirmée par
FISH (Hybridation In Situ en Fluorescence) sur des noyaux et des étalements de chromosomes
métaphasiques de la lignée: deux populations exclusives de chromosomes DM coexistent dans la
lignée, 1’'une contenant le géne c-myc, I'autre le locus 3q28. Une cartographie plus précise de
I’amplicon du locus 3q28 dans la lignée cellulaire COMA a été ensuite réalisée par PCR semi-
quantitative permettant de réduire sa taille a environ 1Mb et ses bordures a des intervalles de 62 et 150
kb. Une analyse bioinformatique de la bordure télomérique révéle un enrichissement significatif en
séquences répétées dans le génome, comme précédemment décrit pour d’autres amplicons et qui
pourraient étre impliquée dans la genése de cet amplicon.

Notre étude a ensuite été étendue a 8 sarcomes primaires indifférenciés avec des gains ou
amplifications de la région 3q26-qter (pré-criblage réalisé par nos collaborateurs). Par CGH-array,
nous avons délimité une région consensus d’amplifications entre deux de ces tumeurs primaires et
la lignée COMA. L’analyse bioinformatique de cette région révele la présence d’au moins trois
génes (LPP, FLJ42393, un géne codant pour un microARN, hsa-miR-28), ainsi que plusieurs ESTs
ou « morceaux de séquences exprimées ».

Pour étudier les conséquences transcriptionelles de I’amplification du locus 3g28, nous avons
comparé le niveau d’expression de ces génes dans la lignée COMA et dans une autre lignée tumorale
dérivée d’'un MFH mais ne contenant pas d’altération sur le bras long du chromosome 3 (1’origine
histologique des MFH étant inconnue, aucun tissu normal correspondant n’est disponible). Par RT-
PCR, nous avons montré que les génes LPP et FLJ42393 ne sont pas ou trés peu surexprimés alors
que deux ESTs, (AI338598 et BX118304), sont fortement surexprimées mais sont toutefois tres
peu caractérisées in silico. Finalement, le géne hsa-miR-28, est exprimé a des niveaux similaires dans
les deux lignées. Nous n’avons ainsi pas pu formellement identifier le géne cible de I’amplification du
locus 328 présente dans la lignée cellulaire COMA ainsi que dans deux tumeurs primaires.

Un manuscrit a été rédigé (en cours de soumission a la revue Cancer Genetics & Cytogenetics,
publication 1).

Toutefois, nous ne pouvons pas exclure que I’expression d’un des génes candidats étudiés ci-
dessus puisse étre régulée par un mécanisme alternatif a I’amplification génique dans la lignée
contrdle utilisée. De plus, nous avons observé que I’expression de miR-28 est nettement plus élevée
dans ces deux lignées cellulaires de MFH en comparaison avec d’autres lignées cellulaires
tumorales d’origine histologique différente (type épithélial). L importance physiopathologique de
cette nouvelle classe de génes codant pour les microARNs commence seulement a étre caractérisée.



Pour la premiére fois, le statut oncogénique d’un géne polycistronique codant pour plusieurs
microARNs, amplifié et surexprimé¢ de maniére récurrente dans des leucémies (avec un mauvais
pronostic associé pour les patients), a été¢ proposé dans une publication trés récente parue dans la revue
Nature en Juin 2005. Au vu de I’ensemble des données récentes suggestives de I’importance de cette
nouvelle classe de génes codant pour les microARNs, nous avons été hautement intéressés par la
caractérisation fondamentale et fonctionnelle de miR-28 et son lien potentiel au cancer.

Ainsi, en inhibant spécifiquement I’expression de miR-28, la prolifération des lignées
cellulaires tumorales de type MFH est ralentie alors que celle des lignées tumorales de type
épithélial est non affectée ou légérement stimulée. Ce ralentissement de la prolifération pourrait
résulter d’apoptose. Les microARNs jouent un role physiologique pléiotropique: chacun régule le
niveau d’expression de plusieurs protéines en s’appariant aux ARNm correspondants et en contrdlant
leur traduction (inhibition de la traduction ou dégradation de ces ARNm). Nous avons donc recherché
des cibles potentielles de miR-28 a I’aide d’outils bioinformatiques récemment développés et dédiés a
la prédiction de cibles des microARNs. Nous avons sélectionné deux protéines, qui, de maniére
intéressante, appartiennent a la méme famille des facteurs de transcription E2Fs/DP. Ces facteurs sont
essentiels au controle du cycle cellulaire, ont un réle dans I’apoptose et sont altérés dans plusieurs
cancers. Nous venons de montrer que le niveau d’expression de la protéine DP2 est effectivement
régulé par miR-28. Ce résultat, en soi, est d’importance étant donné le peu de cibles identifiées
jusqu’a présent pour les microARNs. Nous testons d’autres protéines de la méme famille E2Fs/DP. 11
est désormais acquis que hsa-miR-28 est un oncogéne candidat dans les MFH. Des études
complémentaires de son expression dans une série de sarcomes détermineront si cet oncogeéne candidat
peut étre utilisé comme un marqueur diagnostique spécifique d’un sous-groupe de sarcomes.

Cette étude consacrée au microARN miR-28 sera trés prochainement finalisée par la rédaction et la
soumission d’un manuscrit.

I11- Aberrations du chromosome 3 dans les carcinomes épidermoides

a. Carcinomes épidermoides du poumon

Travaux effectués en collaboration avec Elisabeth Brambilla, Institut A. Bonniot, Grenoble.

Dans ces tumeurs, de nombreux travaux ont montré la présence de gains et
d’amplifications dans la région terminale du bras long du chromosome 3 (3g25-gter) mais les
méthodes employées n’étaient pas suffisament résolutive pour établir une cartographie fine de
ces éveénements. En utilisant la CGH-array, nous avons criblé les aberrations du chromosome 3 dans
30 tumeurs primaires de stades avancés (tumeurs T3 et T4). Six tumeurs présentent des amplifications
de haut niveau du locus 3q26.3. Cette haute fréquence d’amplifications (20%), parmi les plus
¢élevées de celles décrites pour d’autres oncogénes connus, indique I’importance fonctionnelle de cette
aberration pour le développement ou la progression de ce type tumoral.

Nous avons alors produit une nouvelle version de notre puce avec une couverture globale du
chromosome 3 nettement augmentée (passage de 240 a 350 clones), et une représentation exhaustive
du locus d’intérét 3q26.3 (un contig représentant plus de 5 Mb). Cet outil a permis de réaliser une
cartographie fine des amplicons et de leurs bordures dans les 6 tumeurs concernées. Finalement, la
région consensus d’amplifications dans ces tumeurs couvre environ 2 Mb et ne contient qu’un
nombre limité de génes (dix génes appartenant aux catégories Refseq et ARNm Genbank).

Nous avons analysé leurs niveaux d’expression dans les 6 tumeurs avec amplification en
comparaison avec des tumeurs sans amplification du locus 3q26.3. Un effet géne dosage est observé
pour la plupart des genes (9/10), ne permettant pas d’isoler parmi ceux-ci un geéne « cible »
préférentiellement activé. Certains de ces geénes pourraient étre amplifiés et surexprimés de par leur
position sur le génome mais sans étre pour autant liés au phénotype tumoral, comme 1’ont déja montré
plusieurs études. Dés lors, une analyse fonctionnelle dans le contexte de la carcinogenése s’impose.

Pour effectuer une discrimination entre ces dix génes candidats, nous avons donc di
analyser les conséquences fonctionnelles de ces aberrations dans les cellules tumorales a 1’aide d’un
modele cellulaire. Les cellules NIH-3T3, classiquement utilisées pour des tests fonctionnels de



détermination de rble oncogénique in vitro ont été retenues pour étudier les effets de la
surexpression de ces genes sur des traits du phénotype tumoral (prolifération, invasion et
résistance a I’apoptose). Ainsi, nous avons sous-cloné les ADNc codés par ces dix génes dans un
méme vecteur d’expression et effectué des travaux de mises au point des différents tests. Nos résultats
préliminaires indiquent que plusieurs génes semblent importants. Ces tests nous permettront de
déterminer effectivement le ou les oncogénes du locus 3q26.3, activé de manicre récurrente par
amplification du locus 3q26.3 dans les carcinomes épidermoides du poumon et contribuant au
phénotype tumoral.

Cette étude originale constitue une avancée importante: pour la premiere fois, sur la base de
preuves expérimentales formelles obtenues en suivant une démarche exhaustive, nous sommes en
mesure d’identifier un ou plusieurs oncogeénes cible(s) des amplifications du locus 3926.3 dans des
cancers épidermoides.

L’ensemble de ce travail sur les cancers du poumon est actuellement en cours de finalisation et un
manuscrit, d’ores et déja avancé, devrait étre soumis pour publication dés les tests fonctionnels
achevés.

b. Carcinomes épidermoides des Voies Aéro-Digestives Supérieures (VADS)

Travaux effectués en collaboration avec le groupe de Joseph Abecassis, Centre Paul Strauss, et B.
Wasylyk, IGBMC, Strasbourg.

i- Identification de la cycline L1 comme oncogéene potentiel dans les cancers des
VADS

Nous avons initialement montré I’amplification et la surexpression de la cycline L1, géne
localisé en 3g25.3, dans une lignée cellulaire VADS, ainsi que sa surexpression dans une série de
20 tumeurs. Au cours de cette étude, j'ai d’abord eu la responsabilité de 1’analyse bioinformatique
exhaustive de la région d'intérét et de son annotation. Ceci a alors notamment permis d'identifier le
géne de la cycline L1 (CCNL1) comme géne localisé dans la région a partir de la séquence du génome
et son assemblage par Celera (la séquence du génome humain du consortium public, habituellement
utilisée, était alors incompléte dans cette région). J'ai eu également la charge de l'analyse de
l'expression des génes par puces a ADN et par RT-PCR quantitative.

Ces travaux ont été publiés dans Cancer Research fin 2002 (publication n°2).

Nous avons ensuite étendu cette étude in vivo dans une large série de tumeurs des VADS, en
déterminant par PCR quantitative le nombre de copies du géne (pour 35 tumeurs) et son niveau
d’expression (pour 96 tumeurs). Le nombre de copies du géne CCNL1 est augmenté dans environ
30% des tumeurs; de plus, celui-ci est surexprimé dans 57% des tumeurs. Aucune corrélation
avec les parameétres cliniques n’a toutefois été observée. Nous avons développé a 'IGBMC un
anticorps monoclonal spécifique de la cycline L1 (isoforme o) et avons validé son utilisation pour la
détection de la protéine sur des coupes de tumeurs des VADS par immunohistochimie.

Ces travaux ont été soumis récemment pour publication a British Journal of Cancer ( publication
n°3).

Cet anticorps devrait permettre d’explorer I’expression de la cycline L1 pour un grand nombre de
tumeurs par immunohistochimie.

Par ailleurs, nous avons récemment établi des modeles cellulaires in vitro d’expression
inductible pour les deux principaux transcrits alternatifs (o. et g) de la cycline L1. Ces clones,
transfectés de maniére stable, ont été sélectionnés, sont en cours d’amplification et vont permettre de
caractériser le rdle respectif de chacune des isoformes protéiques de la cycline L1 dans le cycle
cellulaire, mais aussi leurs potentiels oncogéniques.



ii- Aberrations du chromosome 3 dans les carcinomes épidermoides des VADS

Les carcinomes épidermoides des Voies Aéro-Digestives Supérieures et du poumon ont en
commun leur origine histologique, tous deux étant dérivés d’un épithélium desquamant. Pour définir si
les régions génomiques du chromosome 3 amplifiées sont identiques dans ces deux types tumoraux et
impliqueraient les mémes oncogénes, un criblage de 40 tumeurs VADS de stade avancé (tumeurs T3
et T4) a été réalisé. Cette étude, réalisée par CGH-array, fait apparaitre dans les tumeurs des VADS,
2 locus de la région 3g25-gter qui sont fréquemment altérés : le premier, en 3926. 3, est amplifié
dans 12,5 % des tumeurs et recouvre la région consensus définie pour les carcinomes
épidermoides du poumon mais de maniére plus large; de maniére intéressante, le second site
fréquemment altéré est la région 3025, locus du géne CCNL1 que nous avons précédemment identifi¢
comme oncogene potentiel dans les tumeurs des VADS.

Ce travail devrait donner lieu également a la rédaction d’un manuscrit.

V- CONCLUSIONS

Ce travail de thése illustre la puissance de la stratégie de la cartographie fine des
amplifications géniques pour I’identification de nouveaux oncogénes, ayant déja permis d’identifier
deux oncogénes candidats, les génes hsa-miR28 et CCNL1, respectivement dans des fibro-
histiocytomes malins et des carcinomes épidermoides des VADS. De plus, nous sommes sur le point
d’isoler et de caractériser fonctionnellement un ou plusieurs oncogénes majeurs des carcinomes
épidermoides (du poumon et des VADS), localisés dans la région 3q26.3, ce locus étant tres
fréquemment amplifié dans ces tumeurs.



ABSTRACT

Cancer cells are characterized by a certain number of hallmarks. Among these, genetic instability is
admitted to be a near universal one. Consequently, most of tumour cells presents genetic alterations and
particularly at the chromosomal level. Actually, interstitial deletions, low-level copy number gains and high-
level copy number amplifications of genomic regions are recurrently observed in tumour genomes, and produce
deregulations in the expression of tumour suppressor genes and oncogenes. We used a positional cloning
strategy by mapping of chromosomal aberrations to define common genomic intervals that are altered in
different tumours and identify candidate oncogenes. This thesis work specifically applied this strategy to
chromosome 3 aberrations in different tumour types and particularly to identify new candidate oncogenes
located at 3q, amplified and consequently over-expressed.

A first part was dedicated to the study of some soft-tissue sarcomas, Malignant Fibrous Histiocytomas
(MFH). In a first approach, we characterized an amplicon at 3q28 in a MFH cell line. This region was also found
to be amplified in two other MFH primary tumours but no obvious candidate oncogene was isolated (Hussenet et
al., submitted). From this region, we finally identified a microRNA encoding gene, hsa-miR-28 representing an
oncogene candidate: its inhibition indeed slows down the proliferation of 2 MFH cell lines. We further identified
three targets of miR-28 (DP2, E2F6 and CDC14A): all play roles in the regulation of the cell cycle and
interestingly the hsa-miR-28 gene expression itself seems to be cell cycle regulated (Hussenet et al., in
preparation).

A second part was dedicated to Squamous Cell Carcinoma (SCC) of two localizations (lung & head
and neck).

We analyzed chromosome 3 aberrations in a series of 25 lung SCC using array CGH. This work
allowed us to delineate three regions of deletions at 3p, low-level copy number gain of the 3q26-qter region in a
majority of tumours, as well as a common region of high-level amplifications at 3q26.3 for 20% of the tumours.
Further high-resolution mapping of these amplifications using array CGH with an array providing tiling
coverage of the 3q26.3 locus pinpoint a consensus region that is approximately 2 Mb in size. Analyses of the
transcriptional consequences of these high-level amplifications were carried out for 9 genes of the region. Most
of them are recurrently over-expressed but two, SOX2 and SOX20T, likely represent the 3q26.3 amplification
driver genes in these tumours. Ongoing in vitro functional assays will assess the effect of over-expression of
candidate oncogenes located in the consensus region of high-level amplifications at 3q26.3 (Hussenet et al., in
preparation).

Our positional cloning strategy also enabled us to isolate the cyclin L1 (CCNL1) gene at 3g25.3 as a
candidate oncogene, amplified and over-expressed in a head and neck SCC (HNSCC) cell line, as well as over-
expressed in HNSCC tumours (Redon et al., 2002). Further investigations of CCNL1 gene alterations in a larger
series of HNSCC revealed consistent low-level copy number gains and over-expression in these tumours (Muller
et al., submitted). Finally we also screened a series of 25 HNSCC for chromosome 3 aberrations using array
CGH. We were able to delineate several recurrent sites of deletions at 3p, low-level gains and high-level
amplifications at 3q. A common region of high-level amplifications in HNSCC is overlapping with the
consensus region we have previously defined for lung SCC and suggests that similar genes at 3q26.3 may be
involved in SCC pathogenesis independently of the localization.

In conclusion, this work illustrates the power of the positional cloning strategy applied to tumour
genomes through the use of high resolution methods and tools to map the recurrent sites of genomic alterations.
We indeed were able to isolate several oncogene candidate located at 3q that are amplified and consequently
over-expressed in different tumour types. Further investigations are still needed to assess their oncogenic status
as well as putative relationships with clinical parameters.
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Part 1

A general introduction

on some aspects of

CARCINOGENESIS



-1- Cancer is a GENETIC disease: first evidences and concepts

In addition to the cited monographies, this part is mainly inspired from different
sources (reviews and books): Nowell (1976); Nowell, Rowley and Knudson (1998); Cahill et
al. (1999); Knudson (2001); Balmain (2001); Heim and Mitelman (Cancer Cytognetics, 2™
edition, ©1995); The Metabolic & Molecular Bases of Inherited Disease, 8" edition (©2001).

a. A historical perspective:

a-1 First evidences from chromosomes observations

I- The German Precursors

Initial evidences accounting for the genetic origin of cancer came from early
cytogenetic studies that were carried out more than a century ago. These first important
observations and descriptions of phenotypic traits in neoplasms, in accordance with the
technical means available at that time, have provided not only with the conceptual bases for
the understanding of cancer, but also with the practical approaches needed to dissect cancer.

Chromosomal abnormalities in cancer cells were first reported at the end of the 19"
century by David von Hansemann, a German pathologist who microscopically examined
many epithelial tumour sections and noted frequent aberrant mitotic figures (von Hansemann,
1890).

Theodor Boveri, a German Biologist, originally bought new insights into the important
roles of chromosomes for different physiopathological processes. Even if he was already well
recognized by the scientific community (on the contrary to Mendel), Theodor Boveri has to be
considered as the founder of cancer genetics.

His first studies were dedicated to microscopic observations in a horse nematode and
led him to identify chromosomal individuality and to be among the precursors to the
discovery of meiosis.

Still addressing the role of chromosomes, he then went on answering scientific
questions using an experimental model, the fertilization of the sea urchin and was able to
observe developmental defects associated with mitotic abnormalities. After Walter Sutton’s
observations that each chromosome is present twice in grasshoppers cells, and linking that to
Mendel’s laws of inheritance (at that time recently and independently rediscovered by
DeVries, Correns and Von Tschernak), the chromosomal theory of genetic inheritance was
established. Later on at the end of his life (Boveri, 1914), Boveri was able to translate all the
recently accumulated knowledge about chromosomes and underlying genetic concepts into
new fundamental concepts for cancer. In fact, by linking genetic changes and tumour growth,
he suggested the somatic mutation theory of cancer. The “somatic mutation” term was only
applied two years later (Tyzzer, 1916).

Most importantly, Boveri first suggested the genetic basis underlying cancer in that
tumorigenesis could be due to aneuploidy and secondly, in that tumors could clonally
originate from a single cell. He implied thirdly that genetic instability could be an essential
determinant in tumor cells and finally, that specific chromosomal or submicroscopic changes
could be relevant for cancer cells. He already intuited, at the chromosomal level, the more



recently proven concepts of oncogenes and tumour suppressor genes, cell cycle checkpoints
and cancer predispositions.

Boveri’s global work made of him a real pioneer in the field of genetics, both in terms
of concepts and practical issues. Very remarkably, all the intuitive and deductive hypotheses
he posited with respect to cancer genetics were in turn verified.

From Boveri’s work to the emergence of the modern cytogenetics in the 50s, only little
advances have been made towards the understanding of the genetic contributions to cancer.
The most influential works were from O. Winge who defined the stemline concept predicted
by Boveri (Winge, 1930) and from tumour transplantation studies in rodents, as well as from
the study of radiation effects (Heim and Mitelman, 1995).

Ii- The modern Cytogenetics era
a) The “pre-banding” era

From the beginning of the 1950s, technical improvements in both cell culture
techniques and slide preparations paved the way to improved karyotype examinations of
tumour cells. At this point, studied tumours were highly advanced cases and mostly
malignant. These early studies already uncovered three specific traits of chromosomal
abnormalities in tumours: a high level of genetic heterogeneity for those tumour cell
populations, the proof of the formerly proposed stemline concept (most frequent chromosome
constitution in a tumour cell population besides the sidelines that have deviating
compositions), and the stemlines competition in response to environmental alterations
resulting in labile chromosome equilibria. Notably, this period also led to the description of
the correct chromosome number in man (Tijo and Levan, 1956).

A major breakthrough in cancer cytogenetics was then achieved by a collaborative
effort of Nowell and Hungerford: they discovered a karyotypic marker in chronic myeloid
leukaemia (CML) that was present in all cancer cells of nearly every typical CML they had
examined. As the specific chromosome involved could not be identified, they followed the
newly established nomenclature rules (from the First International Conference on
Cytogenetics, 1960) and called it the “Philadelphia” (Ph) chromosome after the name of the
city where this discovery had been done (Nowell and Hungerford, 1960).

b) The “banding revolution”

In the early 1970s, the chromosome banding staining were introduced and can be
considered as a technical revolution in the field, allowing cancer cytogeneticists to look to
tumour cells at sub-chromosomal levels. This mostly and importantly helped to convince
numerous sceptics that chromosomal gains and losses observed in tumour cells were not only
random events.

J. Rowley confirmed that the Ph chromosome was composed of chromosome 22
material in CML, but also noticed the presence of an additional band to the chromosome 9 in
each examined karyotype. Thus she was able to identify the Ph chromosome as resulting from
the translocation of a chromosome 22 segment to the chromosome 9 (Rowley, 1973). This
translocation was finally characterized only 11 years later with cloning techniques (Groffen et
al., 1984) and shown to involve the ABL and BCR genes. Other translocations specifically
associated with other tumour types were then described and characterized in leukemias,
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lymphomas and sarcomas (Rowley, 1984). Most of the described translocations create
chimeric transcription factors. Since then, the overall most common mutation found in cancer
genes is translocation that creates chimeric genes (Futreal et al., 2004).

By studying sarcomas induced by the Rous Sarcoma Virus (RSV) in rats, F. Mitelman
showed a stepwise increase in chromosomes number (sequential gains of chromosomes 7, 13
and 12) in cancer cells that was typically associated with progressive loss of differentiation
for the sarcoma cells, observed histologically and biochemically by decreased collagen
production (Mitelman, 1974).

In less than a century, great progresses on the understanding of the genetic basis of
cancer were made through cytogenetics. These first numerous and important observations led
to elaborate new concepts for the understanding of how a tumour could initiate and progress.



a-2 Place of chromosomal aberrations in the Darwinian evolution of the
cancer cell and clonal tumour cell populations.

As noted in the previous part, Boveri already predicted that tumours could arise from a
single cell that would clonally expand. This was further defined as the stemline concept
(Winge, 1930).

Shortly after the identification of the Ph chromosome in CML, Cole and Nowell
suggested (1965) that tumour progression could be due to a sequential acquisition of multiple
genetic changes to the initiated neoplastic clone. Of importance, they also suggested that
genetic instability could facilitate this process. But it’s only eleven years later, based in
particular on accumulated cytogenetic observations in tumours and on the Darwinian selection
principles he applied to cell populations, that P.C. Nowell was able to propose a detailed and
argued model explaining the clonal evolution of tumour cell populations: the neoplastic
progression results from stepwise selections of malignant cells presenting genetic instability
(Nowell, 1976).

In this model, cancer initiates by genetic alterations in a single normal cell of origin
which will then give rise to a progeny with genetic instability. From that instability, the
daughter cells population will present acquired genetic variability along successive cell
divisions. Among the progeny, a cell will further be sequentially selected and expand as its
genetic variability has provided it with a selective advantage (i.e. growth advantage such as
increased proliferation rate) allowing this neoplastic clone to overcome others. And this
sequence of events will further be repeated: increase of genetic variability in the progeny due
to genetic instability, which will facilitate the emergence of a new clone with a selective
advantage possibly under new environmental pressures and that will clonally expand to the
detriment of other cells.

In conclusion, tumour progression can be explained after initiation of a neoplastic cell
by several waves of clonal expansions, each of these conferring cells with a new selective
advantage towards a best fitted malignant phenotype (figure 1). Experimental confirmations
of this pioneer conceptual thesis of Nowell had to wait until the emergence of molecular
cancer genetics. This conceptual frame is now accepted by the scientific community.

In any case, it has now clearly been demonstrated and accepted that chromosomal
changes in almost all human cancer types are non-random reflections of clonal transmission.
Numerous specific chromosomes alterations have been described for a wide majority of
tumour types. With respect to the model established by Nowell, chromosomal aberrations
should be divided into two categories, depending on their phenotypic contribution to
malignancy (Heim and Mitelman, 1995).

Primary chromosomal aberrations refer to the aberrations which are involved in the
earliest stages of carcinogenesis and thus represent specific markers of given neoplasms.
Their primary involvement doesn’t preclude any previous somatic mutation not detectable
cytogenetically and putatively causative of initiation.

On the contrary, secondary chromosomal aberrations refer to the abnormalities that
even if non-random and clonal, are less specific, rarely found alone and as such are numerous
in cells of advanced tumours.

Importantly, as genetic instability is a main contributor to carcinogenesis and cancer
progression, tumour cells genomes have been described as highly variable with a lot of



apparently random and non clonal genetic aberrations. Such chromosomal aberrations have
been referred to as cytogenetic noise.

Concerning tumour initiation, it is still unclear whether cancer initiation is a mono or
polyclonal event. In other words, does cancer initiates in a single cell or begins by
simultaneous transformation of multiple cells ? With respect to Nowell’s model, this question
is clearly open for both answers. There is no doubt that both hypotheses should turn out to be
verified in different cases. It seems that for some cancers at least, initiation is polyclonal, but
later stages of cancer progression may concern selection of oligo- or monoclonal cell
populations.
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Figure 1. Model of tumour cell clonal evolution in cancers.
Taken from Nowell, Science 1976.

After acquisition of the malignant phenotype, a normal cell (N) is converted to a
tumoural cell (T1). This cell’s karyotype can be eventually composed of 46
chromosomes (as noted) or could already present variation of its chromosome
numbers. Genetic instability in the progeny produces variants (T2 to T6) with different
chromosomes numbers. Most of cells die (hatched circles) due to any disadvantage, as
for example a too high genetic instability. In some cases, a cell variant will acquire an
advantage through an additional chromosome for example as for T2, noted with 47
chromosomes. T2 will accordingly produce a progeny that will overcome the other cells.
Tumour progression may thus be explained by such step-wise selections of cancer
cells towards a best fitted malignant phenotype, partially determined by environnmental
selective pressures.



a-3 Getting further insight from genes: discovery of Oncogenes and
Tumour Suppressors

I- Oncogenes and proto-oncogenes

The oncogene term (onco = bulk or mass in Greek) was first introduced to describe
viral genes with transforming activity among the viral genome (called “virogene”; Huebner
and Todaro, 1969). The discovery of oncogenes came from studies of transforming
retroviruses that are able to induce tumourigenesis in animal models. At that time, the
hypothesis of tumours being induced by those viruses was one of the prominent hypotheses to
explain carcinogenesis.

In particular, the Rous Sarcoma Virus, a Retrovirus capable of infecting and
transforming avian cells, was extensively studied in the 60s-70s period. Several genetic
studies showed that its V-Src gene was responsible of its transforming activity in chicken but
not necessary for viral replication (Martin, 2004). Trying to get a specific nucleic probe for a
RSV variant, a cellular homologue of the v-src gene was isolated in the chicken genome and
its sequence shown to be conserved in several other avian species (Stehelin et al., 1976). The
authors suggested the cellular origin of the viral oncogene. Notably, they anticipated the
potential normal role in cell growth and development as well as the putative transforming
activity upon alteration of the cellular homolog. It finally turned out that the v-src gene was
indeed of cellular origin and had been captured by the retrovirus. It was then shown later that
the c-src gene is indeed a cellular functional protein encoding gene, coding for a tyrosine
kinase protein, and able to induce cellular transformation when altered by activating
mutations or overexpression (Martin, 2004).

The term “proto-oncogenes” was applied to describe those cellular genes with
transforming capacity upon alteration to distinguish them from the putative ones of viral
origin (previously defined as “oncogenes”). It turned out that these retroviral oncogenes are in
fact of cellular origin, and notably, this global discovery was rewarded by the Nobel Prize to
H.E. Varmus and J.M. Bishop (Bishop, 1990; Varmus, 1990).

Following the same strategy as for c-Src identification, several other proto-oncogenes
were then characterized, such as for memory among now famous ones, the c-erb and c-myb
(Roussel et al., 1979; Vennstrom et al., 1982a), and the c-myc (Sheiness et al., 1980;
Vennstrom et al., 1982b) proto-oncogenes. Since the cellular origin of the formerly defined
oncogenes has been clearly established, proto-oncogenes are now commonly referred as to
oncogenes.

Finally, one can define an oncogene as a gene that upon alteration of its normal
function by any activating mechanism enhances the malignant phenotype.

Activation of oncogenes may be achieved through increase in their dosage (due to
translocation, gene copy number amplification or any other mechanism), activating mutations
or translocations.



Ii- Tumour suppressor genes

Precursor work came from A. Knudson, trying to understand which relation could
exist between hereditary and non hereditary forms of retinoblastoma. Through an
epidemiological study of these childhood cancers he established a mathematical model of
both forms of retinoblastoma cancer incidence (Knudson, 1971). Accordingly, he was able to
postulate the later on so-called “two-hit” hypothesis: two events of mutations are needed to
inactivate a tumour suppressor gene, or TSG.

In the hereditary form of retinoblastoma, the first mutation is inherited from the parent
(as a carrier, or through a de novo mutation which is from far the most frequent) and the
second is acquired early during development. In this case, most affected children develop
bilateral affections. In the non hereditary form, the two mutations are somatically acquired,
and most cases are unilateral.

Knudson predictions were verified: the involved locus, on chromosome 13ql14 was
shown to be a deleted region in retinoblastoma, (Francke and Kung, 1976; Knudson et al.,
1976) which was then further mapped by Loss Of Heterozygosity (LOH, Cavenee et al.,
1983). The involved first tumour suppressor gene, RB, was finally cloned (Friend et al.,
1986). Interestingly, we know now that the encoded pRb protein belongs to a cellular central
proliferation pathway which is altered at several levels in a wide majority of tumours.

In the meantime, the p53 protein was identified in a complex with the SV40 large T
antigen (Linzer and Levine, 1979). From that and other studies, the TP53 gene was later
proposed as an oncogene (Parada et al., 1984). Further studies then proposed that it could on
the contrary be a tumour suppressor gene (Wolff and Rotter, 1984 and 1985; Mowat et al.,
1985). This controversial subject was highly debated. The ultimate proofs of p53 role as a
TSG came from studies showing that the gene locus is very frequently deleted in colorectal
carcinomas and other tumour types (Baker et al., 1989; Nigro et al., 1989), and that the wild
type p53 gene is able to suppress colon carcinoma cell growth (Baker et al., 1990). Fitting
with this tumour suppressor role, it turned out that the p53 protein functions as a “guardian of
the genome” and is virtually the TSG most frequently altered in cancer (Levine et al., 1997).

[Please see part A-2-a “Cellular signalling pathways and functions deregulated in cancer
cells” for more details on the pRb and p53 pathways and their involvement in cancer cells].

A tumour suppressor gene can be defined as a gene that upon loss of its physiological
function by any inactivating mechanism contributes to the malignant phenotype. Loss of TSG
activity in tumour cells can be achieved through inactivating mutations in their sequence, loss
of expression by gene deletion or silencing, or inhibition of the activity of the encoded protein
by any means.



b. Genetic Instability of the cancer cell

b-1 Introduction

Cancer has been largely described as a multi-step, and somehow stochastic process
resulting in the cellular physiology to be highly perturbed in tumour compared to normal
cells. Advances in our understanding of this pathological physiology has enabled however to
define common traits of cancer cells and even to link sometimes these traits to tumour
initiation and progression.

Among the hallmarks that can be defined for tumour cells, it seems quite clear now
that a wide majority, if not all, of these cells present a high genetic instability (Hanahan and
Weinberg, 2000).

[Others hallmarks that have been defined for cancer cells are presented and further
slightly detailed in the part A-2 “Towards a comprehensive understanding of cellular
transformation and cancer progression”]

This genetic instability can thus be seen as an intrinsic property of cancer cells and,
as such, has been proposed to participate to both cancer initiation and progression and even to
have causative roles of these different steps in certain circumstances. Once initiated, a cell
will have to accumulate several types of genetic aberrations to become a malignant cell. These
genetic aberrations, or mutations, can be observed at both the DNA sequence and the
chromosomal levels. Which of these could be real driving forces of tumourigenesis and
tumour progression is still debated and controversial (Sieber et al., 2003).

The following part is an overview of current knowledge about genetic instability,
principally resuming its different types and presumed respective contributions to the initiation
and progression of the malignant phenotype, in general and in selected examples.



b-2 Different types of genetic instabilities putatively underlying cancer
initiation

I- Types and origins of genetic instabilities: lessons from colorectal cancers

The study of colorectal carcinogenesis has provided great insights to the
understanding of genetic instability and its contribution to cancer. Importantly, several works
have shed new lights on colorectal carcinogenesis, both in hereditary (FAP, for Familial
Polyposis, and HNPCC, for Hereditary Non Polyposis Colon Cancer) and sporadic tumours
(Lengauer et al., 1998). Main contributors to these remarkable studies were conducted by C.
Lengauer, K. W. Winzler, B. Vogelstein and coworkers.

Three main categories of genetic alterations are believed to play a role in cancer
initiation: the first concerns point mutations affecting the DNA sequence; the second,
aneuploidy refers to an abnormal number of chromosomes; and the third, aneusomy, to an
abnormal structure of chromosomes. Point mutations, as well as numerical and structural
rearrangements of chromosomes are indeed recurrently observed in cancer cells, and as such
have been postulated to participate to cancer initiation. These three types of alterations can be
observed at two different levels and consequently, two main categories of genetic instability
underlying them have been defined: the first is at the nucleotide level (that is the sequence)
and the second at the chromosomal level of DNA.

a) At the sequence level

Two types of genetic instability have been described and are due to deficiencies in
various DNA repair processes. The cellular machineries responsible of these are indeed
normally controlling the genome sequence to avoid mutagens effects and to ensure DNA
replication fidelity.

A first type of genetic instability at the sequence level is due to Nucleotide Excision
Repair (NER) deficiency, and known as NIN, for NER-associated INstability.

The NER process is responsible of genome surveillance to avoid exogens mutagens
effects on DNA. Definition of NIN came from xeroderma pigmentosum (and others related
disorders such as Cockayne syndrome) study (Cleaver, 1968; De Weerd-Kastelein et al.,
1972), an hereditary syndrome mostly predisposing to skin tumours. In these cases, cutaneous
cancers are mainly initiated through inherited mutations in NER genes such as XPA, XPB or
XPC (and others) of which the encoded proteins are consequently unable to correct for DNA
adducts induced by ultraviolet light, a major environmental mutagen (Cleaver, 2005).

A second type of genetic instability at the sequence level is Microsatellite Instability,
called MIN (or MSI).

Its definition came from observations that microsatellites, small nucleotides repeated
tracts present throughout the whole genome, are highly variable in colon tumour cells (Ionov
et al., 1993; Thibodeau et al., 1993). Like approximately 15% of sporadic colorectal cancers,
some colorectal cancer cell lines do also present MIN and have a stable near diploid
karyotype (Lengauer et al., 1997).

MIN is due to DNA MisMatch Repair (MMR) deficiency and mutations affecting
genes involved in the MMR process have been first identified in Hereditary Non Polyposis
Colon Cancer, or HNPCC (Fishel et al., 1993; Strand et al., 1993; Parsons et al., 1993; Leach
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et al., 1993): HNPCC is due to a heritable predisposition to colon cancer through transmission
of germline mutations in MMR genes such as MSH2, MLH1, PMS1, PMS2, or MSHG.
Mutations in these genes were further also found in sporadic colorectal tumours but rarely
(Narayan and Roy, 2003).

b) At the chromosomal level

On the contrary, other colorectal cancer cell lines, like a wide majority of colorectal
tumours present abnormal karyotypes with whole chromosomes that are gained and others
lost. Aneuploidy is a common trait of tumour cells but the question of whether these cells
present constant chromosomal segregation defects or if aneuploidy results from one or a few
isolated crisis remained unanswered for decades. First clear experimental proofs were
obtained by Lengauer and coworkers showing that the rate of gains or losses of whole or large
portions of chromosomes by cellular generation is increased in colorectal cancer cell lines
without MIN phenotype. This property was named Chromosomal INstability (CIN, Lengauer
et al., 1997). Chromosomal INstability, or CIN, may be responsible of the consistent
aneuploidy state observed in tumour cells, and importantly not the reverse. Aneuploidy is a
state which per se does not reflect an obligatory CIN phenotype. Moreover, cell fusions
experiments clearly indicate that CIN is a dominant heritable trait over MIN. CIN can thus be
defined as an accelerated rate of gains or losses of whole or large portions of chromosomes
(Lengauer et al., 1997) which is reflected at the molecular level, by a Loss Of Heterozygosity
of the involved loci (Rajagopalan et al., 2003).

Further works have shown that mutations in genes involved in mitotic checkpoints
and chromosome segregation can be at the origin of CIN in colorectal cancers (BUB1 and
BUBR1 genes, Cahill et al., 1998; CDC4, Rajagopalan et al., 2004; MRE11, hZw10, hZwilch,
hRod, and Ding genes, Wang et al., 2004a). Depending on the mutations nature and number
they require to produce CIN, those genes can be classified into three categories (one
dominant, inactivating or activating mutation; or two inactivating recessive mutations
needed). Thus it seems that alterations in the handling of chromosomes during mitosis can be
at the origin of CIN.

Alternative mechanisms to these specific gene mutations have also been proposed as
able to induce CIN: telomere dysfunction and centrosomes aberrations could be initial events
leading to genomic instability (Feldser et al., 2003; Nigg, 2002). On the other hand,
aneuploidy by itself has been proposed as causative of CIN (Duesberg et al., 2004).

[Please see in next sections, *““genetic instability at the origin of cancer ?” and
“chromosomal aberrations and cancer” of this general introduction part, for more details on
these putative contributions to CIN.]

Finally, the two main types of genetic instability, MIN and CIN, are mostly

exclusive in colorectal cancer cell lines suggesting a somewhat equivalent contribution to
tumour progression even if in some rare instances they have been found to occur.
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c) Caretakers and Gatekeepers genes

Since they are in charge of both the surveillance and maintenance of genome
integrity throughout cell life, the genes whose normal function inactivation leads to genomic
instability in pre-malignant cells should be regarded as “caretakers” (Kinzler and Vogelstein,
1997). Their inactivation doesn’t conduct directly to tumour formation but rather facilitates
the likelihood of malignant conversion by means of secondary mutations accumulation in the
genome.

Among these, some will affect other crucial genes such as the “gatekeepers” which
are supposed to regulate directly tumour growth, either by inhibiting cell proliferation or by
promoting cell death. (figure 2).

It should be here pointed out that the genes responsible for NIN, MIN and CIN
phenotypes that have been identified so far could be regarded as “caretakers”. However, the
inactivation events required to produce the respective genetic instabilities is different: two
mutations and an additional mutagen (UV light) may lead to NIN, whereas two mutations
only may be required to produce MIN. On the contrary, CIN may result from a single
dominant mutation, as exemplified by BUB1 mutations (Lengauer et al., 1998).

Normal
Neopl

Camtakerpaﬂm

Mutation of a Mutation of 2nd Mutation of a Mutation of 2nd
caretaker- caretaker-gene gatekeeper- gatekeeper-gene
gene allele allele leads to gene allele allele leads to

genetic instability tumour initiation

Figure 2. Caretakers and Gatekeepers genes.
Taken from Kinzler and Vogelstein, Nature 1997.

Two main ways may lead to cancer. Caretakers genes are responsible of the integrity
of the genome. Their mutational inactivation leads to genomic instability in tumour cells.
Genomic instability may produce random mutations that will also affect gatekeepers
genes which directly regulate tumour growth either by inhibiting cell proliferation or by
promoting cell death. Inactivation of gatekeepers genes finally allows tumour formation.
Inactivation of gatekeepers genes by mutations may also be sufficient to lead to cancer
as frequently observed for several familial forms of cancer.
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Ii- Genetic instability at the origin of cancer ?

Even if genetic instability can be observed in most cancer cells, it should be
underlined that its contribution to initiation and progression of the malignant state is not
an obligatory mechanism (Sieber et al., 2003). Consistent with that, it has been shown for
example that a non-negligible subset of colorectal tumours arise without MIN nor CIN (Tang
et al., 2004; and other references herein).

On the road to become malignant, a cell can for example have its two different
alleles of a given gatekeeper gene that will be inactivated and as such will be more likely to
become a malignant cell and produce a tumour. Such events are classically observed in
several inherited predispositions to cancer where specific genes have been identified: the first
mutant allele is inherited from one of the parents, and the second mutation is then somatically
acquired, leading to tumour formation. Examples concern retinoblastoma (Rb gene), von
Hippel Lindau (VHL), neurofibromatosis type 1 (NF1) or Adenomatous polyposis coli (APC)
cancer predisposing syndromes.

However, several lines of evidences suggest that the different types of genetic
instabilities may play crucial roles in the very first steps of cancer initiation and
progression.

Colorectal carcinogenesis is thought to be initiated by inactivation of the APC
(Adenoamtous Polyposis Coli protein) / beta-Catenin pathway. Mutations in APC gene are
found in more than 85% of colon tumours whereas most of remaining harbours beta-Catenin
gene mutations (Rajagopalan et al., 2003).

Histologically, this initial event leads to cell dysplasia and slowly allow further
formation of an adenoma (or polyp), which will possibly evolve to a larger form through
acquisition of other mutations, in K-RAS or B-RAF oncogenes for example. Sequential
acquisition of additional mutations in important cancer related genes (belonging, among
others, to the TGF-Beta or p53 pathways) can then allow the formation of a carcinoma (figure
3).

In such a sequential model of carcinogenesis and progression, evidences that MIN
and CIN / aneuploidy do occur at very early stages and may actually represent initiating
events of carcinogenesis have been bought.
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Figure 3. A progression model for colorectal carcinogenesis.
Taken from Rajagopolan et al., Nature Reviews Cancer 2003.

Inactivation of the APC (Adenomatous Polyposis Coli) / beta-Catenine pathway is
thought to initiate colorectal carcinogenesis in a colonic crypt. This is believed to arise
trough bi-allelic inactivation of APC in most cases and leads to the formation of an
adenoma. Upon acquisition of others mutations, a late adenoma will possibly form and
evolve to give rise to an in situ carcinoma. Further acquisitions of other mutations can
allow tumour progression up to the formation of an invasive carcinoma which can lead
to metastasis formation. The whole tumour progression course is believed to take from
20 to 40 years.

Genetic instability, either MIN or CIN, may occur very early and represent a driving
force of tumourigenesis. APC inactivation by itself indeed leads to both chromosomal
instability and sustained proliferation (through activation of the Wnt/beta-Catenine
pathway) in colon cancer cells.
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a) MIN as a contributor to carcinogenesis

As a consequence of a first acquired MIN phenotype, through loss of a MMR gene, an
initiated malignant cell will accumulate point mutations at higher rates, but not aneuploidy.
Accordingly, mutations rates around 2 to 3 fold higher are observed in MIN colon cancer cells
when compared to normal cells (Rajagopolan et al., 2003).

It is therefore reasonable to conceive that such MIN cells are likely to accumulate
randomly mutations at higher rates in various genes. Some of them will be critical for the cell
to progress towards a malignant state. These cells will then be prone to randomly acquire over
time other mutations needed for malignant progression that will ultimately get fixed in a
clonal cancer cell population. It is hence commonly admitted that the MIN phenotype
represent a driving force for tumour progression but its participation to carcinogenesis is
however not an obligatory mechanism (Sieber et al., 2003).

b) CIN and / or Aneuploidy as a tumourigenesis driver ?

On the contrary, the questions of whether CIN and / or aneuploidy could represent
very early events and driving forces of both tumour initiation and progression has been even
more long-standing debated (for example Sieber et al., 2003).

Mutations in CIN causing genes

The genes that have been identified originally as mutated in colon cancer cell lines
presenting CIN and others identified since then have been found mutated in only a small
proportion of human sporadic tumours (Wang et al., 2004a).

On the contrary, mutations in APC are present in a wide majority of these tumour cells
Inactivation of the APC pathway is thought to be an initiating event of colorectal
tumourigenesis (Rajagopolan et al., 2003), and even exclusively by bi-allelic inactivation of
the APC gene (Sieber et al., 2003).

Apart of their role in activating the beta-Catenin pathway to sustain cell proliferation
in colon carcinoma cells, APC mutations have been recently also demonstrated to induce
chromosomal instability in vitro (Kaplan et al., 2001; Fodde et al., 2001a).

These findings were confirmed by showing that the mitotic abnormalities observed in
CIN colorectal cancer cell lines correlate with APC status in these, and that an APC
truncating mutation, reflecting the situation that occurs in tumours in vivo interfere in a
dominant manner with microtubule attachment of chromosomes to the spindle (Green and
Kaplan, 2003). Importantly, these results were independently confirmed (Tighe et al., 2004).
Moreover, aneuploidy is significantly more frequent in colon adenomas with mutations in
APC, concerning 47% of these tumours (versus 26% for those without) and finally, specific
point mutations of APC, affecting the central part (known as the MCR, for Mutated Cluster
Region) of the protein or the more C-terminal part seem to be associated with CIN occurrence
in vivo in these colon adenomas (Giaretti et al., 2004).

It thus seems that the loss of functional C-terminal part of the APC protein could be a
critical initiating event leading to CIN in a dominant manner. This would then further increase
the likelihood of loosing the remaining WT allele of APC, which would fully activate the
beta-Catenin pathway: this cell will have both high proliferation capacity and CIN,
outstanding features of malignancy (Fodde et al., 2001b; Fodde, 2002). APC loss of function
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per se could also act further on other tumoural traits such as the coordinated regulation of cell
adhesion and motility (Fodde, 2003).

Nevertheless, it is likely that other not yet identified CIN causing genes could be also
found mutated and responsible for the CIN initiating phenotype. Consistent with that
hypothesis, CIN can result from the inactivation of more than 50 different genes in yeast for
example (Kolodner et al., 2002), suggesting that more mutated genes are to be identified as
responsible for CIN in human cancers (Wang et al., 2004a).

Consequences of CIN

The first evident advantage towards malignancy that CIN could confer to a cell is an
improved likelihood of inactivating TSGs: the loss of one of the chromosome harbouring a
TSG can provide either the first or the second hit needed to inactivate such a gene.

CIN can furthermore cause changes in the expression of the numerous genes
concerned by a chromosome that is gained or lost. In both cases, such dosage changes are
however susceptible to be countered for most of the genes by either feedforward or feedback
loops that usually regulate a majority of cellular pathways (Rajagopalan et al., 2003).
Moreover, it has been described that when a chromosome is lost, the normal conserved
chromosome can undergo reduplication, surely to avoid haploinsufficiency that could concern
a lot of genes (Brat et al., 1997; Thiagalingam et al., 2001).

Even though it is likely that expression changes may be sufficiently induced or
diminished for some genes and even if transitory, this could provide the cell in which an
entire chromosome was gained or lost with an advantage towards malignancy.

Aneuploidy in very early pre-neoplastic and neoplastic lesions

Consistent with CIN / aneuploidy putatively underlying cancer initiation, it has been
shown in several cases that neoplastic or still pre-neoplastic cells in very early lesions from
various tumour types do already present aneuploidy.

Analysis of colorectal early cancerous lesions (tiny adenomas of very small sizes,
between 1 to 3 mm) uncovered allelic imbalances in a wide majority of them (at least one
chromosome affected in 90% of the samples; Shih et al., 2001). Furthermore, several recent
mathematical modelling studies of colorectal cancer initiation point out that early occurrence
of CIN is a very likely phenomenon (Michor et al., 2004; Komarova and Wodarz, 2004).

A second and even more strinking example concerns retrospective studies of
premalignant dysplastic lesions from the oral cavity. These early lesions can be of two
different types, erythroplakia and leukoplakia (Hunter et al., 2005). Erythroplakia are very
rare, generally show features of dysplasia and are likely to progress to HNSCC (50% over 10
years; Mashberg, 1977). Leukoplakia are believed also to be very early and still non
malignant lesions, but are rarely dysplastic (5-15% of them; Sudbo et al., 2001). On the
contrary to erythroplakia, they more rarely further evolve and lead to HNSCC (2-5% over 10
years; Mashberg, 1977). Recent studies strikingly uncovered that the presence of aneuploidy
in dysplastic leukoplakia is a consistent predictor of tumour progression and even of patient’s
poor prognosis (Sudbo et al., 2001; Sudbo et al., 2004).
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Aneuploidy by itself as a tumourigenesis driver and at the origin of CIN ?

Long standing efforts to understand the contribution of aneuploidy to cancer
initiation and progression have also been made by P. Duesberg and coworkers.

[1 would strongly emphasize that their scientific positions and works related to cancer
are the sole that have to be rationally and objectively considered here. Reporting these
data/concepts doesn’t imply any further adhesion to their thoughts on any other scientific
subject such as questioning the origin of AIDS.]

Several convincing arguments have been advanced supporting the view that random
“aneuploidization”, either occurring spontaneously or induced by a non mutagenic carcinogen
could be an initiating event in carcinogenesis, and even preceding CIN (Duesberg and
Rasnick, 2000; Duesberg et al., 2004). They established a model, in which the initial
carcinogenic event in a normal cell is the generation of an aneuploid karyotype, which will
then auto-catalyze further karytotypic evolutions. Most of these will be consequently lethal,
but on rare occasions could allow the emergence of a new chromosomal combination that is
more viable for the cell in its habitat than the one of a normal cell. This cell with acquired
malignant capabilities and genomic instability will expand clonally and give rise to other new
karyotypic evolutions in the progeny (figure 4). In this view, ancuploidy destabilizes the
karyotype by corrupting the proteins involved in DNA synthesis and repair as well as
chromosomes segregation. Consequently, aneuploidy is proposed as the primary cause of the
genomic instability observed in cancer cells. They have proposed that most of the
spontaneous aneuploidizations could be initiated through chromosome fragmentation or direct
alterations of the mitotic spindle.

Conclusion

All these studies even if not direct proofs that CIN can be responsible for cancer
initiation indicate at least that acquisition of aneuploidy, very likely through CIN, can be a
very early event in tumour progression and even at early stages related to patient clinical
outcome.

This is in support for the hypothesis that CIN induced aneuploidy could be an
initiating event for cancer and at least a strong driving force for tumour progression even in its
early stages in some cases. It is thus more conceivable and accepted that aneuploidy may

represent “obligatory second hits” that could allow irreversibility of transfomation progress
(Ried et al., 1999).
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Figure 4. Aneuploidy as an autocatalyzer of chromosomal instability.
Taken from Duesberg and Rasnick, Cell Motility and Cytoskeleton 2000.

In this model, aneuploidy is first induced by a non mutagenic carcinogen in a non
cancerous cell (circle). This aneuploidy state per se will further lead to the generation of
cells with other karyotypes. Most of these will be lethal but a few could create a normal
preneoplastic cell (circle) with a higher degree of aneuploidy. This autocatalytic
mechanism could then lead to the emergence of a cancer cell (triangle) that could
further evolve. Increasing densities of black color inside circles or triangles depict
increased degrees of aneuploidy.
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-11- Towards a comprehensive understanding of cellular transformation
and cancer progression

This part is a rapid overview of some important works that have contributed to a better
understanding of cancer until now.

In accordance with the work and results that are presented in the second part of this
thesis, the following sections of this introduction part especially try to describe in a more
comprehensive and precise manner with respect to cancer: first, some insights that have been
bought by genome-wide gene expression profiling studies; secondly, the cell cycle with a
more detailed view on some crucial players and the exit of mitosis; thirdly, the microRNAs as
newly discovered post-transcriptional regulators of gene expression; and last, the
chromosomal aberrations and their formation, with a specific focus on large chromosomal
gains, gene amplifications, their transcriptional consequences and biological relevances.

This part does not pretend to represent an exhaustive review of the state of the art in
our understanding of cancer and accordingly some other important points are also mentioned
but more rapidly overviewed.

a. Cellular signalling pathways and functions deregulated in cancer cells

a-1 Hallmarks of cancer cells: Cancer Genes and the pathways they
control

I- Common pathways and functions deregulated

An attempt has been made towards the definition of phenotypic hallmarks of cancer
cells: common tumoral traits indeed can be aggregated in six acquired capabilities a cell may
have to acquire to become fully malignant (Hanahan and Weinberg, 2000). Namely, these
capabilities are the self-sufficiency in growth signals and the insensitivity to anti-growth
signals, the possibility to evade apoptosis, the acquisition of immortality through limitless
replicative potential, the angiogenesis and invasive potentials (figure 5A). The order of
acquisition of these capabilities by cancer cells may vary from tumour to tumour both in terms
of the way and of the chronological order they are acquired (figure 5 B and C). Furthermore,
some genes altered in cancers may participate to the regulation of more than one of these
acquired capabilities.

Efforts to integrate the molecular alterations observed in cancer cells in terms of
cellular pathways that are deregulated and interconnected may in turn lead to the
establishment of a complete picture of the molecular circuits underlying cancer (Hahn and
Weinberg, 2002a). Examples of such circuits concerning the crucial pathways that are
recurrently altered in cancer cells are given in figure 6.

Accordingly, this part is a very brief overview of these fundamental pathways of
which the deregulation seem to be quite obligatory for the cell to acquire malignancy. For
more extensive reviews (from which this part is largely inspired) of these pathways, please
see: Hanahan and Weinberg, 2000; Hahn and Weinberg, 2002b; Vogelstein and Kinzler,
2004.
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Figure 5. Phenotypic hallmarks of cancer cells.
Taken from Hanahan and Weinberg, Cell 2000.

A. Apart of genetic instability, cancer cells may have to acquire the six presented capabilities to
become fully malignant.

B. Cancer cells may acquire these capabilities through different molecular alterations. Examples
of molecular mechanisms to acquire these are given.

C. Cancer cells may acquire these capabilities in different orders (symbols equivalence given in
A and B) suggesting the existence of parallel pathways that can lead to carcinogenesis.
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Figure 6. Attempts towards the modelling of integrated circuits of the cancer cell.
Taken from Hanahan and Weinberg, Cell 2000.

An emergent integrated circuit of the cell: intracellular signalling cascades allows to
transmit various informations in a normal cell through the interplay of numerous
molecular actors and interconnected ways. Some of the players play crucial roles in
integrating different informations by their cross-roads position in this scheme.

Those depicted in red are known to be deregulated in cancer cells.



a) The pRB and p53 pathways

The two first TSG historically identified, pRB and p53 turned out to encode proteins
crucial for normal cell physiology, at the crossroads of different signalling pathways
regulating both normal cell proliferation and death. These pathways are inactivated in a
majority of cancer cells, but globally, alterations can be found at different levels in the
pathway (figure 7).

The pRB protein plays a crucial role in regulating cell cycle progression during the G1
phase, with other members of the pocket protein family it belongs to. Depending on tumour
types, pRB can be inactivated directly by gene mutations or by oncogenic proteins from
carcinogenic viruses (as exemplified by human papillomaviruses in cervical cancers). Its
tumour suppressor role can also be overcome by activation of other proteins, such as cyclins
D or E in other tumours types.

The p53 protein is a pivotal protein that can stop cell growth and / or trigger apoptosis
in response of various stresses such as DNA damage. The p53 gene is mutated in at least half
of human tumours, whereas some others overexpress the hdm2 oncogene (human homolog of
the mouse mdm-2) which targets 253 for degradation. Finally, some tumours inactivate the
p53 pathway by suppressing p19”™*" expression (by gene deletion or promoter methylation),
which encodes a HDM?2 antagonist.

b) Telomeres and telomerase

Telomeres status is believed to play a critical role in tumourigenesis since the
telomerase enzyme is reactivated in most of cancer cells. This seems even to be a pre-
requisite to cellular immortalization by increasing the replicative lifespan of the cell.

A telomere crisis do occur when telomeres get too short and provokes the formation of
numerous chromosomal aberrations in breast cancer cells (Chin et al., 2004). Telomerase is
reactivated during this crisis and could participate to the fixation of the aberrations and even
mark the transition from hyperplasia (hyperproliferative epithelium) to the formation of an in
Situ carcinoma in breast cancer (Chin et al., 2004).

Alternative mechanisms to telomerase re-activation seem to account for telomere
maintenance in some tumours (Bryan et al., 1997). Some telomerase activity seems to be
required for human stem cells and early progenitors cell divisions and homeostasis in a broad
range of human tissues (Forsyth et al., 2002). These stem and stem-like cells could thus
represent targets of choice for cancer initiation.

c) Others important pathways

Cancer cells are believed to acquire self sufficiency in growth signals (with respect to
these coming from their environment) by constitutively activating the signalling pathways that
these external growth factors usually use. Many growth factor receptors and their intracellular
downstream signalling cascades are important with respect to cancer. With this respect the
Ras / MAP kinases pathways is archetypal. Numerous other signalling pathways and cellular
functions are altered in cancer cells and affect general metabolism (such as glucogenesis),
DNA repair and apoptosis for selected examples.

22



Oncogene
activation

~ /N

Loss of
growth-factor ——== | pigees— 5o plg
signaling
Transforming growth
factor § signaling
D-type cyclins-
Cyclin-dependent HL“:::: {‘Ig ”?h!e
kinases 4 and 6 i
J. J. DNA damage
Simian virus 40 /
PRE = large T antigen - pa3

| N\

Apoptosis

E2F p21

\ Cell cycle /

Figure 7. pRB and p53 pathways
Taken from Hahn and Weinberg, New England Journal of Medicine 2002.

The pRB and p53 proteins are pivotal players of two major cellular pathways involved in
the control of normal cell cycle and the response to DNA damage. As such these
pathways have been found recurrently altered in cancer cells: p53 and pRB genes may
be directly inactivated by mutation, whereas the overexpression of their respective
inhibitors, HDM2 and cyclinD/CDK-4/6, can also overcome their normal function.
Arrows denote activating interactions and barred lines inhibitory ones.
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ii- New insights from large scale gene expression profiling

Since their introduction (Schena et al., 1995), DNA microarrays turned out to be
extremely powerful tools, virtually allowing profiling of expression levels of all genes in a
single experiment. Microarrays have been widely used to address very different fundamental
questions such as for example, the transcriptional profiling of human cells during their cell
cycle (Iyer et al., 1999; Whitfield et al., 2002).

This genome-wide approach gives a fresh global view starting from genes expression
towards the identification of cellular pathways deregulated in cancer cells. More objective
description of the relative weight of the different cellular pathways can be obtained if
unsupervised analysis with statistical validation of the pathways involved is carried out. These
studies have fuelled transversal comparisons which have the potential to unveil common
pathways shared by subgroups of different tumour types. In the long term they may have
major consequences for the individual tailoring of therapy for a given patient. Most large
scale expression profiling data are publicly available and an integrated view can be extracted,
giving further insight on the genes and regulatory modules / pathways that are recurrently
altered in cancer cells (Segal et al., 2005).

Global integration of gene expression profiling in cancer is clearly challenging
(Hanash, 2004). Methodological issues are indeed crucial towards the compilation of
heterologous results and informations from different sources. Furthermore, integration of data
can be made at different levels, such as for examples “simple” data meta-analysis, functional
enrichment analysis or interactome networks (Rhodes and Chinnaiyan, 2005; Segal et al.,
2005).

Such ongoing attempts rely on the establishment of integrated databases and dedicated
computational tools. Examples of databases collecting large scale expression profiling data
and especially from microarray experiments include Gene Expression Omnibus at NCBI (or
GEO, http://www.ncbi.nlm.nih.gov/geo/) and Source held at Stanford University
(http://source.stanford.edu/cgi-bin/source/sourceSearch). Oncomine is a more specialized
databank for cancer related microarrays data held by Michigan University
(http://www.oncomine.org/main/index.jsp). This database is moreover implemented which
efficient analysis tools available online and allows for objective comparisons of data.

A prototype example has been recently published aiming at the meta-analysis of genes
expression profiles from different cancer studies (Rhodes et al., 2004) This study was indeed
able to define two different meta-signatures compiled from 40 datasets rerpresenting more
than 3500 individual tumours profiled. A first meta-signature associated with neoplastic
transformation comprises 67 genes commonly over-expressed in cancers (comparison VS
normal). The second meta-signature associated with cancer undifferentiation is constituted of
69 genes commonly over-expressed in undifferentiated tumours (compared vs well
differentiated tumours). As an example of this impressive work, the approach and the meta-
signature of neoplastic transformation is illustrated by figure 8.

Large scale deregulated genes expression in cancer cells can also be integrated
according to the function of genes or their participation in a given cellular pathway. Recent
advances in determining Gene Ontologies (Gene Ontology Consortium, 2001; Harris et al.,
2004; http://www.geneontology.org/) have greatly contributed to the meta-analysis of gene
expression profiling (Rhodes and Chinnaiyan, 2004) and virtually all expression profiling
studies are now looked up in terms of putative gene ontologies that are over- or under-
represented in the gene expression patterns delineated.
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Figure 8. Towards meta-analysis of genowe-wide expression profiles.
Taken from Rhodes and Chinnaiyan, Nature Genetics 2005.

A. The meta-analysis process. Methodological issues (collection and standardization of
data for their analysis) are crucial to meta-analyze large scale data. Computational
tools are also needed particularly to ensure robust statistical validations of the
analyses.

B. Example of the « cancer meta-signature » obtained by meta-analysis. This
represents the list of the 67 genes that are commonly over-expressed in common
human cancer types when compared to their normal counterparts. Level of over-
expresssion in respective tumours is represented by the red color strength.
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A gene function based approach has been realized by an integrative meta-analysis for 22
tumour types that aimed at defining “modules” (Segal et al., 2005). These modules represent
sets of genes that are co-acting in a specific function. Their definition enables to draw a
module map of functions that are commonly altered in several cancers or others that are more
specific to a subtype which may have direct consequences for our understanding of tumour
progression.

Another recent large scale integrative approach tried to establish links between the
commonly deregulated genes in cancer cells and the regulatory circuits involved. The goal
was to decipher the transcription factors that may explain consistent deregulations of genes in
various cancers through analysis of the promoters of these genes and their transcription factor
binding sites present in these promoters (Rhodes et al., 2005). This study uncovered that the
responsive genes regulated by the E2F transcription factors family, implicated in cell cycle
control, are consistently over-expressed in a wide variety of tumours and thus reinforced that
activation of the E2F pathway is a prevalent event in human cancers as already previously
proposed (Muller et al., 2001). Others important regulatory circuits were underlined but for
specific tumour types. Among these, the c-myc regularory program was shown to be activated
in different carcinomas types.

[For more details on the E2F pathway, its involvement in cell cycle control and deregulations
in cancer cells, please see the next section ““Focus on cell cycle hereafter.]
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a-2 Focus on Cell Cycle

In addition to cited articles, this part is mainly compiled from Clurman and Roberts
(Cell cycle: an overview, in The Metabolic & Molecular Bases of Inherited Disease, gt
edition). With respect to this thesis work, special attention is given to some parts.

I- Normal cell cycle, key players and checkpoints

a) An introduction to the cell cycle

The “cell cycle” term refers to the process of cell reproduction that is the different
steps that a cell has to go through to divide into two daughter cells. Depending on its
environment and fate, a somatic cell can indeed either proliferate, or exit the cell cycle to stay
quiescent or differentiate (this quiescent state being symbolised by GO for in vitro cultured
cells).

Basically, eukaryotic cell cycle necessarily requires genome replication, doubling of
cellular mass and perfect segregation of the chromosomes accompanied with a more or less
equal distribution of other cellular components. It comprises 4 different phases (G1, S, G2 and
M).

The G1 and G2 phases are “Gap” or “Growth” phases, and so called because of no
obvious activity being microscopically observable in those cells apart of cell size growth.

The S phase is the DNA replication period (S standing for Synthesis) during which
each chromosome is replicated to give rise to a bi-chromatidian chromosome.

In the M phase, the cell undergoes mitosis which is separated into four phases:
prophase, metaphase, anaphase and telophase. Mitosis allows the segregation of the bi-
chromatidian chromosomes in two equivalents sets of mono-chromatidian chromosomes
during anaphase, to give birth to two genetically identical daughter cells at the end of
telophase after cytokinesis completion (figure 9)

Several key players involved in controlling the cell cycle and its progression have
been identified. These are mainly the Cyclins / Cyclin Dependent Kinases (or CDKs) protein
complexes and their regulatory proteins the CDK inhibitors (CDKIs), as well as the E2Fs
family of transcription factors. The functions of these molecular players are intimately linked
and integrated to provide a tighten control of the cell cycle. Accordingly, these key players
have been recurrently found to be deregulated in cancer cells.

b) Key players in cell cycle regulation and control

The E2Fs/DP transcription factors
E2Fs family members

The E2Fs transcription factor family actually refers to the E2Fs members but also to
their heterodimeric protein partners, the DP proteins. In Human, eight E2Fs (E2F1 to 8) and
two DPs (DP1 and DP2) have been identified to date. The E2Fs family indeed enlarged
recently with the discovery of two new members, E2F7 and E2F8 (de Bruin et al., 2003; Maiti
et al., 2005).
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Figure 9. The different phases of the cell cycle

Taken from Clurman and Roberts (Cell cycle: an overview, in The Metabolic &
Molecular Bases of Inherited Disease, 8th edition) and Kops et al., Nature Reviews
Cancer 2005.

A. The whole cell cycle is constituted by 4 different phases: G1, S, G2 and M.

The cell cycle can be subdivided to the mitosis phase and another predominant phase,
the interphase which is composed of the S phase (DNA replication or Synthesis period)
and the G1 and G2 phases (G standing for Gap or Growth).

B. The different phases of mitosis.

Mitosis is the final key cell cycle step towards the creation of two genetically identical
daughter cells by equally segregating the chromosomes just before cytokinesis. Four
phases compose mitosis : prophase, metaphase, anaphase and telophase. Some of
them may be further subdivided as mentioned on the panel. These phases are defined
on the basis of the events taking place towards achieving the segregation of
chromosomes into two perfectly identical sets. In accordance, these processes are
highly regulated and involve for example a « checkpoint signal » in prometaphase

as mentioned. After mitosis completion, cells can then either re-enter a new cell cycle
(G1) or differentiate (« GO », not figured on this cell cyle schematic view).

Chromosomes are figured in blue, the centrosomes and the mitotic spindle in green.
Kinetochores are the fundamental molecular links between chromosomes and
microtubules from the mitotic spindle. They are figured in red when unattached to the
spindle, in white otherwise.
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Depending on their transcriptional activity, two classes can be distinguished: the activators
E2Fs, (E2F1, E2F2, and E2F3a) and the repressors E2Fs (E2F3b, E2F4, E2F5, E2F6, E2F7
and E2F8). Trials to decipher respective roles of E2Fs have been clearly hampered by the fact
that they share relatively common binding sites in the promoters of their target genes (Tao et
al., 1997). In general, it is believed that activators E2Fs promote cell cycle progression
whereas the repressors may be required for cell cycle exit and differentiation (Dimova and
Dyson, 2005).

The protein domains of E2Fs with a global summary of their interactome (network of
protein protein interactions), a simple model of the control of cell cycle by activators vs
repressors E2Fs, as well as a non-exhaustive list of some of their important targets genes are
presented in figure 10. For more details on E2Fs functions, please refer to the following
excellent and more exhaustive reviews that were used for this part: Degregori, 2002; Stevaux
and Dyson, 2002; Dimova and Dyson, 2005.

Activators E2Fs

Several genetic studies about E2F1-3 have pointed out a putative functional
redundancy between these proteins (Degregori, 2002). E2F1 to 3 are essential for normal
cellular proliferation since triple knockout cells are unable to progress to S phase (Wu et al.,
2001).

The best characterized E2Fs family member, E2F1 was originally identified as a factor
inducible by the E1A adenoviral protein and able to bind E2 adenoviral promoter to induce its
expression (Reichel et al., 1987). It was shown to be a transcription factor with transcription
transactivation activity in cooperation with the DP1 protein (Girling et al., 1993; Helin et al.,
1993). Since then, E2F1 physiological roles have been widely investigated, through
identification of numerous target genes: E2F1 not only controls cell proliferation but is also
able to induce apoptosis (Dimova and Dyson, 2005).

The E2F2 gene was cloned 12 years ago (Ivey-Hoyle et al., 1993) but eventhough its
role remained less investigated than E2F1.

E2F3 is essential for proper cell cycle progression, and among the numerous E2Fs
responsive genes, some have been shown to be specifically induced by E2F3 who has been
accordingly shown to be critical for global cell proliferation and timing of the G1/S transition
(Humbert et al., 2000). Its role in repressing the ARF tumour suppressor, who belongs to the
p53 pathway, has been shown recently to be crucial for normal cell cycle kinetics (Aslanian et
al., 2004).

A recent study analyzed large scale expression signatures to distinguish genes profiles
that are dependent of E2F1 or E2F3 (Black et al., 2005). It seems as previously known that
both are inducing genes necessary for cell cycle entry and progression up to S phase and that
E2F1 is also specifically regulating genes involved in apoptosis. Of importance, this study
highlights that E2F3 seems to specifically control the G2/M by regulating the expression of
several mitotic genes.

Repressors E2Fs

E2F4 and E2FS5 are two E2Fs repressors of E2Fs responsive genes through binding to
their promoter with pocket proteins (pRB, p107, p130 for E2F4; p130 fro E2F5).
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Figure 10. The E2Fs transcription factors family
Taken from Dimova and Dyson, Oncogene 2005; Stevaux and Dyson, Current Opinion in Cell
Biology 2002; Degregori, Biochimica et Biophysica Acta 2002.

A. The E2FSs interactome in mammals. The E2Fs transcription factor comprises 8 family
members: E2F-1 to -8 (E2F8 has just been recently identified and is not represented). E2F-1
to -6 heterodimerize with DP1 or DP2 to become active transcriptional activators or
repressors. E2F-1 to -5 can selectively bind pocket proteins (p107, p130 and pRB). E2F6
can bind several Polycomb group proteins (PcG, transcriptional repressors). E2F-7 and -8 are
repressors but with no known binding partner.

B. The different E2Fs and their proteins domains structures. E2F-1 to -6 contain one DNA
binding domain (DB) and one DP dimerization domain (DIM). E2F-1 to -5 contain one
transactivation domain and either a nuclear localisation signal (NLS) or nuclear export signals
(NES). E2F7 (and E2F8, not represented) only contain two DNA binding domains.

C. Simplistic view of E2Fs interplay for the control of cell cycle. The repressors E2Fs (in red)
occupy E2Fs target genes promoters in GO and early G1. In late G1, they are replaced by
activators E2Fs which bind either transiently in G1 (as for the b-Myb promoter) or from G1 to
late S phase (as for the cyclin A and cdc6 promoters).

D. Some E2Fs responsive genes. This list represents some well-known E2Fs responsive
genes classified according to their participation to various cellular processes.
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E2F6 was originally identified as a new E2F family member able to bind both DP
proteins and acting as an E2Fs repressor, that when ectopically over-expressed leads to the
accumulation of cells in S phase (Cartwright et al., 1998).

Since then, E2F6 repressive role has been extended since it takes part of three different
multimeric chromatin modifier complexes.

The first identified is a Polycomb (PcG) protein complex, comprising RYBP, BMI1
and other proteins (Trimarchi et al., 2001).

The second was shown to comprise DP1 and other DNA binding proteins: Mga, a c-
myc antagonist, and Max, a partner of c-myc. Polycomb group proteins and HP1gamma were
also found and are associated with gene silencing activities. This “E2F6.com1” complex is
binding to E2Fs and c-myc responsive genes, including c-myc, and E2F1 themselves,
preferentially in GO fibroblasts (Ogawa et al., 2002). The authors suggested that this complex
could provide the silencing of E2Fs and c-myc co-regulated genes during quiescence stage
through chromatin modifications.

Finally, a recent study enlarged the repressive role of E2F6 through its belonging to a
third Polycomb modifier complex present in cycling cells (Attwooll et al., 2005). E2F6 was
indeed shown to be present with DP1 and the PcG protein EPC1 in this complex, which
interacts with EZH2 (through EPC1) only in proliferating cells and apparently starting from
late G1 phase. EZH2 is a PcG transcriptional repressor required for cell proliferation and
accordingly, this complex has been proposed to regulate genes required for cell cycle
progression (Attwooll et al., 2005).

In addition to these roles, an alternative E2F6 mediated repression mechanism has also
been demonstrated. It basicly relies on a competition between the E2F1 activator and the
E2F6 repressor for E2F binding site occupancy on some target gene promoters but not all as
for example it doesn’t seem to be the case for the c-myc one (Oberley et al., 2003). In any
case, this is of interest in that it provides a simple mechanism, independent of chromatin
modifications, for direct E2F6 mediated repression of some E2Fs responsive genes at least.

Concerning its target genes, E2F6 was shown to be bound to the cyclin A (G1/S
cyclin) and Cdc2 (G2/M) genes promoters in NIH-3T3 fibroblasts during GO, and to the
cyclin B2 (G2/M Cyclin) promoter later in G1 phase (Caretti et al., 2003). With the
“E2F6.com1” complex it has been shown among others, to bind to c-myc and E2F1 genes
promoters (Ogawa et al., 2002). E2F6 was also found, among others, to bind to BRCAL,
HPlalpha and art-27 gene promoters (Oberley et al., 2003). Finally, one of the role of E2F6
is to repress specific genes in somatic cells, such as the genes encoding meiotic cohesins,
SMCl1beta and STAG3 (Storre et al., 2005), which are involved in sisters chromatids cohesion
during meiosis, as well as some male germ-cell restricted genes, such as specific tubulins
encoding genes (Pohlers et al., 2005).

A recent study pinpointed the role of the activating E2Fs in the transcriptional
activation at G1/S of the E2F6 repressor (Lyons et al., 2005). Moreover, a role for E2F6 in
distinguishing the G1/S from the G2/M E2Fs transcriptional program has been shown: by its
specific association starting from S phase to the promoters of G1/S E2Fs responsive genes but
not G2/M ones, E2F6 allows the specific repression of G1/S transcription during G2 and M
phases of these genes (Giangrande et al., 2004).

Both E2F7 and E2F8 have been isolated only very recently (de Bruin et al., 2003;

Maiti et al., 2005; Logan et al., 2004). They form a distinct subgroup in the E2F family, since
they only present two DNA Binding domains (DB1 and 2) but no pocket protein binding
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domain and no heterodimerization domain. They more look like the E2F-Like, or E2F-L
proteins recently identified in Arabidopsis thaliana (Mariconti et al., 2002; Kosugi and
Ohashi, 2002) and bind consensus E2Fs sites in vivo but independently of DP proteins. Their
ectopic expression delays cell cycle progression (Logan et al., 2004) which suggests a
counteracting role for E2F-7 and E2F-8 repressors to the cell cycle promoting roles of the
activators E2Fs.

The Dimerization Partners of E2Fs: DP1 and DP2

Little has been investigated to address the respective roles of DP1 and DP2 proteins
with respect to the E2Fs they can bind to. DP proteins have been both shown to be necessary
for the heterodimerization of the E2Fs, but not responsible for the transactivation properties of
the activators E2Fs. However, the association of E2F1 and E2F4 with either DP1 or DP2
influences the DNA bending properties of the heterodimeric complexes which may account
for E2Fs binding site selectivity (Tao et al., 1997).

DP1 was the first isolated and since then is the most studied. but even very recently,
new DP1 isoforms have been isolated (Ishida et al., 2005). DP2 was cloned ten years ago and
shown to be a novel dimerization partner of E2Fs (Zhang and Chellappan, 1995). Only a few
reports are made on DP2 when compared to DP1. However, it has been interestingly shown
recently that E2F1 and E2F4 can bind to the aurora B promoter both with DP2 but not DP1
(Kimura et al., 2004). Aurora B gene expression is known to be cell-cycle regulated. The
Aurora B chromosomal passenger protein function is to ensure proper chromosomes
attachment to the mitotic spindle by localizing several crucial proteins to the centromere and
kinetochore regions, by regulating chromosome bi-orientation through microtubules
regulation and finally, Aurora B may also be involved in the spindle checkpoint surveillance
with survivin (Ducat and Zheng, 2004).

Cyclin dependent Kinases (CDKs), Cyclins and CDK inhibitors (CDKIs)

Cyclin dependent kinases are key molecular players involved in the control of the cell
cycle through phosphorylations of specific target proteins. CDKs usually are regulated by
phopshoprylations / dephosphorylations. They form heterodimeric protein complexes through
association to other proteins, the cyclins, and this association is required for their activation.
Finally, Cyclin Dependent Kinase Inhibitors (CKIs) are.proteins that are also able to bind
CDKs but inhibit their function.

CYCLINS/CDKs

Cyclins represent a family of related proteins who share the presence of a cyclin Box
in their sequence and whose expression is generally restricted to specific cell cycle phases.
Importantly, the expression of cyclins is rate limiting for CDKs activation and thus the control
of cyclins expression at both transcriptional and post-transcirptional levels is a fundamental
mechanism that allows CDK periodicity for the control of cell cycle. Each phase of the cell
cycle is indeed characterized by a unique pattern of cyclin/CDK activity (figure 11).
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Figure 11. Cyclins/CDK pattern of cell cycle phases
Taken from Clurman and Roberts (Cell cycle: an overview, in The
Metabolic & Molecular Bases of Inherited Disease, 8th edition).

Each cell cycle phase is characterized by a specific pattern of
molecular regulator complexes, the Cyclins / Cyclins Dependent
Kinases (CDKs). In association with their respective CDK
partners, Cyclins D and E control the progression towards S
phase (« G1/S cyclins »), whereas Cyclins B and A are « G2/M
Cyclins ». The R point mentioned refers to the Restriction point:
going through it represents a real commitment for the cell towards
achieving the whole cycle. Activation of both CyclinD/CDK-4/6 and
CyclinE/CDK2 is believed to mark this crucial step.

Cyclin C has been identified as the partner of CDK3. They are
involved in the control of the pRb dependent GO/G1 transition and
thus control the re-entry in the cell cycle after resting.
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GO0/G1 cyclins/CDKs

Cyclin C/CDK3 seems to be the key player in stimulating cell cycle re-entry from
quiescent cells through pRb phosphorylation (Ren and Rollins, 2004).

From an in vitro study of cells stimulated to re-enter the cell cycle from quiescent state
by serum stimulation, cyclin L gene expression has been found to be transitory induced and as
such proposed as a putative regulator of this transition (Iyer et al., 1999).

G1/S cyclins/CDK

At the beginning of the cell cycle during early G1, D-type cyclins expression is
induced by mitogens, and they associate with CDK-4/6. These complexes thus couple
extracellular signals to the cellular machinery responsible of cell cycle progression through
G1 phase. Three cyclins D (CCNDI to 3) exist and are expressed in a cell-type fashion. Their
expression is maintained as long as cell-type specific mitogens are present and is necessary
and crucial for G1 progression. The inhibition of CCND1 function leads to cell cycle block in
G1 whereas its overexpression leads to the shortening of G1 duration for example.

Cyclin E activity may be required after cyclin D one during G1 but is necessary for the
progression to G1/S transition. CCNE gene expression is controlled by E2Fs, and the cyclin E
protein associates with CDK2. Importantly, CCNE protein level increase during Gl
contributes to E2Fs activation by dissociation of E2Fs/pRB complexes. Its over-expression
also leads to shortening of G1 and reduced dependency on mitogenic stimulation for the cell
cycle to progress towards the G1 phase.

It is believed that both the activation of cyclins D and E associated kinases may
biochemically constitute the restriction point in mammalian cells (please see hereafter for
more details on the restriction point).

Cyclin A is required for the cell to enter S phase through its association with CDK2.
Two cyclins A (1 and 2) do exist: cyclin Al expression is restricted to meiotic, early
embryonic and some tumour cells whereas cyclin A2 is on the contrary expressed by all
proliferating somatic cells, and is an essential gene (Fung and Poon, 2005).

G2/M cyclins/CDKs

Cyclin B is the key mitotic cyclin and exclusively interacts with CDK1 (CDC2). They
were together originally identified as the “M-phase promoting factor” (MPF). Cyclin A2 is
also playing a role, but less clear, in association with CDK1 and CDK2 (Fung and Poon,
2005).

Three B-type cyclins exist: CCNB1 and B2 are co-expressed in dividing cells (CCNB3
is only expressed in germ cells and the adult testis). Activation of cyclinB/CDK1 by CDC25
phosphatases marks the G2/M transition. The predominant function of cyclinB/CDK1 is then
to phosphorylate crucial effectors for mitosis, such as for example lamins subunits which will
allow proper nuclear lamina breakdown (Smits and Medema, 2001). Complex regulations
then take place for their degradation which is crucial for mitosis exit. These mainly involve
the Anaphase Promoting Complex / Cyclosome, or APC/C (Fung and Poon, 2005).
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Cyclins/ CDK INVOLVED IN TRANSCRIPTION REGULATION

Apart of all above mentioned cyclins directly controlling the cell cycle, others cyclins /
CDK are involved in the regulation of transcription. These complexes include cyclin
K/CDKO9, cyclins T/CDK9, cyclin H/CDK?7. For a review of their roles in the regulation of
transcription, please refer to : Loyer et al. (2005).

CDK11 (formerly known as PITSLRE proteins) associate with cyclin L1. More than
20 protein isoforms of CDKI11 are expressed from the use of different promoters and
alternative splicing (Loyer et al., 2005). Three different protein isoforms of cyclin L1 (L1
alpha, beta and gamma) are encoded by numerous transcript variants (Loyer et al., 2005).
Through its association to CDKIP'') cyclin L1 is believed to participate to pre-mRNA
splicing regulation (Loyer et al., 2005). Of interest is that cyclin L1 gene expression is
induced during GO/G1 transition, suggestive of a putative cell cycle related role as noted
earlier.

CDK INHIBITORS

Two distinct classes of CDKIs are present in human.

The first class comprises the INK4 proteins that specifically inhibit G1 CDKs, namely
CDK4 and CDKG6 that associate with Cyclin D. Four related INK4 proteins have been
described: p15, pl16, p18 and P19, also respectively known as INK4B or CDKN2B, INK4A or
CDKN2A, INK4C or CDKN2C and INK4D or CDKN2D. INK4 proteins are able to bind
CDK4 and CDK6 monomers to prevent their association with CCND as well as to bind the
CCND/CDK-4/6 complexes and inhibit their activity. The expression of pl9 (INK4D) was
found to oscillate with the cell cycle. Litte is known about their physiological role.

The second class is the CIP/KIP proteins that are universal CDKI able to inhibit all
cyclins/CDKs (with the possible exception of cyclin B / CDK1). Three CIP/KIP proteins have
been described: p21, p27, and p57, also respectively known as WAF1 or Cipl, Kipl. p21 and
p27 seem to regulate the cell cycle at different levels but their primary role is to induce Gl
arrest by inhibiting CCND/CDK-4/6 in case of DNA damage or mitogen deprivation,
respectively.
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An attempt towards an integrated, but simplistic, view for the understanding of
global cell cycle control

Cyclins/CDKSs control of the interactions of E2Fs with pocket proteins during G1

Some activating and repressors E2Fs are able to bind members of the pocket protein
family, pRB, p107 and p130, whereas some others, E2F6 and E2F7 do not. The pRb protein is
the sole pocket protein interacting with E2F1, E2F2, and E2F3. On the contrary, E2F4 is able
to bind all three, when E2F5 binds only p130. These interactions are inhibiting E2Fs
functions. They are abolished through phosphorylations of the pocket proteins by
cyclinD/CDK-4/6, which have been previously induced after integration of mitogenic
stimulation during early G1 through the RAS/MAPKinases pathway. E2Fs release allows
them to transactivate the expression of several target genes that are needed for further cell
cycle progression.

Among these, the induction of Cyclin E protein expression contributes (by its
association to CDK2) through a positive feedback loop to even more activate E2Fs by
phosphorylating pRb and thus dissociate the remaining E2Fs/pRb complexes (figure 12A).
Importantly, this molecular mechanism allows a switch to a mitogens independence for cell
cycle progression. It reinforces the expression of genes controlled by activating E2Fs that are
needed for the G1/S transition and during S phase. Genes encoding proteins involved in DNA
replication, cyclin A and its associated kinase CDK2 belong for example to this group.

Towards DNA replication: control of the G1/S phase transition and DNA replication

E2Fs have been historically characterized mainly as controlling the cell cycle
progression towards and through the G1/S transition. This represents up to know the better
characterized cell cycle phase controlled by E2Fs since they control well-known cell cycle
regulators of this transition such as cyclin E or cyclin A both of which associate with CDK2
(Stevaux and Dyson, 2002; Woo and Poon, 2003). But as reported hereafter they may also act
at other stages of the cell cycle.

At the G1/S transition, E2Fs are involved in the direct control of DNA repair and
replication through control of the expression of several crucial genes such as proteins
involved in the formation of pre-replication complexes at origins of replication (MCM
proteins) and enzymes necessary for DNA synthesis (DNA polymerase alpha, replication
factors and numerous others). At the same time, several genes encoding mismatch, excision
and double strand break repair proteins are induced by E2Fs to ensure replication of DNA in
an error-prone manner (Stevaux and Dyson, 2002).

Cyclin A/CDK2 is the master regulator involved in the control of DNA replication: it
activates on one hand pre-existing replications complexes present at origins of replications
and replication elongation on the other hand. Furthermore it prevents re-replication of DNA
by preventing the formation of new pre-replication complexes through CDC6 control. (figure
12B; Woo and Poon, 2003).

Once DNA has been correctly replicated (which implies a control and repair of
putative DNA damages, please see hereafter), the cell can exit S phase and prepare for its
division through the G2 phase. In this context, it is now clear that E2Fs function is not only
restricted to control the G1/S transition: through the list of their target genes identified by
recent large scale approaches (Weinmann et al., 2002; Ren et al., 2002), they represent indeed
the fundamental molecular integrators of cell cycle progression at several stages and related
cell cycle checkpoints (Ren et al., 2002). An example of that are the Smc2 and Smc4 E2Fs
responsive genes: these proteins form the condensin complex readily after chromosome
replication but is necessary for proper mitotic chromosome condensation.
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Figure 12. Some molecular events of G1 and S phases.
Taken from Clurman and Roberts (Cell cycle: an overview, in The Metabolic & Molecular Bases of
Inherited Disease, 8th edition); Woo and Poo, Cell Cycle 2005.

A. Mitogenic (growth factors) stimulation in G1 activates cyclinD1 transcription. Cyclin D1 binds to
its CDK-4 or -6 partner and inactivates pRB through phosphorylations. This releases the activators
E2Fs which can transactivate expression of their target genes. Among these, cyclin E expression is
induced. Cyclin E binds to CDK2 and the complex contributes to pRB inactivation and sustains
E2Fs activation in a positive feedback loop manner. Importantly, this represents a molecular switch
for the cell that becomes independent of mitogens (growth factors) for cell cycle progression.

B. The mammalian DNA replication pathway (right of the picture) and the intra-S phase DNA
damage checkpoint pathway (lower left part).

The picture is actually complex but partly illustrate how E2Fs control cell cycle progression in an
integrated manner. The dashed gray arrows starting from E2Fs represent some of the proteins
whose expression has been previously induced by E2Fs at the G1/S transition. E2Fs indeed control
the expression of several crucial genes for DNA replication initiation (MCM proteins) and replication
per se (DNA polymerase alpha) as well as for DNA repair (CDC25A, SMC1) to ensure DNA
replication fidelity.
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Towards mitosis entry: control of the G2/M transition

Several studies have shown that many of the E2Fs responsive genes are acting at
different levels of mitosis, such as chromosomes condensation and segregation, or the spindle
checkpoint (Stevaux and Dyson, 2002). As examples, key players of G2/M transition and
mitosis such as cyclin Bl, cyclin B2, Bubl and CDKI1 transcripts are induced by E2Fs.
Analysis of large scale gene expression profiling of genes during the cell cycle of HeLa cells
(Whitfield et al., 2002; data available at http://genome-www.stanford.edu/Human-
CellCycle/Hela/) reveal that the expression of the CCNB1, CCNB2, Bubl and CDKI1 genes
takes place after the end of S phase, that is once the DNA replication has been completed, and
is pursued during G2 and finally peaks in early mitosis. This highly suggests that E2Fs could
also at some point and to a still unknown extent regulate the G2/M transition and mitosis (Ren
et al., 2002; Stevaux and Dyson 2002). This transition is actually mainly controlled by the
mitotic cyclin B interacting with CDK1 whereas cyclin A seems also to play a role in mitosis,
even if not fully understood yet (Fung and Poon, 2005).

Towards completion of the cell cycle: crucial points, checkpoints and mitosis exit

During the whole cell cycle, different so called “cell cycle checkpoints” and critical
points (such as the restriction point) for the cell do exist. Checkpoints are actually molecular
mechanisms ensuring the cell that a previous process, such as DNA replication or mitosis,
was correctly completed. If not, they actively stop cell cycle progression (Kastan and Bartek,
2004).

The restriction point

The first bottleneck during normal cell cycle occurs during the G1 phase and is called
the restriction point, or “R”. This is not a checkpoint per se, at least as defined above. But it
represents a real commitment since once the cell will go through, it will have to complete the
cycle. After mitogenic stimulation integrated through the RAS / MAPK pathway,
CCND1/CDK-4/6 are the key players who dissociate the E2Fs/pRB complexes. This leads to
the activation of CCNE/CDK2. This restriction point mainly serves to ensure that enough
growth factors are available for the cell to divide and thus prevents cell population
overgrowth in too poor environmental conditions.

DNA integrity checkpoints

DNA damages are occurring continuously during cell life, provoked by several
environmental factors such as UV light. Depending on the phase of the cell cycle in which
these damages arise, they can trigger several different checkpoint pathways. Moreover, DNA
replication, if not complete, is also able to activate the same checkpoint pathways (Melo and
Toczyski, 2002; Kastan and Bartek, 2004).

DNA damages, uncompleted DNA replication or DNA replication blocks are sensed
by different dedicated mediators proteins and transmitted to the two majors checkpoint kinase
proteins, ATM (ataxia-telangiectasia mutated) or ATR (ATM-related), depending on the
nature of the damage. In a schematic view, these activate then the downstream effector
kinases Chkl and Chk2 who are then able to transduce the signal through many different
protein protein interactions with other effectors kinases by activating adapted downstream
signalling pathways which lead to cell cycle progression arrest in order for the cell not to
enter mitosis with damaged DNA. A simplified view of these signalling cascades with respect
to DNA DSBs breaks is presented in figure 13. Ultimately it will lead either to the completion
of DNA replication, repair of the DNA damage or to cell death.
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Figure 13. The double strand DNA breaks checkpoints
Taken from Kastan and Bartek, Nature 2004.

- Cell-cycle impact —

A simplified view of the cascade of molecular events taking place in case dsDNA breaks do occur.
This scheme illustrate that DNA damages can have direct impact on the cell cycle progression at
any point and actively stop it if needed, until the damage get repaired. This checkpoint role is
accordingly to ensure the transmission of undamaged DNA to the daughter cells after cell cycle

completion.
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This is a way for the cell to protect against transmission of erroneous genetic
information to its daughter cells either by correcting mutations when possible and appropriate
or by triggering its programmed death, or so called apoptosis.

Mitotic checkpoint and control of mitosis exit

Another crucial cell cycle checkpoint consists in the mitotic checkpoint, also known as
the spindle checkpoint. A huge number of proteins and interactions are involved since the
beginning of mitosis. This checkpoint basically relies on a cell cycle arrest or progression
delay until each chromosome is correctly attached through its kinetochores and microtubules
to the mitotic spindle and is also well oriented with respect to both poles at the
metaphase/anaphase transition and during early early anaphase. This is a way to ensure that
each chromosome will properly segregate before cytokinesis and avoid any subsequent
aneuploidy in the daughter cells genomes (Kops et al., 2005). Please see figure 14 for more
details on how several mitotic checkpoint proteins, such as BubR1, through their binding to
kinetochores are involved in regulating the correct segregation of chromatids and
chromosomes.

Master regulators of early mitosis and mitosis exit are
(1) a multi-protein complex with E3 ubiquitin ligase activity, the Anaphase Promoting
Complex / Cyclosome (APC/C). During mitosis, APC/C exists as two forms, depending on an
additional binding partner: Cdc20 or Cdhl, allowing to form APC(Cdc20) or APC(Cdhl);
(1) the dual specificity phosphatase CDC14 (Stegmeier and Amon, 2004).

The more precise description is at present done in yeast. Accordingly, the subtle
interplay between these two forms of APC/C and CDC14 as well as the cascade of events that
take place are described hereafter for the situation occurring in yeast (Stegmeier and Amon,
2004).

The APC(Cdc20) complex is responsible of anaphase initiation. It targets the securin
protein for degradation by the proteasome. Separase is consequently released and thus
becomes activated. The role of separase is then first to allow sisters chromatids of a
chromosome to be separated through mitotic cohesin (composed of SMCI1 and SMC3)
degradation. With others proteins, separase second role is then to activate CDC14 through the
FEAR protein network still at anaphase onset. FEAR stands for CDC Fourteen Early
Anaphase Release since CDC14 is released from the nucleolus at this point, where it is
sequestered during most of the cell cycle (Stegmeier et al., 2002; Sullivan and Uhlmann,
2003).

CDC14 activation seems primarily to be particularly important for the segregation of
ribosomal and telomeric DNA (since yeast cdcld4 mutants have specific troubles of
segregation of these), as well as for the translocation of chromosomal passenger proteins
(Stegmeier and Amon, 2004; Torres-Rosell et al., 2005). Very importantly, this activation of
CDC14 was recently shown to be also both necessary and sufficient to silence spindle
microtubule dynamics, which ensures proper chromosomes segregation in yeast. This
silencing is achieved through CDC14 induced dephosphorylation of several targets such as
INCENP from the Aurora B kinase complex, Askl from the DASH kinetochore complex, and
putative regulations of other microtubule associated proteins (Higuchi and Uhlmann, 2005).
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Figure 14. The mammalian mitotic checkpoint.
Taken from Kops et al., Nature Reviews Cancer 2005.

A. The kinetochore is assembled during prophase/early prometaphase and recruits the
checkpoint complex composed of several proteins. BUBR1 kinase activity is essential and
activated by its binding to the centromeric E protein (CENPE). Until all kinetochores are well
attached to the spindle, the complex diffuses an inhibitory signal to wait for anaphase by
sequestering CDC20. CDC20 is indeed an activator of the Anaphase Promoting Complex /
Cyclosome (APC/C). At this point separase is inhibited by securin.

B.The attachment of the kinetochores to microtubules (MT) generates a tension which inhibits
the chekpoint inhibitor complex. As figured, the centromeric protein E (CENPE) is one of the
signal transducing protein involved in silencing BUBR1 kinase activity through microtubules
capture.

C.After silencing of the checkpoint inhibitory complex at each kinetochore, the cell can enter
anaphase. APC/C(CDC20) inactivates securin which leads to separase activation. Separase
resolves sister chromatid cohesion through removal of the cohesin complex. This allows sister
chromatids to get disjoined towards each pole by the spindle.

The photographs on the left represent prometaphase, metaphase and early anaphase figures of
HelLa cells. Chromosomes are counterstained in blue with DAPI. The red dots correspond to
kinetochores immunolabelled with anticentromere antiserum (ACA).
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Furthermore CDC14 activation allows secondarly to link anaphase onset to mitosis exit by
inactivating mitotic cyclins (indirectly) / CDKs (directly) and activating the Mitosis Exit
Network.

First, CDC14 indeed then dephosporylates Cdhl. This activates the second form of
APC/C, APC(Cdhl). Activated APC(Cdh1) then targets mitotic cyclins and principally cyclin
B1 for degradation. This leads to the inactivation of CDK1 and thus contribute to mitosis exit
(Bembenek and Yu, 2001).

Second, CDC14 activates through CDC15 also the MEN (Mitotic Exit Network). This
is essential to mitosis exit and ultimately leads to sustain MEN and CDC14 activations.
CDC14 can finally inhibit the pool of mitotic CDKs by rapidly directly dephoshorylating
them, leading in turn to cytokinesis and rapid resetting of the cell cycle at the beginning of G1
(Stegmeier and Amon, 2004).

CDC14 involvement in the FEAR and MEN networks is summarized in figure 15.

To conclude, through these two networks, CDC14 is a master regulator involved in the
temporal and spatial coordinations between segregation of chromosomes, disassembly of the
mitotic spindle, and cytokinesis to successfully complete and exit mitosis (Trautmann and
McCollum, 2002; Geymonat et al., 2002; Stegmeier and Amon, 2004; Torres-Rosell et al.,
2005).

The yeast CDC14 gene has two human homologs: CDC14A and CDC14B. Both of
them seem to have functions that overlap yeast CDC14 ones. Hence, interference with the
expression of CDC14A (but not CDC14B) either by down or up-regulation in two human
tumour cell lines has been shown to induce diverse aberrant mitotic figures by disrupting both
centrosomes separation and chromosomes segregation (Mailand et al., 2002). This study
indeed pointed CDCI14A as a critical regulator of the centrosome duplication cycle, its mis-
expression leading to the formation of multipolar spindles. CDC14B, the human paralog of
CDC14A, has been less investigated but shown very recently to be able to bind, bundle and
stabilize microtubules and to localize to centrosomes as well as to the central spindle in
mitosis just as CDC14A (Cho et al., 2005).

CONCLUSION

E2Fs, cyclins/CDKs and CDKIs play all together pivotal roles in the control of the
whole cell cycle at numerous levels, through many subtle levels of regulations of both gene
expression and protein activities. It seems a hard task to draw a complete integrated view of
the global cell cycle regulation by these on the sole basis of current knowledge for several
reasons. Among these are the functional redundancies and the antagonizing activities that can
exist between several E2Fs at different points during the cell cycle, the only recent
identification of some of their members and the still ongoing characterization and elucidation
of some of their basic roles. A major obstacle is that cell cycle regulation by E2Fs,
cyclins/CDKs, CDKIs and others imply a huge number of players as well as dynamic
interplays between them. Moreover, these may change from cell type to cell type.

All of these questions anyhow represent major challenges at present. Their elucidation
require better fundamental characterizations of the key regulators involved with respect of
their normal physiological roles but also of their respective deregulations in cancer cells.
These deregulations can indeed straightforward contribute to our understanding of cell cycle
control.
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Figure 15. Regulation of mitosis in S. cerevisiae
Taken from Stegmeier and Amon, Annual Review of Genetics 2004.

A. Activation of CDC14 during anaphase is achieved through 2 protein networks: the
FEAR (for CDC Fourteen Early Anaphase Release) and the MEN (for Mitotic Exit
Network). Degradation of securin by APC/C induces the activation of the FEAR network
and leads to CDC14 activation. CDC14 will mainly contribute to mitosis exit through
inactivation of the mitotic CDKs.

B. Components of the FEAR and the MEN networks are presented together with the
signalling events taking place between them during mitosis.
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Ii- Alterations of cell cycle regulators in cancer cells

Accordingly to the crucial roles of genes and proteins involved in normal cell cycle
control, numbers of alterations of these have been described in human cancers. As already
noted previously, RB was the first TSG to be isolated and loss of pRB causes cell proliferation
deregulation in cancer cells. This part is thus dedicated to some studies that have established
or participate to characterize some links between cell cycle regulators alterations and the
cancer phenotype.

a) Alterations of E2Fs transcription factor family members

Members of the E2Fs transcription factors family have been found to be deregulated in
a wide majority of cancers. The transcriptional program they regulate is prominent in human
cancers (Rhodes et al., 2005). Accordingly, this part is an overview of some important works
underlining E2Fs involvement in cancers.

Oncogenic properties of E2F1 were shown in several independent studies (Johnson et
al., 1994) and are readily understood as E2F1 encodes a transcriptional activator crucial to
induce cell cycle progression. The picture is actually more complicated since tumours were
shown to occur in mice models knocked outs for the E2F1 gene and accordingly, this also
gives a TSG status to E2F1 (Weinberg, 1996).

Other E2Fs family members are slightly less characterized with respect to cancer since
they were discovered more recently. Their putative involvement has been already assessed in
a few examples and some evidences are reported hereafter.

It has been for example shown that transgenic mice with tissue specific promoter
allowing high expression of E2F2 in the thymus develop thymic tumors, which demonstrates
its oncogenic role in vivo (Scheijen et al., 2004).

E2F3 locus was shown to be frequently amplified and consequently overexpressed in
bladder cancers (Feber et al., 2004; Oeggerli et al., 2004). By immunohistochemistry, E2F3
protein overexpression was shown to be an independent predictor of poor clinical outcome in
prostate cancers (Foster et al., 2004). Of interest is also the finding that E2F3 inactivation
leads to centrosome amplification, mitotic spindle defects and aneuploidy (Saavedra et al.,
2003). Importantly this study suggests that E2F3 could regulate the DNA replication and the
centrosome duplication cycle.

E2F4 expression in invasive breast carcinomas is an independent predictor of poor
prognosis (Rakha et al., 2004). Its oncogenic role was also shown indirectly, since pituitary
and thyroid tumours development in Rb heterozygous knockout mice is suppressed upon loss
of E2F4 (Lee et al., 2002).

E2F5 gene copy number has been shown to be recurrently increased in breast tumours,
and oncogenic properties have been reported in cooperation with DP1 and activated RAS
(Polanowska et al., 2005). In ovarian tumours, E2F5 protein seem however to be down-
regulated (Collins et al., 2004)

E2F6 has been shown to be a negative regulator of the BRCA1 tumour suppressor
gene (Oberley et al., 2003). Nothing has been investigated concerning E2F6 direct role in
cancers.

Finally, both E2F7 and E2FS transcriptional repressors have been isolated recently and
shown in the meantime to be able to block cellular proliferation upon ectopic expression (di
Stefano et al., 2003; de Bruin et al., 2003; Maiti et al., 2005; Logan et al., 2004; Christensen
et al., 2005). This suggests a counteracting role for E2F-7 and E2F-8 to the cell cycle
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promoting roles of the activating E2Fs. Further investigations are clearly needed to assess
their putative involvement in cancers.

Proto-oncogenic activities have been shown for the two DP proteins (Jooss et al.,
1995). DP1 is a candidate driver gene of 13q34 amplifications in hepatocellular carcinomas
(Yasui et al., 2002) and its overexpression seems to be associated with progression of this
cancer (Yasui et al., 2003). In these tumors, DP2 and E2F3 have been shown to be
upregulated (Liu et al., 2003), as well as in chemically induced skin tumors in mouse with
E2F1 to -5 (Balasubramanian et al., 1999).

b) Alterations of Cyclins / CdK and CDKi

The CDKN2A (p16) gene is an established tumour suppressor gene located at 9p21,
and allelic loss of CDKNZ2A has been retrieved in pre-malignant lesions in HNSCC (Califano
et al., 1996). Alterations at 9p21is indeed the most frequent event and may concern around
75% of these tumours (Gollin, 2001).

Cyclin D1 is an oncogene believed to be the driver oncogene of 11ql3 gains and
amplifications recurrently observed in SCC (Gollin, 2001).

A recent study assessed the prognosis implications of cell cycle (among others)
biomarkers in Non Small Cell Lung Cancer by a wide and rigorous transversal literature
analysis of numerous reported cases (Singhal et al., 2005). The stronger evidences for a link
with a poor prognosis were found for tumours with high expression of cyclin B1 and cyclin E.
On the contrary, strong evidences for a link with favourable prognosis exist for tumours with
high expression of p16, p21 and p27 CDK inhibitors (of the D-type associating CDK-4/6).

We have initially identified Cyclin L1 as highly amplified and overexpressed in a head
and neck cancer cell line and overexpressed in a series of tumours (Redon et al., 2002). In a
recent retrospective study, high levels amplifications of the CCNL1 gene were found to
concern a very few head and neck tumours but correlated with a poor prognosis (Sticht et al.,
2005).

CONCLUSION

The normal cell cycle is a highly controlled cellular process involving numerous
sharpely tuned molecular interactions and regulations between the players involved.
Accordingly, cell cycle deregulations represent one of the common features of tumour
cells. Molecular regulators of the cell cycle underlie these alterations mainly through
their impaired expression.
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a-3 microRNAs : new critical contributors to the malignant phenotype
of cancer cells ?

I- Introduction: a new class of non protein coding genes

MicroRNAs encoding genes represent a recently discovered and new class of genes as
the first microRNA, lin-4, was identified in 1993 through studies of developmental defects in
C. elegans (Lee et al., 1993). But it is only very recently that several hundreds of microRNA
genes were uncovered (Lagos Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001).
MicroRNAs have been found until now in virus, plants, fungi and animals.

In mammalian cells, microRNA encoding genes are indeed believed to be transcribed
by RNA polymerase II, into a hairpin precursor RNA, called “pre-miR”, which is 70-100
nucleotides in length. This pre-miR is then further exported to the cytoplasm, where it is
processed and cleaved to a small double stranded RNA of approximately 19-22 nucleotides
length by the Dicer protein (a ribonuclease of type III) through the RISC complex. These
dsRNA duplexes are very short-lived since one strand is rapidly degraded leaving the other
strand as the mature microRNA, or “miR” available to be incorporated into the RISC complex
to exert its function (Bartel, 2004; He and Hannon, 2004). These processes leading to
microRNA biogenesis are schematized in figure 16A.

Several recent evaluations of the number of microRNA genes in the human genome
seem importantly to point out some hundreds of them. At least, between 250 and 300 have
been cloned and sequenced until now. More recent estimates even predict the existence of a
thousand of them (Berezikov et al., 2005).

The growing numbers of identified and isolated microRNAs in several species and of
their respective putative targets has led to the establishment of a comprehensive microRNA
registry (Griffiths Jones, 2004) which is now available as a database from the Sanger center,
and called “miRBase” (http://microrna.sanger.ac.uk). Numerous other helpful online tools
dedicated to microRNAs targets prediction are also available (as for example:
http://www.microrna.org/ or http://pictar.bio.nyu.edu/).

Ii- Molecular and physiological functions of microRNAs

a) Molecular Function

Their fundamental molecular function is to negatively regulate the expression of
targets genes at the post-transcriptional level. This level of regulation is achieved through
association by hybridization of a given microRNA to complementary sequences, or target
sites, that are found in its target mRNAs.

Empirically determined rules seem to predict that these target sites are preferentially
located in 3’UTR of the mRNAs, and furthermore that the binding is not necessary over the
whole sequence of the microRNA but may be particularly important in its 5° sequence.
Exemples of such associations are given in figure 16B for the founding member of the
microRNA familiy, lin-4, binding to different sites in the 3°UTR of its target mRNA, lin-14.
Binding of a microRNA to its target mRNA blocks protein expression either by inhibiting
mRNA translation or by inducing its degradation (Bagga et al., 2005; Pillai et al., 2005). All
these ways of achieving microRNA function are schematized in figure 16A.
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Translational repression mRNA cleavage

Figure 16. MicroRNA biogenesis and molecular interactions with their targets mRNAs
Taken from He and Hannon, Nature Reviews Genetics 2004.

A. MicroRNA encoding genes are transcribed to pre-microRNA (or pre-miR or pre-miRNA) that
form hairpin structures and are exported to the cytoplasm. They are cleaved to microRNA by the
Dicer protein and incorporated in RISC (RNA-induced silencing complex). MicroRNAs can finally
bind to their target sites by complementary hybridizations to these in the 3'UTR region of their
target mMRNAs. This binding will ultimately lead to inhibition of protein expression either through
translational repression (lower left part) or induction of mMRNA degradation (lower right part).

B.Examples of associations of the founding member of the microRNA family, lin-4 (sequences in
red) and its target mMRNA (blue), lin-14. Seven sites in the 3'UTR of lin-14 mRNA are targeted by
the lin-4 microRNA which binds to them in different manners leading to the repression of LIN-14
protein synthesis.
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It has been postulated that microRNAs could potentially regulate up to one third of human
mRNAs (Lewis et al., 2005). The level of post-transcriptional regulation by microRNAs is
even more complex since a given target mRNA could be regulated by several microRNAs at
the same time (Krek et al., 2005). This is believed to be a way of widespread fine tuning of
genes expression (Bartel and Chen, 2004). In any case, it seems clear that each microRNA
could regulate more than a single target at once, and even around 200 different targets (Krek
et al., 2005). A current view is that a given animal microRNA could fine tune the expression
of hundreds of targets but only dramatically reduce a few (Bartel and Chen, 2004).

Typically, softwares that have been designed for the bioinformatic prediction of
microRNA targets result in tens or hundreds of candidates for a given microRNA. As an
example, the miR-28 microRNA encoding gene, located at 3q28 and that we began to
characterize in this thesis, is predicted to have 638 targets genes (http://www.microRNA.org)
for around a thousand of transcripts.

Thus, by regulating the expression level of several distinct proteins, microRNAs are
believed to exert pleiotropic effects on cell physiology. It is from that clearly tempting to
speculate that a given microRNA could regulate several targets involved in a same cellular
process. This mechanism could provide a coordinated regulation of the expression of different
proteins acting for examples in a given signalling pathway or cellular process.

b) Physiological functions

Examples of essential physiological microRNA functions include important
developmental processes by effects on underlying fundamental cellular mechanisms such as
differentiation, division, growth and death. For exhaustive reviews of their uptodate known
roles, please see Bartel, 2004; He and Hannon, 2004; Harfe, 2005; Miska, 2005.

As an example, microRNAs of the let-7 family have been shown to be critical players
of development timing in C. elegans (Abbot et al., 2005). Furthermore, some miRNAs seem
interestingly to be preferentially expressed in stem cells (Houbaviy et al., 2003; Suh et al.,
2004) where they may have important regulatory roles. Moreover, a recent study showed an
implication of microRNAs in the regulation of the cell cycle of germinal stem cells, or GSC
(Hatfield et al., 2005). Analysis of Drosophila GSC, knocked-out for the Dicer gene, and thus
unable to produce any mature and functional microRNA, revealed a specific defect in GSC
cell cycle progression during G1/S transition. This indicates at least that one or more
microRNAs are required for proper stem cell cycle progression in the GSC. Nevertheless it
should be underlined that the genetic model used is equivalent to a knock-out for a huge
number of different genes at once.

ii- microRNAs as TSG and oncogenes

Given their already shown crucial role in several processes, as well as the putative
regulation of several targets by each microRNA, the question of their involvement in cancer is
of compelling interest. Their deregulation could indeed be a shortcut to inhibit several
genes/proteins at a glance: deregulation of a single microRNA encoding gene could have lots
of consequences on cell physiology.

Several evidences for microRNAs being deregulated in human cancers have
accordingly already been described, both for haematological malignancies and solid tumours.
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The miR-15 and miR-16 genes, at 13q14, were found to be both frequently deleted and
down regulated in CML (Calin et al., 2002). Other microRNAs were found to be reduced
during colorectal neoplasia (Michael et al., 2003). Most striking was the finding that reduced
levels of let-7 microRNAs in lung cancers seem to be well associated with a poor prognosis
for the patient (Takamizawa et al., 2004). It turned out that the let-7 microRNAs actually
regulate the N-Ras and K-Ras oncogenic protein levels (Johnson et al., 2005).

MicroRNAs expression profiling revealed different signatures in B-CLL samples
(Calin et al., 2004). This was recently prolonged by a study showing a microRNA signature
associated with prognosis and disease progression in these tumours (Calin et al., 2005).
Moreover this latter study showed that mutations are, as for other genes, found in microRNAs
transcripts and may be of importance with respect to the tumoural phenotype.

It was strinkingly shown a few months ago that the profiling of microRNAs
expression enables to classify human tumours of various localizations (Lu et al., 2005).
Likewise, microRNA aberrant expression patterns in breast tumours have been reported,
allowing first to distinguish the tumours from the normal tissue based on the expression
pattern, and second to identify microRNAs whose expression is correlated with bio-
pathologic features of the tumour, such as hormones receptors status, stage, proliferation
index and vascular invasion (Iorio et al., 2005).

A publication reporting the identification of a microRNAs encoding gene as an
oncogene came out very recently also from a study of B cell lymphomas (He et al., 2005).
The involved gene is mapped to 13q31 and recurrent genomic amplifications of this locus
were already described in this tumour type. Based on expression studies of the genes lying in
the core amplicon, the putative driver gene was identified as C130rf25 (Ota et al., 2004). It
turned out that this C130rf25 gene is in fact a non protein coding gene, transcribed to a
polycistronic RNA, and thus recalled the miR-17-92 polycistron and proposed by the authors
as “onco-miR-1" the first microRNAs encoding oncogene, which codes for 5 differents
microRNAs (He et al., 2005). An independent study published at the same time shows that c-
Myc regulate the expression of this microRNA cluster and that 2 out of the 5 encoded
microRNAs, namely miR-17-5p and miR-20, regulate the cell cycle related E2F1 protein
expression (O’Donnell et al., 2005). This miR-17-92 polycistron is furthermore over-
expressed in lung cancers and enhances lung cancer cell proliferation (Hayashita et al., 2005).

Another “onco-miR”, miR-155 (encoded by the BIC non coding RNA) has also been
proposed as an oncogene in B cell lymphomas (Eis et al., 2005; Tam and Dahlberg, 2005).

In conclusion, for all of the above reasons, microRNAs encoding genes have now to
be “sized up to cancer genes” (Caldas and Brenton, 2005). As such, their contribution as
putative oncogenes or TSG is of high interest and has to be assessed in tumors (Chen, 2005;
figure 17).
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Figure 17. MicroRNA encoding genes as putative oncogenes and tumour suppressor genes.

Taken from Caldas and Brenton, Nature Medicine 2005.

A. microRNA encoding genes have to be envisioned as putative oncogenes. Two microRNA
encoding genes have already been shown to be amplified in lymphomas (numerous gene copies in
blue representing gene amplification) and consequently over-expressed (numerous pre-microRNA
red momecules representing over-expression consequent to gene amplification). Ultimately these
« onco-miR » may downregulate the expression of tumour suppressor proteins and thus contribute

to tumourigenesis.

B.Conversely, examples of microRNAs encoding genes as putative TSG have already beeﬁ
demonstrated. These may be deleted (only one gene copy in blue) or inactivated by mutations
which will lead to the expression increase of oncogenic proteins. Accordingly tumour suppressor

mlcroRNAs may also contribute to carcinogenesis.
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b- Modelling cancer by manipulating genes and their expression

Trying to define rules for making human tumour cells in vitro

Long standing efforts have been made to try to understand cellular transformation by
trying to reproduce it in primary cells maintained under cell culture conditions. First
important works were mainly done in rodent cells, which seem to require the sole activation
of two cooperating oncogenes such as c-myc and c-ras (Land et al, 1983; Ruley, 1983).

Similarly, several attempts have been made in the past years to try to define the set of
altered genetic elements that would lead to transform human non tumorigenic cells in vitro.
Lots of efforts in this direction were unsuccessful, mainly and presumably due to one of the
fundamental difference between human and murine somatic cells, that is their respective
telomere biology. First impressive demonstration of human primary cell transformation was
the work of W.C Hahn in R.A. Weinberg team, showing tumorigenicity induction in human
primary epithelial cells as well as fibroblasts (Hahn et al., 1999). They succeeded in
experimentally transforming these cells by ectopic expression of a set of previously known or
suspected human oncogenes upon retrovial introduction: the Simian Virus 40 Large T antigen
encoding gene, or SV40 LT, in combination with hTERT, the gene encoding the catalytic
subunit of human telomerase and finally an oncogenic allele of H-Ras (that is mutated, and
consequently constitutively active). These elegant results were then further questioned on
their interpretation by the group of P. Duesberg, since it seemed that the analyzed transformed
cells rapidly became aneuploid (Li et al., 2000). One can in addition ask the rationale of
ectopically over-expressing a mutated oncogene since this is surely not relevant for the in vivo
observed situation (Hua et al., 1997).

Further investigations in the team of R.A. Weinberg finally showed the direct
derivation of cells from their previous work that were capable of inducing tumorigenicity
without any widespread genomic instability (Zimonjic et al., 2001). Once more, these results
and their interpretation were contested and highly debated on the basis of the presence of
chromosomal aneusomies and hybrid chromosomes in the cells when analyzed by the group
of P. Duesberg to whom was rationally proposed in reply the explanation that improper cell
handling could have been responsible of the described aberrations (Li et al., 2002 and reply of
the authors, 2002).

Recent progresses have anyhow been made. A more comprehensive study investigated
and reported species and cell type specific molecular requirements for transformation of the
respective cell types (Rangarajan et al., 2004). This in vitro study elegantly showed that the
p53 pathway is necessarly inactivated in mouse and human cells to achieve transformation but
these cells differ in the supplementary other events that are needed. As previously known, one
single other event can lead to murine cell transformation whereas human ones need several
additional events. In human cells, these subsequent events seem clearly different from cell
type to cell type, suggestive of parallel pathways that may lead to transformation in vivo
depending on the the cell type transformed. For a more extensive review of recent works in
this field, see Boehm and Hahn (2005).

Clear limits of these studies aiming at the definition of a set of genes rely first on the
use of cells in in vitro culture conditions which may very strongly differ from normal cells
that have to be transformed when located in their normal tissue architecture to give rise to a
malignant cell. Secondly, on the use of sustained aberrant oncogenes expression manipulation
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at uncontrolled and very high level, which may not be relevant to more transitory and subtle
gene dosage variations that are more likely to occur in vivo.

Taken together with the lessons we got from in vivo studies of tumour cells, these
studies allow anyhow us to draw an integrated view on the cellular pathways and molecular
functions that are important to be altered in a given cell to undergo transformation.
Importantly, they give new insight to the understanding of cellular functions that can be
altered at several levels in different cell types. From that, they finally allow to model try to
deduce how this could be achieved in pre-neoplastic cells in vivo.

As a concluding remark, one should mention the extensive use of animal models since
a few years that provides great and further insights to the understanding of how tumorigenesis
may initiate and cancer progress in vivo. Among different models, the use of mice to model
cancer is of practical use since gene knock-out, knock-in and conditional expression
technologies have been developed and are easily used. Mouse models of lung cancers have
been recently reviewed for example: Meuwissen and Berns (2005). It should be anyway
underlined that, as already noted in the previous part, mouse cell and body normal physiology
may significantly differ from human ones. This seems even to be more particularly true as
regards cancer: commonly used laboratory mice strains do naturally and predominantly
develop lymphomas, various sarcomas and leukemias tumours whereas the situation is
completely different in Humans where carcinomas (i.e. epithelial tumours) are from far the
more frequent type arising (Rangarajan and Weinberg, 2003; Vogelstein and Kinzler, 2004;
Anisimov, 2005). As a consequence, lessons from the study of tumorigenesis in mice have
also to be carefully considered.
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c. Accumulation of mutations during tumour progression

c-1 A “mutator” phenotype acting as a tumourigenic catalyzer ?

Once a cancer cell has been initiated and present genetic instability, it will give rise to
a progeny presenting genetic variation. These daughter cells will then very likely accumulate
randomly further mutations. It has been proposed that a primarily acquired mutator phenotype
may then act as a tumourigenic catalyzer (Loeb, 1991), which through an increase in the
mutation rate in cancer cells will increase the likelihood of acquisition of new mutations that
will confer a given cell with a growth advantage over the others. Whether tumour cells do in
general present increased point mutation rates is still a matter of conflict (Loeb et al., 2003).

As noted previously, defects in cellular DNA repair machineries can account for the
accumulation of point mutations in cancer cells genomes. As an example, a 2 to 3 fold
increase in the mutation rate is observed in MIN colorectal cancer cells (Rajagopolan et al.,
2003). MIN is however observed in approximately only 15% of colorectal cancers, whereas it
is from far less frequent (<2%) in other tumour types (Lengauer et al., 1998). Taken globally,
this suggests that point mutations may accumulate in most of tumours cells but at more or less
the same rates than in normal cells in most cases.

CIN has been proposed to explain the consistent aneuploid state of cancer cells
observed in the remaining majority of colons cancers (Rajagopolan et al., 2003). Aneuploidy
is moreover observed in a wide majority of cancer types. However it is still unknown to what
extent CIN may contribute to aneuploidy in vivo. Recent evidences in breast cancer suggest a
telomere crisis at very early stages of cancer progression that may lead to transient
chromosomal instability (Chin et al., 2004).

Evidences that mutations are accumulating in cancer cells, both at sequence and
chromosomal levels, have been clearly described for a long time. Apart for the tumours
known to present MIN or for the cell lines for which CIN has been experimentally observed,
these point mutations and chromosomal aberrations can at present not be attributed to a
general increased mutation rate or so-called mutator phenotype in cancer cells. They may
actually result also from other causes such as exposure to carcinogens for example.

The two following sections are accordingly dedicated to some mutated genes that have

been found in tumour cells on one hand, and to chromosomal aberrations that have been
described on the other.
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c-2 At the NUCLEOTIDE level: mutated genes in cancer cells

Both point mutations inactivating TSG and gain of function ones for oncogenes have
been widely reported. These mutations will confer the cancer cell in which they arise with a
best fitted phenotype towards malignancy, by allowing the cell to escape apoptosis or to
proliferate more rapidly for example. Consistent with that, numerous mutated TSG and
oncogenes have been reported in tumour cells until now, leading to an estimate of 291 “cancer
genes” (around 1% of human genes) that can be found mutated in tumour cells and are
causally implicated in cancer development (Futreal et al., 2004).

High-throughput sequencing approaches allow since recently for extensive and
comprehensive analyses of gene families sequences in tumours cells. Recently, such large
scale studies were for examples applied to the tyrosine kinome and phosphatome in colorectal
cancers (Bardelli et al., 2003; Wang et al., 2004b; Parsons et al., 2005). These analyses of
genes coding for proteins involved in crucial cellular functions, such as tyrosine kinases and
phosphatases suggest that a significant proportion of tumours may harbour a mutation in one
of the numerous genes analyzed. This is not surprising since the most common domain in
cancer genes is a kinase domain (Futreal et al., 2004).

Similar approaches were recently also applied to the kinome genes in breast (Stephens
et al., 2005), lung (Davies et al., 2005), and testicular germ cell tumours (Bignell et al., 2006).
These reports underline that mutations in the kinome of lung tumours is higher than in breast
and testicular cancers but they seem to be distributed over several protein kinases in different
tumours. No obvious candidate kinase encoding gene is designated as recurrently mutated. An
excess of C:G>A:T transversions was observed, compatible with mutagenic effect of tobacco
smoke in lung tumours.

All together, these reports however clearly underline an overall low mutation
frequency in the tumours cohorts examined, except for some samples. It seems from these
data that the mutator phenotype at the nucleotide level is thus not a general feature of tumour
cells. In any case, these studies are of high interest for two main reasons. First by their
extensiveness appraisal of a huge amount of genes sequences that encode proteins involved in
phosphorylations and dephosphorylations which are fundamental cellular processes,
previously known to be highly deregulated at several levels in cancer cells (Blume-Jensen and
Hunter, 2001). Secondly, by their integrative approach in trying to elucidate functional
redundancies of mutations in a given cellular pathway, which should be applied to other
specific pathways in the future.

The COSMIC (Catalogue of Somatic Mutations in Cancer) database and website have
been built up recently to cure and make an available repertoire of these somatic mutations that
can be found in human cancers (Bamford et al., 2004). It is available from the Sanger Institute
website at: http://www.sanger.ac.uk/genetics/CGP/cosmic/

Finally, several genes involved in chromosome segregation mechanisms have also
been found mutated in various tumour cells (Draviam et al., 2004). Among these, as noted in
a previous part, several CIN causing genes have been identified but are only very rarely
mutated in sporadic tumours. Actually, it seems that among the genetic aberrations that can be
observed in cancer cells some chromosomal aberrations belongs to the most recurrent ones.
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c-3 At the CHROMOSOMAL level : chromosomal aberrations in cancer
cells

As noted previously, it is still hotly debated whether chromosomal aberrations could
be initiating events and even driving forces of carcinogenesis. A majority of cancer cells do
present chromosomal aberrations in advanced tumours. Some chromosomal aberrations have
been found to be recurrent among tumours (Gebhart and Liehr, 2000) and thus may represent
important features of cancer cells with major impact on cellular physiology and contribution
to the tumoural phenotype (see hereafter for example of the impact of some chromosomal
aberrations on the transcriptome). As such, efforts have been and are made to fully
understand the mechanistic of their formation and their relevance to the malignant phenotype
of the cells harbouring these aberrations.

I- Different types of chromosomal aberrations

Chromosomal aberrations observed in cancer cells can be basically divided into two
categories: numerical and structural aberrations (Heim and Mitelman, 1995, Lengauer et al.,
1998; Pihan and Doxsey, 2003).

Numerical aberrations refer to gains and losses of whole chromosomes or large
chromosomal regions whereas structural aberrations refer to translocations, inversions,
insertions, deletions and amplifications of chromosomal material. This is formal
distinction since some structural aberrations can result in net gain or losses of chromosomal
segement (as deletions or amplifications).

It has been proposed that both types of aberrations occur continuously in tumour cells
and thus reflect a high degree of cancer cell genomes plasticity, induced by their intrinsic
genomic instability. As such, they have been referred to as numerical and structural CIN
(Pihan and Doxsey, 2003). It should be however noted that this appellation seems abusive and
at least differing from the original definition of CIN (which refers to an accelerated rate of
gains and losses of whole or large portions of chromosomes; Rajagopolan et al., 2003), and
used by others since then and which may be putatively involved in cancer initiation.

a) Numerical Aberrations
Gains and losses of whole chromosomes have been largely described in tumour cell

karyotypes since they are easily cytogenetically detectable. It should be noted that the strict
definition of aneuploidy refer to such whole chromosomal gains and losses.

b) Structural Aberrations

Relocation of genetic material: Translocations, Insertions and Inversions
Translocations are DNA rearrangements that can be either non-reciprocal (unbalanced,
involving a loss of a chromosomal segment) or reciprocal (balanced, neither gain nor loss of

DNA). Importantly, non balanced translocations represent the most frequent aberration
observed in human carcinomas (Gisselsson, 2003).
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Another type of interchromosomal rearrangement corresponds to DNA insertion from a
chromosomal segment into another. On the contrary, inversions are intrachromosomal
aberrations.

These 3 types of aberrations have been shown to exert some of their effects by
oncogene activation, either by creating chimeric genes encoding proteins with new “gain of
function”, or by activating oncogene through impaired expression regulation, or by TSG
inactivation, either by gene breakage or loss of expression (Heim and Mitelman, 1995).

Copy Number changes of genetic material: Deletions, Isochromosomes and
Amplifications

Interstitial deletions have clearly been documented as a way for a cancer cell to get rid of a
functional allele of a TSG by simple physical elimination of it. Noteworthy, they can also
have positional effects through the expression regulation of genes that are neighbouring the
deleted segment (Pihan and Doxsey, 2003).

Isochromosomes

Gains and losses of large genomic regions such as entire chromosomal arms have been
also characterized. Isochromosomes are among the more recurrently described structural
aberrations present in tumour karyotypes (Jin et al., 2000): they consist in a radially
symmetric chromosome with a centromere linking two identical duplicated arms. Thus such a
chromosome is constituted of two originally short or long arms of the chromosome, and the
other arm get lost in the forming event.

They may arise through unbalanced translocation and constitute the majority of
recurrent structural changes observed in skin and HN SCC for example (Jin et al., 2000).
Their formation may require centromere cleavage (Jin et al., 2000) and it has been shown
recently that the loss of a single telomere, apart of inducing global genomic instability, may
directly provoke isochromosomes formation (Sabatier et al., 2005). It is still unclear whether
some originally thought isochromosomes from cytogenetic observations could in fact
represent dicentric or pseudo-dicentric chromosomes that arose thanks to pericentromeric
breaks. Whole arm translocations are more frequent in SCC than in adenocarcinoma and seem
to involve centromeric cleavage (Hermsen et al., 2005). Moreover, in most of SCC cases, the
chromosome contains material from both partners suggesting that the formation of a
pseudoisochromosome could lead to the loss of the other arm (Hermsen et al., 2005). In this
perspective, the most frequent gain in HNSCC is distal 3q gain and the most frequent loss
concerns the 3p arm. This is believed to be achieved in many cases through isochromosome
3q formation (Gollin, 2001). An interesting correlated observation is that several genes
located on the 3p arm have been characterized and proposed as TSG in SCC and others
tumour types, whereas on the contrary, several proposed oncogenes have been shown to map
on the 3q arm.

Gene amplifications
(Hogarty MD and Brodeur GM, Gene amplification in Human Cancers: Biological and

Clinical Significance in The Metabolic & Molecular Bases of Inherited Disease, gh edition)

Usually gene amplifications affect small sub-chromosomal genomic segments, which
are referred as to amplicons, that can range in size from around 100kb to a few megabases.
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From a structural point of view, gene amplifications have been described as
intrachromosomal (Homogeneously Stained Region, or HSR) or extrachromosomal (double
minute, or dmin chromosomes). It seems however that the predominant form of amplicons
observed in tumour cells are dmin chromosomes (Benner et al., 1991). This may possibly
vary depending on tumour type and even tumours.

Cytogenetically observable examples of both dmin chromosomes and HSR are given
in figure 18.
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Figure 18. Cytogenetic examples of gene amplifications

A. The normal chromosome is represented on the left. On the right the homologous
chromosome bears an amplification taking the form of a Homogeneously Stained Region
(HSR) at its extermity.

B. Metaphase chromosome spread from a cell with an amplification taking the form of double
minute (dmin) chromosomes. These dmin chromosomes are numerous and interspersed
throughout the spread. Normal chromosomes are black due to light over-exposition to
distinguish the dmin chromosomes. On the right is figured the typical appearance of dmin
chromosomes at higher magnification (from which their name was derived)
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ii- Models and mechanisms for the formation of chromosomal aberrations

a) Aberrant segregation of chromosomes during mitoses:
towards aneuploidy, the formation of numerical aberrations

As noted in the historical perspective, D. Hansemann already observed aberrant
mitoses in tumour cells more than a century ago. Since then, recurrent observations that
cancer cells do for example present mitotic spindle and centrosomes abnormalities that can
generate numerical chromosomal aberrations have been made. As shown in figure 19, four
main ways can lead to whole chromosome gains and losses all naturally linked to the handling
of chromosomes during mitosis (Kops et al., 2005): aberrant mitosis per se, chromosomes
cohesion defects, improper centromere attachment and mitotic checkpoint deficiencies.

First, aneuploidy may occur due to aberrant mitotic divisions; which can produce
polyploidizations and centrosomes amplifications. The question of whether centrosomes
aberrations could be causative of carcinogenesis, even if likely in some cases, is still debated
(Nigg, 2002). Centrosomes amplification lead to the formation of a multipolar spindle which
then provokes mis-segregation of chromosomes in the polyploid genome. Defects in
centrosomes duplication, segregation and maturation without any prior aberrant mitosis
can also lead to the formation of multipolar spindle and provoke subsequent aneuploidy
(Nigg, 2002; Kops et al., 2005).

Second, defects in chromosome cohesion can also lead to aneuploidy. Chromosome
cohesion is ensured by the cohesin complex (SMCI1 and -3 proteins), and resolved by a
protease, called separase, at anaphase onset. Separase is previously inhibited by securin and
deregulations of these proteins have been shown to lead to aneuploidy.

Third, an improper attachment of chromosomes to the spindle can also lead to
aneuploidy. With this respect, merotelic centromere attachment (a kinetochore that is attached
to the microtubules from both poles) has been shown causative of aneuploidy (Cimini et al.,
2001).

Very recently, CDC14 was shown to play a crucial role in stabilizing the attachment of
spindle microtubules to the chromosomes in yeast (Higuchi and Uhlmann, 2005). The APC
(Adenomatous Polyposis Coli) protein seems to be an additional important player (Kaplan et
al., 2001; Fodde et al., 2001).

Fourth, as exemplified by the CIN causing genes that can be found mutated in some

tumour cells, mitotic checkpoints defects also engender numerical aberrations formation,
through too early onset of anaphase in checkpoint deficient cells (Kops et al., 2005).
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Figure 19. Formation of numerical aberrations (aneuploidy).
Taken from Kops et al., Nature Reviews Cancer 2005.

A. Multipolar spindles may lead to whole chromosome gains and losses. This can be achieved
through previous aberrant mitosis leading to polyploidy or centrosome aberrations.

B. Chromatids cohesion defects can produce aneuploidy through premature loss of cohesion and
subsequent mis-segregation of sisters chromatids.

C. Improper attachment of the kinetochore to both poles as figured (merotelic attachment) can
provoke subsequent segregation defects and chromosomal loss at cytokinesis.

D. Mitotic checkpoint defects can cause too early anaphase onset and thus cause chromosomal
gains and losses.
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b) DSB breaks and telomere dysfunction:
towards the formation of structural and numerical aberrations

As already noted previously, carcinomas do typically exhibit extensive genome
scrambling. It is commonly admitted that the main causes are double stranded DNA (dsDNA)
breaks that did not get repaired correctly as well as telomeres dysfunctions (Pihan and
Doxsey, 2003).

DNA double stranded breaks and eroded telomeres ends are indeed unstable and can
be fused to heterologous chromosome ends and thus may generate dicentric chromosomes or
ring chromosomes which can initiate a “Breakage-Fusion-Bridge” (BFB) sequence during
subsequent mitosis (Pihan and Doxsey, 2003). BFB (and associated BFB cycles) can generate
extensive genome scrambling but among the many rearrangements it may lead to, they can
notably generate non balanced translocations easily. Interestingly, these aberrations represent
the most common aberration observed in human carcinomas (Gisselsson, 2003). The principle
of BFB cycles is presented in figure 20. Importantly, B. McClintock, after having first
observed ring chromosomes that may have arise after irradiations through telomere fusions,
was the initial contributor in the late 1930’s to BFB description through her study of irradiated
strains of maize. She was the recipient of the 1983 Nobel Prize for her work on mobile
genetic elements, or transposons.

The extensive rearrangements arising through BFB cycles in tumour cells already
presuppose a loss of correct DNA repair and different cell cycle checkpoints to occur (as p53
inactivation). These are really more likely to occur in tumour cells of advanced tumour stages
and this may partly explain the late occurrence of gene amplifications with respect to tumour
progression in several tumour types (Ried et al., 1999). Common fragile sites can have an
influence for breakage near oncogene genomic localizations and lead to their subsequent
amplifications through BFB cycles as exemplified for the amplicon of the MET oncogene in a
gastric carcinoma cell line (Hellman et al., 2002). Experimental works in specific mice
models have underlined the importance of dsDNA breaks and their correct repair: Non
Homolgous End Joining (NHEJ) and p53 deficient mice do develop lymphomas associated
with unbalanced translocations that lead to subsequent gene amplifications through BFB
cycles (Zhu et al., 2002; Difilippantonio et al., 2002). The NHEJ machinery is essential for
the repair of dsDNA breaks naturally occuring during “V(D)J” recombinations allowing the
assembly of antigen receptor variable region genes from different gene segments in
developing lymphocytes. Finally, different studies point to a critical transient period of
genomic instability during early breast cancer progression: the transition from hyperplasia
(hyperproliferative epithelium) to the formation a carcinoma could be driven by a short
telomere crisis associated with an increase in chromosomal aberrations and anaphase bridges
(Chin et al., 2004).

The mechanisms of BFB cycles can easily explain how gene amplification may occur
in tumour cells by taking the form of intrachromosomal HSRs in a head to head conformation
of the amplified sequence as shown in figure 21. But recent analyses of amplicons structures
have pinpointed that these can be structured in vivo in a really more complex fashion (Volik et
al., 2003). Moreover, BFB cycles do not explain how other intrachromosomal amplicons in
head to tail conformations and extrachromosomal ones (dmin chromosomes) do occur.

An experimental work has interestingly shown that HSR can lead to the formation of

dmin chromosomes upon fragile site breakage induced by stresses such as hypoxia (Coquelle
et al., 2002). Another experimental study has shown that a circular DNA plasmid bearing a
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Figure 20. Formation of structural aberrations through Breakage-Fusion-Bridge (BFB)
cycles.
Taken from Pihan and Doxsey, Cancer Cell 2003.

Primary chromosomal changes (telomere erosion, dsDNA breaks) may lead to fusion of
unprotected chromosomal extremities. Acquisition of secondary chromosomal changes takes place
during next mitotic division. At anaphase, the dicentric chromosome will form a bridge inbetween
the two poles and will get broken. The newly broken chromosome (red and orange) may
subsequently fuse with another (green) and generate a new dicentric chromosome which will form
a new bridge at next anaphase. BFB cycles may hence take place and produce extensive genomic
rearrangments. Importantly, they produce unbalanced translocations in a single round.

A. Initial break B. Fusion

D. Selected . Not selected

Figure 21. Formation of intrachromosomal gene amplification through BFB cycles.
Taken from Hellmann et al., Cancer Cell 2002.

After an initial break (A), the 2 uncapped telomeric ends of sister chromatids may fuse and thus
produce a dicentric chromosome (B). This will lead to the formation of a bridge at anaphase that
can break (blue) (C) and give rise to two daughter cells (D and E) with unequal distribution of a
region (yellow triangle). Under a selective pressure, the daughter cells with 3 copies could be
selected (D) but not the cell with only one copy (E). The selective pressure would lead to selection
of cells with higher gene copy number through BFB cycles.

Amplicons are denoted by yellow triangles, telomeres by circles and centromeres by rectangles.
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replication origin and a matrix attachment region is able to integrate into the chromosomes of
the transfected cell line and give rise to HSRs (Shimizu et al., 2001). Others have accordingly
analyzed some amplicons structures from chromosome 17 in various cell lines (Kuwahara et
al., 2004). They propose that dsDNA breaks at recombination hotspots located near matrix
attachment regions may lead to the formation of circular episomes. These could finally over-
replicate and reintegrate in chromosomes providing a mechanism to explain the homogeneous
inter-amplicon junctions they have observed (Kuwahara et al., 2004).

All together these studies suggest that there may be some dynamic sequences
interconversions between different amplicons forms due to the high plasticity of cancer
cell genomes.

62



Iii- Methods to analyze chromosomal aberrations in tumour cells

a) Introduction

Unstained karyotype analyses have proven very useful in the early period of
cytogenetics as exemplified by the discovery of the Philadelphia chromosome (Nowell and
Hungerford, 1960). Banding techniques were then further great progresses towards analyses
of chromosomal aberrations in tumour cell genomes at higher resolution but remained limited
to the obtention of metaphase spreads of high quality. This remains really difficult for
solid tumour cells. Eventhough, a pitfall is the resolution of chromosomal aberration
detection that is limited to the chromosomal band level.

b) Molecular Cytogenetics approaches

To overcome these limitations, molecular cytogenetics methods have been developed
thanks to the concomitant emergence of molecular biology techniques. Moreover, the
sequencing of the human genome had a pivotal role to the introduction and further evolutions
of molecular cytogenetics techniques that have clearly revolutioned the field at both
fundamental research and molecular diagnostics levels (Speicher and Carter, 2005).

Fluorescence In Situ Hybridization (FISH)

In situ hybridization techniques were first developed using radioactivity (Gall and
Pardue, 1969). Later on, fluorescence was introduced for labelling through the use of
antibodies labelled with fluorochromes (Rudkin and Stollar, 1977). Direct labelling of the
probes by fluorochromes was then an important step towards development of the FISH
technique (Bauman et al., 1980). FISH can be applied to metaphase spreads, interphase nuclei
or chromatin fibers and has since then found many applications not only restricted to the
cancer research field. It has also been very useful for gene mapping and for the analysis of
oncogenes and TSG loci in cancer cells, and is a widely used technique in routine molecular
diagnoses.

Several important evolutions of the FISH technique and the labelling methods used
allow to perform multicolour experiments, and for example to determine all structural
aberrations present in a cancer cell genome (Multiplex-FISH, Speicher et al., 1996; Spectral
Karyotyping, Schrock et al., 1996). Coupled with the recent progress made in the construction
of Tissue MicroArrays (TMA; Kononen et al., 1998), FISH represent now a powerful tool to
analyze in a single experiment the copy number of a preselected locus in a wide collection of
archived tumour tissue sections at a glance, and to be able to directly correlate the results
obtained on a large cohort of samples with associated anatomo and clinical parameters.
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Comparative Genomic Hybridization (CGH)
CGH on chromosomes

Comparative Genomic Hybridization, or CGH, was more recently introduced as a
method to overcome the difficulties of obtaining high quality metaphase spreads from
different samples, including solid tumours, and in the meantime to be able to detect
chromosomal or sub-chromosomal gains and losses for the whole genome in a single
experiment, without any prior knowledge of these aberrations (Kallioniemi et al., 1992, du
Manoir et al., 1993). CGH applied to chromosomes proved to be very useful and was
extremely used for the analysis of chromosomal aberrations in cancer cells. In particular, it
allowed to delineate recurrent aberrations associated with specific tumour types (for reviews
see: Gebhart and Liehr 2000, Struski et al., 2002), and particularly amplifications (for a
review: Knuutila et al., 1998).

However its limits mainly come from the spatial resolution, limiting the detection of
aberrations that are around 5 Mb in size. Importantly, several progresses such as DOP-PCR
(Telenius et al., 1992) and other technical evolutions have enabled to apply the CGH
technique to the analysis of a single cell genome (Klein et al., 1999).

The principle of CGH is presented in figure 22, and can be applied either to
metaphasic chromosomes spreads or microarrays (as explained below).

Array CGH

Advances of the Human Genome Project have led now to a nearby completion of the
sequencing and assembly of the human genome (International Human Genome Sequencing
Consortium, 2001). Concomitantly, the development of microarrays using large insert clones
derived from human genomic DNA allowed in the late 90’s the translation of the original
CGH technique to an array-based format thus greatly improving CGH resolution power
(Solinas-Toldo et al., 1997; Pinkel et al., 1998). This technique is now referred as to matrix-
CGH or array CGH.

Different types of microarrays for array CGH

Depending on the coverage of the genome they offer, different types of arrays can be
produced for different purposes: “regional” arrays, dedicated to one or more chromosomal
regions, or ‘“pangenome” arrays, covering the whole genome.

Tiling path arrays are made of clones that cover the whole genomic region
considered: accordingly, regional tiling path arrays have been used and are dedicated to a
specific chromosome or chromosomal arm/cytogenetic band for examples (Buckley et al.,
2005; van Duin et al., 2005; our study) as well as pangenomic tiling path arrays consisting
of more than 30000 BAC clones thus covering the whole genome without any gap (Ishkanian
et al., 2004; Baldwin et al., 2005).

Importantly, array CGH by itself has already greatly evolved: starting from the use of

arrays composed of large insert genomic clones such as BACs and PACs, the technique has
been applied to gain further resolution to cDNAs microarrays (Pollack et al., 1999) and even

64



a b

Tumour Reference
DNA DNA

‘ Differential Labelling ‘n.
‘ Co-Hybridization .' 5 5

Image Analysis

st

Aot

Figure 22. Principle of Comparative Genomic Hybridization (CGH) applied to microarrays.
Taken from Davies et al., Chromosome Research 2005.

A. Probes are made of tumour genomic DNA and reference normal genomic DNA after their
extraction and differential labelling using different fluorochromes (red and green colors as symbols
for the respective probes). Probes are finally mixed and co-hybridized onto a microarray composed
of genomic clones of known chromosomal localizations (« genomic array »). The array is finally
scanned and signals quantified using dedicated softwares.

B. For each clone, the calculated ratio of fluorescence can finally be represented as a function of
the mapping of the clone. Ratios can be represented for a given chromosome as presented or for
the whole genome when using pan-genome arrays.

The CGH on chromosomes technique relies on the same principle apart that the probes are co-

hybridized onto normal chomosomes metaphases spreads, and ratios are calculated along each
chromosome by a dedicated software.
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more recently to several types of oligonucleotides microarrays with increasing resolutions.
Finally, some of these oligonucleotides microarrays which were originally dedicated to the
analysis of single nucleotide polymorphisms now allow to apply CGH for a huge number of
oligonucleotides covering the genome and to analyze allelic imbalances of these loci at the
same time (Zhou et al., 2005). Reduction of the target size (from BAC clones to
oligonucleotides) requires the averaging of several points from adjacent chromosomal
localisation and the use of dedicated softwares to realize data smoothing.

Applications of array CGH
Cancer-Related applications

Array CGH has already been extensively used to study chromosomal aberrations in
various cancer types. Basically, it has permitted to identify new cancer-related genes
through mapping of deletions or amplifications, and has also proven to have potential for
tumour classification and patient prognostic prediction in several cases (Pinkel and
Albertson, 2005). These research efforts may translate in the near future in additional clinical
tools to improve clinical management.

Examples of genes functionally linked to cancers that have been identified thanks to
array CGH studies are CYP24 (Albertson et al., 2000) and RAB25 (Cheng et al., 2004).
Numerous other genes have been proposed as putative oncogenes or TSG but still require
additional functional investigations for validation of their status (Redon et al., 2002; Tagawa
et al., 2005).

The use of genomic profiling also allows for the classification of tumours into
subtypes with distinct chromosomal aberrations signatures. Examples concern
lymphomas (Rubio-Moscardo et al., 2005; Tagawa et al., 2005), liposarcomas (Fritz et al.,
2002), gliomas (Roerig et al., 2005) and breast (Loo et al., 2004) tumours. This application is
of high interest for tumours which are hard to classify because of their histological
heterogeneity.

A few already published examples also describe the utility of array CGH to link
tumour genomic profiles with patient outcome. Such retrospective studies have already
been applied successfully to lymphomas (Rubio-Moscardo et al., 2005), gastric (Weiss et al.,
2003; Weiss et al., 2004), breast (Callagy et al., 2005), hepatocellular carcinoma (Katoh et
al., 2005) and bladder (Blaveri et al., 2005) tumours.

Others applications

Apart of its use to analyze cancer cell genomes, array CGH has also importantly shed
new light on several constitutional disorders. Examples mainly concern patients with
mental retardation or developmental abnormalities. In numerous cases, interstitial
chromosomal aberrations such as duplications or deletions that could not be identified
previously by karyotyping or classical CGH due to a lack of resolution have been delineated
(for examples Shaw-Smith et al., 2004; Redon et al., 2005). A dedicated database,
DECIPHER, has been built recently (http://www.sanger.ac.uk/PostGenomics/decipher/).
These micro-alterations may affect crucial genes dosages during developmental processes
(Pinkel and Albertson, 2005). Apparently, since the application of array CGH to these types
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of constitutional diseases is very recent, one can easily bet that a small sub-fraction only has
been characterized until now and that a lot more of findings lie ahead.

Finally, array CGH very importantly gave recently new insight into human genetic
diversity by delineating the very frequent presence of large copy number polymorphisms
among phenotypically normal humans (Sebat et al., 2004; Iafrate et al., 2004; Sharp et al.,
2005). This diversity was confirmed and moreover extended to an important level of
structural variations by “sequencing a second human genome” (through end sequence
profiling of fosmid clones) and comparison with the human reference sequence (Tuzun et al.,
2005).

c) Others methods for the detection of chromosomal imbalances and
aberrations

Allelic imbalances: the “LOH technique” (Zhou et al., 2005)

Analysis of LOH in tumour cell genomes has been widely used through a genotyping
approach to identify regions harbouring TSG. Allelic losses may indeed not be detectable by
CGH, and moreover loci can undergo reduplication after loss of one allele.

The LOH technique aims at detecting the loss of polymorphic heterozygous markers
such as microsatellite or restriction fragment length polymorphism (RFLPs) markers. Its use
is however laborious and limited to some pre-selected loci. Furthermore it can not detect
amplifications. Finally one has to carefully interpret the results, particularly when analyzing
highly unstable tumour genomes

Gene copy number determination by real time quantitative PCR

Real time quantitative PCR (qPCR) has been developed as a powerful tool for accurate
and high throughput measurements of gene expression levels (Heid et al., 1996) and led to
adapted systems such as the LightCycler (Wittwer et al., 1997). The interest of this method
rely on the continuous measurement of PCR products accumulation during the reaction
allowing a real measurement in the exponential phase of amplifications performed with
primer pairs with comparable efficiencies. Thus, this technique highly contrasts with
previously used PCR methods that rely on end-point measurements; its ease in high-
throughput format makes of real time qPCR a technique of choice for molecular diagnostics
approaches.

Among numerous applications, real time qPCR can be used to determine gene copy
numbers. As examples, real time qPCR has been recently applied to copy number analyses for
selected genes and oncogene candidates mapping at 3q in SCC from the oesophagus (Yen et
al., 2005) and from the oral cavity (Lin et al., 2005).

Sequencing based approaches

Up to now, sequencing has been a heavy and costly method to analyze chromosomal
aberrations in tumour genomes and thus only limited punctual uses were made of it. However,
in the few published examples, it proved extremely powerful since it allowed for the
characterization of amplicons, as examplified for the 20q13 amplcon which is recurrently
observed in breast cancers (Collins et al., 2001).
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Methods such as End Sequence Profiling, or ESP, in combination with bioinformatics
tools have been developed in an attempt to determine “tumor genome architectures” (Raphael
et al., 2003; Volik et al., 2003). They basically rely on the construction of large insert clone
libraries from tumour genomes and further sequencing of clones extremities. Finally,
bioinformatics tools are used to align the sequences obtained with the human genome
reference sequence. Data readout can pinpoint amplified genomic regions that are over-
represented in the population of end sequences obtained. It also allows identification of
translocated regions when the two end sequences of a given clone map to two different
chromosomes. Finally, ESP can reveal interstitial deletions when the two end sequences map
very close on the same chromosomal region.

The sole example published to date was applied to the breast cancer cell line MCF-7.
This can be easily understood due to the huge amount of sequencing needed for such an
approach. However, this study clearly illustrated the power of ESP as well as the high
complexity that can be faced when trying to resolve an amplicon structure through the
example of the 20q13.2 amplicon that was characterized in this cell line.
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iv- Transcriptional consequences of large genomic gains and genic
amplifications and their biological relevance for the malignant phenotype

a) Gains
Transcriptional consequences

The presence of gains (hereafter defined as low levels increases) of large genomic
regions observed recurrently in cancer cells, such as those concerning a chromosomal arm or
even a whole chromosome is intriguing in terms of the phenotypical consequences they can
produce. In any case, it is believed that such gross changes, either losses or gains, may
deregulate the expression of several genes which may participate to the tumoural phenotype.

Some clues can be obtained from a study of a series of commonly used yeast strains.
Expression profiles across 300 different yeast gene deletion mutant strains were analyzed
(Hughes et al., 2000a). For 8% of these, the authors were surprised to find systematic
chromosomal-wide gene dosage biases (Hughes et al., 2000b). They postulated that theses
biases might result from aneuploidy and further demonstrated the presence of segmental or
complete chromosomal gains and losses using array CGH (Hughes et al., 2000a). The genes
that are located on the aneuploid segments lost or gained in these yeasts are nearby
systematically under- or over-expressed, respectively. This suggests that no or very little
dosage compensation may occur for most of these yeast genes.

A way to further address this question is to analyze the consequences of such large
genomic aneuploidies that can be observed in humans disorders.

Down syndrome is an archetypal constitutional disorder of autosomal trisomies. It is
due to chromosome 21 trisomy and among numerous phenotypical traits, patients present
severe mental retardation and learning disabilities. Several studies using different mouse
models in particular tried to decipher the transcriptional consequences of chromosome 21
trisomy (Fitzpatrick, 2005). Taken together, these studies mainly suggest that at least 75-90%
of the expressed trisomic genes seem to be submitted to primary gene dosage effect in most of
the studies (Antonarakis et al., 2004; Fitzpatrick, 2005). Lack of sensitivity of DNA array
technology and differences in the thresholds used to define over-expression may account for
some of the differences among different studies. However, they also clearly pinpoint that
dosage compensation occur for a small fraction of them. This is well known for segmental
aneuploidies in maize and Drosophila (Fitzpatrick, 2005).

Likewise, a recent study analyzed genome-wide gene expression profiles in three
different human trisomic cell lines (compared to normal diploid cell lines of matched tissue
origin, Zhou et al., 2004). In each case, genes from the trisomic chromosomes (most of
chromosome 9, whole chromosomes 18 or 21) are highly significantly over-represented
among the over-expressed genes. The percentage of over-expressed genes/expressed genes
from gained chromosome is not available for this work. By applying robust statistical analysis
to the gene expression levels, the authors were able to accurately estimate the genomic
breakpoint of the trisomy on chromosome 9.

To address the transcriptional consequences of large genomic gains in cancer, a similar
approach was applied to hepatocellular carcinomas. It suggests that genowe-wide expression
profiles when analysed by chromosomal arms may reflect underlying cytogenetic aberrations
that can be described by CGH on chromosomes (Crawley and Furge, 2002).
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Another approach is to focus on cases with few well defined cytogenetic aberrations.
Accordingly, a study analyzed selected cases of Acute Myeloid Leukaemia (Virtaneva et al.,
2001). Most of AML cases have a normal karyotype (AML-CN), whereas a few do only
present a trisomy of chromosome 8 (AML+8). By comparing gene expression profiles in
these two AML types, the authors clearly showed on average a bias towards over-expression
(1,32 fold the average for other chromosomes) of chromosome 8 genes in AMLA+8 cells when
compared with AML-CN cases. A majority of the 41 chromosome 8 genes analyzed seem
over-expressed in AMLA8 cases when compared to AML-CN.

All together, these studies clearly point to a major impact of the large genomic gains
on gene expression. Between 75 and 90% of expressed genes affected seems a reasonable
estimate from studies with simple experimental design which are easy to interpret.
Consequently, a notable fraction of the transcriptome deregulations in tumour cells may be
attributable to aneuploidy since large genomic regions are frequently imbalanced in tumours.

Among these genes, some may be critical with respect to the tumour phenotype. Large
genomic gains may also contribute to the tumour phenotype by leading to a general increased
metabolism that may be needed by tumour cells and by deregulating the expression of some
crucial genes.

Biological relevance

The biological consequences of slight variations in gene expression may vary from
gene to gene. Some encoded proteins are indeed engaged in strict stoechiometric relationships
(such as transcription factors and their co-factors) when others may have to act in a network
of proteins (in a given signalling pathway for example).

Subtle gene dosage variations have indeed already been shown to influence drastically
the tumoural phenotype for a single gene as exemplified for the Oct-4 or Plk-4 genes. The
Oct-4 transcription factor has indeed been shown to be a dose-dependent oncogenic fate
determinant of ES (Embryonic Stem) cells (Gidekel et al., 2003). PLK4 region is frequently
submitted to LOH in corresponding human tumours and as stated by the authors, “reduced
PLK4 gene dosage increases the probability of mitotic errors and cancer development” (Ko et
al., 2005).

Post-transcriptional, traductional and post-traductional regulation mechanisms are key
modifiers of the biological consequences of these large scale transcriptional changes.
Expression of the proteins is obviously the ultimate level at which gene dosage effects should
be evaluated. Development of proteomics techniques such as 2 dimensional gel electophoresis
of proteins and their further identification by mass spectrometry allow now for such large
scale studies. An example has already been published (Orntoft et al., 2002). This pilot study
shows that for at least 2-fold gain of DNA by CGH, a corresponding increase in mRNA
transcripts is found. The relation seems to be weaker for deleted area for which either reduced
or unaltered transcripts levels were observed. Interestingly, for few abundant proteins and of
known location on the two-dimensional gels, a comparison of proteins and mRNA levels was
made. In most of the cases a good correlation was obtained (p < 0.005) between transcript
alterations and protein levels in this small size study. Caution has to be applied before
generalizing this conclusion.
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b) Gene amplifications
Relationship genomic gain - gene amplification ?

Genomic gains have been described as early events in the progression of several
cancer types (breast, colorectal, cervical, head and neck carcinoma for example), whereas
high-level amplifications are generally found in tumours of more advanced stages (Ried et al.,
1999). With respect to a putative relationship between genomic gains and high-level gene
amplifications, it seems, at least for some examples, that recurrent high-level amplifications
are observed in genomic regions that are already gained at low-level in tumours of less
advanced stages.

The 3q arm gain is indeed an early event during SCC carcinogenesis (Ried et al.,
1999, Redon et al., 2001). It has even been linked to a poor prognosis for HNSCC patients
(Bockmubhl et al., 2000). Amplifications at 3q24-qter are recurrently described later on during
SCC progression (Hermsen et al., 2001) and have also been linked to HNSCC patients
survival based on the 3q26 locus copy number (Singh et al., 2002).

Likewise, low-level gain of the 11q13 cytogenetic band is recurrently observed early
during HNSCC carcinogenesis (27%, Redon et al., 2001) whereas 11q13 high level
amplifications are correlated with lymph node extension in advanced tumours (Hermsen et
al., 2005). CCND1 has been proposed as an oncogene at this locus but still other candidates
seem to be recurrently co-amplified and may be important (Huang et al., 2002; Freier et al.,
2005).

It is still unclear whether some of the recurrent high-level amplifications observed
specifically in given tumour types do correlate with genomic gains that are gained at lower
levels in “earlier” tumours. If this could be verified, it would suggest a mechanistic bias
towards the formation of high-level amplifications in genomic regions that are gained. BFB
(breakage fusion bridge) mechanism is consistent with such statement, from which
amplification appear in region previously rearranged as dicentric chromosomes. This
question could be experimentally addressed using TMA for example and analyzing specific
loci copy numbers and comparing them for large cohorts of tumours of the various stages
observed during progression.

Consequences of gene amplification

Introduction
(Hogarty MD and Brodeur GM, Gene amplification in Human Cancers: Biological and
Clinical Significance, in The Metabolic & Molecular Bases of Inherited Disease, 8" edition)

On the contrary to large genomic gains, gene amplification is believed to reflect a
means of rapid adaptative capability through high plasticity of cancer cell genomes in
response to environmental selective pressures.

An amplicon usually contains a few number of genes, including in human tumours
mainly oncogenes. A single oncogene may be the “target gene” of the amplification, but in
some instances two or more genes may confer a selective advantage in consequence of their
over-expression by gene dosage effect. The term “driver gene” should be preferred, since it is
not the target of an active mechanism, but rather the advantage conferred that is naturally
selected through clonal fixation of the mutation in the progeny.
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The mechanisms by which oncogene amplifications confer these selective advantages
to tumour cells depend on the gene(s) involved. High-level amplifications of myc genes which
are recurrently observed in several tumour types are believed to be a way of continuously
overproducing the myc oncoproteins which enables to overcome their short cellular half-life,
in order to sustain proliferation. Other examples of amplified genes concern growth factors
and their receptors, as well as signal transduction encoding proteins, which may all serve to
mimic constitutive growth factor stimulation. Finally, amplifications of cell cycle regulatory
genes may allow the cancer cell to loose cell cycle controls. Anyhow, it seems that in many
cases, gene amplification is associated with an aggressive phenotype of the tumour, in terms
of rapid progression and poor outcome.

Physiological consequences of gene amplifications

In vitro experimentally generated amplicons of drug resistance genes have shown a
clear correlation between gene copy numbers and increases of the selective pressure:
incremental increases of methotrexate lead to copy number increases of the DHFR gene
which confers drug resistance to the cell. In these models, depending on the cell line the
DHFR amplicons have initially been described as HSRs (Biedler and Spengler, 1976;
Nunberg et al., 1978; Dolnick et al., 1979; Biedler et al., 1980) or dmin chromosomes
(Kaufman et al., 1979; Brown et al., 1981).

Removal of the selective pressure leads to a rapid loss of DHFR activity associated
with a rapid loss of unstable dmin chromosomes: 50% of them are lost in 20 cell doublings
(Brown et al., 1981). For the HSRs amplicons, removal of the selective pressure can also lead
to driver gene copy number decrease but at lower rates, which suggests that
intrachromosomally amplified DNA may be excised and lost (Biedler et al., 1980). On the
contrary, continuous exposure to the selective pressure leads to the acquisition of stable
resistance by the cells. This seems associated with almost no or a very few number of dmin
chromosomes per cell, but rather intrachromosomal presence of the amplicon either taking the
form of HSRs (Kaufman et al., 1979) or “grain clusters” on one or a few chromosomes
(Kaufman et al., 1981).

All together, these in vitro studies suggest first that amplicons may be highly dynamic
structures and secondly that some interconversions between extrachromosomal amplicons or
dmin chromosomes and intrachromosomal amplicons or HSRs may be possible. Other
experimental works have shown that such exchanges between the two amplicon structures can
take place in cells in vitro. HSRs can actually give rise to dmin chromosomes upon fragile site
activation induced by different stresses such as aphidicolin or hypoxia treatments for example
(Coquelle et al., 2002). Moreover, dmin chromosomes can be eliminated by the cell through
formation of micronuclei (Shimizu et al., 1996) but they can also be maintained in clonal cell
population through the “hitchhike” mechanism: dmin chromosomes can adhere to and thus
segregate with the normal mitotic chromosomes. Finally, dmin chromosomes can also
integrate into chromosomes as exemplified by some DHFR stable resistance property
acquisition (Kaufman et al., 1981).

In vivo, tumour cells may also at some point have to face strong but transitory micro-
environmental selective pressures. Vascularisation of tumours of notable size is a typical
example of strong selective pressures during rapid tumour growth: some tumour areas that
may still not be vascularized may be concerned by transient hypoxia or lack of nutrients.
When such a crude lack of nutrients or oxygen would have to be faced, one can imagine that a
majority of the cells will die. A few could survive only if they would acquire any capability
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allowing them to overcome the selective pressure. One can imagine that the amplification of
an oncogene and its subsequent over-expression could confer them with a protection against
hypoxic conditions or the lack of nutrients in their microenvironment. This per se would not
be sufficient to explain why and how the aberration will get fixed in the progeny, which is a
prerequisite since we do observe recurrent amplifications in human tumour cells. An
explanation for this could be found at three levels.

First, the amplification may concern a “polyvalent” driver oncogene.

By “polyvalent” oncogene, we mean a gene involved in more than one of the 6 traits
characteristic of tumour cells as defined by Hahn and Weinberg (2000). In this theoretical
model, the initial, transient and strong selective pressure would lead to the amplification of a
driver oncogene. This would allow the cell and its progeny to survive and bypass the crisis.
The clonal fixation of the aberration in the surviving progeny would then be provided and
explained by any further positive action on the malignant phenotype exerted by the oncogene
that initially drove the formation of the aberration.

An example giving support to this hypothesis can be found in the KCNK9 gene (at
8q24.3) that has been found recently amplified and over-expressed in breast tumours (Mu et
al., 2003). The gene encodes a potassium channel that upon overexpression confers
tumorigenicity in nude mice. Moreover its over-expression also enhances in vitro cell capacity
to survive under culture in low-serum conditions as well as under hypoxic conditions in a p53
WT background. It is possible that the amplifications and subsequent over-expressions of this
gene observed in human breast tumours allowed the cells to bypass a transitory selective
pressure represented by either hypoxia or lack of nutrients.

Secondly, the amplification may concern a driver oncogene and neighbour(s) gene(s)
with additive functions.
In this model, the initial selective pressure leads to the selection of cells with high level
amplification of the driver oncogene. The aberration may finally get fixed in the progeny if
these cells are provided with an additional advantage from the neighbour(s) gene(s) (with
regards to any trait of the tumoural phenotype), which could contribute to overcome other
cells.
Consistent with the latter hypothesis, N-myc high-level amplifications at 2p24 occur in
approximately one fourth of neuroblastomas, and half of these co-amplify the DDX1 gene,
genomic neighbour of N-myc. These tumours seem to be more aggressive, in terms of
progression time and outcome (Hogarty MD and Brodeur GM, Gene amplification in Human
Cancers: Biological and Clinical Significance in The Metabolic & Molecular Bases of
Inherited Disease, 8" edition).

Similar situations could occur for the 17q23 amplicon in breast cancer, locus of the
ERBB2 oncogene (Barlund et al., 2000; Kauraniemi et al., 2001; Monni et al., 2001).

Finally, one can imagine that tumour cells may not only have to face transitory micro-
envirronmental selective pressures only once throughout evolution of the tumour. Subsequent
crisis of the same nature than the initial one that drove the selection of cells with an oncogene
amplification may lead to the direct re-selection of their progeny. Thus it may participate to
reinforce the fixation of the aberration. It is tempting to speculate that in some cases initial
low-level amplifications taking the form of a HSR could form through BFB. Under strong
transient selective pressure they would rapidly give rise to higher copy number amplifications
of the driver oncogene into dmin chromosomes. In this model, the dmin chromosomes would
represent a rapid response due to cancer cells genome plasticity and allowing to select for
cells that will bypass the crisis. After removal or diminution of the selective pressure, the
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amplification could “get back” to an intrachromosomal form, or HSR, with a lower copy
number but still allowing consistent over-expression. The coherence of this model is at least
suggested by the in vitro situations observed for DHFR amplifications

Transcriptional consequences of genes amplifications

Gene amplifications may thus lead to the overexpression of several genes in their
respective amplicons. These may potentially act as co-conspirators of the driver gene of the
aberration. Accordingly, transcriptional consequences of high-level amplifications have
already been addressed in breast and prostate cancers to evaluate the impact of high-level
copy number increases in cancer cells (Hyman et al., 2002; Pollack et al., 2002; Wolf et al.,
2004). All these studies were performed using genome-wide cDNAs microarrays both for
genome and transcriptome analyses, which allows for a direct comparison of gene copy
number and expression levels using the same tools. However, limited use of these arrays for
CGH have been done since they may only allow to detect accurately high copy number
variations.

From a global point of view, correlations between genes copy number and their
relative expression levels can be observed: a significant proportion of over-expressed genes in
tumour cells are mapped in the genomic regions with increased copy numbers.

A first genome-wide study analyzed breast cancer cell lines and tumours (Pollack et
al., 2002). They found 91 highly amplified genes (ratios >4), of which around 40% are
strongly over-expressed (ratios>4).

Another study was dedicated to 14 breast cancer cell lines (Hyman et al., 2002). They
have shown that 44% of the highly amplified genes (ratio >2.5) are strongly over-expressed
(that is, among the upper 7% of expression ratios when compared to the reference RNA,
constituted of a commercially available pool of numerous tumour cell lines RNAs). This
value (44%) has to be compared with the few 6% of the genes with normal copy number
levels that are over-expressed. Among the highly amplified genes, less than 10% seem under-
expressed. Conversely, among all strongly over-expressed genes (ratio >10), 10.5% of genes
are amplified, which underlines the importance of other means of regulation for the over-
expression of genes but also points to a major impact of amplified genes.

An overall highly significant association between gene copy number and respective
expression level was found in prostate cancer cell lines (Wolf et al., 2004). In this study,
among highly amplified genes (ratios >2), roughly 30% of them are over-expressed whereas
less than 5% are under-expressed (same definition as in the previous study for over- and
under-expression, but when compared here to a pool of 18 different cancer cell lines). Among
genes with normal copy numbers, 6.8% are over-expressed.

A study analyzed the transcriptional consequences of large genomic regions that are
amplified in liver metastasis from colon cancers (Platzer et al., 2002). It addressed the
question of these consequences for four sites they defined (7q, 8q, 13q and 20q) as highly
amplified (ratio >2) by CGH on chromosomes. It should be first noted that these
“amplifications” may vary from the gene amplifcations described above. These authors have
anyway strikingly shown that solely 3.8 % of the genes that were mapped in the highly
amplified regions were overexpressed leading them to conclude to “silent chromosomal
amplifications in colon cancer” (Platzer et al., 2002). It should be remarked that the
aberrations were mapped on the basis of CGH on chromosomes which doesn’t allow a strict
comparison of the copy number and expression levels for each gene as for the previously
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reported studies. Secondly, these amplifications may significantly vary from the gene
amplification described above since they concern whole chromosomal arms in this study.

To conclude, it seems that high-level amplifications dynamics in vivo are still not
fully understood. These amplifications produce major transcriptional consequences
most of the time since they lead to strong over-expressions of several different genes.
From these studies, a working estimate of 30-40% of the genes from amplified regions
that are strongly over-expressed seems reasonable. Depending on cancer types and
tumours, differences may be observed for the genes located in their respective amplicons
and thus associated phenotypical consequences may be variable.

v- Rationale of positional cloning strategy for cancer-related genes
identification

a) Strategy description

For all the reasons enumerated previously, it is of clear interest to make use of the
chromosomal aberrations recurrently observed in tumour to identify cancer related-genes.

Such positional cloning strategies have already proven very useful when applied to a
wide range of genetic disorders, comprising familial forms of cancer, to identify disease
causing genes. This approach basically relies on the analysis of samples to define a common
genomic interval linked with the disease and containing a limited number of candidate genes.
Then, the discrimination between candidate genes located in the genomic interval of interest
can be done by any means, i.e. by search for mutations associated with the disease or
functional assays with respect to disease associated phenotypes

With respect to cancer, several TSG have been historically identified through mapping
of LOH regions. TSG are ultimately given their status by description of loss of function
mutations found in tumour cells and restoration of normal growth or induction of tumour cell
death for examples when reintroducing a WT allele of the gene into cancer cells.

On the contrary, several candidate oncogenes have been identified through amplicons
identification and mapping in tumour cells. Their oncogenic status can furthermore be given
by the identification of activating mutations in tumour cells, and restoration of normal growth
for example when inhibiting the oncogene in cancer cells. Functional assays of their
transforming power can also be made.

b) Historical examples of oncogenes identified on the basis of gene
amplification

Several genes were identified on the basis of amplicons identifications in tumour cells.
In each case, their oncogenicity was only proven later on through expression and functional
characterizations.

In that context, N-myc is the archetypal oncogene. It was indeed identified 22 years
ago from study of amplifications in neuroblastoma cell lines and tumors (Schwab et al., 1983;
Kohl et al., 1983). The N-myc gene was further shown to be over-expressed in consequence of
gene amplifications (Lee et al., 1984). These were then correlated with advanced stages of
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neuroblastomas and poor prognosis of patients (Brodeur et al., 1984). Importantly, the N-myc
gene was also shown to be over-expressed in neuroblastomas without amplification when
compared to other tumour types suggestive of another type of regulation for its over-
expression (Kohl et al., 1984). Finally, N-myc was shown to cooperate with mutated Ras for
transformation of cells in culture (Schwab et al., 1985; Yancopoulos et al., 1985). For a
review on the myc family of transcription factors and some of their roles and targets, please
refer to Patel et al. (2004).

More recently, the mdm-2 gene was isolated from an amplicon present as double
minute chromosomes in a spontaneously transformed 3T3 cell line (Cahilly-Snider et al.,
1987) and then found to be amplified in around a third of human sarcomas (Oliner et al.,
1992). The hdm-2 gene encodes a protein which interacts with and inhibits the p53 protein
(Momand et al., 1992) and can upon over-expression immortalize primary fibroblasts, as well
as transform them in cooperation with activated Ras (Finlay, 1993). The hdm-2 protein is
actually an ubiquitin ligase directly inhibiting p53 but that also exerts master regulatory roles
on the p53 pathway together with other partners (Harris and Levine, 2005).
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vi- Chromosome 3 aberrations in MFH and SCC, significance and
transcriptional consequences in SCC

a) Malignant Fibrous Histiocytoma

Chromosome 3 aberrations appear to be very rare cytogenetic events in MFH. A study
(from our collaborators) using CGH on chromosomes to analyze MFH genomes have indeed
reported only 4 cases out of 30 with high levels gains at 3q27 (Mairal et al., 1999). Moreover
others have repetitively shown a very minor prevalence of chromosome 3 aberrations in their
MFH cohorts.

b) Squamous Cell Carcinoma
Chromosomal aberrations

In lung and HN Squamous Cell Carcinomas, chromosome 3 aberrations have been
extensively described since losses at the 3p arm and gains of the 3q arm represent early events
in the progression of these tumours.

Concerning the losses on 3p, numerous LOH studies have uncovered that several loci
at 3p may be involved in SCC (Wistuba et al., 2000; Hogg et al., 2002).

Concerning lung SCC, LOH studies have suggested three different 3p sites (Wistuba
et al., 2000). One of the main region deleted in human non small cell lung cancers is indeed
the LUCA region (for Lung Cancer) at 3p21.3 and is also one of the genome region with
higher genes density. LOH studies dedicated to HNSCC suggest two frequent sites of
alterations, 3p12 and 3p21.3 (Hogg et al., 2002).

For both lung tumours and HNSCC, a high prevalence of whole 3p losses have been
described by CGH studies (Gebhart and Liehr, 2000; Balsara and Testa, 2002; Struski et al,
2002) and even that the loss at 3p21 is the most frequent among several tumours (Gebhart and
Liehr, 2000).

Whole genome array CGH applied to NSCLC (Non Small Cell Lung Carcinoma, of
which 30 to 40% are SCC) tumours has shown that at least three different sites may be more
frequently deleted at 3p (Massion et al., 2002) which was confirmed for NSCLC tumour cell
lines using tiling path arrays more recently (Garnis et al., 2005). Tiling path arrays to study
oral SCC have also confirmed an overall high frequency of losses at 3p (Baldwin et al., 2005).
Moreover, 3 different sites were also found to be more frequently lost at 3p in another study
of oral tumours (Snidjers et al., 2005).

On the contrary, large gains of the 3g arm, or even gain of the whole chromosome 3q
arm, may be an early event in SCC progression and that is even correlated per se to HNSCC
patient’s poor prognosis (for the 3q21-q29 region; Bockmuhl et al., 2000). Gain at 3q is the
most common aberration that has been described for SCC (Gebhart and Liehr, 2000) and thus
may represent a functional advantage through dosage increase of many genes that are
important for SCC tumour progression specifically. Moreover, gains at 3q have been
described as occurring early in the course of tumour progression, and as such proposed to play
crucial roles (Redon et al., 2001).
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CGH studies have uncovered that 3q gains are present in a majority of SCC (Gebhart
and Liehr, 2000; Balsara and Testa, 2002; Struski et al, 2002) and moreover that the 3q27-
qgter is very often gained in several tumour types (Gebhart and Liehr, 2000).

Whole genome array CGH applied to NSCLC has underlined the presence of at least
two distinct 3q gain maxima (Massion et al., 2002). Using tiling path arrays, the high
frequency of whole 3q gains was confirmed in oral SCC and especially of the apparent 3q25-
qter region in which 3 sub-zones seem to be gained at higher frequency (from their figure;
Baldwin et al., 2005). Similarly, 3 preferential sites of gain may be involved more frequently
at 3q in another study of oral SCC (Snidjers et al., 2005). Data analysis of this latter study
reveals the position of these peaks of gains at 151 Mb, 172 Mb and 185-188 Mb on
chromosome 3.

Concerning 3q gene amplifications, different studies have wunderlined that
amplifications at 3q may target different sites at least in HNSCC (Redon et al., 2001; Lin et
al., 2005). No high-resolution array CGH study has shown a consensus region of high level
amplifications up to now in SCC at 3q26.

In accordance with all these results, several TSG mapping at 3p or oncogenes mapping
at 3q have been identified or proposed until now. Chromosomal aberrations seem to pinpoint
different chromosome 3 sites and their underlying genes that may be involved in SCC both at
3p and 3q. A way to reveal whether this is relevant for tumour phenotype is to analyze the
transcriptional alterations for chromosome 3 genes in these SCC, which is now readily
feasible through Oncomine or direct analyses of published data.

Transcriptional consequences of chromosome 3 aberrations

Analysis of genes expression in SCC through Oncomine reveals several peculiar
features when compared with normal lung, especially for chromosome 3 genes.

First, the chromosomal arm harbouring genes that are consistently over-expressed
most significantly over the whole genome is the 3q arm (p<10"' from the lung SCC data of
Garber et al., 2001; p<10" from the lung SCC data of Bhattacharjee et al., 2001; these p
values are each time given hereafter in the same order). This is also observed in
hypopharygeal HNSCC (p<10™ from the data of Cromer et al., 2004).

Second for the lung SCC studies, this effect seem to be due to the genes located at
3q27 (p<107; p<10™) and 329 (p<10~ and p<10~) which are the two cytogenetic bands most
significantly harbouring over-expressed genes in these tumours. Combining the results of
these two studies enable to draw a list of 20 genes mapping at 3q that are consistently and
recurrently over-expressed in SCC versus normal lung. Twelve of them map in the 3q26-qter
region (figure 23).

Third, the chromosomal arm harbouring genes that are consistently under-expressed
most significantly over the whole genome is the 3p arm (p<10; p<10®) Fourth, from the
study of Garber et al. (2001) genes located at 3p14 and 3p21 seem to be major contributors
(p<0.01). From the data of Bhattacharjec et al. (2001), 3p21 is the cytogenetic band
harbouring genes most significantly under-expressed over the genome (p<10). Combining
the two sets of data for analysis underline consistent under-expression in lung SCC compared
to normal for 28 genes located on the 3p arm. Half of them are located at 3p21 (43.6-54.4 Mb;
figure 23).
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Figure 23. Chromosome 3 qenes whose expression is recurrently altered in SCC vs normal lung.

A Lists of the genes (25 at 3p; 20 at 3q) and their mapping values. Both lists were establizhed by selecting
chrormosome 3 genes from Garber et &l (2007) and Bhattachanee &t 2l (2001) analyzed throogh Cncomine.
Gengs were selected if they were significantly underexpressed in SCC vs normal lungs (p<001 in each study),
and further mapped on chromosome 3.

BE. Mapmng of the under-expressed genes at Sp (left) and of the over-expressed genes at 3g (nght). Half of 3p
under-expressed genes are localized at 3p21, when 12 out of 20 over-expressed genes ate mapped in the 3g26-
gter reguan.

79



These results clearly underline the importance of genes located on chromsosome 3 with
respect to lung squamous cell carcinogenesis. Moreover, they give a rationale support and
allow a comprehensive view of the chromosome 3 aberrations that are recurrently observed in
these tumours (losses of the short arm and gains/amplifications of the long arm). Finally they
underline that many chromosome 3 genes are recurrently altered in lung SCC and shed new
light on these genes that might be functionally important for squamous cell carcinogenesis.

A summary on the proposed TSG at 3p and ONCOGENES at 3q in SCC

This part is a rapid overview of some important genes, mapping on chromosome 3p
and 3q arms that have been proposed as candidate TSG or oncogenes, respectively.

Tumour suppressor genes at 3p

Aberrations affecting the 3p arm seem to not only be restricted to SCC. Accordingly,
several TSG have been proposed as the VHL, OGG1, FHIT and RASSF1 genes. It should be
underlined here that numerous LOH studies have uncovered that different discontinuous sites
may be targeted at 3p. But the remaining allele most of the time do not present inactivating
mutations as exemplified for VHL in lung cancers (Miyakis et al., 2003). Accordingly, it has
been proposed that the combined allelic deletions of multiple genes may be a way to initiate
lung carcinogenesis (Hollander et al., 2005). Several of the following TSG mapping at 3p
may thus contribute to the tumoural phenotype through either drastic or subtle expression
decrease of their expression due to 3p losses.

The VHL gene is located at 3p14 and encodes a protein part of an E3 ubiquitin ligase
complex (with cullin2) whose function is to inhibit HIF-1 and thus downstream HIF1 targets
such as VEGF (Kim and Kaelin, 2004). VHL however doesn’t seem to be a general LOH
target in HNSCC tumours (Waber et al., 1996).

The OGG1 gene at 3pl2 encodes a DNA glycosylase involved in oxidized DNA
repair, and specifically the 8-oxo-Guanine lesions. Little is known with respect to OGGl
putative involvement in lung and HNSCC, apart that some specific OGG1 genotypes may be
at risk to develop orolaryngeal cancers in tobacco or alcohol consumers (Elahi et al., 2002).

The RARbeta gene at 3p24 encodes a nuclear receptor of the RAR family. Retinoids
are known to be crucial modulator determinants of epithelial cell fate, and thus RARbeta
expression has been investigated in SCC: its protein expression seems to be downregulated
during laryngeal tumour progression (Karamouzis et al., 2004) and seems moreover
downregulated in a majority of oral SCC (Ralhan et al., 2005).

The FHIT (Fragile Hlstidine Triad) gene is mapped at 3q14.2, and is a well-known
tumour suppressor gene (Pekarsky et al., 2002). Its genomic localization indeed encompass a
common fragile site of the human genome (FRA3B) and FHIT loci is frequently
homozygously deleted or affected by LOH in tumours (Pekarsky et al., 2002). Its function
remains unclear.

The RASSF1 gene was isolated at 3p21.3 as a TSG whose genomic locus often
undergoes LOH in lung cancers and its expression is recurrently silenced through epigenetic
modifications of its promoter (Dammana et al., 2000). Among several tumour types, it was
further shown to be inactivated in squamous cell carcinomas also through promoter
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hypermethylation in a majority of oesophagus SCC (Kuroki et al., 2003) and subsets of Head
and Neck SCC (Hogg et al., 2002; Dong et al., 2003). Of interest is that RASSF1 seems to
exert its normal TSG role by encoding a mitotic regulator inhibiting the APC(Cdc20) complex
(Song et al., 2004) and through microtubule stabilization by localizations at the mitotic
spindle for two of its isoforms that are able to suppress Ras induced genomic instability (Vos
etal., 2004).

The XPC gene at 3p25 is involved in NER and DNA repair capacity are impaired in
consequence of loss of a single XPC allele. It was furthermore shown that upon homozygous
deletions of XPC in mice, 100% of them do develop adenomas, which evolve to NSCLC upon
loss of another specific gene, Gadd45a, located at 1p in human which is also frequently
deleted in human lung tumours (Hollander et al., 2005). It thus seems that XPC could
represent, with respect to RASSF1, a specific lung TSG (Hollander et al., 2005).

In the same line, it has also interestingly been shown that VHL haploinsufficiency
enhances lung tumourigenesis susceptibility (i.e. induced by carcinogens) in FHIT deficient
mice (Zanesi et al., 2005).

Finally, several genes mapped at 3p have functions that upon alteration may directly
provoke appearance of chromosomal aberrations: examples may concern TOPOIIB at 3p24,
and RAD18 at 3p12 (neighbour of VHL).

The TOPIIB gene encodes the topoisomerase II isoform that is expressed in somatic
tissues. Its inactivation or reduced expression may lead to translocations (Hermsen et al.,
2005).

The RADI18 protein is part of the RAD6/RAD18 DNA damage tolerance complex
involved in post-replication repair, whose mechanism has just been uncovered experimentally
in yeast and shown to involve sister chromatid recombination (Zhang and Lawrence, 2005). It
has moreover been shown that this complex may also be important for the prevention of
specific DNA transversions: mutations in OGG1 and RAD18 have indeed synergistic effects
on lesions and subsequent transversions accumulations (de Padula et al., 2004). Finally,
RADI18 has also been shown to be a suppressor of gross chromosomal rearrangements in
yeast (Smith et al., 2004).

An overall intermediate conclusion concerning the 3p arm and its genes is that it
seems quite clear that early loss of the 3p arm in a majority of SCC may cause expression
changes affecting several genes which could in turn act in a synergistic manner towards
mutation accumulation or tumour progression as exemplified from yeast and mice models.

Oncogenes and oncogene candidates at 3q

Given that 3q gains seem to be more specific to SCC than other tumour types as noted
previously, only genes that have been proposed as oncogenes or candidate oncogenes in SCC
are presented hereafter.

We have proposed the CCNL1 gene at 3q25.3 as an oncogene candidate in HNSCC,
initially as highly amplified and consequently over-expressed in a head and neck cancer cell
line and also over-expressed in HNSCC tumours (Redon et al., 2002). Since then, we have
characterized cyclin L1 gene alterations in a large series of HNSCC showing recurrent copy
number increases and overexpression but without association to clinical parameters (Muller et
al., submitted; see the results part of this thesis). Others have shown a clear association
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between cyclin L1 gene high-level amplifications, although very rare, and a poor prognosis
(Sticht et al., 2005).

The TERC gene encodes the RNA component of the telomerase enzyme (which serves
as a template for the telomerase reverse transcriptase). Given that telomerase is reactivated in
a wide majority of tumour cells, it has been rationally proposed that TERC could contribute to
tumourigenesis. TERC was shown to be over-expressed in NSCLC (comprising SCC; Yokoi
et al., 2003) and has been proposed as target of 3q amplifications.

SNO / SKIL encodes a TGFbeta regulator that has also been proposed as an oncogene
target of amplifications at 3q in oesophageal SCC (Imoto et al., 2001).

The PIK3CA gene encoding the catalytic subunit of the Phospholnositide-3 catalytic
subunit of a serine/threonine kinase and has been clearly demonstrated as an oncogene. The
PIK3CA protein is furthermore implicated at the crossroads of numerous signalling pathways
in the cell. It is recurrently gained and overexpressed in SCC (Redon et al., 2001). Moreover
it was found recently to be mutated in other cancer types (Weir et al., 2004; Samuels et al.,
2004; Wu et al., 2005) and importantly, the most recurrent mutations were shown to be
oncogenic (Kang et al., 2005; Samuels et al., 2005). Interestingly, it seems that some breast
tumours may have both PIK3CA copy number increase and mutations (Wu et al., 2005).

The TP63 gene (now also known as TP73L) is a member of the p53 gene family
which encodes different transcripts with transactivating (TAp63) or repressive (DNp63)
activities. TP63 is clearly not a TSG just as p53, since no mutations have been found in
human tumours. The p63 protein is an epithelial stem cell marker and is required for
epithelium homeostasis. Accordingly, TP63 has been recurrently shown to be amplified in
SCC as well as over-expressed with the DNp63 being responsible of its oncogenic role
(Benard et al., 2003).

The EIF4G1 gene encodes a translation initiation factor with RNA binding capacity
and acting as the scaffold of the preinitiation complex which binds mRNAs in their 5’UTR
and scans their sequence until they found an initiator codon. With respect to SCC, EIF4AG1
copy numbers have been shown not to vary in oesophageal SCC (Yen et al., 2005), whereas
it is amplified in hypopharyngeal SCC (Cromer et al., 2004). Over-expression of EIF4G has
been accordingly shown to be able to transform cells in vitro (Fukushi et al., 1997) and
moreover apoptosis induction rapidly provokes EIF4G proteic cleavages (Clemens et al,
1998). Thus, over-expression of EIF4G1 in cancer cells may provide them with different
advantages (at least increased global translation capabilities and enhanced apoptosis
resistance);

The DVL3 and RFC4 genes are among the 67 commonly deregulated genes in the
“cancer signature” established from meta-analyses of expression profiles from several tumour
types (Rhodes et al., 2004). Surprisingly, little is known until now concerning their
respective functions and peculiar contributions to SCC cancer, even if their already
deciphered functions are of compelling interest with respect to cancer. DVL3 indeed encodes
a Drosophila dishevelled protein homolog (Bui et al., 1997) and is thus believed to be an
activator of the Wnt / beta-Catenine pathway (Uematsu et al., 2003). RFC4 is mapped at 3q29
and encodes the Replication Factor C 4 belonging to the Replication Factor C complex which
is required for the loading of PCNA (Proliferating Cell Nuclear Antigen) onto primer-
templates junctions for DNA replication. It moreover seems to play important roles as sensor
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of different DNA damage checkpoints (Kim and Brill, 2001) and apparently being involved in
chromatids cohesion in Drosophila and yeast (Dobie et al., 2001; Krause et al., 2001; Mayer
etal., 2001).

Finally, the RP42 homolog gene, which was named SCCRO (for Squamous Cell
Carcinoma Related Oncogene; Estilo et al., 2003) has also been proposed as an oncogene at
3926.3.

In a first study, Singh et al. determined by FISH (probe made of 3 YACs) a strong
correlation between 3q26.3 copy number and patient poor outcome depending on 3q26.3 copy
number (Singh et al., 2002a). This led them to further propose the SCCRO and PIK3CA
genes as novel “oncogenes” in oral tongue carcinoma (Estilo et al., 2003) by first referring to
another work investigating PIK3CA oncogenic role (Singh et al., 2002b) and second to an
abstract whose title refers to SCCRO (their reference 14, Estilo et al., 2003). This abstract is
not present in the Proceedings of the American Association of Cancer Research where it is
claimed to have been published (personal observation). Moreover this group has shown a
maximum for 3926.3 amplifications among HNSCC cell lines for “BAC clone 202B22”
(Singh et al., 2002; Estilo et al., 2003) they claim to contain the SCCRO gene (Estilo et al.,
2003) without at any time giving any library origin of this clone. Analysis of the
CloneRegistry at NCBI (http://www.ncbi.nlm.nih.gov/genome/clone/query.cgi) only reveals
one human BAC clone from the RPCI11 library, RP11-202B22, which seem to be mapped at
2p24.

In any case, the more robust data they have presented for SCCRO as a putative
oncogene are a putative association of its over-expression with clinical parameters in oral
tongue carcinomas (all p values being comprised between 0.1 and 0.01; Estilo et al., 2003).
More doubtful is a putative correlation of SCCRO expression with VEGF-A in lung SCC
(Talbot et al., 2004). One could remark that in this latter paper is stated “we have previously
established an association between SCCRO and both aggressive tumor and clinical outcome”
and “we have previously shown the association between SCCRO and survival” referring to
their reference 1, which has been deleted in proof.

In conclusion, lots of putative functional data concerning SCCRO have been described
and even results largely stated and discussed in several of their papers as unpublished or
personal observations (Estilo et al., 2003; Talbot et al., 2004), but no consistent functional
data has ever been presented.

Really more interestingly, very recent work concerning RP42 has been done on some
homologs (Dcnlp in yeast and DCN1 in C. elegans) showing that it is crucial for correct
mitotic spindle orientation during the first mitotic embryonic division. This role is achieved
through post-meiotic neddylation of cullins which leads to the targeting of other proteins for
degradation (Kurz et al., 2005). Accordingly, the human gene get renamed recently and
approved by the HUGO committee and will be thus referred as to DCUN1D1, for “defective
in cullin neddylation 1, domain containing 1”.
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Conclusion

Many of the enumerated chromosome 3 genes may contribute to SCC whereas others
may still have to be identified. With this respect, several zones of gains have been described
at 3q in SCC. Recently, very small micro-alterations were uncovered (deletions, gains and or
amplifications) thanks to high resolution array CGH as in oral cancers genomes for example
(Baldwin et al., 2005).

In accordance this thesis work was dedicated to the analysis of chromosome 3
aberrations using different home made arrays in two tumour types, MFH and SCC. We mostly
concentrated our efforts in triyng to define common regions of high-level amplifications to
identify the putative driver oncogenes of these aberrations.
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Part 2

Analysis of CHROMOSOMAL ABERRATIONS

in Malignant Fibrous Histiocytomas

and Squamous Cell Carcinomas :

towards the identification of amplified and overxpressed

ONCOGENES
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-1- INTRODUCTION

On the use of tumoural cell lines as models

Tumoural cell lines were used in several studies presented in this thesis. With this
respect, several important observations should be made in introduction.

These cell lines are of real practical utility since they are immortalized, growing
exponentially in culture, homogeneous and stable at least at short term. Thus they represent an
easy manner to rapidly get huge amounts of biological extracts (DNA, RNA, proteins...) to
further analyze their tumoural traits.

It should be however stressed that several important issues have to be addressed when
using cancer cell lines.

The first drawback in their use lies in the possible clonal selection of cells when these
are initially established in culture from the original sample. It is known for years that during
this process, a wide majority of cancer cells die and only a very few maybe survive to finally
expand and give rise to the cell line. Accordingly, an important question is whether the
alterations that one can observe in cancer cell lines is relevant for the in vivo malignant
phenotype or for a best fitted phenotype to survive in culture in vitro that has been selected.

A second drawback in their use lies in the potential variability that may arise in the
cell line after long term culturing periods. It should be first stressed here that we never culture
our cell lines for very long term periods. Secondly, all the cell lines are provided to us through
the IGBMC cell culture core service where specialists ensure freezing and storage of cell lines
from their arrival in the institute.

We have good reasons to think that at least for the malignant fibrous histiocytoma
COMA cell line, hereafter used in the MFH results parts, the two previous arguments should
not apply. First, as the cell line was established, its chromosomal aberrations were
characterized by CGH on chromosomes and said to be overall similar between the primary
tumour and the COMA cell line after long term culture of 1 and 6 months (Mairal et al.,
2000). Secondly, our focus in this study concerned a high-level amplification of the 3928
locus. This amplicon was already present in the malignant cells of the primary tumour as
shown by CGH on chromosomes for the primary tumour (Mairal et al., 2000). Accordingly,
we strongly believe that the study of this amplification in the derived cell line is relevant for
the in vivo situation.

We also analyzed several head and neck cancer cell lines. The respective chromosomal
aberrations present in the primary tumours have unfortunately not been determined.
Accordingly, we can not advance that the high-level amplification that we have mapped at
3g25.3 in the Cal-27 HNSCC cell line was already present in the initial tumour. However,
amplifications of this locus have been also recently found in some HNSCC primary tumours
(Sticht et al., 2005).
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-11- RESULTS

a. Malignant Fibrous Histiocytoma
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a-1 3928 amplifications overlap in COMA cell line and two
primary sarcomas

(manuscript submitted to Cancer Genetics and Cytogenetics)

I- INTRODUCTION

Our entry point in this study came from the presentation at a meeting by Alain Aurias
(Institut Curie, Paris) of a cell line of potential interest for us since it seemed to contain a
narrow amplification of the long arm of chromosome 3. This cell line, named COMA, was
established in his laboratory (Mairal et al., 2000).

Their initial cytogenetic characterization of the COMA cell line by various means
(karyotypying, SKY, FISH and CGH on chromosomes) indicated several high level
amplifications. Two distinct amplicons are present as two exclusive populations of double
minute (dmin) chromosomes: one amplicon contains the c-myc locus (at 8q24), and the other
harbours chromosome 3 material (as shown by chromosome painting experiment) and likely
from the 3q26-qter region (from the CGH profile).

These prompted us to first map the 328 amplicon of the COMA cell line using our
chromosome 3 dedicated array. We then further extended the study to some selected sarcomas

that were initially diagnosed as MFH and for which CGH on chromosomes were available
from A. Aurias and indicative of chromosome 3 aberrations, especially 3q gains.

li- RESULTS (see the manuscript hereafter)
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ABSTRACT

Historically, amplicons mapping and characterization of Double Minute (DM) chromosomes
content have been the way to pinpoint important oncogenes. Interestingly, the COMA cell line
established from a sarcoma contains DMs some of them composed of material of the long arm
of chromosome 3. To identify putative oncogenes on 3q that may be included in these DMs,
we have analyzed the COMA cell line by array-CGH. We have detected the amplification of
1-Mb segment at 3q28, which contains the genes LPP, FLJ42393 and hsa-mir-28. FISH
experiments confirmed the presence of numerous copies of 3q28 segment included in DM
chromosomes. Further screening of 8 undifferentiated primary sarcomas with 3q gains
previously detected by chromosome CGH disclosed, in two cases, amplifications at 3q28
overlapping the 1-Mb segment amplified in COMA. To isolate target genes up-regulated by
gene dosage effect, we measured the transcription levels of every Refseq gene located in the
common region of amplification, selected ESTs and the micro-RNA hsa-mir-28 in the COMA
cell line compared to one MFH cell line without alteration at 3q28. Expression levels of all
transcripts were almost similar in both cell lines, except for two ESTs (AI338598 and
BX118304) showing a 20-fold increase. Since these two transcripts are poorly characterized,

their contribution to MFH carcinogenesis is difficult to evaluate.



INTRODUCTION

Amplicon mapping is a traditional positional cloning strategy to identify candidate
oncogenes. Following this line, characterization of 12q amplifications in human soft tissue
tumors pinpointed a genomic region encompassing mdm2 gene [1]. This gene was first
isolated in a spontaneously transformed cell line as included in DM chromosomes [2] and
later on its oncogenic properties and involvement in sarcoma were established. Improvement
of spatial resolution of DNA copy number variation methods by the introduction of array

CGH [3, 4] has streamlined this strategy.

The COMA cell line has a complex karyotype including DM chromosomes [5].
Previous FISH analysis revealed that the c-myc gene is present in some DMs when others
contain material from chromosome 3. Precise delineation of the segment amplified on
chromosome 3 may uncover new candidate oncogenes for soft tissue tumors or even others
tumors types as exemplified by mdm2 discovery in sarcomas followed by demonstration of its
implication in other cancer types [6]. The COMA cell line was established from a storiform
pleomorphic tumor from the thigh, initially diagnosed as a malignant fibrous histiocytoma
(MFH). MFH were formerly one of the most commonly diagnosed soft tissue sarcoma.
However, this particular tumor type is progressively less considered as a diagnostic entity per
se [7, 8]. MFH are now rather regarded in the new WHO classification as undifferentiated
forms of various other soft tissue sarcomas [8].

Transcriptome analysis of sarcoma tumors [9-11] have indeed repetitively uncovered
that classifications derived from gene expression profiles failed to separate some MFH
samples from other soft tissue sarcomas, in particular leiomyosarcomas (LMS ref 9,10) or
liposarcomas (LPS;11). In addition, cytogenetic analysis of MFH has revealed very complex
karyotypes frequently including homogeneously stained regions or DM chromosomes [12]. A

survey of 30 tumors using chromosome CGH showed frequent losses on chromosome 13



(17/30) and a set of 11 chromosomal regions commonly gained [13]. This pattern of
aberrations is broadly overlapping with the pattern found in leiomyosarcomas (LMS) and thus
suggests that a notable proportion of MFH could actually be undifferentiated LMS [14]. In
contrast, another sub-group of MFH - with simple karyotypes and recurrent high-level 12q14-
ql5 amplifications - corresponds to undifferentiated liposarcomas (LPS, 15]. This region
contains the mdm2 gene, initially isolated as amplified in DM chromosomes [2]. Although
some MFH are now clearly considered as LMS or undifferentiated LPS [16], other tumor
subtypes may still exist among initially diagnosed MFH. The discovery of recurrent genetic
abnormalities, amplifications in particular, may participate to their identifications and thus to
the definition of new subgroups, just as recently achieved for LPS [17].

In this study, we found a narrow amplification at 3q28 in the COMA cell line by
array-CGH. Analysis of 8 additional undifferentiated primary sarcomas (initially diagnosed as
MFHs and with gains on chromosome 3q) revealed two amplifications at 3g28 and allow to
define a common region of about one megabase. Expression analysis of the genes located in
this region demonstrated that two transcripts are strongly over-expressed in the COMA cell
line compared to a MFH cell line without 3q amplification. The possible role of these two
transcripts in the pathogenesis of undifferentiated sarcomas remains difficult to envision as

very few information on their function are available in silico.

MATERIAL AND METHODS

Web resources

Genome browser, May 2004 version (NCBI build 35), UCSC: http://genome.ucsc.edu/

RepeatMasker software, Institute for Systems Biology: http://www.repeatmasker.org/

Primer3 software, MIT: http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi




Samples

The COMA cell line was established [5] from a storiform pleomorphic MFH tumor localized
in the thigh. The tumor was positive for vimentin and slightly positive for EMA, desmin and
negative for S100 antigen. The MFH19 cell line was established by A. Aurias group from a
stage III and poorly differentiated storiform pleomorphic MFH tumor localized in the psoas.
Eight tumors samples with chromosome CGH profiles showing gain of 3q were selected
among the collection of A. Aurias (no RNA was available for the primary tumors). Main

clinical and histological features are summarized in Table I.

Array-CGH

Pan-genome chip
IntegraChip" " were obtained from IntegraGen (http://www.integragen.com) and contain 3172

clones.

Chromosome 3 chip
Clones: BAC and PAC clones are coming from the RPCI-11, RPCI-4 and RPCI-5 collection.

This version of the chip contains 223 chromosome 3 clones (listed with additional
information in table 2) and is an upgrade of the previous one (85 clones; ref 18). Additional
clones have been selected (http:/www.chori.org/bacpac/) to obtain a better final coverage of
the short arm and the 3q26-qter region (98 clones for 37 Mb). Clones from sub-telomeric

regions [19] were included to estimate the “normal genomic ratios” (see Data analysis).

Array preparation

Two level PCR amplifications were used to prepare DNA for spotting as described previously
[20] with modifications. BAC DNAs were extracted using Millipore Montage™ BAC96
Miniprep Kit following supplier instructions after culture in 96 well plates with 1.5mL 2XLB
medium. Each BAC was then amplified by two independent DOP-PCR [20] using two
different primers: 6MW [21] and DOP2 [20]. About 75 ng of DNA of the primary DOP-PCR
products were then amplified through a secondary PCR [20]. Finally, PCR products
corresponding to a single BAC were pooled, ethanol-precipitated, dried and resuspended in
75% formamid and 25% water for spotting using a Microgrid II Arrayer (Biorobotics) on

GAPS II slides (Corning). Spotted slides were processed as described [18].



Detailed conditions of the two PCR steps (buffers, volumes and reaction cycles) are available

as supplementary information.

Array design

Two identical arrays each containing triplicate spots for each BAC were spotted by slide,

hybridized simultaneously and subsequently averaged.

Sample DNA labeling
For each DNA, 300 ng of sonicated DNA were labeled by Random-Priming (Bioprime

Labeling kit, Invitrogen) according to the supplier instructions but for 18h. Nucleotides final
concentrations were 0.04 mM of dCTP-CyS5 for tumor DNA or dCTP-Cy3 for control DNA
(Amersham Biosciences), 0.05 mM of dATP, dGTP, dTTP and 0.01 mM dCTP. Labeled
DNAs were purified using MicroSpin-G50 columns (Amersham Biosciences). COT Human
DNA (67.5 pg, Roche) and Salmon Testes DNA (30 pg, Sigma Chemical Co.) were added to
the mixed tumor and reference DNAs. They were subsequently concentrated using a microcon
YM-30 (Millipore) and resuspended to obtain 200 pl of hybridization solution (final
concentration: 50% formamide, 0.8 x SCC, 16% W/V dextran sulfate, 2% SDS, pH=7).

Finally, the probes were pre-annealed for 3 hours at 37°C.

Hybridization & post-hybridization

Every step was carried out in the HS 4800 hybridization station (Tecan). Slides pre-treatment
included: Stripping: 2.5 mM Na2HPO4, 0.1% SDS at 76 °C for 1 min.; Slide blocking: 3%
BSA (fraction V, Sigma Chemical Co.), 5 x SSC, 0.2% SDS at 42 °C for 20 min.; Pre-
hybridization: 400 pg of Salmon Testes DNA and 67,5 pg of COT Human DNA in 200 pl of
hybridization solution incubated 1h at 37°C.

Hybridization was performed during 18h at 37°C under low agitation. Four post-hybridization
washes were carried out: 50% formamide, 2 x SSC, 0.1% SDS at 45 °C for 37 sec, 4 times; 2
x SSC, 0.1% SDS at 45 °C for 37 sec, 4 times; 4 x SSC, 0.1 Tween 20 at 45 °C for 37 sec, 4
times; slides were finally nitrogen dried and scanned using a ScanArray 4000 (Packard

Bioscience). Images were quantified using Imagene 5.1 software as described previously [18].



Data analysis
For each array, we excluded from analysis the clones that displayed signal intensities for

control DNA hybridization lower than twice the local background values for more than one of
three replicates. After subtraction of local background, we calculated the ratio of Cy5 and Cy3
intensities. Values were considered as valid only if the coefficient of variation (SD/mean) of
the replicates was lower than 20%. For each clone, the geometric mean of the ratios for the
upper and lower arrays was then calculated. To determine the “normal genomic ratios”, we
calculated the median of the ratios obtained for the sub-telomeric clones. Then, individual
ratios were normalized to 1 using this median. We used the values of 2, 1.25 and 0.75 as

thresholds for amplifications, gains and losses, respectively.

FISH

For FISH analysis, the clones 103, 104, 105 (respectively RP11-426J22, RP11-67E18, RP11-
297K7, see table 2) and RP1-80K22 (containing the c-myc gene) were labeled by random
priming with digoxigenine-11-dUTP or biotin-16-dUTP. The probes were then hybridized at
37°C to COMA metaphase chromosomes or interphase nuclei for 24 h and then detected as
previously described [22] using Cy3 and FITC based detection system. Chromosomes were

counterstained with 4,6-diamidino-2-phenylindole.

PCR

Semi-quantitative PCR on genomic DNAs
Experiments were carried out as we previously described [18]. Primers were designed firstly

on exons of the two Refseq genes and secondly to cover as much as possible the amplified
region found by array-CGH with minimal gaps. Briefly, the Primer3 software was used to
choose primer pairs targeting 16 loci in the region. We first set up PCR conditions on normal
genomic DNA to correct for different amplifications efficiencies between primer pairs:
varying amounts for each PCR primer pair were tested to obtain the minimum of variation
between different genes after quantification of their respective bands intensities. Final primers
concentration ranged from 225 nM to 1 uM (primer sequences and final concentrations used
in the reactions are available in table 3). PCR products were mixed with PicoGreen®
(Molecular Probes), run on 2% agarose gels, and gel images were acquired using the
Typhoon™ 9200 imager (Amersham Biosciences). Finally, band intensities were quantified

using the TotalLab® software (nonlinear dynamics) and normalized to GAPDH band



intensity obtained for the COMA and the normal genomic DNAs prior to ratios calculation for
each locus. Reactions were performed 3 times independently and ratios subsequently

averaged.

RT-PCR
RNA extractions, reverse-transcription and PCR were performed as previously described [18].

Putative contaminating genomic DNA was removed by digestion of total RNA for 1h at 25°C
by digestion with 10U RNase-free DNasel (Roche Diagnostics) and subsequent RNA
purification (RNeasy mini kit, Qiagen) prior to reverse-transcription. Semi-quantitative PCR
was performed, using primer pairs listed in table 4, for 30 cycles (10 at 95°C, 10 at 60°C,
10” at 72°C) for all genes or ESTs. For GAPDH the reference gene, 20 cycles were applied to
avoid saturation. Quantifications were then done as described above for PCR on genomic

DNA.

Northern Blots for microRNA expression
Analysis was performed following the guidelines described in the protocol from Nelson C.

Lau [23], the detailed updated protocol is available at
http://web.wi.mit.edu/bartel/pub/protocols/miRNA_Nrthrns_Protocol.pdf).  Briefly, equal

loading of total RNA from each cell line were verified by ethidium bromide staining of PAGE
gels prior to their electrophoretic transfer to nitrocellulose membranes (Hybond N+,
Amersham). Membranes were then hybridized with a 5° labelled oligonucleotide, of 21-
nucleotides sequence composition antisense to hsa-miR-28 (sequence of the oligonucleotide
used: 5’-CTCAATAGACTGTGAGCTCCTT-3’; miR-28 sequence: 5’-
AAGGAGCUCACAGUCUAUUGAG-3’, ref 24). After the washes and revelation using an
imaging plate (type BAS-III, Fuji), the blots were scanned using a Typhoon™ 9200 imager

(Amersham Biosciences).



RESULTS

Characterization of chromosomal imbalances in the COMA cell line by array-CGH

Chromosome CGH analysis of the COMA cell line showed the partial gain of
chromosome 3q. Interestingly, the intensity ratio profile suggests the presence of DNA
amplification in the terminal 3q region (see Fig. 1A and 5). To confirm this hypothesis, we
have further investigated DNA copy number changes on chromosome 3 in COMA by CGH
using one dedicated BAC/PAC microarray. In accordance with chromosome-CGH, the
chromosome 3 array-CGH profile presents one region of gain on the long arm (156-163 Mb)
with ratios higher than 1.5 (Figure 1B). In addition, a narrow high-level amplification
centered at 190 Mb is revealed by ratio values higher to 2 for the three adjacent clones 103,
104 and 105 (Fig. 1B and C). The extent of this amplification is 1.5 Mb (central positions of
the first excluded clones: 188.9 and 190.4 Mb). The Lipoma-Preferred Partner gene (LPP) is
located in this interval.

Using a commercially available pan-genome chip, we also detected the presence of the
8924 amplification with ratio values higher than 4 for two adjacent clones flanking the c-myc

locus consistent with earlier chromosome CGH results (Fig. 1D and E).

FISH experiments on COMA metaphase spreads and interphase nuclei with probes from

amplified regions

To explore the structural organization of these amplifications, we carried out FISH
experiments on COMA nuclei and metaphase chromosomes with probes from amplified
region detected by array-CGH on chromosomes 3 and 8 (BAC clones 103, 104 and 105 ;
clone RP1-80K22 containing c-myc). For each of the three chromosome 3 clones the array-
CGH results were confirmed: more than 20 hybridization signals were found dispersed inside
nuclei in more than 40% of the cells (Fig. 1F and 1G). We noted that the DM chromosomes
painted by the chromosome 3 clones are different from those highlighted containing c-myc
and thus concluded that two exclusive populations of DM chromosomes coexist in the COMA
cell line likely resulting of two independent cytogenetic events. The 3q amplified region
encompasses the LPP gene, which is frequently implicated in t(3;12) translocation in lipomas
resulting in LPP-HMGIC fusion [25]. Thus, we co-hybridized the chromosome 3 clones with
one clone representing the HMGIC locus on chromosome 12 on COMA metaphase spreads:

no evidence of this translocation was observed (Fig. 1H).



Characterization by array-CGH of 8 selected undifferentiated sarcomas with 3q gains

To determine whether this amplification at 328 (at 190Mb) is present in other MFH,
we screened 8 selected primary soft-tissue sarcomas - initially diagnosed as MFH tumors -,
with gains on the long arm of chromosome 3 detected on chromosome CGH profiles (Fig.
2A). Partial 3q gains were found by array-CGH in all of them except one (MFH93). The
frequency of gain per 2 Mb genomic interval is maximum for the class 188-190 Mb (Fig. 2B).
Two preferential regions of gain are observed, at 152 Mb and from 180 Mb to the telomere. In
the terminal segment, amplifications (defined as ratio higher than 2) were measured in three
samples (Fig. 2C). The amplified 3q28 region in MFH20 is complex with at least four ratio
maxima between 181 and 195 Mb, whereas it is simpler in BER18 and restricted to two
adjacent clones with ratio higher than 2 (around 190 Mb, Fig 2C). The extent of this
amplification is 1.7 Mb (central positions of the first excluded clones: 188.9 and 190.6). The
MFH114 tumor displays a narrow amplification (between 193.6 and 194.4) encompassing one

clone (position 193.7), more distal than for the two other tumors.

In summary, gains around 190 Mb occur in about 60% of the screened cases and

amplifications at this locus were found three times (two tumors and the COMA cell line).

These amplifications overlap, defining a consensus region of 1.5 Mb in size (Fig. 2D).

Fine delineation of the 3q28 amplification in COMA by semi-quantitative genomic PCR

We carried out semi-quantitative genomic PCR for 16 loci located between the two
first excluded BAC clones in the array-CGH experiment (Fig. 1C, for details see Materials
and Methods). Sharp variations found at 189.3 and 190.25 Mb allow to define the extend of
the amplicon size to 0.88-1.09 Mb. The borders are localized within 150 kb and 62 kb DNA
segments. Sequence analysis using UCSC genome browser and Repeatmasker software
reveals peculiar features only in the second segment, with a high-interspersed repeat content
(62%) and particularly of LINE1 (35%). A small sub-region from 190.1 to 190.25 Mb inside

the amplicon shows higher copy number (see Figure 3 A).

Transcriptional levels of genes included in the amplicon by RT-PCR

We investigated the expression levels of all Refseq genes mapped in the amplicon
(namely LPP and FLJ42393) as well as one microRNA encoding gene (hsa-mir-28) and 5
selected ESTs (including BG778254 and AW277126) located in the sub-region with apparent
higher DNA copy number. We were able to obtain specific products for the Refseq genes and



two ESTs (AI338598 and BX118304). The three others ESTs were found not to be expressed
or gave unspecific PCR amplification products.

Comparison of COMA and the MFH19 cell line - which has no 3928 copy number
variation detected by array-CGH (data not shown) - indicates that LPP expression level is not
changed while FLJ42393 is slightly over-represented (Fig 3B). Northern blot analyses of hsa-
mir-28 reveal it is expressed at similar levels in both cell lines (Figure 3C). Interestingly, for
AI338598 and BX118304 ESTs, a twenty-fold increase was observed in COMA (Fig 3B).

In conclusion, this strong over-expression of AI338598 and BX118304 ESTs in
COMA cell line, is in the same order of magnitude than the number of DM chromosomes as

seen by FISH (some tens per cell), and is thus very likely to be due to gene dosage effect.



DISCUSSION

We have mapped at high resolution a narrow amplification of the 3qg28 locus
contained in double minute chromosomes in the COMA cell line. Furthermore, we have
confirmed the presence of two different populations of DM chromosomes as previously
shown by Mairal et al [5]. Some DM chromosomes contain the gene c-myc while the others
are composed of material from the 3q28 locus. This excludes the possibility that amplification
of 3q material is a side effect of c-myc amplification - with the 3q sequence hitchhiking by
contingence to the C-myc segment, as shown for other co-amplified segments [26, 27].

Although amplification at 3q28 appears uncommon in MFH, 4 tumors were found to
contain high-level amplifications at 3q26-qter in a series of 25 tumors analyzed by
chromosome CGH [13]. Thus, the question arises whether a rare subgroup of MFH or
sarcomas may contain high copy number of the particular 3q28 segment amplified in COMA.
By using array-CGH for the analysis of 8 tumors with 3q gain previously described by
chromosome CGH, we uncovered two tumors with amplifications at 3q28 overlapping with
the amplicon delineated in COMA cells. Considering the small amplified segments (less than
1.7 Mb) identified in both COMA and BER18 cells, this overlap was unlikely to occur by
chance (Fig. 2D).

For the COMA cell line, mapping of this 3q28 amplicon was refined by genomic PCR
performed on 16 loci and demonstrated that its actual size is 0.88-1.09 Mb. No large-scale
copy number polymorphism is reported within this region in the Database of Genomic

Variants (http://projects.tcag.ca/variation/). Volik et al. have recently made a detailed

description of an amplicon containing 20q and 3p segments in the MCF7 cell line [27]. They
reported that three of the four characterized breakpoints lie in a region with high repetitive
density in particular L1 elements suggesting that recombination between repetitive elements
may play a role in amplicon formation. Interestingly, the telomeric breakpoint is located in a
L1 repeat enriched region. In addition, we found an internal segment of about 150 kb
(delineated by the BG778254 and AW277126 ESTs) that seems to be present in higher copy
number in COMA cell line. Previous studies on the structural organization of DNA
amplifications in cancer cells have shown their unstable nature and that secondary
rearrangements can for instance lead to higher level amplifications of internal sub-regions
eventually favored by structural DNA features such as repetitive sequences [27], matrix

attachment [28] and /or replication initiation sites [29].



Bioinformatic analysis of the 3q28 amplicon sequence indicates a relatively poor gene
content. Two Refseq genes are mapped in this interval, LPP and FLJ42393, as well as one
microRNA-encoding gene, hsa-mir-28.

LPP gene was first isolated in a translocation t(3;12), which is very common in benign
lipomas [25]. This translocation was not present in COMA cell line according to our
experiments. Moreover, no increase in LPP expression was found in COMA compared to
MFH19, another MFH cell line but without amplification at 3q28. Thus, neither normal nor
rearranged LPP transcripts are over-expressed in COMA.

The second candidate, FLJ42393, is a Refseq gene predicted solely on mRNA
evidence. Transcriptional analysis showed only a slight over-expression but not at the level
expected when considering the number of DM chromosomes per cell.

The third candidate, hsa-mir-28, encodes a microRNA and is located in an intron of
LPP. This microRNA is expressed at similar levels in COMA and MFHI19 cell lines.
However, human miRNA genes are frequently located in genomic regions involved in cancers
[30] and there is growing evidence of a strong functional link between miRNAs and cancer
[31-34]. In consequence, it remains of interest to investigate whether hsa-mir-28 may
participate to the tumor phenotype in MFH or sarcomas.

As the histogenesis of these tumors is still unknown, we were unable to investigate
expression levels of the three candidate genes in corresponding normal cells. Given that their
expression was observed in both MFH cell lines and assuming that expression could be
activated by an other mechanism than gene amplification in the control cell line used in our
study, we cannot exclude that one of them could be critical for this tumor phenotype.

Finally, we evaluated the expression levels of 5 ESTs located in the higher copy
segment in the genomic PCR experiments. We found a 20-fold increased expression in
COMA for two of them, AI338598 and BX118304. Both ESTs are supported by a unique
Unigene cluster containing other EST sequences (Hs.333208 and Hs.54542, respectively).
Analyses of sequence databases and gene/CDS predictions tools did not show any evidence of
protein-coding sequence. Although they are not included in the current mammalian noncoding
RNA databases [35,36], we cannot exclude that they represent non-coding RNA. Moreover,
both ESTs to be expressed in two different MFH cell lines, making them unlikely to represent
cloning artifacts or contaminating sequences, which are frequently observed in ESTs
databases. Further experimental investigations are still needed to decipher the structure and
the expression regulation of these two putative genes. Finally, we cannot exclude the presence

of another non-annotated gene in this region.
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TABLE 1

NAME GENDER AGE PRIMARY GRADE LOCALISAT. CHIMIO.
MFH56 F 28 Relapse 2 cheek no
MFH53 F 59 Prim. 3 breast no
LMS41 F 52 Prim. 3 os ischii no
MFH93 F 82 Prim. 3 thigh no
BER18 F 60 Prim. 3 buttock no
MFH20 F 53 Prim. 3 thigh no
MFH114 M 78 Prim. 3 thigh no
MFH51 M NA Prim. 3 thorax no
MFH59 M 60 Prim. 2 colla_rbone reg.ion no

Prim. : Primary tumor; Localisat : localization,; Chimio. : previous chemotherapy
treatment.

TABLE 2
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TABLE 3

Gene Name or : . . .
Genbank accession Forward prllmer‘sequence Reverse prllmer'sequence Final concentrations ysed (nM) for
(5'->3) (5'->3) PCR on genomic DNA

number
BC032141 AAGTTTCCCAGACCCTCGTG TGGTGGCGGTTATAGTGCTG 250
AA255943 CCCTCTGCTCGCACGTTT TGGACTAAATCCCCGGTCTC 375
AA969336 TCAGGACGGGTCAGAAGAAAA CTTGGGGTTCCAGAGGACAG 1000
BX096801 GGGAGGTCTCAGCCAAGCTAT ACAGTGGGGGCCAGTCTCT 225
LPP (5) TATTCAGGGCTCGCTGTCAA GTCAGAGCTGGCAAAGACCA 500
AL080232 TGGGCAGGGATGGTATTTTC AAAAGCAGGGCACACACAAA 500
BF759914 GCAAAGCCCCTCCCTTACA TGGGGCAAGGCTCTTTAGAA 375
LPP (middle) CCCCCTCTAACAGCAACCAA CGTGTTGAAGGAGGTGGACA 375
BQ425887 TGACTTGGAGCTGTGGCTGT TTAGGGTGGGCAGAGGAATG 250
AK023352 CCTCTTTGGGAGGCATTACG AGCTTCCTTGGGAATCAGCA 750
BF336179 TGGAACGAGGCTATGGGAAC TTGGCTGCTGAATGAGAAACA 625
LPP (3) TCTGCCAACTCACAGGTGCT TGGGCCGATAACTCTTTTCC 250
BG778254 TGTCACGCACGCACACTTAC GAGGCTGTCAGGAGACCAGAA 350
AW277126 TTTGTCAGCCTCACCTACTGGA ATTCCAGTTCCCCCTTTAGCA 875
BQ432978 GCACTGTTTACAAACCACTGGAA | TTATTTGCTCTGACTGGGAAACC 1000
BG188653 GAACTGTCAGGCGGGAAAAC GTACTGGCCCCGCTTCCT 375

TABLE 4

Gene Name or

Genbank accession Forward pr|imerlsequence Reverse primer S('equence (5'->
(5'->3) 3)

number

LPP (first 5' exon) TATTCAGGGCTCGCTGTCAA GTCAGAGCTGGCAAAGACCA

LPP (middle CDS) CCCCCTCTAACAGCAACCAA CGTGTTGAAGGAGGTGGACA

LPP (last 3' exon) TCTGCCAACTCACAGGTGCT TGGGCCGATAACTCTTTTCC
FLJ42393 TTGAATTTGCCACCGTGAAG CAAGTGTGTCGCAGATGTGG
Al1338598 TCTTTTTCAAGGTCCTGCTCAA AACTCCAAACCCCTCCTCCT
BX118304 CTCCTGAGCCCCAGGTTACA GTTAGAGTAGGTCCCTTCACCTGATT




FIGURE LEGENDS

Figure 1. Mapping of 3q and 8q high level amplifications of COMA cell line by chromosome-
CGH, array-CGH and FISH

DNA amplifications on chromosome 3 (A) and on chromosome 8 (D) detected by
chromosome-CGH [12] are confirmed and more precisely delineated by array-CGH (B and E
respectively). The interval amplified on 3q encompasses three adjacent clones (103, 104 and
105) using our high-density CGH-array dedicated to chromosome 3 (B) and its extent is about
1.5 Mb (see enlargement in C; central positions of the first excluded clones =188.9-190.4
Mb). Analysis with a pan-genome CGH microarray reveals that the 8q amplicon covers two
adjacent clones (E). Interestingly, C-myc mapping position is situated 60 kb after the first
clone.

FISH experiments on COMA nucleus (F) and metaphase spread (G) with one clone reporting
the amplification on chromosome 3 by array-CGH (clone 105, red signals) and one containing
the c-myc gene (RP1-80K22, green signals). Multiple sites of hybridization are visible in the
nucleus and highlight numerous DM chromosomes on metaphase spreads. DNA segments
from chromosome 3 and chromosome 8 are carried by separate DM chromosomes. Similar
results were obtained when using clones 103 and 104 in red. (H) Hybridization of clone 104
(red signals) and chromosome 12 clone (containing HMGIC gene) on COMA metaphase
spreads shows no co-localization of the signals, indicating the absence of translocation

Figure 2. Mapping of 3q gains and amplifications in selected MFH samples.

A. Chromosome 3 profiles of 8 selected tumors (chromosome-CGH experiments). All tumors
present 3q aberrations, either 3qter low-level gains or high-level amplifications.

B. Frequency of gains for the 8 tumors along chromosome 3 (divided by classes of 2 Mb)
found by array-CGH. Gains are defined as ratio higher than 1.25. Gains in more than 40% of
the tumors are found for a class at 152 Mb and several classes between 180 Mb-telomere. The
class with the higher percentage is 188-190 Mb intervals.

C. Individual chromosome 3 array-CGH profiles for the three tumors presenting 3q high-level
amplification (ratio > 2). All high level amplifications are located at 3q27.3-q28. Arrows
denote the position of the amplified region in the COMA cell line (see text for details).

D. Consensus region of high-level amplifications between the COMA cell line and BER18
and MFH20 tumors.

Figure 3. Fine mapping of the COMA 3q28 amplification by genomic semi-quantitative PCR
(A) and expression level of transcripts from the 3q27.3-q28 region (B and C).

A. 16 loci located in the interval defined by the array-CGH experiment (Fig. 1C) were
amplified by PCR using genomic DNAs from COMA and normal cells. COMA vs. normal
ratio values calculated after band quantification in densitometry are represented in Figure 3A
as a function of primer pair positions in the 3q27.3-q28 region.

This analysis reveals that the amplicon size is less than 1.1 Mb and that breakpoint regions are
included in 150 and 62 kb intervals, respectively. In addition, a small part of the amplified
segment (from 190.1 to 190.25 Mb) presents higher DNA copy ratio (p values [using unpaired
t-test with other markers] <0.01 and <0.02, for markers BG778254-1 and AW277126-1
respectively).

Each value is the average of 3 independent experiments. Error bars represent the SD.



Triangle link by bold line represents the position of the BAC clones used in array-CGH
experiments. Disks refers to positions of the ESTs used in expression analysis in Figure 3B
(1: FLJ42393, 2:LPP 5°, 3:LPP middle, 4:LPP 3°, 5:A1338598, 6:BX118304).

B. The expression levels of 2 Refseq genes (3 different primer pairs for LPP, one for
FLJ42393) and 2 ESTs (AI338598 and BX118304) were compared between COMA and
MFHI19 cell lines (the latter harboring normal 3q copy number). For each cell line, band
intensities were quantified and normalized to GAPDH. Ratios COMA/MFHI19 were
calculated and averaged after 3 independent RT-PCR experiments. Error bars represent the
SD. Two ESTs (AI338598 and BX118304) are likely to be strongly over-expressed (more
than 20 fold) in consequence of the 3q amplification present in the COMA cell line (no
difference was found for LPP).

C. Expression analysis by Northern blot. The expression level of the microRNA encoding
gene hsa-miR-28 was measured in the two MFH cell lines. The microRNA level is not
increased in COMA when compared to MFH19 and seem expressed at similar levels from a
repeated experiment.



Supplementary information

PCR conditions for BAC DNA amplification for CGH-array production

From: Overlapping amplified 3q28 region in COMA cell line and MFH primary tumors
Thomas Hussenet, Nedjoua Mallem, Richard Redon, Bernard Jost, Alain Aurias and Stanislas
du Manoir

DOP-PCR amplification (1st step)

DOP-PCR composition
20 pl 5X Mix
(composition: 50% 10X PCR Buffer, Sigma; 5 mM for each dNTP; 25mM MgCl,, Sigma)

+ 2 pl primer ( [stock] = 100 pM)
NB: either 6MW primer (CCGACTCGAGNNNNNNATGTGG; Telenius et al.,1992)
OR* DOP2 primer (CCGACTCGAGNNNNNNTAGGAG; Fiegler et al., 2003)

+ 5U GoTaq® DNA polymerase (Promega)
+ 75 ng BAC DNA
+ H,0 gsp 100 pl

* each BAC clone DNA was independently amplified using 6MW AND DOP2 primer.

DOP-PCR cycling conditions:
1) 5min - 95°C
2) lmin - 94°C
3) 1min 30” - 30°C
4) Temperature Gradient de jusqu’a 72°C (slope = 0,2 °C / sec)
5) 3min - 72°C
6) Goto 2) 4 times
7) 1min - 94°C
8) Imin - 62 °C
9) 3min - 72 °C (+1” every cycle)
10) Goto 7) 34 fois
11) 10min - 72°C

PCR amplification (2nd step)

PCR composition
12 pl Mix 5X
(composition : 50% 10X PCR Buffer, Sigma; 5 mM for each ANTP; 25mM MgCl,, Sigma)

+ 1 ul primer (GGAAACAGCCCGACTCGAG, Fiegler et al., 2003 ; [stock] = 100 pM)
+3 U GoTaq" DNA polymerase (Promega)

+ 3 ul DNA (DOP-PCR product)

+44.4 nl H20

during the PCR amplification (2nd step), each DOP-PCR product was independently amplified.

PCR cycling conditions:
1) 10min - 95°C
2) 1min - 94°C
3) 1min 30” - 60°C
4) 7min - 72°C
5) Goto 2) 34 times
6) 10min - 72°C
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iii- CONCLUSIONS / PERSPECTIVES

Even if MFH has been a common diagnosis for sarcoma, the existence of MFH as an
entity per se has been recently challenged. Their histological origin is indeed unknown and
these tumour cells are highly pleiomorphic.

As no normal tissue corresponding to MFH tumours is available, we have thus been
limited for the gene expression analyses to the use of another MFH tumour cell line (MFH19)
with no aberration of the 328 locus (amplified in the COMA cell line). We found the two
known genes of this region expressed at similar levels in both cell lines, as well as two ESTs
strongly over-expressed in COMA cell line. Unfortunately, since they are very poorly
characterized, we were unable to predict any CDS nor functional domain from these EST
sequences, nor to include them in an EST contig by bioinformatic exploration of human
transcribed sequences.

Finally we analyzed the expression level of hsa-miR-28, a microRNA encoding gene,
and found it to be similarly expressed in the two MFH cell lines Following our strategy of
oncogene identification, correlating gene copy number increase and subsequent over-
expression, we were unable to propose any protein-coding gene as a likely driver of the 3928
amplicon in the COMA cell line.

Nevertheless, we cannot exclude that among the three known genes of the 3q28 region
we have found to be expressed at similar levels in both MFH cell lines, one or more could be
important for the malignant phenotype of these two MFH cell lines. In this case, we would
assume that expression of the driver gene of the 3928 amplicon in the COMA cell line is
activated by an alternative mean in the MFH19 cell line, which has no copy number increase
of this locus.

Finally, further studies would be necessary to assess whether amplifications at 3q28

could define a sarcoma/MFH subgroup since this cannot be concluded directly from our
study.
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a-2 miR-28 microRNA as an “onco-miR” candidate in MFH
(manuscript in preparation)

I- INTRODUCTION

MicroRNAs encoding genes represent a recently identified and new category of non-
protein coding genes. They encode tiny RNAs of 19-22 nucleotides in length, or microRNAs,
that are involved in the post-transcriptional regulation of the expression of numerous other
genes. This large scale regulation of genes introduces a new level of complexity that
coordinates expression in complex processes such as development (see the general
introduction part of this thesis). Current estimate of their number in Human is about three
hundreds. Littlle is known about their roles and recent works highlighted putative implication
for some of them in carcinogenesis. For example, profiling of microRNAs expression enables
to classify human tumours of various localizations (Lu et al., 2005). Furthermore, a specific
microRNA signature associated with prognosis and disease progression was recently depicted
in B-CLL samples (Calin et al., 2005).

Since in a previous study, we found a microRNA encoding gene, hsa-miR-28, located
at 3928 in a consensus region of amplifications between two MFH tumours and a MFH cell
line, it was appealing to further characterize the function of this gene. Interestingly, the
expression level of hsa-miR-28 was notably higher in both MFH (soft-tissue) tumour cell lines
when compared to its relative expression in HNSCC (epithelial) tumour cell lines (see figurel
hereafter).

Taken together, all these arguments prompted us to speculate that hsa-miR-28 could
represent a gene contributing to the tumour phenotype in these MFH tumour cell lines.
Accordingly, we decided to evaluate its involvement in cellular proliferation of the two MFH
cell lines and attempt to identify some of its targets to begin to elucidate its basic function.

Ii- MATERIAL and METHODS

miR-28 and pre-miR-28 expression measurements

Northern Blot was carried out to determine miR-28 expression level in MFH and
HNSCC cell lines (see the previous submitted manuscript for Northern Blot protocol details).

To overcome the need of high amounts of total RNA to assess microRNAs encoding
genes expression, we set up the new method allowing pre-miR expression measurement using
PCR (Schmittgen et al., 2004). Recently, primer pairs suitable for real time qPCR (with
amplification efficiency values around 2) became available for most of known microRNAs
genes including miR-28 (Jiang et al., 2005). Reverse transcriptions were performed using
these primers and associated protocol. PCR conditions were identical to published conditions
except that the final concentration of MgCI2 was 1 mM (Redon et al., 2002). Annealing
temperatures were adapted for each primer pair according to their melting characcateristics
(available with the primer sequences in the supplemental data from Jiang et al., 2005).
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Anti-miRs transfections

Transfections of “antimiRs” were done with SiPortNeoFx (Ambion), following
manufacturer’s specifications, both for cell proliferation assay and for proteins extractions.

Cell proliferation assay

For each transfection, 5.10 trypsinized cells in suspension were mixed either with “anti-miR-
28” (Ambion) or “anti-miR negative control #1” (random sequence, Ambion) at a 10 nM final
concentration of anti-miRs. Cells were then allowed to attach in 6-well plates for 18h and
rinsed 3 times with PBS. For each cell line, cells from one well were subsequently trypsinized
24h after and counted (J1). Cells in one other well were allowed to grow for another 48h by
adding 4 ml of fresh medium per well, and medium was replaced each day, up to 72h after the
end of transfections (J3).

Preparation of protein extracts

Transfections were made as described above, except that 5.10° trypsinized cells were
transfected in 6 cm round plates, and then allowed to recover for 24h in fresh medium before
preparation of protein extracts according to standard procedures.

mir-28 targets selection

Candidate proteins were selected from the analysis of miR-28 targets prediction list
available online (http://www.microrna.org/; John et al., 2004). E2F6 and DP2 were first
selected for their role in the cell cycle, secondly their known mutual interaction and thirdly
the putative antagonizing role of E2F6 with respect to c-myec.

Antibodies and western blotting

Western Blots were carried out on these proteins extracts using standard protocols.
Protein extracts were quantified using Bradford method and same amounts of total proteins
were used for electrophoresis. Proteins were transferred to nitrocellulose membranes which
were blocked for 1h in 1X PBS / 10% non fat dry milk prior to incubation with primary
antibodies.

The table 1 recapitulates the primary antibodies sources and dilutions used. All primary
antibodies were incubated in 1X PBS / 10% dry milk for 1 to 3h at room temperature and then
overnight at 4°C under shaking conditions. Membranes were washed 3 times for 5 min in PBS
1X/0,1% Tween20.

Secondary antibodies coupled to HorseRadish Peroxidase (HRP), Goat anti Mouse-HRP and
Goat anti Rabbit-HRP (Jackson Immunoresearch Laboratories, Inc.), were then applied at
1:20000 dilutions in 1X PBS / 0,05%Tween20 for 1h at room temperature. After 3 washes in
I1X PBS /0,05% Tween20, detection was done using chemiluminescence (ECL, Pierce).
Several independent experiments, from transfections of anti-miRs to western blotting, were
performed and representative images of results are presented.
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Primary Antibody @ Organism Manufacturer Reference Dilution

E2F1 Rabbit SantaCruzBiotech SC-193 1/500

E2F4 Rabbit SantaCruzBiotech SC-866 1/500

E2F6 Mouse ActiveMotif 39509 1/250

DP1 Rabbit SantaCruzBiotech SC-610 1/250

DP2 Rabbit SantaCruzBiotech SC-830 1/500

CDC14A Rabbit Zymed Laboratories 34-8100 3/500
CDC14A Mouse Abcam AB10536 1/2000
Ki-67 Rabbit Novocastra Laboratories NCL-Ki67p 1/2000
gammaTubulin Rabbit Sigma T3320 1/1000

Table 1. Primary antibodies sources and dilutions used for western blotting.

HelL a cell synchronization
HeLa cells were synchronized at G2/M by nocodazole treatment during 20h, then

stimulated to re-enter cell cycle by nocodazole removal and finally harvested every 2 hours
during 18h for RNA extraction using Trizol.
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iii- RESULTS
hsa-miR-28 expression in MFH and HNSCC cell lines

Northern Blot analysis shows hsa-miR-28 expression at somewhat similar levels in 2
MFH cancer cell lines, (figure 1). In comparison, hsa-miR-28 is expressed at very low levels
(FaDu cell line) or undetectable (Cal-27 and SCC116) in the three HNSCC cell lines tested.

miR-28 inhibition slows down MFH cancer cell lines proliferation

To investigate whether hsa-miR-28 expression could be important for the tumoural
phenotype of MFH cancer cell lines, we then decided to analyze their proliferation rate after
miR-28 inhibition by antisense RNA oligonucleotide. For both MFH cell lines, proliferation
was actually slowed down in anti-miR-28 transfected cells in comparison to control cells,
which were transfected with an “anti-miR negative control” composed of a random sequence
(figure 2A). In sharp contrast, proliferation of HNSCC cell lines was not diminished after
miR-28 inhibition (figure 2B). This result is concordant with the lower levels of hsa-miR-28
expression in those cell lines shown by Northern blot previously. Moreover, in anti-miR-28
transfected MFH cancer cells, doublets of dying cells were very often observed for COMA
and MFH19 cell lines (data not shown). These intriguing pictures were evocative of a putative
incomplete cytokinesis leading to cell death.

DP2, E2F6 and CDC14 protein levels are regulated by mir-28 in MFH cancer cell lines

In an effort to decipher which endogenous mRNAs could be regulated by hsa-miR-28,
we extensively analyzed the recent literature concerning microRNA targets prediction and
reviewed different web resources (see Material and Methods and introduction part of this
thesis). From these and our data onn proliferation, we first selected E2F6 and DP2 as
interesting potential regulated mRNAs for their function in the cell cycle.

Mammalian microRNAs regulate protein expression levels either by inhibiting
translation of their target mRNAs or by targeting them for degradation. Accordingly, we
evaluated, in cell lines, the effect of miR-28 inhibition on E2F6 and DP2 at the protein level
(figure3A).

Western blots analyses on MFH (COMA, MFH19) clearly demonstrate that E2F6 and
DP2 protein levels are upregulated after miR-28 knock-down in MFH (figure 3B). On the
contrary miR-28 knockdown has no effect on the levels of these proteins in HNSCC cell lines,
consistent with the low level of expression of miR-28 in these cell lines. Thus, E2F6 and DP2
mRNAs are two targets regulated by hsa-miR-28 in human living cells. We found CDC14A
(also among predicted targets) protein level to be regulated by miR-28, validating CDC14A as
an additional target (figure 3B). The mRNA encoding the proliferation marker Ki-67 is also
among miR-28 predicted targets, but, contrary to E2F-6, DP-2 and CDC14A, its protein level
doesn’t seem to be regulated by miR-28 (data not shown).

To assess whether miR-28 could play a more general role in the regulation of the E2Fs
transcription factors family, we then extended this analysis to other E2Fs family members,
E2F1, E2F4 and DP1. Their protein levels are not regulated by miR-28 in MFH nor HNSCC
cell lines (figure 3C and 4, respectively).
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Figure 1. Expression of miR-28 in various cancer cell lines.

Marthern Blaot analysis of miR-23 expression level in 2 MFH and 3 HNSCC cell lines.
MR- 28 15 expressed at nearby sivilar levels in both MEH cell nes bat higher than in
HMZCC cell ines Prior to transfer to nitrocellulose mermbrane, equal armounts of total
RMA loading per lane were verified by Ettndum Bromide staining of the gel.

=] [.] MFHH

=+ neq = control anti-miR {random sequence)

=~ ANTI= specific ariti-miF targeting miR- 28
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Figure 2. Effect of the inhibition of miR-28 on the proliferation of MFH and HNSCC
cancer cell lines.

A Two MFH cancer cell lines, COMA and MFH1S were transfected by a chemically modiied RMNA
oligonuclectide either of specific sequence fargeting miR-28 (¢ Anti-miR-23 =) or of random sequence as a
nagatve cantral (sneq =), Peoliferation of the two MFH cell Ines 15 slowed down when inhibiting iR 28

B. Onthe cordrary, the pralferation of three HMZCC call lines is not diminished when inhibiting miR-28
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A. MFH cell lines

COMA MFH19
transfected « anti.miR » : ANTI ANTI
neg miR-28 ney miR.28
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Figure 3. MiR-28 inhibition to identify its targets in MFH cancer cell lines.

A To identify fargets of a given microR MNA, the simplest way is to downregulate its expression which
leads to up-regulation of the protein level encoded by the targeted mRMNA  This was achieved
through transfection of & specific « anti-rniB-28 » ohgonucleotide i companson with a negative
control (¢ neg »).

B. Among predictad targels of miR-23, DPZ, E2Fb and CDC14A protein levels are upregulatd as a
consequence of miR-28 inbubition. Hepresentative western hlot ccanned images of several
independent experiments {from transfection of anti-miR's to western blalting) are presented.

C. On the contrary, E2F1, E2ZF4, DP1 levels are not regulated by miR-Z5.
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Figure 4. miR-28 inhibition in HNSCC cell lines

Mo consistent protamn level upregulation s consistently observed for E2F1, E2F4, E2F8,
OP 1 nor DP2 wihen inhibiting mikE-28 in the 3 HNSCC cell hnes tested.

96



hsa-mir-28 expression along HeLa cell cycle

Seeing that miR-28 indeed regulates the protein level of several proteins involved in
the cell cycle, we addressed the question of hsa-miR-28 gene expression itself along the cell
cycle using semi-quantitative RT-PCR in a time course experiment. Our preliminary result
indicates clearly that pre-miR-28 level vary along HeLa cell cycle, peaking at 8h and 18h
after mitotic release. These times may actually correspond respectively to around G1/S and
G2/M transitions. These results will be confirmed by an independent experiment and by using
several phase markers to assess the previous assumptions.
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Figure 5. miR-28 expression along cell cycle of Hela cells.

A RT-PCE products obtained for pre-miB-28 and UB enRRMA {internal control) along Hela cell cycle. Hours after
nocodazole removal are indicated from O to 13 above the corresponding lanes. The lane noted UNS corresponds to
unsiychronized (r.e not nocodazole treated) Hela cells that were used to determine pre-miR-28 basal expression level.
tolecular Weights marker lanes are mdicated by AW, and corresponding sizes are indicated on the rigtht of the figure.

B. Semi-quantitalive measurement of pre-miR 23 level irelative to G snRA used as internal control)

Levels of pre-miF-23 vary along cell cycle from very low lavels at 0, 2 and 10 h to a very high level at 8h. it seems that
the level of expression of the hsz-miR-28 gene is cell cycle requlated.

C. Inset of the graph presented in B to a lower y-axis scale (pre-rogr-28/U6sn R MNA ratios from O to S0 I clearly appears
that pre-miR-28 level is minimurm 10k after nocodazole remowval.

D. Inferred corresponding cell cycle phases.

Companson with published cell cycle phases durations of Hela cells synchromised by double thymidine-nocodazole
block Whitfield ef ar | 2002) suggests that the pre-rmar-23 expression maxima 8 hours afler nocodazole removal may
carresponsd to G1/5 transition. The pre-miR-28 expression minima observed 10h after nocodazole removal may
correspond to the middle of S phase.
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iv- CONCLUSIONS

Recently, first demonstrations of microRNAs with oncogenic functions have been
uncovered. Together with the ability of classifying different tumour types on the basis of the
expression of several microRNAs suggest that this new class of genes may participate to the
tumour phenotype. Accordingly, we decided to assess the effect of miR-28 inhibition by a
specific antisense RNA on two MFH (COMA and MFH19) and three HNSCC cell lines. The
miR-28 microRNA is highly expressed in the MFH cell lines compared to three HNSCC cell
lines used as controls in which its expression is barely detectable as shown by Northern Blot.

A decrease of cellular proliferation was observed for MFH cell lines but not for the
others which is concordant with their respective levels of hsa-miR-28 expression and suggests
that we are revealing a process mediated by miR-28. Thus, hsa-miR-28 seems to promote cell
proliferation in MFH cell lines. In addition, we have observed a peculiar phenotype of
numerous doublets of dead cells in the miR-28 inhibited MFH cell lines compared to cells
transfected with a scramble sequence anti-miR negative control (data not shown; two
independent observers). This phenotype suggests that some of the transfected cells could have
undergo aberrant mitoses that they were not able to fully complete and triggering subsequent
death for the two daughter cells which remained attached after cytokinesis failure. This
phenotype could be in part responsible for the slow down of the global MFH cell population
proliferation rate in our experiments. In any case, we are planning to perform live cell
videomicroscopy experiments to document this phenotype.

We have looked at cleaved caspase-3 and caspase-7 levels by western blots (hallmarks
of apoptosis induction) but no evidence of apoptosis induction was observed (data not
shown). This is in accordance with the fact that cell death occurring through mitotic
catastrophe seems to be a caspase independent process (Okada and Mak, 2004).

Finally, this phenotype could be in part responsible for the slow down of the global
MFH cell population proliferation rate as we have initially quantified for these cells. In any
case, we are planning to perform live cell videomicroscopy experiments to document this
phenotype.

Among 638 bionformatically predicted targets genes (and around 1000 transcripts
encoded by these genes; http://www.microRNA.org), we first chose two cell cycles related
proteins, namely E2F6 and DP2. E2F6 encodes a transcriptional repressor of the E2F protein
family, inducing S phase exit delay when over-expressed in NIH-3T3 cells (Cartwright et al.,
1998). More recently, it was found to be part of several multimeric protein complexes with
repressive functions, including one capable of antagonizing c-myc function in quiescent cells
(Ogawa et al., 2002). DP2 protein is an E2F6 partner in vivo (Cartwright et al., 1998) and
more generally an E2F partner. We showed that E2F6 and DP2 expression levels are
regulated by miR-28.

We revealed also that CDC14A (among the predicted targets) is an actual target of
miR-28. CDC14A is a key mitotic player from anaphase onset to mitosis exit (Stegmeier and
Amon, 2004) and aberrant kinesis, similar to “dead cell doublets” phenotype that we observed
when inhibiting miR-28, has been described when expression of CDCI14A is manipulated
(Mailand et al., 2002). In fact, upregulation in U20S (osteosarcoma) cells or downregulation
by siRNA in Hela (uterine cervix carcinoma) cells produced in each case diverse types of
aberrant mitoses apparently due to the formation of multipolar spindles (Mailand et al., 2002;
please see also their supplementary live cell imaging movies available from Nature’s
website).
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On the contrary, we found that neither Ki-67 (another predicted target), E2F1, E2F4
nor DP1 (non predicted targets) expression levels are regulated by miR-28. These results
point in direction of hsa-miR-28 implication in cell proliferation particularly, in S phase or
G2-M and prompt us to monitor hsa-miR-28 expression during cell cycle in synchronized cell
culture. Our preliminary experiment analyzing hsa-miR-28 expression along HeLa cell cycle
(for which cell cycle phases duration were known) indicates that hsa-miR-28 gene expression
is likely cell cycle regulated.

This study brings several new informations: first, hsa-miR-28 may promote cell
proliferation and be involved in cytokinesis control as revealed by the “dead cell doublets”
phenotype. Videomicrocopy monitoring experiment should validate this statement. Secondly,
to the best of our knowledge, it is the first time that the expression level of a microRNA is
shown to evolve during the cell cycle (furthermore with outstanding variations). Some of
miR-28 mediated effects may rely on these important quantitative variations. Thirdly, we
already have identified 3 targets of miR-28 which in the context of this emerging field
contributes to our understanding of the physiological role of microRNAs with respect to the
targets they regulate. From a global point of view, this is still in infancy since microRNAs are
expected to act on several targets (and perhaps even some hundreds). Complete understanding
of hsa-miR-28 function will need further investigations including particular methodology as
outlined below.

100



v- PERSPECTIVES
miR-28 or its targets as, respectively oncogene / TSGs in tumors

With concern to a potential role of hsa-miR-28 in carcinogenesis of certain tumour
types, the first question is related to its expression level in a series of primary tumours, to
determine whether it could be a marker of a sarcoma subtype or any other tumour type. The
recently introduced RT-PCR protocol will help to document this point. Up to now, miR-28
expression has been measured in normal organs (in mice) and some human tumours: among
several mouse organs, its higher expression levels are found in ovary, uterus, bladder and
skeletal muscle (Baskerville and Bartel, 2005). In human tumours, higher expression levels
are found in uterin, ovarian and prostate types and was not evaluated for MFH tumours (Lu et
al., 2005).

The analysis of the phenotypical consequences after deregulation of miR-28
expression in cellular models is another avenue to elucidate its function. Commercially
available vectors allowing over-expression of a given pre-miR in mammalian cells upon
transient transfections (Ambion) and new strategies to silence microRNAs are useful tools to
address these questions. In fact, silencing of microRNA wit the “antagomiRs” method
(chemically modified oligonucleotides) has been recently proven to be efficient in vivo
(Krutzfeldt et al., 2005). This method paves the way to analyze the effect of silencing miR-28
in vivo, for example in mice xenografts from tumour cells that do express this microRNA.

Fundamental characterization of miR-28 role

We have experimentally validated that miR-28 modulate the protein levels of three
targets with cell cycle related functions. Assuming that miR-28 may coordinate the expression
of several proteins involved in this process, it is interesting to notice that several others genes
cell cycle related are present in the very large list of predicted targets (compilation of three
sources). These represent interesting candidates to be tested.

Our preliminary result (that need to be repeated) showing the variation of miR-28
expression level along the cell cycle (figure 5) prompt the question of the physiological
regulation of the hsa-miR-28 gene expression itself and the transcription factor(s) involved.
Analysis of the 5’ genomic upstream sequence of hsa-miR-28 through the UCSC genome
browser reveals that the proximal transcription factor binding site conserved among Human
up to Mouse and Rat species is a binding site for the CDP (CCAAT displacement protein, also
known as Cut or CUTL1) transcription repressor. Very interestingly, CDP activity seems to
be cell cycle regulated in early S phase when CDP becomes able to bind DNA to exert its
repressive activity (Moon et al., 2001). This could easily explain the down-regulation of pre-
miR-28 level in our experiment between 8 hours and 10 hours after nocodazole removal.
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b. Sguamous Cell Carcinomas
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b-1 Lung SCC (manuscript in preparation)

I- INTRODUCTION

Descriptions of the chromosome 3 aberrations in lung SCC are summarized in the
Introduction section of this thesis (see the part “Chromosome 3 aberrations in MFH and
SCC”). Briefly, recurrent deletions involving several sites on the chromosome 3p arm have
been reported. Gains of the long arm (or parts of the long arm) are one of the most common
aberrations (present in the majority) of the SCC in studies using CGH on chromosomes
(Balsara and Testa, 2002; Gebhart and Liehr, 2000).

Conventional metaphase CGH studies frequently report that amplifications cluster in
the 3q26-q29 regions. Using a BAC array of 348 encoding genes loci (including 20 mapped
on the long arm of chromosome 3) that may contribute to lung cancer formation, Massion and
collaborators described a large region of high-level of gains (about 30 Mb in size), with two
maxima at 3q26.33 (locus of PIK3CA) and 3q27.3 (locusi of STT) separated by a region that
seems less amplified (Massion et al., 2002).

In this study, we screened a series of 25 lung SCC for chromosome 3 aberrations using
high-resolution chromosome 3 dedicated arrays to delineate precisely the common regions of
alterations in lung SCC. Advanced stages (T3 and T4 tumours) were selected to increase the
likelihood to pick up high-level gene amplifications.

This strategy was fruitful since we uncovered five tumours with narrow
amplifications, defining a common region of 2Mb. This relatively gene poor segment contains
9 known genes (Refseq) and some Genbank mRNAs. We monitored the expression level of
10 of these genes in tumours with high-level amplification of the locus. Two genes, SOX2 and
SOX20T are consistently overexpressed and represent putative driver oncogenes of the high-
level amplifications of this locus observed in lung SCC.
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ii- MATERIAL AND METHODS
Samples

Tumour genomic DNA from 25 lung Squamous Cell Carcinomas (T3 and T4 tumours)
were extracted using classical phenol/chloroform protocol from frozen blocks. Tumour RNA
from the corresponding tumors were extracted from frozen block cuts (10 slices of 10 um
thickness per tumor) using Trizol (Invitrogen) reagent following manufacturer’s instructions.

Web resource and mapping informations
All mapping values are from UCSC genome browser (http://genome.ucsc.edu) July

2003 version corresponding to NCBI build 34 of the human reference sequence produced by
the International Human Genome Sequencing Consortium.

Array-Comparative Genomic Hybridization

Arrays were prepared and used as previously described (“COMA cell line” manuscript
submitted). Two different high-resolution chromosome 3 arrays were used in this study: the
previously described “chromosome 3” array and an updated version, the “contig” array. The
first one is composed of 220 clones and was used to analyse the whole series of 25 SCC. The
second consists in a modified version of the previous one, with an addition of 103 clones
(clones names are given in table 1). This latter array has an overall higher chromosome 3
coverage and a BAC clone tiling coverage of the 3q26.3 locus over more than 5 megabases
(figure 3). It was used to reanalyze tumour DNAs with 3q26.3 amplifications found in the first
screen (see results). Some tumours were also reanalyzed using IntegraChips'™ pangenomic
arrays composed of 3172 clones covering the whole genome, available from IntegraGen
company (http://www.integragen.com; Evry, France).

Real time gPCR

Total RNA were submitted to DNase I (Roche) digestion for 1h at 25°C to avoid any
risk of contaminating genomic DNA. Reverse Transcription reactions were performed on 500
ng RNA strictly following manufacturer’s instructions (Superscript II RT Kit, Invitrogen).
PCR Primers were designed using Primer 3 software (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) and their sequences are available in Table 2. The RPLPO gene
was used as internal control for normalization purposes. We were not able to validate primer
pairs for the MCF2L2 gene, AK127955 and BC036236 mRNAs. At least two primer pairs
were tested in each case. Quantitative PCR were done using the Lightcycler machine (Roche)
as previously described (Redon et al., 2002).

Experiments (RNA extractions and reverse transcription and real time quantitative
PCR reactions) were performed three times independently and results subsequently averaged.

104



iii- RESULTS
Array Comparative Genomic Hybridization screen of chromosome 3 aberrations

We first analyzed 25 lung SCC to delineate the chromosome 3 consensus regions of
deletions and gains/amplifications in these tumours. We detect losses on the 3p arm, gains of
large 3q regions and high-level amplifications of 3q26-qter genomic regions, as shown in
example for two tumours (figure 1).

We calculated the frequency of losses and gains for each 2 megabases interval along
chromosome 3 (figure 2A). Deletions mostly occur on the 3p arm and seem to affect several
sites. The 2Mb interval (from 8 to 10 Mb) is predominantly lost in 60% of tumours, and this
region contains the OGG1 and RAD18 genes. Large gains often target the 3q arm, with a
global gain of the 3q26-qter (176-196 Mb) region in approximately 60% of tumours. Two
intervals, from 180 to 182 Mb and from 188 to 190 Mb are gained in more than 80% of
tumours. The first interval contains the PIK3CA gene whereas the second is the RFC4, SST
and BCL6 genes locius.

Analysis of individual clone amplification frequency in our series of experiments
(ratio higher than 2 in an individual experiment) reveal frequent high-level amplifications
only in the 3q26-qter region with a maximum for clone RPCI11-259119 (figure 2B). This
clone is located at 3q26.3 between SOX2 and DCUN1D1 genes (clone position: 183.45-
183.64 Mb). We found that locus amplified in 20% of our samples (5/25 tumours).

High resolution 3926.3 amplicons mapping and pangenomic analysis of aberrations

In an effort to depict the consensus minimal region of amplifications at 3q26.3, we
decided to precisely map amplicons borders for all lung SCC with 3q26.3 amplification found
in the first screen. Therefore, we built an updated version of our chromosome 3 array that
contains additional clones to obtain a tiling resolution of the 3q26.3 region over more than 5
megabases (figure 3). This array is hereafter referred as to the contig array.

Analysis of the 5 tumours using the contig array confirmed the presence of 3q26.3
amplicons in each case. Moreover their extents were precisely mapped for each tumour as
exemplified for 2 cases (figure 4). Thus, the common minimum 3q26.3 amplified segment in
these tumours is a segment of slightly less than 2 Mb in size (figure 5A). A strict consensus
region (around 1.9 Mb in size) could have been deduced on the sole basis of amplicon
mapping for tumour #15. We took into account that direct neighbouring regions are gained in
most of the other tumours and decided to slightly extend this interval to define the consensus
region as 2.7 Mb in size, from 181.9 to 184.6 Mb on chromosome 3. UCSC genome browser
genomic map is shown in figure 5B and reveals that this region contains only 9 known genes
(Refseq). All these genes stand as candidate oncogenes potentially activated by gains and
amplifications since their copy number is frequently increased in the series of lung SCC
investigated.

We confirmed the presence of 3q26.3 amplification for the two lung SCC with the
highest levels amplicons using a completely independently build array commercially
available. Moreover, 3q26 amplifications in these tumours represent the amplification of
highest level over the genome in both tumours (data not shown).
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Figure 1. Examples of chromosome 3 array CGH profiles obtained for 2 lung SCC.

A Chrormosome 3 array CGH profile for lung tumour #41 Honzoadal black lines represent the interval of normal copy
number variations. Red arrows denote deviations under the lower limit of the confidence interval, revealing 3 interslitial
deletions on the 3p arm (0-95 Mb). Devialions are observed above the upper imit of the confidence interval for most of
the 3q arem (95200 Mb). This s inlerpreted as a global lowelevel gain of most of the 3g arm as two large reqions (green
bars). Individual data points are arbitrarly joined by a line.

E. Chromosome 3 array CGH profile for lung tumnour #35. Two iterstitial deletions are detected at 3p (red arrows).
Lowe-level gain of the 2g22-gter region is detected (green bar) Several high level amplifications are detected at Ju26-
gter {1B2-200 Mb). The highest amplification level is noted by a green arrow (BAC clone RP11-2589129).
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Figure 2. Frequency of chromosome 3 aberrations in 25 lung SCC.

A Chromosome 3 [osses and gains frequency. For each 2 Wb interval along chromosome 3, frequencies were
caleulated by diwding the total number of occorrences of losses or gains abserved i the senes of lung SCC by the tatal
number of possible occurences. They were expressed as percentages and represented along the chromogormal ardet
of the corresponding classes. Frequent losses are more often observed for tha 3p arm than for the 3g arm. Losses at
3p seem 1o affect discontinuous zones. The most frequently affected region s the 8-10 Mbinterval, lostin aroond B0%
of samples. Gains are more frequently detected for the 3q arm than for the 3p arm The 3g26-gter is gained in at least
50% of the samples with two discrete intervals (180-132 and 185-190Mb) gained in around 80% of lung SCC.

B Chramosome 3 high level amplifications frequency For a given clone, & rabio supenor to 2 (arbitrary threshold) in 2
single experiment was considered to represent a high-level amplification. Frequencies were calculated for the series of
25 lung SCC and plotted according to the localization of each clone. Individual data points are arbitratly joined by a line.

High Tevel amplifications cluster in the 3q26-gter region. A peak maxima s observed for BAC clone BP11-259119. High
lewel amplifications of this locus were found in 20% of the samples
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Figure 3. Coverage of the 3q26.3 region by the two different chromosome
3 arrays used for array CGH.

A Coverage of the 3263 locus by the « chromosome 3 » array. This array is composed of
220 BAC clones and was used for the imtial scrennmg of chromaosome 3 aberrations in the
series of 25 lyng SCC

Arrowes denote the position of some known genes whose names are indicated.

B Coverage of the 3526 3 locus by the « contlig » array. This array 13 composed of 307 BAC
clones The 3g26 3 region is fully covered by a set of overapping BAC clones represenfing
mare than 5 Wb of sequence.

Wappimg scale 12 gven at the lower par of both panels,

107



Lung SCC #15 ' Lung SCC #35

rale =111
LE P i ] BTy T

a2 d |
=~'-‘u"1ﬁ-*'~:.;...u.~\ﬁ_-’h" WA Wx-f‘-f L

’ = cl‘mnosu'rl:?m:prqu i1 -} e = dpameTe Imzdng @8
i i
Brndx e LY TP )
7
r
+ | v . r A
] I | I |
'y
4 I X I I
1] ol e
= I I I
. % £ +
14 #4 E
] | S L] . pa—
] = ] ma = L] m m = =m
aramesaee Amapdng (8 reanasame Ameppng ()
C' ralo F -
mced reoamE med’ reodm
T
&
'
n A
3 4

cremmeeame Imparg ey 9 o creaneane Immerg ()

Figure 4. Reanalysis of lung SCC with 3926.3 high-level amplifications using the contig
array: examples of 2 tumours.

Results for lung SCC#15 are meluded i panels A, B and C, for lung SCCR35 in panels D, E and F.

The initial profiles obtained with the chromosome 3 array for tumours #15 and &35 are presented in panels & and [,
respectively.

The corresponding chromosome 3 profiles obtained after re-analysis with the contig array are presented in panels B
and E, respeclively.

For both tumours, the profiles for the region framed by a green dashed line inpanels B and E is presented in panels C

and F, respectively. These tumours present high-level amplifications that are relatively small in size (1.9 and 3.1 Mb)
wath well defined amplicons boundaries.
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Figure 5. The consensus region of 3g26.3 high-level amplifications in5 lung SCC

A Indraidual array CGH profiles for the five tumours with 352683 high-level amphfications. High ratios dewiations
are observed for two tumours with straighl amplicons boundaries (#15 and #35). Their respective amplicons
sizes are around 1.9 Mb and 3.1 Mb. A strict consensus region could have been defined an the sole basis of
amplicon rmappng i tumoor #5 spanning 1.9 Wb, Since regions around this ampheon are gamed in the other
turnoues, we extended the congensus region to a 27 Mb region spanning the 181.9-134 6 kb interval denoted
by the grey reclangle.

E. UCEC genome browser wiew of the consensus region (18191846 Mb). This genomic region s fully
seguenced and assembled Mine genes [Refseq) are mapped in the interval 1ogether with Genbank mBMNAS.
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Transcriptional consequences of 3g26.3 amplifications in Lung SCC

To discriminate between the candidate oncogenes mapped in the consensus region of
amplifications, we decided to investigate by quantitative RT-PCR their respective expression
levels in the 5 tumours with 3q26.3 genomic amplifications in comparison to 2 tumours with
low level gains of the region (tumours #10 and #14) and to 2 tumours with normal 3q26.3
copy number (tumours #19 and #21). All of these had been submitted to array CGH analysis
during the initial screen. The previously mentioned 3q26.3 copy number status (normal, low-
level gain or amplification) were inferred from these results (data not shown). We were able
to validate primer pairs for 8/9 Refseq genes and one Genbank mRNA. Results are presented
in figure 5. In the five tumours with 3q26.3 amplifications, all the genes are recurrently over-
expressed (4/5 tumours with a ratio higher than 2) except LAMP3. Recurrent strong over-
expression (4/5 tumours with a ratio higher than 5) is found only for SOX2 and SOX20T. In
the two tumours with gain (panels F and G), the two genes highly over-expressed are SOX2
and SOX20T. In conclusion, 8 out of the 9 tested genes seem to be recurrently over-
expressed, but SOX2 and SOX20T genes seem strikingly the most consistently overexpressed.
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Figure 6. Transcriptional consequences of 3q26.3 high-level amplifications

Expression levels of genes fram the consensus region were measured for the S tumours with fugh levels
amplifications at 3g26 3 found in the mitial array CGH screening (panels A to E) Two fumaurs with lgwve-
level copy number gains of the 3g26.3 locus found in the initial screen were also analyzed (tumours #10
and #14 presented in panels F and G, respectively).

ldentical y-scale (from O 1o 70) for all graphs represents the expression ratio for a given gene when
compared to its relative average expression level in two lung SCC without copy number change of the
3g26.3 locus as we have determined (tumours #19 and #21). Genes are ordered according to their
genormic locahzation m the consensus region of amphfications. Insets in panels B and F correspond 1o
extended scale of the y-axis to values of 200 and 100, respectively.

Two genes, SOXZ and S0X20T, are consistently over-expressed in tumours with copy nuimber changes
al 3926.3 when compared tp tumours with narmal copy number of the locus. Other genes are recurrently
over-expressed but at lower levels when compared to SOX2 and SOX20T.
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iv- CONCLUSIONS

Using array CGH, we have characterized chromosome 3 aberrations in a series of 25
lung SCC using a high-resolution dedicated array.

First, this enabled us to delineate several discontinuous sites of recurrent losses at 3p.
These may involve different tumour suppressor genes and represent combined allelic losses
that altogether could contribute to lung tumourigenesis (Hollander et al., 2005). The genomic
locus of OGG1 and RAD18 genes is the most frequently lost (60% of cases) lost in the series
we investigated. These genes would represent good TSG candidate in lung SCC based on
their functions.

Secondly, we have shown a high prevalence (around 50-60 %) of low-level gains of
the whole 3q26-qter region in lung SCC. This is in accordance with the recurrent imbalances
at 3q in SCC of various localizations and particularly from the lung (Gebhart and Liehr, 2000;
Balsara and Testa, 2002). Moreover, our study pinpoint two loci from the 3q26-qter region as
gained in a wide majority of advanced lung SCC. The first concerns the PIK3CA gene locus
and the second points to the genomic locus of RFC4, SST and BCL6 genes. PIK3CA is a
known oncogene in various tumour types. The PIK3CA gene is gained and consequently over-
expressed in head and neck SCC as we have previously shown (Redon et al., 2001). RFC4 is
also recurrently deregulated in human tumours and stands among the 67 genes consistently
over-expressed in various tumour types when compared to normal counterparts (Rhodes et al.,
2004; see also figure 12 of the introduction part of this thesis)

Lastly, we delineated a common region of high-level amplifications in 20% of the
investigated cases. This represents a high frequency with regards to other well known
amplicons.

Re-investigations of these cases using a newly produced chromosome 3 array
providing tiling coverage of the 3q26.3 region locus considered confirmed in each case the
presence of the amplicon. Furthermore, the accurate mapping of amplicons borders allowed
us to delineate a 2 Mb common region of high-level amplifications. Nine genes and one non-
coding RNA (SOX20T) are localized in this interval. Most of these genes seem to be over-
expressed in consequence of copy number increases. The striking increases in SOX2 and
SOX20T genes expression suggest that they may be the driver genes and participate to the
tumour phenotype by their deregulated expression.
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v- PERSPECTIVES and DISCUSSION

We found most of the 9 genes tested over-expressed except LAMP3. The LAMP3 gene
has just been very recently demonstrated as playing a crucial role towards invasion in cervical
cancer (Kanao et al., 2005). Among all our candidate genes, the Lamp3 gene thus remains the
best characterized with respect to its implication in cancer. Data mining of expression through
Oncomine, the “cancer profiling database”, for example is a complementary way to determine
to which extend our 9 candidate genes are upregulated in other studies of lung SCC in
comparison to normal tissue. From this data, Lamp3 gene is not over-expressed when
compared to normal lung tissue. The same comparison for the 8 others genes we have
analysed, demonstrate an over-expression of SOX2, DCUN1D1 (formerly RP42 or SCCRO),
FXR1 (p<=10") and ATP11B (p=10~) genes in at least one of the two lung datasets present in
Oncomine and that have profiled both lung SCC and normal lung samples (Bhattacharjee et
al., 2001; Garber et al., 2001). The other genes were either not in these transcriptome survey
or not significantly over-expressed.

Functions of these genes may also help to understand their putative contribution to
carcinogenesis. DCUN1D1 (formerly RP42 or SCCRO) was recurrently claimed to be an
oncogene but without bringing well documented functional evidences. Interestingly, a
beginning of elucidation of the function of its yeast and nematode homolog as playing a role
in the mitotic spindle regulation (Kurz et al., 2005) is compatible with a putative oncogenic
role for DCUN1D1. The ATP11B gene is poorly characterized and FXR1 involvement in
tumorigenesis is not supported by any data.

In this study, we demonstrate that up-regulation of two genes, namely SOX2 and
SOX20T were striking and recurrent among tumours with either 3q26.3 amplifications or
gains. These large expression variations are very likely to have important biological
consequences.

SOX2 is contained in an intron of the SOX2 Overlapping Transcript encoding gene,
SOX20T. This gene is transcribed in the same sense than SOX2 and thus does not represent
an antisense RNA. Its function remains unknown at present. but it would remain of interest to
determine it. On the contrary, the SOX2 gene represents an oustanding oncogene candidate
based on its function. The Sox-2 protein is indeed a cofactor of the Oct-4 transcription factor.
Oct-4 oncogenicity has been shown recently in testicular germ cell tumours (Gidekel et al.,
2003) and both are crucial markers of embryonic stem cells, involved in the control of their
proliferation and differentiation by regulating the downstream expression of a huge number of
target genes (Boyer et al., 2005). Finally, in vitro experiments have shown the involvement of
Sox2 in apoptosis: hypoxia and glucose deprivations were shown to induce early Sox2
proteolysis as well as double strand DNA breaks that classically mediate apoptosis induction
(Lei et al., 2005). Furthermore, Sox2 binds to genomic DNA at a scaffold/matrix attachment
region, where DNA breaks are known to initiate after oxygen and glucose deprivations
treatment (Lei et al. 2005). Consequently, the authors propose that early proteolysis of
complexes (including SOX2) at DNA sites represent a universal mechanism that renders these
DNA sites vulnerable to endonucleolysis. It is from that tempting to speculate that SOX2
overexpression in tumour cells could protect them from apoptosis induced by oxygen and
nutrient starvations.

Taken together, our data and those from the literature suggest that the genes located at
3q26.3 that are recurrently amplified and consequently over-expressed in lung SCC may act
as co-conspirators in these tumours through modulations of several tumoural traits. The next
step towards the elucidation of their respective contributions to the tumour phenotype when
amplified and over-expressed relies on a functional analysis. This will be achieved
experimentally through dedicated in vitro assays. These aim at analyzing the effects of
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candidate oncogene over-expression. We have subcloned the cDNAs encoded by these genes
in a common mammalian expression vector and already performed set-up experiments to
monitor the effects of their over-expression on three tumoural traits, proliferation, invasion
and resistance to oxygen-glucose deprivation.

114



b-2 Head and Neck Squamous Cell Carcinomas

I- CCNL1 as a candidate oncogene in Head and Neck SCC

a) INTRODUCTION

Our entry point in this study was a HNSCC cell line, CAL27 that we screened using
one of the first chromosome 3 dedicated BAC array we developed. We were able to delineate
a narrow amplification comprising the cyclinL / ania 6a gene (now known as the cyclinL1 or
CCNL1 gene) and showed that it was the most consistent oncogene candidate (Redon et al.,
2002; see this manuscript hereafter).

To further assess CCNL1 putative involvement in HNSCC carcinogenesis, we decided
to decipher CCNLI1 gene alterations in a large series of tumours. Accordingly, the real time
qPCR method was chosen to explore CCNLI1 gene copy number status as well as CCNL1
gene expression level determination in two sets of 38 and 96 tumours, respectively
(manuscript submitted to British Journal of Cancer: Muller et al., 2005; see the manuscript 2
hereafter).

b) RESULTS

Manuscript 1

Amplicon mapping and transcriptional analysis pinpoint cyclin L as a candidate oncogene in
Head and Neck cancer.

Redon et al., Cancer Research, 2002. Co-first author.

Manuscript 2

Analysis of CCNL1 gene copy number and expression level alterations in a large series of
HNSCC by qPCR.

Muller et al., submitted to British Journal of Cancer, 2005. Fourth author.
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Manuscript 1

Amplicon mapping and transcriptional analysis
pinpoint cyclin L as a candidate oncogene

in Head and Neck cancer

Redon et al., Cancer Research, 2002.

Co-first author
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ABSTRACT

We evaluated the expression and amplification of cyclin L1 (CCNL1) gene, a
potential oncogene localized in the commonly amplified 3q25-28 region, in human
head and neck squamous cell carcinomas (HNSCCs). Overexpression was observed
in 55/96 cases (57%) and amplification in 9/35 tumours (26%) with no relationships to
the clinico-pathological parameters. The Cyclin L1 antibody we developed labels

nuclear speckles in tumour cells compatible with a role for CCNL1 in RNA splicing.

Keywords: Head and neck, squamous cell carcinoma, cyclin L1, CCNL1,

chromosome 3q, HNSCC

INTRODUCTION

Definition of the genetic changes associated with head and neck squamous cell
carcinoma (HNSCC), in particular by comparative genomic hybridization (CGH),
pinpointed gain of the 3q chromosome as one of the most frequent abnormalities
(Bockmuhl et al, 2000). We demonstrated that the 3925-28 region is a consistent site
of gain in early HNSCC (Redon et al, 2001), and suggested that the gain is
associated with shortened disease survival (Redon et al, 2001). This association was
confirmed in other larger studies underlying the importance of this region in the
development of HNSCC (Ashman et al, 2003, Bockmuhl et al, 2000, and publications
therein). Several putative oncogenes from the 3q25-28 region have been proposed to
be potentiel targets of amplification, including PIK3CA (Estilo et al, 2003), SCCRO

(Estilo et al, 2003), p63 (Thurfjell et al, 2005), and cyclin L1 (CCNL1), which we



showed by microarray-based CGH to be amplified in a HNSSC cell-line (Redon et al,
2002). The main [ isoform of Cyclin L1 contains an RS domain (Ser-Arg rich
proteins) that may confer splicing activity to cyclin L1 (Dickinson et al, 2002). CCNL1
is an immediate early gene induced by several growth factors (Berke et al., 2001)
that may regulate GO-G1 cell-cycle progression (Redon et al, 2002 and publications
herein).

In the present study, we measured CCNL1 gene expression in 96 human HNSCCs
by real time quantitative PCR. CCNL1 gene copy number was evaluated to examine
the relationship between RNA expression and DNA copy number alterations. The
relationship between CCNL1 gene alterations and pathological features as well as
clinical outcome is reported. Finally, the localization of the cyclin L1 protein was
determined by immunohistochemistry on normal and neoplastic head and neck

tissues.

MATERIAL AND METHODS

e Patients and samples

96 HNSCC samples were selected from consenting patients who underwent surgery
as first treatment, without previous radiation or chemotherapy. Matched normal
mucosa samples were obtained for 82 cases by resection at least 5 cm from the
tumour. They were immediately frozen and stored in liquid nitrogen. Clinico-
pathological features are summarized in Table 1 using the UICC TNM system. The

mean clinical follow-up was 62 months (range 0.5 — 199) .



Cyclin L1 gene expression and copy nhumber

Total RNA isolation and cDNA preparation were performed as described previously
(Redon et al, 2001). Genomic DNA was isolated by phenol/chloroform extraction.
CCNL1 gene amplification and expression were assessed by quantitative PCR
performed with the LightCycler system, using LC Fast start DNA master SYBR green
| mixture, and version 3.0 software (Roche Diagnostics, Meylan, France).

The specific oligonucleotide primers, designed by Primer3 software, were: (a) for
gene expression analysis: CCNL1, 5-ACTCCAAGCCCCCTGATCCT-3 and 5'-
TGGCAACGGAATCTGAAGTG-3 which amplify the [0 and [ isoforms; the
ubiquitous gene RPLPO, 5- GAAGGCTGTGGTGCTGATGG-3' and 5'-
CCGGATATGAGGCAGCAGTT-3, (b) for gene amplification analysis; CCNL1, 5'-
TAGGCGGAGTCGATCTGGAA-3 and 5- CCATGGTGCTTGCTTTTATGG-3’; and
two genes located on respectively chromosome 15q15-21 and 11p15, CAPN3
(calpain3/p94), 5- GCTGGTAGGAGACCCCCAAG-3 and 5-
CCACAGATGCGCTAATGACG-3, HBB (beta-globin), 5-
GAAGAGCCAAGGACAGGT-3 and 5- TGGTGTCTGTTTGAGGAAGC-3'.

In order to obtain for each gene results in ng for expression and copy number,
respectively, calibration curves were constructed using pools of cDNAs from 10
normal head and neck tissue samples and DNA from peripheral blood samples from
10 healthy individuals. CCNL1 gene expression was evaluated for 96 tumours and 82
corresponding normal tissues using the mean value from 3 independent experiments.
The relative CCNL1 gene expression level was calculated by successive
normalisation to the RPLPO (Ribosomal phospho-protein P0O) internal control and
then to the mean expression of all the normal tissue samples. A relative value >1.7

was considered to represent overexpression. Cyclin L1 copy number changes were



analyzed for 35 tumours and 14 normal samples by independent duplicate PCR
reactions with two DNA inputs, 6 and 2 ng. Copy number values for a tumour sample
were calculated in relative units adjusted to the mean values of CAPN3 and HBB
internal controls. The results were expressed as fold differences in target gene copy
number in tumours relative to normal samples. A relative value >1.5 was considered

to represent amplification.

e Cyclin L1 protein expression

Cyclin L1 protein expression was assessed by immunohistochemistry, using a mouse
monoclonal antibody raised against the peptide SKHHGGRSGHCRHRR. This
sequence is found only at the C-terminal of the isoform (1. For retrieval, 3 ym de-
waxed sections were pressure-cooked for 3 min in 0.1 M citrate buffer pH 6.0. They
were incubated overnight at 4°C with a 1/1000 dilution of the primary antibody, and
revealed by the avidin-biotin peroxydase complex method (DAKO labelled
streptavidin-biotin LSAB). Negative controls lacked the primary antibody.

e Statistics

Associations with clinico-pathological features and CCNL1 expression or
amplification were analysed at the 5% significance level using the Anova or Kruskal
Wallis tests where appropriate. Survival was analysed by the Kaplan-Meier method

and the log-rank test with MedCalc software (MedCalc, Belgium).

RESULTS

Real time quantitative PCR analysis of 96 HNSCCs and 82 of their counterpart

normal tissues showed that Cyclin L1 gene expression levels were significantly



different between tumours and normal tissue samples [T-test; p<0.0001] (Figure 1A).
Overexpression was found in 55 tumours (57%). Expression levels in tumours were
not significantly associated with their clinico-pathological features (tumour site, size

or differentiation, lymph node involvement, Table 1).

CCNL1 gene amplification, evaluated in 35 HNSCCs, was observed in 26% of the
tumours and does not exceed 3 fold (relative to the mean of 14 normal tissue
samples) (Figure 1B). Overexpression was observed in almost all tumours with
amplification (7/9 cases with amplification), while lack of overexpression in tumours
without amplification was observed in 65% (17/26) of the cases, suggesting
correlation between CCNL1 overexpression and amplification (Table 2, Fisher’s test
p=0.049). Amplification was not statistically related to the clinico-pathological features

of the tumours (not shown).

Disease progression was observed for 60 patients. No statistically significant
relationship was observed between either CCNL1 overexpression or amplification
and crude survival or relapse-free survival of the patients, even for tumours with high
expression levels (highest quartile, data not shown). Gene amplification evaluation
was mainly performed on tumours of pharyngeal origin (86%). For the tumours with
concomitant overexpression and amplification, no association with either histo-clinical

features or survival outcome was observed.

We developed a monoclonal antibody against the long form of the protein ([
isoformand used it for Western blotting (Figure 2A). The nuclear staining (Figure 2B)
observed by immunocytofluorescence is similar to that observed in COS cells
transfected with flagged CCNL1 and revealed by an anti-FLAG antibody (Berke et al,

2001). In tumours, Cyclin L1 staining, is mostly restricted to the nuclei of the epithelial



cells with discrete additional cytoplasmic staining in some cells (Figure 3). No
staining was observed in stromal cells. Heterogeneous staining was observed
throughout the tumour sections and between different tumours. Normal epithelium

displays weak nuclear staining of the parabasal cells (arrow).

DISCUSSION

In this large series of HNSCCs, we observed a high prevalence of CCNL1 gene
overexpression, occurring in more than half of the tumours. CCNL1 gene copy
number was increased in 26% of the cases, in accordance with the 34 % of gains
reported by FISH analysis with a CCNL1 gene probe (Sticht et al, 2005).
Furthermore, we demonstrated gene overexpression in most HNSCCs with
amplification of the CCNL1 gene, supporting the hypothesis that its expression level
partly follows a gene dosage effect. However, CCNL1 overexpression was also
detected in 34% (9/26) of tumours without CCNL1 gene amplification, showing that
other transcriptionnal regulation factors are involved. Similar discrepancy between
overexpression and amplification has been reported for other oncogenes. For
example overexpression of cyclin D1 in oral squamous cell carcinomas is twice as

frequent as CCND1 amplification (Miyamoto et al, 2003).

A recent study, comparing DNA copy number to gene expression levels over large
chromosomal regions in HNSCCs, concludes that chromosomal alterations affect the
expression of many genes (Masayesva et al, 2004). The discrimination between
genes that are important for tumour evolution from bystander ones within regions of

copy number changes remains complex. Only some of these overexpressed genes



may be important for tumorigenesis, and identifying them replies on several clues
such as gene amplification/expression correlations, functional characterization or
association with clinical features. Multiple genes within the commonly gained 3q
region appear to be relevant for head and neck cancer progression. The gain of
chromosomal region 3q25-28 is associated with aggressive clinical behavior
(Bockmuhl et al, 2000, Ashman et al, 2003 and Singh et al, 2002 cited therein).
Overexpression of several genes at 3g26 have prognostic value, including SCCRO in
oral tongue (Estilo et al, 2003) and ZASC1 in oesophageal (Imoto et al, 2003)
tumours. Recently, high levels of CCNL1 gene amplification, assessed by FISH (> 8
signals/cell) have been found in 3% of a large HNSCC series and were shown to be
associated with shorter survival (Sticht et al, 2005). In our series, high-level
amplification was not found, and neither CCNL1 gene amplification nor
overexpression was associated with unfavourable tumour phenotype. Difference
concerning amplification between both studies may be due to sampling differences
since our population is mainly composed of tumours derived from pharynx (86 %)
while Sticht et al. investigated mostly oral cavity tumours.

Inappropriate expression of multiple genes at the 39q25-28 chromosomal locus,
including CCNL1, could contribute to disease progression, providing growth
advantage by additive effects in different cellular pathways. CCNL1 (isoform [] could
be a regulator of the GO to G1 cell-cycle transition. Analysis of the relationships with
cell cycle regulators specially relevant in head and neck cancers, such as Cyclin D1
or growth factors, would be of interest. CCNL1 may have also a role in transcription
or RNA splicing, since it colocalizes within nuclear speckles with splicing factors SC-
35 and 9G8 in cells transfected by cyclin Llisoform [ (Yang et al, 2004).

Interestingly, cyclin L1 was also observed in the nuclei of malignant cells of head and



neck tumours, by histological immunodetection using our antibody. CCNLA1
overexpression may modify the splicing pattern of specific genes, in particular genes
involved in apoptosis for which splicing variants have been shown to have agonist or
antagonist effects (Schwerk et al, 2005). Altogether, these findings suggest that
cyclin L1 might have a role in the RNA processing complex and could participate to
tumour progression_of HNSCC. It thus remains of interest to investigate further the

physiological functions of cyclin L1 and its link to head and neck carcinogenesis.
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LEGENDS TO FIGURES

Figure 1 : CyclinL1 gene alterations assessed by quantitative real-time PCR.

A. Relative cyclin L1 gene expression level in 96 head and neck tumors (T) and 82 normal tissues
(N); T-test, p<0.0001, mean value for N: 1 by construction (95%Ci=0.9-1.09), for T: 2.01

(95%Ci=1.8-2.2),

B. Relative cyclin L1 gene copy level in 14 normal (N) and 35 tumor tissues (T) ; T-test, p=0.02, mean

value for N : 1 by construction (95%Ci=0.95-1.05), for T : 1.26 (95%Ci=1.12-1.39).

Figure 2 : Validation of anti Cyclin L1 alpha mouse monoclonal antibody.

A. Western Blot validation. The monoclonal antibody was validated with a Cal-27 HNSCC cell line
protein extract. It detects a protein (indicated by the arrow) of size between 54 and 80 kDa, compatible
with predicted size of CCNL1 alpha (526 aa, around 60 kDa). Molecular marker sizes are indicated on

the left.

B. Immunocytofluorescence validation. The CCNL1 alpha antibody (red color) labels nuclear speckles
of the two transfected COS cells presented. No cytoplasmic staining was observed. Blue color
corresponds to DAPI staining of nuclei. This pattern is identical to a previously published localisation

using an anti-FLAG labelling on transfected COS cells (Berke et al., 2001).

Figure 3 : Immunohistochemical detection of cyclin L1 protein in normal and neoplastic head and neck
tissues from HNSCC patients.

A. Slight positive staining of parabasal cells (arrow) of normal epithelium from the upper aero-digestive
tract (Bar represents 200 pm).

B. Strong nuclear staining of tumour cells in a moderately differentiated head and neck tumour, tract
(Bar represents 50 ym).

C. Enlargement of image B, positive staining of speckles in the nuclei tract (bar represents 25 ym).
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Table 1 : Relation between Cyclin L1 gene expression and clinico-pathological

features of tumours

Number of Overexpression P value*
cases Number of cases

(%)
Localization
All 96 55 (57%)
Hypopharynx 64 38 (59%)
Oropharynx 20 13 (65%) 0.245
Oral cavity 12 4 (33%)
Tumour size
T1 12 7 (58%)
T2 49 33 (67%) 0.065
T3-4 35 15 (43%)
Lymph node
involvement
NO 44 22 (50%) 0.59
N+ 52 33 (63%)
Tumour Differentiation
Well 30 13 (43%) 0.34
Moderately 34 22 (65%)
Poorly to un- 32 20 (62%)

differentiated
* ANOVA test on relative expression values

Table2 : Relationship between cyclin L1 gene amplification and expression in head and

neck SCC. Fisher’s test, p=0.0497

Not amplified Amplified total

No overexpression
17 2 19
Overexpression 9 7 16

total 26 9 35



c) CONCLUSIONS / PERSPECTIVES

The first perspective concerns the basic function of CCNL1. One open question is still
to determine if CCNL1 has any role in the cell cycle, in particular during G0/G1 transition as
we have proposed (Redon et al., 2002). We have already established NIH-3T3 stable clones
for the two main isoforms of cyclin L1, the gene being under the control of an inducible
promoter. We intend to monitor the effects of its over-expression on proliferation parameters
in cell culture experiments.

The second perspectives is related to the expression of CCNL1 in HNSCC tumours
and its relationship to clinical parameters. A recent publication from Sticht et al. (2005) using
Tissue MicroArrays and FISH with probes for four 3q potential oncogenes (CCNL1, PIK3CA,
SNO et p63) demonstrated (i) a relative similar frequency of gains for these four sites (ii) an
association between CCNL1 gains and lymph nodes invasion (iii) an association with reduced
survival for tumours with high-level gains (more than 8 copies). These data confirmed that
amplification of CCNL1 gene may be correlated with clinical parameters. The anti-CCNLI
antibody that we have produce may help to reply to this question in large series of HNSCC
and may become a useful new biomarker for clinical purposes.
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1i- Chromosome 3 aberrations in Head and Neck SCC

a) INTRODUCTION

Survey of chromosome 3 aberrations for HNSCC is included in the Introduction part
of this thesis and in our previously published paper (Redon et al., 2002). The best reviews are
those of Bockmuhl et al. (2000) and of Gebhart and Liehr (2000). Overall picture is very
similar to lung SCC with several regions of losses on the short arm and recurrent gains on the
long arm. Nevertheless, precise mapping may pinpoint cytogenetic bands for which
amplification and losses frequency may differ. Consequently, it remains of interest to depict
theses copy number changes in HNSCC in order to compare these two tumours types of
similar histological origin and different localisations.

We undertook a screen of chromosome 3 aberrations in a series of 25 HN SCC using a
high-resolution chromosome 3 dedicated array (referred as to the contig array in the lung SCC
chapter). We hypothesized that tumours of advanced stages will contain more amplifications
and will be more suitable to delineate a narrow genetic interval to identify candidate
oncogenes.
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b) MATERIAL AND METHODS
Samples

Tumour genomic DNA from 25 head and neck Squamous Cell Carcinomas (T3 and
T4 tumours) were extracted using standard protocols.

Mapping values

All mapping values given hereafter were from UCSC genome browser July 2003
version corresponding to NCBI build 34 of the human reference sequence produced by the
International Human Genome Sequencing Consortium.

Array-Comparative Genomic Hybridization

The “contig” array was prepared and used as described previously (see the lung SCC
study) for the analysis of the 25 HNSCC cases.

¢) RESULTS

Array Comparative Genomic Hybridization screen of chromosome 3 aberrations in HNSCC

We analyzed 25 HNSCC to delineate the chromosome 3 consensus regions of
deletions and gains/amplifications in these tumours. We were able to frequently detect losses
on the 3p arm and gains of large 3q regions. Three tumours with high-level amplifications at
3q26-qter were also observed (figure 1). In the three cases more than one peak was present.
Finally the three amplicons with the higher ratio maxima were included in the 182-185
segment (arrow).

We calculated the frequency of deletions and gains for each 2 megabases interval
along chromosome 3 (figure 2A).

Losses of large blocks of chromosome 3p were observed. Four different genomic
regions are prominently lost, in more than 60% of the investigated cases: these are the
intervals from 2 to 4 Mb, from 18 to 20 Mb, from 44 to 48 Mb and from 84 to 88 Mb along
chromosome 3.

An overall gain of the 3q26-qter is observed in approximately 40% of tumours. Two
intervals, from 156-158 and 182-186 Mb have frequency of gain of about 80 %. The first one
is the GMPS-CCNL1 genomic region. The second is the FXR1-MAGEF1 interval which
contains numerous genes including SOX2 and EIF4G1.

High level amplifications were found to be restricted to the 3q26-qter region (figure
2B).
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Figure 1. Examples of chromosome 3 array CGH profiles for 3 HNSCC with high-level
amplifications at 3g26-qgter.

Chramosarme 3 array CGH profiles are mcloded for HNSCC tumours #2117, #3231 and #6577 (npanel & B and
respectively Horizontal lines represent the interval of normal copy number varniations

High-level amplificalions are clustered in the 3g25-gter region. These seem to include large genomic regions and
three different sites among tumours. The amplfication maxima is in each case located n the 182-185 Wb
genomic segment, denoted by the green arrgw,
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Figure 2. Frequency of chromosome 3 aberrations in 25 HNSCC.

A Los=es and Gains frequency for each 2hb interval along chromosome 3. For each interval, frequencies were
calculated by dmiding the tolal number of accurrences of losses or gains observed in the senes of 25 HNSCC by
the total number of possible occurrences. They were expressed as percentages and represented along the
chromosormal order of the corresponding classes.

E. Chramosome 3 high level ampliications frequency. A ratio supenor than 2 {arbitrary threshold) i & single
expetiment was considered to represent a high level amplification Tor the individual clone. Frequencies were
subsequently calculated for the senes of HNSCC and plotted as a function of the localizalion of each clone.
Indradual data points are arbutratly joined by a line.

High level amplfications are restricted to the 2026-gter region |
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d) CONCLUSIONS / PERSPECTIVES

Complex pattern of discontinuous deletions is observed on the 3p arm. Gain of the
GMPS-CCNLI region at 3g25.3 seems to be more frequent in this series of HNSCC when
compared to lung SCC.

Amplifications seem to affect larger genomic region than in lung SCC. Individual
narrow amplifications occur at least at three sites in the 3q26-qter region. Nevertheless, one of
this three sites, is common to the three HNSCC tumours with amplifications and located
around 183 Mb.

Interestingly, the common region of amplifications defined for lung SCC by our
previous study corresponds to the 181.9 to 184.6 Mb inetrval. It is likely that amplified genes
from this region participate to the SCC tumour phenotype of the two localizations. Detailed
analysis of the datas is currently on going.
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Part 3

General

Discussion
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The immediate perspectives of each individual study have been presented in the
corresponding chapter and thus will not be exposed in this general discussion part.

Genomic instability is a hallmark of cancer cells. Among them, MIN (microsatellite
instability) and CIN (chromosomal instability) are the best documented (Rajagopalan et al.,
2004). Even if chromosomal instability role as causal or circumstantial in carcinogenesis is
still controversial, most of the solid tumours depict chromosomal aberrations. Furthermore,
recurrent chromosomal patterns are strongly associated with tumour type and stage (Gebhart
and Liehr, 2000). They likely reflect Darwinian selection of genetic changes conferring
proliferative advantage to cells carrying these alterations, among mainly randomly generated
aberrations. Mapping of recurrent aberrations paves the way to the identification of DNA
copy number biomarkers in relation to clinical features and to the discovery of cancer genes
following a positional cloning strategy.

Comparative genomic hybridization (CGH) was the first efficient approach to scan the
entire genome for segmental DNA copy number changes (Kallioniemi et al., 1992; du Manoir
et al., 1993). Initial method on chromosomal spreads had a limited resolution to cytogenetic
scale (a segmental deletion or gain about 5 to 10 Mb can be detected). To overcome this
limitation, array-CGH also called matrix-CGH (made of DNA segments of known
chromosomal location that are ordered on a slide) was introduced (Solinas-Toldo et al., 1997;
Pinkel et al., 1998). Its resolution is basically only dependent of the size of the DNA segments
present on the slide and represents a 100 to 1000 increase in resolution compared to CGH on
chromosomes (Pinkel et al., 2005). In the past five years, incremental technological
progresses have lead to chromosomal dedicated arrays, genome wide arrays with a clone at
every megabase and genome wide contig arrays. DNA fragments ranging from
oligonucleotides to 100 Kb (BAC clones) have been employed and some of these arrays are
now commercially available (Pinkel et al., 2005). Accordingly, the mapping results can be
rapidly translated in candidate cancer gene selection blurring the limits between this new
cytogenetic method and molecular biology (Speicher and Carter, 2005).

In this thesis, we followed such a positional clonal strategy dedicated to malignant
fibrous histiocytomas, lung and head & neck cancer squamous cell carcinomas. This strategy
has uncovered some interesting candidate genes as the cyclin L1 in head and neck SCC or a
microRNA encoding gene in malignant fibrous histiocytomas.

Long CCNLI protein isoform, which contains a cyclin box domain, seems clearly
implicated in RNA splicing. Function of the classical short protein isoform is unknown (and
does not comprise a cyclin box). A recent publication depicts an even more complicated
situation, since a high number of RNA isoforms may exist (Loyer et al., 2005). Possible role
of CCNLI in cell cycle regulation remains elusive. Finally, Sticht’s study (2005) showing
correlation between high level gene copy number of CCNL1 genomic region and survival in
oral squamous carcinoma asks the question if this is a result of some CCNL1 (or isoform)
protein overexpression or if a close neighbouring gene in this chromosomal segment may
explain this result. GMPS gene coding for an enzyme participating to nucleotide synthesis, a
process commonly unregulated as seen in tumor transcriptome data, is a good candidate even
if our previous study reveals that it seems poorly submitted to gene dosage (Redon et al.,
2002).
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The microRNA encoding gene, hsa-mir28, that was pinpointed by our characterization
of an amplicon in the COMA cell line is another output of our positional cloning strategy. As
outlined in the introduction part of this thesis, microRNA encoding genes belong to a new
class of post-transcriptional regulators that may coordinate large number of genes in complex
processes such as embryogenesis development or cancer pathogenesis. New data in this
unexplored field are clearly scientifically exciting. Our result that mir28 may regulate some
cell cycle related proteins and seems to be expressed differently during cell cycle phases is
clearly innovative.

The part of this thesis which concerns amplification mapping at 3q26.3 in squamous
carcinoma is probably significant towards the identification of a core process in squamous cell
carcinogenesis. Because gains or amplifications of this long arm are one of the most common
aberrations of these tumours and have been associated with pejorative outcome, the
identification of major player oncogenes from this region may uncover gene pivotal for the
development/progression of such tumours. In this sense, our work delineation of a 2 Mb
amplified segment in some lung and head and neck SCC is a step forward toward this
identification. Finally, we propose that the SOX2 gene at 3q26.3 (among others in a 2Mb
interval) may be important to lung and head & neck cancer squamous cell carcinogenesis.

Such positional cloning strategy relies on the assumption that biological effects of
copy number are mediated by corresponding variations at the transcriptional level. Our
knowledge about the consequences of low level gains has rapidly increased in the past years,
consequently to the introduction of technologies allowing to analyze the whole transcriptome
in DNA chip experiments. It appears that the transcriptome of cancer cells is largely
modulated by the large genomic gains and losses found in tumours. Estimation of the
percentage of genes submitted to gene dosage in these regions lies from 75 to 90%, in simple
experimental system (a review of the original studies underlying this statement is contained in
the introduction part). Accordingly, the gain of the long arm of the chromosome 3 in lung or
HN SCC should upregulate slightly the expression of numerous genes. The biological
consequences of such small variations may vary from gene to gene. Some genes, as it has
been shown for PIK3CA, have notable phenotypic consequences even when submitted to
slight variation. This gene, which maps to an interval that we found gained in 80 % of the
lung SCC, is likely to be pivotal in squamous cell carcinoma as previously proposed by
several authors. Another major player in squamous cell carcinoma initiation/progression is the
p63 gene at 3q29, but its transcriptional level seems to be mainly regulated by other means
than gene dosage (Redon et al., 2001). Slight variations of the expression level of many other
genes may be neutral if taken individually but could have cumulated effect if involved in
common pathways.

Deducing the global biological output of the slight deregulation of numerous genes is
clearly challenging. Analysis of transcriptome data in relation with gene copy dosage
evaluation may be a way to tackle this problem. Accordingly, we are involved in a large-scale
combined transcriptome/genomic study of 96 HNSCC in a project of Bohdan Wasylyk and
Joseph Abecassis (Strasbourg) that will give new insights in this regulation: direct correlation
of chromosome 3 gene expression and copy number is a reasonable initial strategy. We
believe that activation of ‘modules of expression” (Rhodes et al., 2005; these modules are
transcriptionally co-regulated sets of genes that are co-acting in specific biological functions)
in groups of tumours selected for their content in a specific chromosomal aberration is even a
more promising avenue to understand their biological output.
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Experimentally, the effect of low level gene copy changes is difficult to address in
cellular models and appropriate technological evolution to add or remove one chosen
chromosomal segment in an otherwise balanced genome are clearly needed to progress
towards the solving of this question. Such model may furthermore help to understand how
peculiar DNA sequences (as fragile sites, presence of local homology or presence of
sequences repeat) may participate to the mechanistic formation of these chromosomal
aberrations (Shimizu et al., 2001).

In addition, in our SCC study, more accentuated DNA copy changes, namely
amplifications, were also found. From the pattern of the array CGH profile, they likely
represent gene amplifications under the form of HSR or double minutes. A typical array CGH
profile corresponding to dmin chromosomes is included in COMA cell line study associated
with direct FISH evidence of dmin chromosomes. Effects of such high gene copy number
changes are expected to be more accentuated at the transcriptional level.

In our work, most of the 9 genes in the 2Mb amplicon were found to be overexpressed.
Amplification is a mean of rapid adaptative capability in response to increased selection
pressure. An example of striking selection barrier is the oxygen and nutriment deprivations
when the tumour reaches a size at which simple diffusion is not sufficient anymore to feed
tumour cells. This results in massive hypoxia-induced apoptosis. SOX2 has been recently
demonstrated as directly involved in this process. This proposed SOX2 role together with our
data strongly suggests that its overexpression in tumour cells could protect them from
hypoxia-induced apoptosis. Experimental in vitro assays of overexpression of this gene in
cellular model under hypoxic conditions are obviously the next step to carry out.

Nevertheless, even if this hypoxia related hypothesis is our preferred one, SOX2 is
also a main cofactor of transcription regulators in cooperation with other transcription factors
and supposed to be stem cell markers. SOX2 is found fixed to several 5’ upstream gene
sequence but specific responsive genes are poorly described. Again, analysis of tumour
transcriptome data, using Gene Ontology and ‘modules of expression” may reveal if SOX2
belongs in different tumours to hypoxia related modules, stem cell related ones or other
relevant functions for tumour biology.

Our current vision is that SOX2 is the gene driver of the 3q26.3 amplifications that we
described but that neighbour(s) gene(s) may have additive functions. Examples of such
synergistically effect exist in the scientific literature (see Introduction). Taken together, our
data and those from the literature suggest that the genes located at 3q26.3 that are recurrently
amplified and consequently over-expressed in lung SCC may act as co-conspirators in these
tumours through modulations of several tumour traits. The next step towards the elucidation
of their respective contributions to the tumour phenotype when amplified and over-expressed
relies on a functional analysis. This will be achieved experimentally through dedicated in
vitro assays. This aims at analyzing the effects of candidate oncogene over-expression. We
have sub-cloned the cDNAs encoded by these genes in a common mammalian expression
vector and already performed set-up experiments to monitor the effects of their over-
expression on tumour traits which are hallmarks of cancer.

Mapping of recurrent aberrations also paves the way to the identification of DNA copy
number biomarkers in relation to clinical features. Identification of such biomarkers is now
facilitated by array CGH and has begun to produce prognosis-related classification scheme for
few cancer types (several publications, for example see Weiss et al., 2004). Historically, for
different regions of the 3q, gains have been coupled with a pejorative prognosis in SCC. New
technological development as tissue microarrays should streamline the marker validation
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process. Translation of a biomarker from research setting to clinical practice has been
difficult. Robustness and low inter-operator variability of the technique is main issue for this
process. DNA based biomarkers, assuming their sufficient informativity and by the relative
stability of this molecule has an intrinsic advantage for the design of such test.
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