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1. INTRODUCCIO



1. INTRODUCCIO

1.1. NEOPLASIA

Un dels avencos més importants de la genética en la passada década ha estat la demostraci6 de que el
cancer és, en esséncia, una malaltia genética. Malgrat aix0, hi ha dues diferéncies clau entre el cancer
i les altres malalties genétiques. Primer, el cancer és, majoritariament, causat per mutacions
somatiques, mentre que totes les altres malalties genétiques de mamifers (exceptuant les que
impliquen gens mitocondrials) estan causades només per mutacions ggrminals. Segon, cada neoplasia
individual sorgeix no d’una tinica mutacid, sin6 de 1’acumulacié de varies mutacions adquirides.
Com que cada neoplasia esdevé a partir d’un tnic progenitor cel-lular (creixement clonal) es suposa
que les mutacions es produeixen de forma seqiiencial sobre gens reguladors del creixement cel-lular
en una céllula i els seus descendents. La c¢l-lula ha d’acumular un nombre suficient de mutacions
per esdevenir maligna, el que li permet envair els teixits circumdants i metastatitzar altres drgans
(aquestes tltimes propietats per si soles distingeixen els tumors malignes dels tumors benignes).

El comportament de les poblacions cellulars malignes pot ser descrit en termes Darwinians :
variabilitat genctica deguda a mutacions seguida de seleccid. Hi ha un equilibri dinamic mantingut
per pressions selectives on qualsevol canvi en el medi ambient del tumor trastornaria 1’equilibri de
forma que es seleccionaria el perfil genétic més viable.

I és que I’evoluci6 per seleccié natural afecta tant a les cél-lules individuals com a tot I’organisme.
Les cel-lules d’un organisme multicel-lular col-laboren per allo que els és millor, perd només en un
cert grau. A llarg termini, les cel-lules deixen descendéncia i cooperen entre elles per tal de fer un
organisme capag¢ de reproduir-se, i per tant, es pot dir que han desenvolupat un genoma que les
programa per cooperar. Malgrat aixo, a curt termini, si una ce¢l-lula té un mutacié que li confereix un
avantatge reproductiu, esdevindra un clon prosper. Els seus descendents es faran els amos de
P’organisme, sempre i quan no es previngui amb controls que s’hauran desenvolupat seguint els

interessos del conjunt de 1’organisme.



Aixi doncs, la neoplasia és el resultat natural d’aquesta seleccié entre les cel-lules somatiques.
Probablement, la neoplasia és el pas final normal de qualsevol organisme multicel-lular que viu
suficients anys, encara que alguns organismes afortunats aconsegueixen posposar aquest desti. Durant
un bilié d’anys d’evolucid, s’han desenvolupat molts mecanismes de control sofisticats, de manera que
la neoplasia resulta només quan es perden varis controls independents. Un dels principals controls d’alt
nivell és I’apoptosi, un mecanisme pel qual les cél-lules potencialment canceroses cometen suicidi pel
que s’anomena mort cel-lular programada. Les cél-lules canceroses amb éxit han de desenvolupar
maneres d’inactivar o d’evitar aquests mecanismes.

El canvi d’una cél-lula normal a una cél-lula cancerosa maligna requereix probablement de tres a sis
mutacions especifiques en una cel-lula (Vogelstein i Kinzler, 1993). La probabilitat de que una sola
cél'lula experimenti tantes mutacions independents és negligible. Malgrat tot, hi ha dos mecanismes
generals que poden fer que la progressi6 signi més probable: algunes mutacions afavoreixen la
proliferacié cel-lular, creant una amplia poblacié de cél-lules diana per la segiient mutaci6 (Figura 1);

algunes mutacions afecten I’estabilitat de tot el genoma, augmentant la taxa de mutacié global.

Mutacid ne.1 Mutacio no.2 Mutacid no.3

Creixement selectiu Creixement selectiu Continua Tumor
del clon ambh la del clon amb la I'evolucio per maligne
mutacio no.1 mutacio no. 1+2 seleccié natural

Figura 1. Esquema de 1’evolucio tumoral afavorida pel creixement selectiu dels clons mutats. Cada
mutacio successiva confereix a la cél-lula un avantatge en el creixement de manera que s ‘extén el clon

proporcionant una diana de cél-lules major per la segiient mutacio.



Hi ha tres grups de gens que es trobén freqiientment mutats en &l cancer :

* Oncogens. Aquests son gens 1’accié dels quals promou positivament la proliferacié cel-lular. Les
versions normals no mutades s’anomenen propiament proto-oncogens. Les versions mutades s6n
actives de forma excessiva o inadequada. Un sol al-lel mutat pot afectar el fenotip de la cél-lula.

* Gens supressors de tumors. Els productes d’aquests gens inhibeixen la proliferacié cel-lular. ‘Les
versions mutades a les cél-lules canceroses han perdut la seva funcié. Ambdés al-lels d’un gen
supressor de tumor han d’estar inactivats per canviar el comportament de la c¢l-lula.

* Gens “mutadors”. S6n responsables del manteniment de la integritat del genoma i de la fidelitat
en la transferéncia de la informacié. La pérdua de funcié d’ambdés al-lels fa que la cél-lula sigui
propensa a I’error. Entre els errors a P’atzar hi pot haver mutacions als oncogens i als gens
supressors de tumors.

1.1.1. Oncogens

Els oncogens son versions mutades de gens involucrats en una varietat de funcions cel-lulars normals,
relacionades tot sovint amb el cicle cel-lular. La transicié d’una cél'lula de Gy a I’inici del cicle
cel-lular esta regulada per unes substancies anomenades factors de creixement. Diferents tipus de
cellules requereixen diferents factors de creixement per estimular la divisié cel-lular. Aquests factors
de creixement estimulen les cél-lules a dividir-se per la unié a receptors especifics de factors de
creixement en un procés anomenat transduccié del senyal. La transduccié del senyal és un cami
complex amb molts passos des de la membrana cel-lular, a través del citoplasma, fins al nucli, amb
bucles de retroalimentaci6 positiva i negativa per aconseguir la correcta proliferacié i diferenciacié
cellular.

Els oncogens es poden classificar segons la localitzacié cel-lular i la funcié de les proteines per les
quals codifiquen en el cami de transduccié dels senyals (Figura 2):

* factors de creixement secretats (ex. SIS) ;

* .receptors de la membrana cel-lular, normalment proteines amb activitat tirosin quinasa o que

tenen dominis tirosin quinasa (ex. ERBB, FMYS);
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Figura 2. Esquema dels passos de la transduccid del senyal i transcripcic des de la

membrana cel-lular fins al nucli.



* components dels sistemes de transduccié de senyals intracel-lulars, que inclouen proteines d’uni6
al GTP associades a proteines tirosin quinases (ex. familia RAS) o proteines capaces de fosforilar
I’aminoacid tirosina (ex. ABL);

* proteines nuclears d’uni6 al DNA, que inclouen factors de transcripcié (ex. MYC,JUN) ;

+ components de la xarxa de ciclines i quinases dependents de ciclines que governen el progrés a
través del cicle cellular, per exemple PRADI (Kamb, 1995 ; Miiller, 1995). Codifiquen per
components dels punts de control del cicle cel'lular, que asseguren 1’ordre dels esdeveniments i
que integren la reparacié del DNA amb la progressié del cicle cel-lular. Aquests gens, quan estan
mutats, augmenten la inestabilitat genetica.

L’activacié dels oncogens implica un guany de funci6é. Aquest pot ser quantitatiu (augment en la

produccié d’un producte inalterat o produccié en tipus cel-lulars inadequats) o qualitatiu (produccié

d’un producte subtilment modificat com a resultat d’una mutacié o produccié d’un producte nou
procedent d’un gen quiméric format a partir d’una reorganitzacié cromosdmica). Aquests canvis son
dominants i normalment afecten només a un sol al-lel del gen.

Els mecanismes d’activacié dels oncogens.poden ser:

* Amplificacié. Moltes c¢l'lules canceroses contenen miltiples copies d’oncogens normals des del
punt de vista estructural. Centenars de copies extra poden ser presents. Es un mecanisme que es
sap que confereix una major supervivéncia quan les cel-lules s’enfronten a estrés ambiental. En
alguns casos, les seqiiéncies de DNA amplificat en cél-lules tumorals de mamifers, poden ser
reconegudes en el cariotip per la preséncia de material cromosOmic extra separat dels altres
cromosomes (diminuts dobles) o com a insercions dins dels cromosomes normals (regions de
tinci6 homogenia, HSRs). Els esdeveniments genétics productors de HSRs poden ser complexos,
ja que normalment contenen seqiiencies derivades de cromosomes diferents (Pinkel, 1994). El
resultat de 1’amplificacié €s un gran augment del nivell d’expressié génica.

* Mutacions puntuals. L’oncogenicitat d’alguns proto-oncogens ve donada per mutacions puntuals

en la seqiiéncia nucleotidica.



* Gens quimeérics nous produits per reorganitzacions cromosdmiques (translocacions o inversions).
Les translocacions, per exemple, poden unir seqiiéncies gendmiques d’un gen d’un cromosoma a
un altre gen d’un altre cromosoma, creant un gen de fusié nou. Aquest gen quimeric és expressat i
produeix un enzim amb propietats anormalment transformadores. Els productes d’aquest nous
gens son normalment factors de transcripcié (o a vegades tirosin quinases) que prenen la seva
especificitat de diana d’un dels gens components, i ho aparellen a un domini d’activacié o d’unid
a lligand de 1’altre component.

¢ Transposicié a un domini actiu de cromatina. Algunes translocacions especifiques de tumor no
creen nous gens quimeérics, sind que posen 1’oncogen en un entorn de cromatina que és transcrit
activament en aquell tipus cellular i mancat dels mecanismes de control normals. Aixi I’oncogen
és expressat inadequadament a un nivell molt elevat.

1.1.2. Gens supressors de tumors

Al contrari que els oncogens, €l gens supressors de tumors sén una classe de gens cel-lulars la funcié

normal dels quals és suprimir la proliferacié cellular inadequada. Aixi doncs, sén reguladors

negatius de la proliferacié cel-lular i la seva inactivacié per mutaci6 resulta en la pérdua d’un "fre"
crucial en el creixement tumoral. El fet de que les mutacions dels gens supressors de.tumors resultin
en una pérdua de funci6 significa que sén recessius a nivell cellular. Es a dir, com que el defecte en
un allel pot ser complementat pel producte de 1’al'lel normal restant, ambdues copies del gen
supressor de tumor han d’estar inactivades per contribuir a la tumorigénesi. Aquest requeriment ja va
ser postulat per Knudson (1971) en el seu estudi de retinoblastoma. Per altra banda, en alguns casos,
aquests gens poden presentar un al-lel mutat a la linia germinal, resultant en una predisposicié a

tumor, de manera que una mutacié somatica posterior, portaria a la iniciacié del procés tumoral

(Figura 3).



Figura 3. Hipotesi de Knudson. La primera cél-lula correspon a una cél-lula somatica en una persona
normal. La segona correspon a les cél-lules somatiques que han sofert una mutacio en una persona
normal o a totes les cél-lules somatiques en una persona amb retinoblastoma familiar. La tercera

cél-lula correspon a una cél-lula fundadora del tumor.

S’han postulat un nombre de mecanismes per la mutaci6 dels gens supressors de tumors: delecid,
pérdua d’un cromosoma sencer o reorganitzacions estructurals desequilibrades, aixi com mutacions
puntuals que poden resultar en I’acabament prematur de la traduccié proteica, conduint a la producci6
d’una proteina truncada que ha perdut la seva capacitat funcional.

L’acci6 bioquimica dels productes génics dels gens supressors de tumors €s més dificil de veure que la
funcid dels productes dels oncogens. Alguns tenen papers simples, com I’APC i el DCC, que
probablement s6n molécules d’adhesid cel-lular. Altres estan involucrats en el complex control de la
progressio del cicle cel-lular, com a reguladors negatius (inhibidors de les quinases dependents de
ciclines).

1.1.3. Gens “mutadors”

Els oncogens i gens supressors de tumors actuen directament sobre els punts de control del cicle
cel-lular que funcionen malament en el cancer. En canvi, els gens mutadors tenen un paper general en
assegurar la integritat de la informacid genética. Mutacions en aquests gens condueixen a una
replicaci6 alterada o a una reparaci() del DNA ineficag.

Es ben sabut que les cél'lules canceroses mostren una inestabilitat genética general. Les cél-lules
tumorals tenen tipicament cariotips andmals, amb multiples pérdues, guanys i reorganitzacions
cromosomiques, algunes de les quals semblen no estar connectades directament amb el cancer. Dues

malalties, el cancer de colon no poliposic i I’ataxia telangiectasia, han proporcionat gens sospitosos de



ser els responsables de la inestabilitat a nivell de DNA (ex. MSH2, MLHI1, ATM). Els individus
portadors de mutacions en aquests gens de reparacié de DNA estan predisposats a patir cancer,

presumiblement per un augment de la inestabilitat gendmica.

12. TECNIQUES D’IDENTIFICACIO DE MUTACIONS GENETIQUES

El desenvolupament del bandeig cromosdomic ara fa 30 anys (Caspersson i col., 1968) va
proporcionar una eina eficag per I’analisi global dels complements cromosdmics. Durant molts anys,
la citogenética ha estat 1’inic métode disponible per analitzar els canvis genétics a la neoplasia, ja
que permet una valoracié general dels canvis cromosOmics que s’observen en metafases de
preparacions cromosomiques. Malgrat tot, els estudis cariotipics, en particular de tumors solids, estan
sovint obstaculitzats per problemes teécnics i metodologics, com per exemple la pobra morfologia
dels cromosomes i qualitat dolenta de les bandes, cariotips complexes, i el baix index mitotic de les
cellules neoplasiques en cultius de curt termini. A més, els cariotips obtinguts amb patrons de
bandes G tot sovint no proporcionen informacié dels clons dominants del tumor in vivo,
probablement degut a la contaminaci6é per.cél-lules no neoplasiques o a la seleccié dels clons amb
major capacitat proliferativa en cultiu. S’han publicat pocs articles d’analisis citogenétiques de
tumors solids primaris en comparacié amb les leucémies.

El rapid desenvolupament de les técniques d’hibridacié in situ amb fluorescéncia (FISH) i la
generacié de nombroses sondes de DNA especifiques de cromosoma han proporcionat noves
pdssibilitats per complementar les técniques de bandeig cromosomic (Lichter i col., 1991). Aque.stes
teécniques han incrementat la capacitat d’identificar aberracions cromosdmiques en rapidesa i precisio
(Nederlof i col., 1990; Ried i col., 1992)..A més, la citogenética interfasica ha permés la valoracio
d’aberracions cromosomiques estructurals i numeriques directament en el nucli cel-lular (Lichter i
col., 1991). Malgrat aix0, en I’estudi de mostres tumorals és necessari un coneixement previ de les

aberracions esperades per seleccionar el DNA usat com a sonda.



La genctica molecular també ha aportat altres técniques 1tils en la recerca de desequilibris genétics
en el DNA gendmic. La consistent pérdua de segments cromosdmics d’origen patern o matern en una
poblacié cel-lular tumoral pot ser detectada per pérdues d’heterozigositat d’al-lels de marcadors de
DNA (Bishop, 1987). Els estudis de pérdua d’heterozigositat (LOH) sén un indicador clau de
I’existéncia de gens supressors de tumors. Fent un cribatge de mostres aparellades de sang i tumor
amb marcadors espaiats al llarg del genoma, es poden identificar mitjancant la reaccid en cadena de
la DNA polimerasa (PCR) o per Southern blot, aquelles regions comuns de delecié en les quals
poden existir possibles gens supressors de tumors. Alguns d’aquests gens sén especifics d’un tumor
(ex. LOH a 5q21 prop del gen APC a cancer de colon), mentre que altres sén comuns a molts tumors
(ex. LOH a 17p prop del gen TP53). Evidentment, si el DNA constitucional (sang) és homozigot per
un marcador en particular, aquell marcador no déna informacié sobre la pérdua al-¢lica del tumor.
Utilitzant primers especifics de seqii¢ncies de DNA microsatél-lit altament polimorfics es minimitza
la proporcié de mostres no informatives. Malgrat aixd, és necessari utilitzar un gran nombre de
marcadors polimorfics. A més, pel qué fa a les regions d’amplificaci6, que sén regions candidates per
possibles oncogens, la PCR amb marcadors-microsatel-lits déna només informacié limitada, degut al
caracter semiquantitatiu de la PCR. En aquest cas és més itil emprar una altra técnica de biologia
molecular: el Southern blot. Es un métode que serveix per detectar i quantificar seqiiéncies de DNA,
basat en una hibridacié d’acids nucleics sobre un filtre. Altre cop, perd, es necessita conéixer les
alteracions per construir les sondes de DNA.

Recentment s’ha desenvolupat una nova .estratégia per a detectar guanys i pérdues de material
genétic, tan freqiients a les mostres tumorals. Aquesta técnica és coneguda com hibridacié genomica
comparada (CGH) (Kallioniemi i col., 1992). La CGH, desenvolupada ara fa 7 anys, és la primera
eina de citogenética molecular que permet una analisi global del genoma i ha esdevingut una de les
técniques més utils en el cribatge de genomes. La CGH permet detectar canvis en el nombre de
copies de seqiiencies de DNA, i proporciona un mapa d’aquelles regions cromosomiques que €s

guanyen o es perden en el DNA d’una mostra. En genética clinica, la CGH s’esta utilitzant cada



vegada més com a complement a la citogenc¢tica convencional en el diagnostic de reorganitzacions
cromosomiques desequilibrades, de cromosomes marcadors i en determinar 1’origen de material
extracromosOmic (diminuts dobles) i de HSRs. La CGH pot identificar en un sol experiment aquelles
regions que s hagin guanyat o amplificat (indicadores de la preséncia d’oncogens), aixi com regions
delecionades o perdudes (que poden ser indicadores de gens supressors de tumors). Els canvis
genétics trobats en les malalties hematologiques son sovint equilibrats, resultant en esdeveniments de
reorganitzacié cromosomica no detectables per CGH. En els tumors solids, al contrari, predominen
les reorganitzacions gendmiques desequilibrades, especialment en carcinomes, fent d’aquests tumors
unes dianes ideals per l’anélisi per CGH.

A la CGH, que esta basada en una hibridaci6 in situ modificada, el DNA problema i un DNA de
referéncia normal marcats diferentment (per exemple, verd i vermell, respectivament), sén hibridats
simultaniament sobre extensions cromosomiques provinents d’individus normals. Les diferéncies en
el nombre de copies entre el genoma problema i el de referéncia es veuen com a diferéncies en la
intensitat de fluorescencia verd:vermell. Els guanys de DNA i amplificacions en el DNA problema es
veuen com a regions cromosdmiques amb una proporcié de fluorescéncia incrementada, mentre que
perdues i delecions resulten en una proporcié reduida. La quantificacié de les raons de fluorescéncia
del DNA problema respecte el DNA de referéncia es porta a terme mitjancant un sistema d’analisi
d’imatges digitals.

Els avantatges de la CGH s6n que es requereix tinicament DNA (en poca quantitat, 1 pg), que pot ser
facilment obtingut a partir de teixit fresc, congelat o, fins i tot, de teixits arcaics fixats en parafina.
No es necessita cultiu ni preparacié de metafases de la mostra que s’analitza. A més, no es depén del
coneixement previ de la naturalesa de les aberracions genétiques o de la disponibilitat de les sondes
per aquestes regions. Un sol experiment produeix dades de totes les regions del genoma. Pero la
CGH també té algunes limitacions. Les reordenacions cromosdomiques equilibrades no es poden
detectar. No facilita informaci6 del tipus de reordenacions. Com que els desequilibris cromosomics

només poden ser detectats quan estan presents a la majoria de cél-lules de la mostra, lJa CGH no pot

10



ser aplicada per estudiar la variabilitat clonal de les mostres sotmeses a estudi. Pero, per altra banda,
serveix per distingir desequilibris cromosomics produits a 1’atzar en unes poques cél-lules del tumor
d’aquelles anomalies majoritaries (du Manoir i col., 1993).

La técnica esta limitada per la resolucié de la diana d’hibridacid, els cromosomes metafasics. Els
canvis genétics es detecten i es mapen en cromosomes quan la regié cromosomica afectada
sobrepassa les 5-10 Mb. Canvis que afectin regions més petites només sén detectables en el cas de
que siguin amplificacions d’alt nivell (ex. amplificacié de 10 vegades d’1 Mb; Forozan i col., 1997).
En molts casos, aix0d ja és suficient per proporcionar un punt d’inici per la recerca de nous gens
implicats en el cancer. Aixi, la CGH és sobretot una eina per identificar aberracions genétiques
préviament desconegudes. Un cop les regions cromosomiques alterades estan identificades, llavors
els métodes moleculars especifics sén preferibles. La combinacié de la CGH amb altres assajos
genetics moleculars és molt util en el marc de la recerca oncologica. Per exemple, els resultats de la
CGH tot sovint mapen canvis genétics a regions cromosdOmiques que ja contenen gens coneguts.
Aixi, els metodes moleculars especifics s6n altament recomanables per validar les troballes de CGH i
per proporcionar dades sobre la implicacié de gens diana individuals. Per exemple, 1a FISH, la LOH,
i el Southern sén de gran utilitat en limitar les regions implicades indicades per CGH, i en senyalar
amb precisié gens especifics del desenvolupament cancerds. Fins i tot, gracies a les troballes de la
CGH combinada amb la FISH i la seqiienciacié génica, s’han identificat dos nous gens tumorals que
préviament no havien estat mapats (Anzick i col., 1997; Chen i col., 1998).

Les aplicacions de la CGH en genética del cancer inclouen la caracteritzacié de punts "calents" per
reorganitzacions gendmiques desequilibrades, la definici6é de nous gens implicats en alteracions en €l
nombre de copies, I’analisi de la progressié i evolucid clonal del cancer, aixi com la subclassificacio i

P’avaluacid pronostica del cancer.
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13. TUMORS DE LA FAMILIA EWING

Els tumors de la familia Ewing (ET) comprenen el sarcoma d’Ewing, el neuroepitelioma periféric,
I’estesioneuroblastoma i el tumor d’ Askin. Pertanyen al grup de tumors malignes de cél-lules rodones
petites blaves. Els ET es caracteritzen per una elevada expressié de la proteina de superficie cel-lular
MIC2, que s’ha trobat en el 95% dels casos, i per una tnica aberracié citogenética present en 83%
dels ET, la t(11;22)(q24;q12) (Turc-Carel i col., 1988; Ambros i col., 1991). A més, s’han trobat
translocacions variants (afectant altres cromosomes diferents de 1’11) i translocacions complexes
(afectant altres cromosomes a més de 1’11 i del 22) en 4% i 5% dels ET, respectivament. Degut a la
seva elevada freqiiéncia, la t(11;22) serveix com a criteri de diagnostic inequivoc pels ET.

Donada I’evidéncia de que la translocacié que presenten és identica i indistingible entre els diferents
grups de tumors, es pot concloure que aquests neoplasmes probablement comparteixen un tipus
cel'lular i histologic comi, perd que simplement s’aturen en distints periodes de diferenciacid,
analogament al que passa amb els subtipus de leucemies i limfomes. Hi ha evidéncies que
suggereixen que els ET deriven del neuroectoderm encara que poden exhibir variabilitat en la
diferenciacié neural i la localitzacié tissular. El seu patré d’expressié proto-oncogénica idéntica i
altament reproduible també déna suport a aquestes evideéncies d’un origen comid (McKeon i col.,
1988). La classificacié dels ET mitjangant tecniques histopatologiques convencionals es fa dificil
donada la similitud de les caracteristiques morfologiques i citologiques d’aquest grup.

El sarcoma d’Ewing és el tumor ossi més freqiient en nens més petits de 10 anys i el tercer tumor
maligne ossi en adults. Es localitza fonamentalment en I’os (els ossos tubulars 1largs i els ossos de la
cintura pelvica sén els llocs més freqiients), perd també pot aparéixer en els teixits tous
(mesénquima). Histologicament, el sarcoma d’Ewing és un tumor maligne primitiu caracteritzat per
cel'lules petites, densament empaquetades i uniformes amb nucli arrodonit, sense les vores
citoplasmatiques perceptibles i sense nucleols prominents. Mostra un comportament clinic agressiu i

tendeix a metastatitzar rapidament. Aquest neoplasma abans era considerat com invariablement fatal,
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pero avui en dia és curable en aproximadament la meitat del$ pacients tractats amb una combinacid
de cirurgia, radioterapia i quimioterapia (Crist i Kun, 1991).

Encara que no es coneix un marcador especific de diferenciacié morfologica, les cellules del
sarcoma d’Ewing expressen antigens de diferenciacié o poden ser induides a expressar
caracteristiques morfologiques tipiques de diferenciacié neural. Aixd suggereix la proximitat a un
altre tumor, el neuroepitelioma periferic, que té caracteristiques clares de diferenciacié neural
(Covazzana i col., 1987). Aquesta relacié ve recolzada per 1’alt nivell d’expressié de 1’antigen MIC2
en ¢l sarcoma d’Ewing i el neuroepitelioma periféric, en oposicié a la manca d’expressié de MIC2 en
altres categories de tumors de cel-lules rodones petites (Ambros i col., 1991). El neuroepitelioma
periféric és un tumor rar que normalment afecta a pacients de més de 20 anys, encara que pot donar-
se a qualsevol edat. El tumor afecta més freqiientment les extremitats, el tronc (llavors s’anomena
tumor d’Askin de la paret toracica), i el retroperitoneu, perd a vegades es presenta com un tumor ossi
primari. L’estesioneuroblastoma és una malatia molt poc freqiient que s’origina en les cél'lules mare
neuroectodermiques de 1’epiteli olfactori.

Els ET pertanyen al grup de tumors de c¢l-lules rodones petites, que inclouen, a més dels ET, el
rhabdomiosarcoma, alguns tipus de limfoma, el neuroblastoma i altres entitats menys freqiients. La
distincié fenotipica entre aquests diferents tumors pot ser dificil. Encara que el diagnostic correcte
s’aconsegueix sovint sense grans dificultats, és ben sabut que tumors desdiferenciats de cada
.categoria poden presentar una imatge microscopica virtualment idéntica. Estudis ultraestructurals,
immunohistoquimics, citogenétics i, fins i.tot, moleculars poden ser necessaris per aconseguir un
diagnostic correcte. Aixo és d’una extrema importancia perqué pot tenir implicacions terapéutiques i
de pronostic. La identificaci6 d’una anomalia citogenética recurrent, la translocacié equilibrada
t(11;22)(q24;q12) en els ET, ha proporcionat un marcador genotipic. Aquesta translocacié déna com
a resultat un factor de transcripcié quiméric que conté el domini de transactivacié del gen .EWS
(22q12) i el domini d’uni6 al DNA del gen. FLI-1 (11q24) (Delattre i col., 1992). Posteriors estudis

han mostrat que en alguns casos el gen EWS pot estar fusionat amb altres membres de la familia ETS
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(translocacions variants) incloent ERG al cromosoma 21 (Zucman i col., 1993), ETV] al cromosoma
7 (Jeon i col., 1995), EIAF al cromosoma 17 (Kaneko i col., 1996) o FEV al .cromosoma 2 (Peter i
col., 1997). Aproximadament un 90% dels casos d’ET presenten una translocacié equilibrada
implicant la banda ql2 del cromosoma 22, ja sigui mitjancant translocacions simples, variants o
complexes (Mitelman, 1994).

A més d’aquestes translocacions, hi ha també aberracions cromosdmiques secundaries recurrents,
encara que manquen de I’especificitat del canvi primari: la trisomia 8, la trisomia 12 i la translocacio
desequilibrada der(16)t(1;16)(q12;q11.2). Com que ’aparicié d’aquests canvis addicionals esta
associada a I’activaci6 i expressié de miltiples gens, és probable que les anomalies secundaries no
només contribueixin a la progressié del tumor siné que, de fet, siguin la base d’aquesta progressio.

D’aquesta manera podrien servir com a criteri per valorar I’agressivitat de la malaltia.

1.4. CANCER DE PANCREAS

L’adenocarcinoma de pancreas €s un dels cancers humans més agressius i és la cinquena causa de
mort per cancer en els paisos occidentals (Niederhuber i col., 1995; Brand i Tempero, 1998). La seva
incidéncia ha augmentat durant els darrers.50 anys. La majoria dels pacients moren durant el primer
any després del diagnostic i amb dolor visceral incurable, ictericia extrema (augment de la bilirubina
circumdant) i caquéxia severa (amagriment intens, asténia, anémia, apatia...). A més, aquest tumor es
caracteritza per una elevada capacitat metastatica i/o invasiva. Les raons per les quals la malaltia és
tan agressiva son poc conegudes.

L’epidemiologia del cancer pancreatic proporciona poques pistes sobre la seva etiologia o patogenia.
La seva incideéncia augmenta amb [’edat, i és més comi en homes que en dones i en poblacié
d’origen africa que en poblacié d’origen caucasic (almenys a Nord America). Hi ha algunes
associacions febles de rellevancia incerta amb la urbanitzacid, els carcindgens ocupacionals, el
consum d’alcohol i caf¢, la preséncia de calculs ‘biliars, la pancreatitis cronica i la diabetis (Hall i

Lemoine, 1993). Malgrat aix0, el tabac és, de lluny, el factor de risc més important, sent la incidéncia
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de la malaltia més del doble en fumadors que en no fumadors (Williamson, 1988; Boyle i col., 1989).
Pot ser que I’augment en la freqiiencia de la malaltia durant els Gltims 50 anys sigui un reflex de
I’augment de fumadors. L’efecte dels factors nutricionals resta poc clar, encara que s’ha postulat una
associaci6é amb dietes riques en greixos (Boyle i col., 1989).

El pancreas esta format per tres grans elements : les cél-lules endocrines que formen els illots de
Langerhans, les céllules acinars que produeixen enzims secretors i un sistema de conductes
anastomitzats que drenen les secrecions cap a 1’intesti prim. En 1’huma, els tumors de les cel-lules
endocrines s6n rars i normalment donen simptomes atribuibles a un excés en la produccié
d’hormones. Els tumors de les cél-lules acinars sén també molt rars. Els tumors més comuns del
pancreas sén aquells amb un fenotip ductal. Aquests sén dificils de diagnosticar perque els
simptomes clinics apareixen tard en el curs de la malaltia i tenen tendéncia a ser no especifics. La
majoria de pacients tenen la malaltia disseminada en el moment del diagnostic. Les opcions
terapéutiques sén poques, amb poca evidéncia de resposta a la quimioterapia i la radioterapia. La
cirurgia és, de moment, el millor tractament del que es disposa, perd la malaltia afecta principalment
a persones de mitjana o avancada edat, en molts dels quals procedir a cirurgia radical és
desaconsellable. A més, la reseccié quirdrgica només es du a terme quan el tumor esta localitzat,
mentre que els tumors avangats que estan extesos i que afecten a altres drgans, que s6n la majoria, no
s6n considerats per la resecci6 (Hall i Lemoine, 1993). Els pacients amb tumors localitzats que
pateixen una reseccid tenen una taxa de supervivéncia als 5 anys propera al 20%. La supervivéncia
s’ha correlacionat amb 1’abséncia de metastasis als noduls limfatics, una grandaria del tumor inferior
a2 cm i I’abséncia d’invasi6 de vasos sanguinis. També s’ha correlacionat amb el contingut en DNA
de les cel'lules tumorals, amb un avantatge de supervivéncia per aquells pacients amb tumors
diploids per sobre dels que tenen tumors aneuploids (Griffin i col., 1995). El desenvolupament de
noves modalitats en el tractament, aixi com propostes en el diagnostic i la prevencid, requereixen la

comprensi6 dels mecanismes moleculars, que sén el fonament del complex procés de la tumorigenesi
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pancreatica. En comparacié amb altres tumors, el coneixement sobre la biologia molecular del cancer
pancreatic és molt limitat.

Perd I’analisi genética de 1’adenocarcinoma de pancreas presenta un problema técnic serios ja que els
tumors tot sovint presenten una reaccié estromal, produint un tumor altament desmoplasic. El tumor
primari conté una barreja de cél-lules estromals i inflamatories no neoplasiques. Els estudis genetics
s6n dificils de dur a terme de forma convincent sense fer una microdisseccié acurada de les cél-lules
tumorals separant-les dels elements estromals fibrotics, o bé fent servir protocois d’enriquiment per
“xenografts” (Hahn i col., 1995; Reyes i col.,, 1996). Els “xenografts” es construeixen per
transplantament de cél-lules tumorals humanes en el pancreas de ratolins atimics (implantacio
ortotopica), els quals desenvolupen el tumor sense reaccié desmoplasica.

L’analisi citogengtica és particularment dificil d’aconseguir en les mostres de cancer pancreatic. Fins
ara s’han estudiat 116 carcinomes primaris de pancreas, dels quals només 84 presentaven cariotips
amb anomalies clonals (Johansson i col., 1992; Bardi i col., 1993; Griffin i col., 1995; Gorunova i
col., 1998). En general, els cariotips eren complexos (més de tres alteracions) i contenien anomalies
numeriques i estructurals. Molts dels tumors tenien almenys un cromosoma no identificat
(marcador). Les aberracions numériques més comuns eren, en ordre decreixent, -18, +7, -17, +20, -
12, +8, -6, +11 i -Y. Els desequilibris cromosdOmics causats per reorganitzacions estructurals
afectaven freqiientment els cromosomes 1 (pérdues a 1p pero especialment guanys a 1q), 3 (perdues
a 3p i guanys a 3q), 8 (en particular guanys de 8q), 17 (sobretot guany de 17q perd també perdua de
17p) i perdues a 18q. Segons aquests estudis, els punts de trencament de les aberracions estructurals
s’acumulaven als segiients bracos cromosomics : 1p, 1q, 6q, 7q, 11q, 17q i 19q. Els cariotips andmals
es trobaven més freqlientment en els carcinomes poc diferenciats i anaplasics, que en els tumors
moderadament i ben diferenciats. Els pacients els tumors dels quals contenien aberracions
numeériques i estructurals tenien una superviveéncia significativament més curta que aquells pacients
amb tumors amb poques reordenacions citogenétiques (Johansson i col, 1994). No s’ha descrit fins

ara cap anomalia equilibrada recurrent.
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D’acord amb les delecions identificades citogenéticament, les analisis de LOH en carcinomes de
pancreas mostraven pérdua al-lélica a 1p, 3p, 6p, 6q, 8p, 9p, 10q, 12q, 13q, 17p, 18p, 18q, 21q i 22q
(Seymour i col., 1994; Hahn i col., 1995). Aquestes dades estarien a favor de la preséncia de gens
supressors de tumors en aquests bragos cromosdmics. Malgrat tot, encara no es coneix exactament
quins gens supressors de tumors sén essencials per la carcinogenési pancreatica, i com la seva
inactivaci6 s’afegeix a les mutacions de varis oncogens.

Una varietat de gens candidats han estat rastrejats per mutacions i/o canvis en el nivell d’expressid,
donant lloc a la identificaci6 de varies anomalies. La primera en ser descoberta va ser I’alta
freqiiencia (85%) de mutacions al cod6 12 de ’oncogen KRAS (Almoguera i col., 1988 ; Hruban i
col., 1993). Aquestes mutacions es produeixen en un estat primerenc de la tumorigénesi (Lemoine i
col., 1992), potser fins i tot en lesions preneoplasiques (Yanagishawa i col., 1991 ; Caldas i col.,
1994a; DiGiuseppe i col., 1994). Per altra banda, els gens supressors de tumors TP53 (17p13) i
CDKN?2 (9p21) estan inactivats molt freqiientment (42% i 85%, respectivament) per mutacié i/o
deleci6 al-lélica (Ruggeri i col., 1992 ; Caldas i col., 1994b ; Pellegata i col., 1994 ; Redston i col.,
1994). En cancers preinvasius s’han trobat anomalies en 7P53 (Barton i col., 1991). A més,
recentment s’ha observat que una proporcié significativa de casos de cancer pancreatic primari tenen
mutat un possible gen supressor de tumor nou, el DPC4 (18q21; Hahn i col., 1996). Malgrat
romandre alguna controversia, la majoria dels investigadors troben poca evidencia de la participacié
d’altres gens supressors de tumors, com APC, RBI, DCC, i gens que codifiquen per enzims de
reparacié del DNA, almenys a poblacions occidentals (McKie i col., 1997). Hi ha una proporci6é
significativa de casos que sembla que no presentin les anomalies genétiques. més freqiients, del que
se’n dedueix que encara no es coneixen tots els gens involucrats en la transformacié de cél-lules
epitelials pancreatiques. |
Finalment, investigacions prévies de CGH en 81 tumors primaris i linies cel-lulars de carcinqmes
pancreatics han revelat guanys freqiients de 7p, 8q, 11q, 14q, 17q, i del cromosoma 20, aixi com

pérdues de 3p, 6q, 9p, 18q, i 21q (Solinas-Toldo i col., 1996; Fukushige i col., 1997; Mahlaméki i
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col., 1997;'Curtis i col., 1998). Aquestes regions poden contenir nous possibles proto-oncogens i gens
supressors de tumors, pressumiblement involucrats en la patogenia dels tumors pancreatics. Els
candidats més probables inclouen MYC (8q24) i ciclina DI (11q13), com a oncogens, i FHIT
(3p14.2), CDKN2A (p16) o CDKN2B (pl15) ambdés a 9p21 i DCC o MADR2 (18q21), com a gens
supressors. Pel que fa als guanys en el cromosoma 20, Fukushige i col. (1997) van analitzar cinc
linies cellulars pancreatiques mitjancant FISH amb sondes del cromosoma 20 per definir més
acuradament ’augment en el nombre de copies. Van trobar que 20q estava augmentat ‘entre 518
copies per cel-lula. A més, es van observar guanys a 20q tant en estadis primerencs com en estadis
avancats del carcinoma i amb la mateixa freqiiencia. Aquests resultats suggerien que els gens
d’aquesta regi6 podrien tenir una funcié important en els primers estadis de la carcinogénesi

pancreatica.
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2. OBJECTIUS

5.1.

52.

5.3.

54.

55.

Posar a punt la técnica de CGH.

Fer un estudi de les regions amplificades i/o delecionades en diferents tumors sdlids
mitjangant CGH.

Comprovar la significaci6 clinica d’alguns d’aquests canvis en el nombre de copies de DNA.
Estudiar més detalladament aquelles regions andmales mitjancant metodes moleculars més
especifics (FISH, LOH, Southern blot...) i intentar delimitar les regions i recon¢ixer els gens
impicats.

Analtizar ’evoluci6 clonal de la progressié metastatica del cancer mitjancant CGH.
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2. MATERIAL I METODES



3. MATERIAL I METODES

3.1. MATERIAL BIOLOGIC

Es van estudiar 37 mostres d’ET, vuit “xenografts” de tumors pancreatics i set metastasis
pancreatiques originades als ratolins. Per desenvolupar els “xenografts”, es van implantar i perpetuar
varies peces tumorals en ratolins atimics a I’Hospital de la Sta. Creu i St. Pau de Barcelona (Reyes i
col., 1996). Les dades cliniques dels pacients estan representades a les corresponents taules dels
articles I, Il i IV. Totes les mostres van ser analitzades mitjancant CGH (com a control per la CGH es
va utilitzar DNA obtingut a partir de sang periférica d’individus normals). A partir dels resultats
obtinguts, en alguns tumors es van estudiar més detalladament determinades regions sospitoses
d’estar implicades en el procés tumorigénic. Les técniques emprades van ser Southern (en un ET i en
vuit tumors pancreatics), FISH amb sondes de seqiiéncia tnica (en set tumors pancreatics) i LOH (en
cinc tumors pancreatics). Pels estudis de LOH es va fer servir com a control DNA obtingut a partir de

sang periférica dels malalts estudiats.

3.2.EXTRACCIO DE DNA

Es va procedir a I’aillament de DNA a partir de les mostres d’ET, dels “xenografts” de tumors
pancreatics i de les metastasis, aixi com de la sang periférica d’individus normals i de cinc dels
malalts amb cancer de pancreas. Sempre es seleccionava la part del tumor on la proporcié de cél-lules
malignes fos majoritaria (Kallioniemi i col., 1994) mitjancant talls histologics o bé de visu.
L’extraccid de DNA es va realitzar mitjancant métodes estandard, basats en la digestié amb
proteinasa K i 1"extraccié amb fenol i cloroform. Algunes mostres provenien de teixits fixats en
parafina en les quals es feia un procés previ de deparafinitzacié i, posteriorment, digesti6 amb

proteinasa K, i RNasa.
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3.3. HIBRIDACIO GENOMICA COMPARADA

Es va aplicar la CGH en les 37 mostres d’ET, en vuit “xenografts” de tumors pancreatics i en set
metastasis pancreatiques. A més, es va fer un estudi mesclant els DNAs de 17 mostres d’ET (tots
amb les mateixes caracteristiques clinico-patologiques) per fer-ho servir com a DNA tumoral en un
experiment de CGH (article III).

3.3.1. Marcatge de la sonda

El DNA tumoral es va marcar amb Fluoresceina i el DNA normal amb Texas Red mitjancant
reaccions de “nick-translation”. En un bany a 15°C es posava a incubar durant 45-60 min una mescla
que contenia 1 ug de DNA, dCTP 200 uM, dGTP 200 uM, dATP 200 uM, Tris 500 mM (pH 7.8),

MgCl, 50 mM (el magnesi és un cofactor necessari per I’enzim DNA polimerasa), mercaptoetanol

100 mM, 100 p.gml'1 de BSA (albimina sérica bovina) lliure de nucleases, 1 nmol de Fluorescein-12-
dUTP o Texas Red-5-dUTP (DuPont), 8 U de DNA polimerasa I (Promega), 0.2 ng de DNasa / 2 U
de DNA polimerasa (Life Technologies), i aigua tridestil-lada estéril fins arribar als 50 pl. La reaccié
s’aturava amb una incubacié a 75°C durant 10 min per desnaturalitzar els enzims. Després de la
reaccié es comprovava la grandaria dels fragments amb un gel d’agarosa a 1’1.4%. La grandaria
optima era de 500 pb a 2000 pb. Si els fragments de la sonda eren massa curts es disminuia la
quantitat de DNasa i/o el temps d’incubaci6. Si els fragments eren massa grans s’augmentava la
quantitat d’enzim i/o el temps d’incubacié. El fet d’aturar la reaccié desnaturalitzant els enzims
permetia continuar la reaccid si els fragments eren massa grans. Els DNAs marcats poden ser
guardats a -20°C.

3.3.2. Hibridacié

Les mateixes quantitats de DNA tumoral i DNA normal (800ng) i 10-20 pg de DNA Cot-1 (Life
Technologies) eren precipitats junt amb 2 volums d’etanol pur fred i 0.1 volums d’acetat de sodi 3 M,
mitjangant una centrifugacié a 13.000 rpm durant 30 min a 4°C. El DNA Cot-1 és un DNA ric en
seqiiencies repetitives, la funci6 del qual és bloquejar aquestes seqiiéncies del DNA a hibridar. Si no

s’afegis Cot-1, les seqiiencies de DNA que s6n comuns a tots els cromosomes podrien hibridar en
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qualsevol d’ells i ens emmascararien els resultats. El boté es dissolia en 10 pl de 50% de formamida
desionitzada / 10% de dextra sulfat / 2xSSC (20xSSC = NaCl 3 M / Nascitrat-2H,0 0.3 M, pH 6.5) i
es deixava a 37°C durant un minim de dues hores per permetre la total dissolucié.

Les preparacions amb metafases de limfocits s’obtenien a partir de cultius de sang periférica d’un
individu normal. Les preparacions eren seleccionades en un microscopi de contrast de fases: els
cromosomes havien d’apar¢ixer relativament foscos (ni de color gris clar ni birefringents), ben
extesos, relativament llargs, i sense citoplasma ni restes cellulars. Es deixaven envellir entre 2
setmanes i 2 mesos a temperatura ambient en un ambient sec. El dia abans de fer la hibridacié el
material dels portaobjectes es post-fixava mitjangant una incubacié amb Carnoy (3 metanol:1 acid
acetic) a 4°C durant tota la nit. El dia de la hibridacio les extensions eren deshidratades en una série
d’etanols al 70%, al 85% i al 100% 5 min a cada un. Després es desnaturalitzaven a 68-69°C durant 2

min en una solucié de formamida (70% de formamida / 2xSSC, pH 7), es deshidrataven en una série

d’etanols freds durant 2 min i es tractaven amb proteinasa K (0.1 pgml™ en Tris-HC1 20 mM / CaCl,
2 mM, pH 7) a 37°C durant 7.5 min, per tal d’eliminar les restes de membranes i citoplasma cel-lulars
1 aixi facilitar I’accés de la sonda. Les condicions de desnaturalitzaci6 i tractament amb proteinasa K
variaven lleugerament depenent de la qualitat de les preparacions i de la seva edat, de manera que
s’ajustaven per cada grup de portaobjectes. Després, les extensions eren deshidratades altra vegada.
La sonda es desnaturalitzava a 75°C durant 5 min, s’aplicava als portaobjectes i es deixava hibridant
durant 2-3 dies a 37°C en una cambra humida. Tant a la desnaturalitzaci6 de la sonda com a la dels
portaobjectes hi havia la preséncia de formamida, que permet desnaturalitzar el DNA a temperatures
més baixes per tal de que els cromosomes no perdin la seva morfologia i el DNA no s’alteri en excés.
3.3.3. Rentats post-hibridacié

Després de la hibridaciod, es realitzaven una série de rentats per tal d’eliminar l’ekcés'de sonda que no
havia hibridat, aixi com la sonda que havia hibridat de forma inespecifica. L’eficacia dels rentats es
pot controlar variant la concentracié de formamida, la concentraci6 de sals i la temperatura. A major

concentracié de formamida, menor concentracié de sals o major temperatura, hi ha un nombre més
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gran de fragments hibrids no perfectes que es dissocien. Cal anar amb compte, perd, de no dissociar
els hibrids perfectes. Els portaobjectes es rentaven 3x10 min en 50% de formamida / 2xSSC (pH 7),
2x10 min en 2xSSC i 10 min en 0.1xSSC, tot a 45°C. Després d’aix0, es rentaven 10 min en 2xSSC,
10 min en un tamp6 PN (Na,HPO,4 0.1 M / 0.1% de Nonidet P-40, pH 8 tamponat amb NaH,PO, 0.1

M) i 10 min en aigua destil-lada, tot a temperatura ambient. Els cromosomes eren contratenyits amb

5 ptgml'1 de 4’, 6-diamidin-2-fenilindol (DAPI) i muntats en 7 pl d’una solucié “antifade”
Vectashield (Vector Laboratories), per tal d’evitar la pérdua progressiva de color. Les preparacions es
guardaven en una capsa on no entrés la llum perqué no es perdés la fluorescencia.

3.3.4. Analisi dfimatges i interpretacié dels resultats

Les hibridacions es van analitzar en un microscopi d’epifluoresceéncia d’alta qualitat amb una camera
CCD monocroma integradora d’alta sensibilitat acoblada a un sistema d’analisi d’imatges digitals. Es
van utilitzar dos sistemes d’analisi: Metasystems (MetaSystems) i Cytovision (Applied Imaging) que
tenen uns paquets de software automatitzats per analitzar la CGH. A la Figura 4 es pot observar una
metafase hibridada amb DNA tumoral (verd) i DNA normal (vermell).

Per cada metafase es capturaven imatges en blanc i negre dels tres fluorocroms (DAPI, Fluoresceina i
Texas Red) de forma seqiiencial. La inclusié del DNA genomic normal, detectat amb un color
diferent que el DNA tumoral, proporciona: un control intern d’intensitat de la hibridaci6 a cada punt
del genoma. Les imatges optimes han de presentar una hibridacié homoggnia i uniforme amb senyals
d’hibridaci6 intensos. El sistema d’analisi redueix al maxim el soroll de fons i integra les intensitats
de fluorescéncia pel verd i pel vermell per tot el cromosoma. Les raons de fluorescéncia verd
respecte vermell eren calculades per cada cromosoma des del telomer del brag curt (p) fins al telomer
del brag llarg (q). Donat que la intensitat de fluorescéncia absoluta depén de multiples factors, és
necessari realitzar una mena de normalitzacié o estandaritzacid. Es tracta d’igualar aproximativament
les intensitats mitjanes de les imatges de Fluoresceina i Texas Red per totes les metafases, de manera
que la proporci6 corregida verd:vermell s’iguala aproximadament a 1.0. En el nostre cas es va fer la

mitjana a partir de les dades de cinc a deu metafases per mostra, per tal de millorar la relacié del



senyal respecte el soroll de fons. A la pantalla de I’ordinador es mostraven els perfils de la mitjana de
les raons de fluorescéncia per tots els cromosomes. Les regions cromosdmiques amb una proporciod
de fluorescencia verd (tumor):vermell (normal) superior a 1.25 van ser considerades com a guanys de
seqiiencies del DNA tumoral i les regions amb una relacié per sota de 0.75, com a pérdues (du
Manoir i col., 1995). Es van prendre aquests limits considerant una trisomia (proporcié 1.5) o una
monosomia (0.5) d’un genoma diploid en un 50% de les cél-lules. Aixi doncs, segons els limits dels
perfils de les intensitats de fluorescéncia que s’estableixin, el percentatge minim de cel-lules que cal
que tinguin I’anomalia per ser detectades per CGH varia. En el cas de limits 1.25 pels guanys i 0.75
per les perdues, es detecten aquelles anomalies presents almenys en un 50% de les cel-lules. Aquest
percentatge varia, per0, depenent de la ploidia del tumor, el nombre de copies perdudes o guanyades,
la grandaria de la regié afectada i la possible compensacié d’un guany amb una pérdua presents en la
mateixa regi6. En el cas de que s’estableixin els limits a 1.17 i 0.85, es detecten les anomalies
presents almenys en un 30% de les cél-lules tumorals, amb les mateixes consideracions. La seleccié
d’uns o altres limits s’ha de fer en funci6 de la ploidia del tumor i de la qualitat de les hibridacions, ja
que s’ha de tenir en compte que els controls negatius no poden passar mai d’aquests limits (du
Manoir i col., 1995). Aquests valors de tall, doncs, es comprovaven en experiments de controls
negatius amb DNA normal. Es va incloure un control negatiu en cada experiment de CGH com a
control de qualitat.

A més, una proporci6 de fluorescéncia per sobre de 1.5 s va definir com a amplificaci6 d’alt nivell, i
una proporcié per sota de 0.5 va ser considerada com a pérdua en homozigosi o una-pérdua en quasi
tota la poblaci6 cel-lular. Les regions d’heterocromatina (1q12, 9q12, 16q11, 13p, 14p, 15p, 21p, 22p
i Yq12) es van excloure de I’analisi per estar bloquejades pel DNA Cot-1. Els perfils de 1p32-pter,
16p, 17p i els cromosomes 19 i 22 s’han interpretat amb compte, perqué sén consideradesarees
problematiques (Kallioniemi i col., 1994)..Es creu que aixd és degut a la seva composicié de bases, ja

que son regions molt riques en GC.
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Figura 4. Hibridacio genomica
comparada corresponent a una
metastasi hepatica de
l’adenocarcinoma de pancreas
NPI8. Es pot observar guany de
material genétic a 22 q i pérdues
adp, 5q, 9p, 12q, 15q i 17p. A,
Metafase; B, Cariotip; C,
Idiograma.
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3.4. ANALISI ESTADISTICA

Es va avaluar estadisticament com les anomalies detectades per CGH en els ET afectaven 1’evolucié
dels pacients (supervivencia global, supervivéncia lliure de metastasis i recaigudes locals). Les
variables estudiades van ser: anomalies més freqiients detectades per CGH (cromosomes 1, 6, 8 i 12),
i algunes dades cliniques, com la mida del tumor i la seva localitzacié (extremitats vs. no
extremitats). Es va construir una taula de supervivéncia per tenir una indicacié de la distribucié dels
individus que no havien sobreviscut al llarg del temps. La distribuci6 dels temps de supervivéncia
estava dividida en un nombre especific d’intervals. La taula permetia calcular la funcié de
supervivéncia, com a proporcié acumulada de casos que han sobreviscut fins a un interval de temps
determinat. Per estimar la funci6 de supervivéncia directament a partir dels temps de supervivéncia
es va utilitzar la funcié de Kaplan-Meier, que no depén de 1"agrupament de les dades. Es va comparar
la supervivéncia dels individus amb i sense 1“alteracié en qiiestié mitjancant el test no parametric de
log-rank, ja que els temps de supervivéncia no estan distribuits normalment. Amb el valor que
s“obtnia es va avaluar la significacié estadistica de les diferéncies entre els grups de dades (p<0.05).
Es va procedir igual amb les altres variables.

Per altra banda, també es va avaluar el nombre total d“aberracions per tumor. En aquest cas, i donat
que s’assumeix proporcionalitat entre la variable i el temps de supervivéncia, es va realitzar una
analisi de regressi6é de Cox. Aquest model assumeix que el temps de supervivencia €s una funcié de

la variable estudiada. La significaci6 estadistica es va obtenir gracies al test de Wald.
3.5. CULTIUS CEL-LULARS I ANALISI CITOGENETICA

Els métodes utilitzats per 1’analisi citogenética convencional de 16 mostres d’ET estan descrits per

Tarkkanen i col. (1993).
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3.6. SOUTHERN BLOT

Es va realitzar ’analisi mitjancant Southern blot d’un ET que havia mostrat un alt nivell
d’amplificacié a 1q21-q22 per CGH. Es volia avalﬁar I’amplificacié de dos gens localitzats a 1g21-
q22, el SPRR3 i el FLG, que préviament s’havien trobat amplificats en algunes mostres de sarcoma.
La metodologia emprada va ser la descrita per Forus i col. (1993). La intensitat del senyal de cada
banda es va quantificar amb un densitdmetre de laser Molecular Dynamics. Per corregir una possible
carrega desigual de les mostres es van rehibridar els filtres amb una sonda control corresponent al
gen APOB.

També es van analitzar vuit tumors de pancreas mitjancant Southern blot per estudiar 1’amplificacié
del gen IGFIR (15q25-qter). La metodologia es descriu a continuaci6.

3.6.1. Obtenci6 i marcatge de la sonda

El c-DNA del gen IGFIR (American Type Culture Collection, ATCC) venia incorporat en un
plasmidi d’Escherichia coli. Es va procedir a 1’aillament del DNA mitjancant una extraccié estandard
de DNA plasmidic a gran escala. Després es va tallar el fragment corresponent.al gen i es va
recuperar en un gel d’agarosa. Es va purificar el DNA amb el GENECLEAN II kit (Bio 101 Inc.). Tot
seguit es va marcar amb digoxigenina. mitjancant “random primed” (Dig DNA labeling Kkit,
Boehringer Mannheim). La sonda marcada es va quantificar amb un kit de deteccié no radioactiu
(Boehringer Mannheim). Es feia un banc de dilucions d’un DNA control marcat i de la sonda
suposadament marcada considerant que, com a minim, s’havia duplicat la quantitat d¢ DNA de la
qual partiem. Es col-locava una gota (2ul) de cada dilucié sobre una membrana de nilé (“dot spot”) i
es procedia a la deteccié immunologica colorimétrica. La quantitat de sonda marcada es determinava
buscant de visu les intensitats de color de cada dilucié que es corresponien amb les del control i
multiplicant el valor de la diluci6 pel valor de la concentracié del DNA control.

3.6.2. Transferéncia, hibridacié i deteccio A !

El DNA genomic aillat dels vuit tumors de pancreas es va digerir amb Pst i Hind III separadament, es

van correr en un gel d’agarosa al 0.8% i es van transferir a un filtre de nilé carregat positivament
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segons la técnica convencional de Southern blot. La membrana es va hibridar amb la sonda de c-
DNA per IGFIR marcada amb digoxigenina i amb pEFD145 (3p21, ATCC), també marcada amb
digoxigenina, com a sonda control per calibrar per una carrega de mostres desigual. El DNA era fixat
al filtre amb radiaci6 UV durant tres minuts per cada cara. La deteccié es va dur a terme segons
Engler-Blum i col. (1993) i el filtre es va exposar a un hiperfilm ECL (Amersham) durant 5-10 min
(Figura 5). Els senyals d’hibridacié es van quantificar amb un densitometre (programa Intelligent
Quantifier Biolmage, densitdometre SkanJet 4C/T de Hewlet Packard). El nivell d’amplificacié es va
calcular a partir de la segiient formula:

1 JIGFIR en el tumor / L IGFIR en el teixit normal

I pEFD145 en el tumor / I pEFD145 en el teixit normal

on I és la intensitat del senyal.

Figura 5. Hibridacié de Southern de DNA de mostres de teixit tumoral pancreatic. El DNA total es

va digerir amb els enzims Pst (esquerra) i Hind 11I (dreta). A. Hibridacié amb la sonda IGFIR. B.

Hibridacié amb pEFDI145 com a sonda control. N, teixit normal.
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3.7. PERDUES D’HETEROZIGOSITAT

Es van analitzar les pérdues d’heterozigositat a la regié 10pl4-pter en tres tumors de cancer de
pancreas que havien presentat per CGH una pérdua d’aquesta regié. També es van estudiar dos
" tumors que no presentaven aquesta pérdua. Es van analitzar sis marcadors de microsatellits CA
amplificats per PCR. Tots els marcadors estaven localitzats a 10p14-pter segons la base de dades
Entrez (NCBI, NLM, NIH) ocupant una regi6é de 24.3 cM (Dib i col., 1996).

Es van utilitzar les segiients condicions de PCR: 1xtamp6 de PCR, MgCl, 1.5 mM, dATP 200 pM,

dTTP 200 uM, dGTP 200 uM, dCTP 2.5 uM, 0.7 pCi de a->?P-dCTP (3000 Ci/mmol), 0.5 uM de
cada encebador, 55 ng de DNA, 0.0125 U de la polimerasa AmpliTaq Gold (Perkin Elmer) i aigua
tridestil-lada estéril fins a un volum total de 10 ul. Primer es realitzava un pas de pre-PCR a 94°C
durant 10 min per tal d’activar I’enzim. L!a polimerasa AmpliTaq Gold només és activa a 94°C, de
manera que no comenga la reacci6 de polimeritzaci6 fins que tot el DNA esta desnaturalitzat. Aixo
evita que hi hagi hibridacions inespecifiques. Llavors el DNA era amplificat durant 27 cicles: 30 s a
949C, 75 s a 55°C i 15 s a 72°C per cada cicle, i després de 1’dltim cicle, 10 min a 72°C, per acabar de
polimeritzar les cadenes que podien haver quedat incompletes. Després de la PCR, es feien correr 4-
5ul de cada mostra en un gel desnaturalitzant de poliacrilamida al 6%, s’assecava el gel i s’exposava
a una pel-licula Kodak XAR.

Els pacients es designaven com a no informatius quan eren homozigots pel locus en qiiestié i
informatius quan eren heterozigots. Es comparaven els patrons produits per les parelles de DNA
tumoral i normal del mateix individu. Emprant aquesta metodologia, els allels no s’observaven com
a un tnic fragment, siné que consistien en una escala de fragments, tipicament separats per intervals
de dos nucleotids (Figura 6). Aix0 s’explicaria per I’error en I’aparellament degut al lliscament de les

cadenes.
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Figura 6. Estudi de pérdues al-léliques per al marcador D10S558 en

els tumors pancreatics NP37, NP43 i NP46. En aquest cas el tumor

NP37 era_homozigot, el tumor NP43 era heterozigot perd no

mostrava pérdues al-léliques i el tumor NP46 si que mostra_pérdua

d’un al'lel.

3.8. HIBRIDACIO IN SITU FLUORESCENT

La FISH amb les sondes de seqiiéncia dnica MYC i FES es va fer servir per examinar alguns gens
candidats de les regions que s’havien trobat amplificades per CGH (8q24 i 15q25-q26,
respectivament) en set tumors d’adenocarcinoma de pancreas.

3.8.1. Obtencié de les preparacions

Les preparacions de nuclis interfasics de tumors es van obtenir a parﬁr de peces congelades de teixits
tumorals dels “xenografts”. El teixit es triturava mecanicament en 1.5 ml de RPMI i 0.5 ml de sérum
fetal, es centrifugava a 2500 rpm durant 5 min i el botd es dissolia en 1.5 ml d’unz} solucié que
contenia sacarosa 250 mM, Na3citrat 40 mM i 1/20 part de dimetil sulfoxid (DMSO), pH 7.6.
S’agitava bé i es tornava a centrifugar. El bot6 es tripsinitzava durant 10 min en 1.8 ml d’una solucié
A (2 U de tripsina en un tampé amb acid citric 3.4 mM, tetrahidroclorid d’espermina 1.5 mM, Tris
0.5 mM, 0.1% de Nonidet-P40, pH 7.6). Aquesta solucié es conserva a -80°C. Després s’incubava 10
min en 1.5 ml d’una solucié B (1/5 part de sérum per inhibir la tripsina i RNasa A 7.2 uM en el
mateix tampoé que la soluci6 A, pH 7.6). Aquesta soluci6 també es conserva a -80°C. La suspensi6 de
nuclis es filtrava a través d’una xarxa de nilé de 53 um. Després d’una fixacié6 amb metanol i acid
acttic (3:1), les cel-lules es dipositaven en els portaobjectes, es secaven i es fixaven altra vegada. Les
mostres eren post-fixades amb 4% de paraformaldehid / 1xsolucié PBS (NaC] 137 mM /KC1 2.7 mM

/ Na,HPO,4-7H,0 4.3 mM / KH,P0, 1.4 mM, pH 7.4) durant 5 min a 4°C, eren deshidratades en una
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série d’etanols, secades altra vegada i escalfades durant 30 min a 70°C. Aquestes extensions es
guardaven a -20°C.

3.8.2. Hibridacié dual

Es va procedir a fer una FISH de doble color amb una sonda especifica pel gen MYC (8q24) marcat
amb digoxigenina (Oncor) i una sonda centromérica del cromosoma 8 marcada amb biotina (Oncor)
com a control, per una banda; i, per altra banda, el locus FES (15q26.1) marcat amb Spectrum
Orange (Vysis) i una sonda centromérica pel cromosoma 15 marcada amb biotina (Oncor). Les
hibridacions es van dur a terme de la segiient manera. Si les extensions eren molt recents (menys de
dues setmanes), primer s’incubaven durant 1 h a 37°C en 2xSSC i després seguia €l procés
d’hibridacié6 normal. Els portaobjectes es deshidrataven en una série d’etanols durant 2 min i es

procedia a la desnaturalitzacié en 70% de formamida / 2xSSC a 70°C durant 2 min. Tot seguit es

deshidrataven, s’incubaven en una solucié amb proteinasa K 7.5 min a 37°C (1 ptgml'1 en Tris-HCl
20 mM / CaCl, 2mM, pH 7) i es deshidrataven altra vegada. La sonda centromérica s’incubava a
37°C durant S min i es mesclaven 0.3-0.7 ul de la sonda centromérica en 5 pl de la sonda de locus
especific (MYC o FES). La mescla de sonda de FES i centromérica s’havia de desnaturalitzar
(incubacié a 72°C 5 min), mentre que la sonda de MYC (de diferent proveidor) no calia
desnaturalitzar-la i solament es feia una incubaci6 a 37°C 5 min. Seguidament, s’aplicava la sonda al
portaobjectes i es deixava hibridant tota la nit.

3.8.3. Rentats post-hibridacié i deteccié del senyal

L’endema es feien els rentats: 3x5-10 min en 50% de formamida / 2xSSC, 10 min en 2xSSC, 2x5-10
min en 0.1xSSC, tdt a 45°C. Després es feia una incubacié de 5 min en 4xSSC / 0.2% de Tween 20 a
temperatura ambient. Tot seguit es procedia a la detecci6 immunoquimica. Les sondes marcades
amb biotina es detectaven amb el fluorocrom FITC i la sonda marcada amb digoxigenina amb
TRITC. La sonda que venia marcada directament amb Spectrum Orange no requeria deteccio

immunoquimica ni amplificacié del senyal. Els portaobjectes s’incubaven durant 30 min a 37°C amb
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200 wl de les solucions dels anticossos (préviament centrifugats a 13000 rpm 2 min) diluits en 1% de

BSA /4xSSC estéril. Es feien tres etapes successives:

a) Avidina-FITC (Vector Ref. A-2011) (25 ptgml'l) i anticos anti-digoxigenina de ratoli (Boehringer

Ref. 1333062) (2.7:200)

b) Anticos anti-avidina biotinilada (Vector Ref. BA-0300) (2.5 p.gml'l) i anticOs anti-ratoli-TRITC de

conill (Sigma Ref. T2402) (2:200)

¢) Avidina-FITC (25 ugml']) i anticos anti-conill-TRITC (Sigma Ref. T5268) (2:200).
Gracies a aquestes rondes el senyal era detectat (1’avidina té gran afinitat per la biotina) i amplificat.
Després de cada incubaci6 les preparacions es rentaven 3x5 min en 4xSSC / 0.2% de Tween 20 a

45°C per eliminar els anticossos sense unié especifica.Els portaobjectes es contratenyien amb 5

ugml™ de DAPI i es muntaven en una soluci6 “antifade”.

Opcionalment, quan hi havia molt soroll de fons es podia dur a terme després dels primers rentats una
incubacié en 5% de BSA / 4xSSC estéril a 37°C durant 45 min, per tal de bloquejar les proteines
inespecifiques que podrien interferir en la deteccié immunoquimica. Després d’aquesta incubaci6 es
feia un rentat amb 4xSSC / 0.2% de Tween 20 a 45°C 5 min. Llavors es continuava amb les rondes
dels anticossos.

Per cada tumor i per cada hibridacié es van contar 200 nuclis. Per cada nucli es contaven el nombre
de copies del gen (MYC o FES) i el nombre de centrdmers dels cromosomes (8 o 15, respectivament).
El nivell d’amplificacié es va expressar com el nombre de senyals del gen relatiu al nombre de
senyals centromérics. Els tumors es van classificar en aquells sense amplificacié (quan el nombre de
senyals del gen era igual al de senyals centromeériques), amb un baix nivell d’amplificacié (quan el
quocient del nombre de senyals del gen respecte als centromerics estava entfe 1.513)1iamb un alt

nivell d’amplificacié (quocient>3) seguint altres treballs publicats (Tanner i col:, 1994) (Figura 7).
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Figura 7. Hibridacié in situ fluorescent amb les sondes de locus especific (vermell) dels gens MYC

(AiB)i FES (C i D) i els centromers respectius (verd). A i B, amplificacio de MYC a
Dadenocarcinoma de pancreas NP29; C, el nucli de I’esquerra presenta baix nivell d’amplificacio
de FES i el nucli de la dreta no presenta amplificacié al cas NP9; D, baix nivell d’amplificacio al

cas NP9,
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Recurrent gains of 1q, 8 and 12 in the Ewing family of
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Summary Comparative genomic hybridization (CGH) was used to detect copy number changes of DNA sequences in the Ewing family of
tumours (ET). We analysed 20 samples from 17 patients. Fifteen tumours (75%) showed copy number changes. Gains of DNA sequences
were much more frequent than losses, the majority of the gains affecting whole chromosomes or whole chromosome arms. Recurrent findings
included copy number increases for chromosomes 8 (seven out of 20 samples; 35%), 1q (five samples; 25%) and 12 (five samples; 25%).
The minimal common regions of these gains were the whole chromosomes 8 and 12, and 1g21-22. High-level amplifications affected
8q13-24, 1q and 1921-22, each once. Southern blot analysis of the specimen with high-level amplification at 1g21-22 showed an
amplification of FLG and SPRR3, both mapped to this region. All cases with a gain of chromosome 12 simultaneously showed a gain of
chromosome 8. Comparison of CGH findings with cytogenetic analysis of the same tumours and previous cytogenetic reports of ET showed,
in general, concordant results. In conclusion, our findings confirm that secondary changes, which may have prognostic significance in ET, are

trisomy 8, trisomy 12 and a gain of DNA sequences in 1q.

Keywords: Ewing family of tumours; comparative genomic hybridization; 1q; chromosome 8; chromosome 12

Ewing’s sarcoma is the most frequent bone tumour in children
under 10 years of age and the third most common primary malig-
nant bone tumour in adults. It is most commonly located in the
bone, but it can also arise -in soft tissues. Ewing’s sarcoma is
closely related to peripheral neuroepithelioma, Askin’s tumour
and aesthesioneuroblastoma. These tumours are referred to as the
Ewing family of tumours (ET), which characteristically show a
high expression of the MIC2 antigen (Ambros et al, 1991).

A specific chromosomal abnormality, t(11:22)(q24:q!2), is
consistently found in ET (Turc-Carel et al, 1988). It fuses EWS, a
previously uncharacterized gene in 22q12, with FL/] in 11924 and
generates a hybrid transcript (Delattre et al, 1992). In few cases,
the £WS gene may be fused with other genes, e.g. £ERG on chro-
mosome 21 or ETVI on chromosome 7 (Zucman et al, 1993, Ieon
et al, 1995), both members of the ETS family of transcription
factors, like FLI/. The t(11:22) or a variant translocation affecting
either 11924 or 22ql2 has been described in 90% of the cases
(Mitelman, 1994).

Other chromosomal abnormalities, without the specificity of the
primary change, have been detected repeatedly in ET. These
secondary changes contribute to tumour progression and may
serve as criteria for the aggressiveness of the disease (Mugneret
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et al, 1988). The most common additional changes are trisomies
8 and 12, and der(1;16). This derivative chromosome often leads
to trisomy for 1q. Trisomy 8 has been observed in 44% of the cases
(Mugneret et al, 1988). trisomy 12 in- 29% (Hattinger-et-al. 1996)
and der(1;16) in 18% (Douglass et ai, 1990).

Conventional cytogenetic analysis is often difficult in ET owing
to the low number of mitotic cells, poor chromosome morphology
and banding, and the complex nature of chromosomal changes.
Our aim was to evaluate the incidence of the above-mentioned
and other non-random additional changes in ET by comparative
genomic hybridization (CGH). CGH makes it possible to identify
genomic imbalances with tumour DNA as the only requirement.
This method is based on the hybridization of differentially labelled
tumour DNA and normal DNA to normal metaphase spreads
(Kallioniemi et al. 1992). In the present study, we applied CGH to
a series of ETs.

MATERIALS AND METHODS
Tumour specimens

The study was carried out on 20 samples from 17 patients (two
specimens from the same patient in three cases). The tumour
samples and the respective clinical data are listed in Table 1. Some
samples were from frozen tissues and some from paraffin sections
(cases 15, 16 and 17). The DNAs from the paraffin-embedded
samples were extracted according to the protocol published by
Miller et al (1988) with slight modifications. The proportion of -
tumour cells in the paraffin sections ranged from 70% to 95%. For
the fresh samples, it was not possible to obtain the corresponding
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Table 1 Clinical charactensncs ot 20 specimens of the Ewmg family of tumours

Case Age/ | Primary Samples Metastases Treatmentd Survival®
no. sex tumour® at diagnosis

P/R/Me Location
1a 24/F f Soft tissue P Knee region - - 46—
ib 24/F Soft tissue p Knee region - +(C) 46—
2a 33/M Soft tissue P Calf +(Lung) - 55—
2b  33M l' Soft tissue P Calf (Lung) +C) 55-.
3 18/F Soft tissue P Shoulder biade region - - 63—
4 27/F l Bone P Femur - - 58~
5 18/M Bone M Humerus - +(C) 71t
6a 36/F l Soft tissue P Ankle - - 67—~
6b 36/F { Soft tissue P Ankle - +(C) 67~
7 18/F N Soft tissue M Spine - +(C, R) 58t
8 19/F | Bone P Pelvis - - 311
9 49/F ! Bone M Abdominal subcutis +(*) - 11t
10 33/F | Soft tissue P Subcutis, thigh - - 86—
11 36/F ] Soft tissue P Buttock - - 30t
12 12/F Bone P Rib - - 52—
13 3IM ) Bone P Ulna - - 38-
14 16/M { Bone R Pelvis +{Gastrointestinal) - 331
15 34/M | Bone R Humerus - +(C, R} 70t
16 18/M ( Bone R Femur - +(C, R) . 32t
17 26/F Bone P Rib**

1
1

- - 261

aAge at diagnosis i m,years F, female; M, male. ®Case 6, atypical Ewing's sarcoma; case 9, peripheral primitive neuroectodermal tumour; all the other tumours
were typical Ewmgssarcomas <P, primary tumour; R, recurrent tumour; M, metastasis. ¢Treatment before the operation. C, chemotherapy; R, radiation.
«Months from diagriosis. —, no evidence of disease; t, dead of disease. *Mediastinum, abdominal cavity, caput of pancreas, abdominal subcutis, Sl-joint region

with destruction of‘thé pelvic bone. **With pleural and soft-tissue infiltration.
!

histology. but t‘hese samples were always taken with great care
from representative areas of the tumours. All cases were re-evalu-
ated by two patpoloc!is‘ts (MV and TB) and classified as belonging
to the Ewing tamlly of tumours based on histology, staining for the
MIC2 gene ploguct (Dako. Glostrup. Denmark) and/or diagnostic
findings in the chromosome analysis. Ca@e 6 represents an atypical
Ewing's sarcoma case 9 a peripheral pnmmve neuroectodermat
tumour and the 'rest typical Ewing’s sarcoma (Navarro et al. 1994).

i
Labelling pro'cedures for CGH experiments

The DNA samples were labelled by direct and indirect methods.
Indirect labelling was used for frozen tumour samples and direct
for paraffin-en{bedded tumour samples. In the indirect method,
reference DNA!'from healthy blood donors and tumour DNA were
labelled with | digoxigenin-11-dUTP (Boehringer Mannheim.
Germany) and biotin-14-dATP (Gibco BRL. Gaithersburg, MD,
USA) respecnvcly For the direct method. the normal DNA was
labelled with Tcxas red-5-dUTP (DuPont. Boston, MA, USA) and
the tumour DNA with fluorescein-12-dUTP (DuPont). Standard
nick translation procedures were used in both.

C‘omparativeigenomic hybridization

The hybridizations were performed as described by Kallioniemi et al
(1994) with some modifications. Briefly, equal amounts of the two
DNAs (500 ng) and 10 ug of human Cot-1 DNA (Gibco BRL) were
ethanol precxpltaled and redissolved in 10 pl of 50% formamide/10%
dextran sulphate/2 x saline sodium citrate (SSC). Normal lympho-
cyte metaph"me preparations were denatured at 68-69°C for 2 min in
a formamide solution (70% formamide/2 x SSC, pH 7), dehydrated
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and treated with proteinase K (0.1 pg m!*' in 20 mm Tris-HCl/2 mm
calcium chloride, pH 7) at 37°C for 7.5 min and dehydrated again.
The probe mixture was denatured at 75°C for 5 min, applied to the
slides and hybridized for 2-3 days at 37°C.

After the hybridization the slides were washed. In indirect
labelling, tumour DNA was detected with tetraethylrhodamine
isothiocyanate (TRITC) conjugated to avidin. and normal DNA
with  fluorescein isothiocyanate. .. (FITC) anti-digoxigenin.
Chromosomes were counterstained with 10 ug ml-! 4',6-diamidino-
2-phenylindole (DAPT) and mounted in an anti-fade solution. ‘

Digital image analysis

The hybridizations were analysed using an Olympus fluorescence
microscope and the isis digital image analysis system
(MetaSystems, Altlussheim, Germany) based on a high-sensitivity
integrating monochrome CCD camera and an automated CGH
analysis software package. . ‘

Interpretation of CGH results and quality control

Ratio profiles were averaged from between five and ten metaphases
per sample (up to 20 chromosome homologues). Gains of DNA
sequences were defined as chromosomal regions with a fluores-
cence ratio above 1.17, and losses as regions with a ratio below
(0.85. These cut-off values were based on negative control experi-
ments with normal DNAs using both indirect and direct labelling.
In these hybridizations. the fluorescence ratios stayed between 0.85
and 1.17. Alternative statistical thresholds based on the r-distribu-
tion of the ratio value of balanced chromosomes were also applied.
Chromosomal imbalances were confirmed by a 99% confidence

© Cancer Research Campaign.1997
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interval. A positive control with known aberrations and a negative
control were included in each CGH experiment as quality controls.
A ratio over 1.5 was considered to represent A~high-ievél DNA
amplification. Heterochromatic regions (112, 9q12, 16ql1, 13p.
14p, 15p, 21p, 22p and Y chromosome) were excluded from the
analysis. The profiles of 1p32—-pter, 16p, 17p and chromosomes 19
and 22 were interpreted with caution, because they have been
known to give false-positive results (Kallioniemi et al, 1994).

Conventional cytogenetic analysis and interphase
in situ hybridization

The methods used for conventjonal and interphase cytogenetics
have been described previously (Tarkkanen et al, 1993).

Southern blot analysis

Preparation of filter blots and hybridization were performed as
described previously (Forus et al, 1993). Quantitation of signal
intensity was done by two-dimensional densitometry on a
Molecular Dynamics laser densitometer. The net signals from
specific bands were corrected for unequal sample loading by cali-
bration relative to the signal obtained with an APOB control probe
and compared with signals from control samples with a normal
copy number of the gene (leucocytes). The probes used from
1q21-22 were a cDNA from the SPRR3 gene (Gibbs et al, 1993;
Hohl et al, 1995), kindly provided by Dr Backendorf, and pHCS
FLG (Presland et al, 1992), containing a part of the coding region
from the 3" end of the human filaggrin gene, kindly provided by
Drs Fleckman and Presland. A cDNA probe for the APOB gene on
human chromosome 2, kindly provided by Dr Breslow (Huang et
al, 1985), was used to calibrate for unequal sample loading.

Gains of 1q, 8 and 12 in the Ewing family of tumours 1405

Statistical analyses

» They5-year,survival in patients with and without copy number
increases in 1q21-22 and in chromosomes 8 and 12 in primary
tumours was estimated with the Kaplan—Meier method and the
statistical significance tested by the log-rank method. The correla-
tion between overall survival and total number of aberrations in
CGH was estimated by the Cox proportional hazards model and
the statistical significance with the Wald test.

RESULTS
Comparative genomic hybridization

All DNA sequence copy number changes detected by CGH and
chromosome banding data have been listed in Table 2. Fifteen out
of the 20 samples (75%) presented DNA sequence copy number
changes. Thirteen tumours (65%) showed gains of DNA
sequences and five (25%) showed losses. These changes were
present at one or more chromosomal sites. On average, there were
2.3 aberrations per sample (range 0-9): 1.9 gains (range 0-9) and
0.4 losses (range 0-2). The mean number of aberrations was’ 1.5
per sample in primary tumours and in the group of tumour recur-
rences and metastases 4.4. Gains and losses of whole chromo-
somes or whole chromosome arms were common (71% of all
changes). Three tumours showed high-level amplifications
(ratio > 1.5). Figure 1 presents the summary of all chromosomai
regions with an increased or decreased DNA sequence copy
number. The most frequent changes were gains of chromosomes
8 and 12, and gains in the long arm of chromosome 1. Examples of
the fluorescence ratio profiles of these chromosomes are illustrated
in Figure 2. i

Table 2 CGH2 and cytogenetic results in 20 samples of the Ewing family of tumours

Case no.b Cytogenetic data CGH datac
1a 50, XX, +8, t{10:7)(q?;q?), 1(11;22)(q24;q12), +12, +14, +21 [21] +1021-22, +8, +12, +14q, +21q
1b 45-50, XX, +8, ?t(11;22)(q24;q12), inc [5]/46, XX nca‘[3] Normal
2a 46,.XY, t(11;22)(q24;q12) [1]/46, idem, +der(1;16)(q10;p10).-16 [7] Normal
2b Not available Normal
3 46, XX, del(1){(p?33p?35), add(11)(q12), add(22)(q12) [10] Normal
4 46-47, XX,—1,—2,-5, add(11)(p?15), 2t(11:22)(q24;q12), +?21, +3mar, inc [cp 12] +4q27-33, +7q, —11921-25, ~16
5 46, XY [3] +14g22-32
6a 46, XX [10] -3q
6b 46, XX [1] -3q13.3-29
7 49-52, XX, del(2)(p?21), +add(5)(q?23), del{6)(q?12q716), +1q, +5, +8/8q13-24, +12, +20q11.2-13.1
-9, 1(11;22)(g24;q12), der(13;13){q10;q10), add(14)(q?32),
~17, ?add(19)(q13), add(20)(q13), +21, +4-5mar [cp8])/44—46, XX,
del(1)(p?32p?36), add(4)(p?12), del(9)(q22), ~14, add(19)(q13), +1-2mar [cp2]
8 4648, XX, +3—4mar, inc [14] : -1p13-36, +1921-31, -9p
9 47, XX, —4,—10,-15, del(22)(g?12),. +3-4mar, inc [4] +19/1921-22, -6q14-25, +7p22—q11.2, +9q
10 42-46, XX, =16, +mar1, +mar2 [cp5}/46, XX [5] +16q
11 47, XX, +mar, inc [cp6)/46, XX {2) +6, +8
12 46, XX, -1,-11,-22, +mar1, +mar2, +mar3 [cp19] Normal
13 51-54, +B, +C, +D, +mar, inc [11)/46, XY [11] +8
14 47, XY, +i(1)(q10), 1(11;22)(q24;q12) [10] +1q
15 Not available +2p21-q37, +4, +5p12-15.1, +6, +7, +8, +12,
+13q14-34, +18q
16 Not available +8, +12, +21q21-22
17 Not available +4, +8, +12, +14q13-32

2CGH, comparative genomic hybridization. ®Cases 1-14 from frozen tumour tissue samples and cases 15—17 from paraffin sections. cHigh-level amplifications

are shown in bold. “nca, non-clonal aberrations.
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Figure 1 Summary of gains (right) and losses (left) of DNA sequences detected by CGH in 20 samples belonging to the Ewing family of tumours. Two
specimens (a and b) are from patient 6. High-level amplifications are represented by thick bars

Chromosome 8 was involved in copy number increases in seven
tumours (35%) These gains always affected the entire chromo-
some. One of the tumours with a gain of the whole chromosome 8
had a high-levjel amplification in 8q13-24. Five tumours (25%)
showed a gain;in some region of 1q. Three of these were guins of
the whole g- arm (two with a high-level amplification), and the
other two showcd gains at smaller sites. The minimal common
region was 1q21-22, highly amplified in two cases. DNA
sequences in the long arm of chromosome 1 and the whole chro-
mosome 8 were simultaneously gained in two samples (cases la

and 7). Five tumours (25%) presented a gain of chromosome 12,
always affectmg the entire chromosome. The gain of chromosome
12 was accompanied in all cases by a gain of chromosome 8. Copy
number increases were also detected in other chromosomal sites,
but at a lower, frequency. Regions on 4q and 14q showed gains
of DNA sequences in three samples each, whereas othier chromo-
somal reglons showed copy number increases only in one or
two cases.

British Journal of Cancer (1997) 75(10), 1403—-1409

Regional copy number losses were detected in six different
chromosomes. but only in one case each. i

Conventional cytogenetic analysis and interphase
in situ hybridization

Cytogenetic analysis was performed in 16 samples (Table 2). Three
tumours (2a, 3 and 4) have been reported previously (Tarkkanen et
al. 1993). Clonal aberrations were detected in 13 cases, of which
six had the typical t(11;22)(q24;q12). In three tumours, the aberra-
tions involved chromosome 11 and/or 22, indicating most probably
the involvement of 1124 and/or 22q12. In four cases, the exact
characterization of the clonal aberrations was not possible owing to
poor chromosome morphology and banding and the scarcity of
mitotic cells. The der(1;16)(q10;p10) in case 2a was confirmed by
interphase in situ hybridization with a centromere-specific probe
for chromosome 1 as reported previously (Tarkkanen et al, 1993).
Three signals were observed in 30% of the cells.

© Cancer Research Campaign 1997
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Figure 2 Ratio profiles obtained from the CGH analysis of the Ewing family
of tumours. Pictured profiles are those of the chromosomes with the most
frequent changes. The line in the middle of the profile indicates the base line
ratio (1.0}, the lines on the left and right indicate ratio values of 0.85 and
1.17. The aberrations shown are high-level ampilification of 1q (case 14), gain
of chromosome 8 {case 13) and gain of chromosome 12 (case 17)

Southern blot analysis

Case 9 with a high-level amplification at 1g21-22 was analysed
for amplification of two genes in 1q21-22, SPRR3 and FLG.
which have previously been found to be amplified in some
sarcoma samples (Forus et al. 1996). As shown in Figure 3. both
genes were amplified: the signal from FLG was 2.7-fold increased
compared with the normal sample and the signal from SPRR3 was
2.1-fold increased (i.e. at least five and four copies respectively).

Statistical analyses

The estimated 5-year survival rate was 78% and 50% in cases
without and with a copy number increase at 1q21-22 (P = 0.57).
84% and 50% in cases without and with a copy number increase of
chromosome 8 (P =0.16). and 78% and 50% in cases without and
with a gain of chromosome 12 (P = 0.3). There was no statistically
significant (P = 0.24) correlation between overall survival and the
number of aberrations detected by CGH.

DISCUSSION

This study represents the first genome-wide screening of losses
and gains of DNA sequences in the Ewing family of tumours (ET).
Copy number changes were detected in 15 out of 20 tumours
(75%). The most frequent changes include gains of the long arm of
chromosome | and the whole chromosomes 8 and 12. The low
mean number of aberrations. 2.3 per sample. is probably due to the
importance of the translocation t(11:22). not detectable by CGH.
but may also be caused by normal cell contamination or intra-
tumoral genetic heterogeneity. Copy number changes were
detected in all paraffin-embedded tumour samples that are charac-
terized by a high proportion of tumour cells.

A gain of chromosome 8 was observed in 35% of the tumours.
This abnormality revealed by CGH confirms previous cytogenetic
findings: trisomy 8 has been reported in 44% of the ET (Mugneret
et al, 1988). Our CGH results suggest that the main region is
smaller and located at 8ql13-g24, according to the high-level
amplification that was found. This area possibly harbours putative
oncogene(s) important in the development and progression of ET.
Band 8q24 contains MYC, which is known to have an elevated

© Cancer Research Campaign 1997
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SPRR3 FLG

Figure 3 DNA (7 ug) from case 9 was digested with Hindlll and sequentially
hybridized to probes as indicated. Leucocyte DNA was included as a control
for normal copy number, and a probe for APOB was used to calibrate for
unequal sample loading. Signals from FLG and SPRR3 were found to be
2.7-fold and 2.1-fold increased, respectively, when compared with average
signals from six normal samples i

level of expression in Ewing’s sarcoma and related tumours
(McKeon et al. 1988). However. it is difficult to establish the role
of individual genes when DNA sequence copy number changes
affect large regions. because the dosage of numerous genes could
be altered simultaneously.

Recurrent gains were also observed in the long arm of chromo-
some | (25%). The gain of DNA sequences in lq is according to
conventional cytogenetic studies of ET. An unbalanced t(1:16)
resulting in a non-random derivative chromosome with an extra
copy of 1q has been present in 18% of the samples studied
(Mugneret et al. 1988: Douglass et al. 1990). By CGH. the
minimal common region is 1q21-22. Gains affecting this area
have-also been reported in different types of-soft=tissue -sarcoma-
and in osteosarcoma (Forus et al. 1995a,b: Tarkkanen et al, 1995:
Szymanska et al. 1996a). 1q21-22 harbours several genes that
may contribute to the development and/or progression of human
sarcoma. For example. several members of the S-100 family of
calcium-binding proteins are clustered on 1q21, e.g. CACY and
CAPL. the enhanced expression of which is associated with
tumour progression or metastasis (Engelkamp et al. 1993).
Recently. the amplification of FLG and SPRR3, located in 1q21.
has been reported in some human sarcoma samples (Forus et al,
1996). As shown by the Southern blot analysis, these genes are
also amplified in case 9. which by the CGH analysis had a gain in
the whole long arm of chromosome | with a high-level amplifica-
tion at 1q21-22.

The present study also revealed gains of the entire chromosome
12 (25%). A recent study reported trisomy 12, detected by conven-
tional cytogenetics and in situ hybridization studies, in 29% of ET
(Hattinger et al. 1996). Several oncogenes have been mapped to
this chromosome, including SAS. CHOP/GADDI53, GLI and
A2MR. frequently amplified in human sarcomas (Smith et al,
1992: Forus et al, 1993), and MDM2 and CDK4. known to be
amplified also in ET (Ladanyi et al, 1995). Even though all these
genes are located in a narrow area (12q13-15) (Mitchell et al,
1995). other studies in soft-tissue sarcomas have also shown other
regions of chromosome 12 involved in gains of DNA sequences,
such as 12q21-22 and 12924 (Suijkerbuijk et al, 1994; Forus et al,
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1995b). Fu1th‘e1more microsatellite repeat analysis in the
12q13-2 xeﬂlon shows the presence of separate amplicons (Wolf
et al, 1997). Thesc results support our findings of a gain of the
whole chromosomc 12,

All cases with a gain of chromosome 12 also showed a gain of
the whole chno‘moqomc 8. this finding suggesting that a simulta-
neous gain of chromosomes 8 and 12 contributes to the tumori-
genesis and prooresmon of ET. In addition, gains of 8q. 1q and
12q have been described previously by CGH in osteosarcoma
(Tarkkanen et eil. 1995), parosteal osteosarcoma (Szymanska et al,
1996b) and soft-tissue sarcomas (Suijkerbuijk et al, 1994; Forus et
al, 1995b; Szymanska et al, 1996a).

Losses were. very rare and non-recurrent. There were five times
more gains than losses, which, together with the presence of some
highly ampllﬁcd regions, suggests that gains of genetic material
are more significant than losses for the development and progres-
sion of ET.

In general, tlje data from CGH and cytogenetic analyses did not
show any disagreement. In cases la and 14, we obtained exactly
the same numeérical changes by both methods. In the rest of the
samples, the poor quality of the chromosomes made it difficuit to
determine thelexact karyotype. The presence of markers and
multiple subclones may explain the differences between CGH and
cytogenetics in these samples. Furthermore. an interphase cyto-
genetic study with a centromere-specific probe for chromosome 1
was perfonmed in one case with der(1:16)(q10:p10). which leads
to partial trisomies of lq and partial monosomies of 16q. The

abnormality was present only in 30% of the cells analysed -

(Tarkkanen etfal. 1993). The low frequency of the clone could
explain the normal karyotype found by CGH.

Our CGH analqu shows that many loci frequently show copy
number chanoes in ET. However. the critical and primary event in
the tumorloenesm of ET is most likely the t(11:22) or a variant
translocation. The secondary abnormalities are the gain of chromo-
somes 8 and 12, and the gain of DNA sequences in 1q. which agree
with cytogenet"ic studies. As one of the known translocations is a
likely primary event. it is possible that these additional changes may
have prognostic significance. Owing to the limited number of cases
in the presentgstudy. testing of the statistical significance of the
prognostic effect of these changes is associated with a high risk of a
type 11 stalistiéal error. 1t is of interest to note. however. that copy
number increases in Iq and in chromosomes 8 and 12 were
all associated ywith (non-significant) trends to poor survival. To
evaluate this further, a larger number of patients needs to be studied.
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Clinical Correlations of Genetic Changes by Comparative
Genomic Hybridization in Ewing Sarcoma and

Related Tumors

M. Tarkkanen, S. Kiuru-Kuhlefelt, C. Blomgqvist, G. Armengol,
T. Béhling, T. Ekfors, M. Virolainen, P. Lindholm, O. Monge,

P. Picci, S. Knuutila, and I. Elomaa

ABSTRACT: Our previous comparative genomic hybridization (CGH) study of Ewing sarcoma and
related tumors showed that DNA sequence copy number increases of 1q21~q22 and of chromosomes 8
and 12 were associated with trends toward poor survival (Armengol et al., Br | Cancer 1997, 75, 1403~
1409). These trends were not statistically significant. In the present study, we analyzed 28 primary
Ewing sarcomas and related tumors by CGH to study whether these (or other) changes have prognostic
value in these tumors. Twenty-one tumors (75%) had changes with a mean of 1.9 changes per tumor.
The most frequent aberration was gain of chromosome 8 in 10 tumors (36%). Five tumors (18%) had
copy number increases at 1q21~22 and 5 had gain of 7q. Copy-number increase of 6p21.1~pter, gain of
chromosome 12, and loss of 16q were seen in 11%. Copy-number increases of 1q21~q22 and of chromo-
somes 8 and 12 were associated with trends toward worse outcome, but the differences did not reach
statistical significance. A novel finding is the association of copy-number increase at 6p with worse dis-
tant disease-free (P = 0.04) and overall survival (P = 0.004). To confirm this finding and to see whether
copy-number increases of 1q21~q22 and of chromosomes 8 and 12 have definite prognostic value, a

larger material needs to be studied. © Elsevier Science Inc.;1999. All rights reserved. -
"\

INTRODUCTION .

Ewing sarcoma is a highly malignant primitive tumor
characterized by uniform, densely packed small cells with
round nuclei {1]. Tumors very closely related to Ewing
sarcoma are atypical Ewing sarcoma, primitive neuroecto-

From the Laboratory of Medical Genetics (M. T., S. K.-K., S. K.}
and the Department of Oncology (C. B., L. E.), Helsinki University
Central Hospital, Helsinki, Finland; the Department of Medical
Genetics (M. T, S. K-K., S. K.} and the Department of Pathology
(T. B., M. V.), Haartman Institute, University of Helsinki, Hels-
inki, Finland; the Departament de Biologia Animal, Biologia Veg-
etal, i Ecologia, Universitat Autdnoma de Barcelona (G. A.),
Barcelona, Spain; the Department of Pathology (T. E.), and the
Department of Oncology (P. L.), Turku University Central Hospi-
tal, Turku, Finland; the Department of Oncology, Haukeland Uni-
versity Hospital (O. M.), Bergen, Norway: and the Laboratorio di
Ricerca Oncologica, Istituto Ortopedico Rizzoli (P. P.), Bologna,
Italy.

Address reprint requests to: Maija Tarkkanen, M.D., Ph.D.,
Laboratory of Medical Genetics, Helsinki University Central Hos-
pital and Department of Medical Genetics, Haartman Institute, P. O.
Box 21, FIN-00014 University of Helsinki, Finland.

Received August 20, 1998; accepted January 28, 1999.

Cancer Gonet Cytogenet 818:1-7 (1999)
© Elsevier Science Inc., 1999. All rights reserved.
655 Avenue of the Americas, New York, NY 10010

“A

v

dermal tumor (PNET), and esthesioneuroblastoma. These
tumors can arise in bone or soft tissue. With current treat-
ment regimens, 5-year disease-free survival rates are more
than 50% [2, 3]. The most important clinical prognostic
parameters are tumor size (4], location [5], and histologic
response to chemotherapy (6]. Patients with metastatic
disease at presentation have a poor prognosis (3, 5].

The characteristic translocation t(11;22)(q24:q12) is
seen in more than 80% of Ewing sarcoma and related tu-
mors by cytogenetics [7]. The translocation fuses EWS
(22q12) with FLI1 (11q24), a member of the ETS family of
transcription factors [8, 9]. The translocation results in the
expression of a chimeric protein that acts as a more potent
transcription activation factor than normal FLI1 [10]. In
some tumors, EWS fuses with other ETS members: ERG
(21q22) [11], ETV1 (7p22) [12], E1AF (17q21) [13], and
FEV (2q33) [14]. Fusion of different ETS genes to EWS
leads to a similar tumor phenotype, and no correlations
between different translocation partners and clinical fea-
tures or prognosis have been detected. Several EWS-FLI1
and EWS-ERG transcript types, with different breakpoints
resulting in different exon-exon combinations, were re-
ported {11]. In two recent studies, fusion type I [9] was as-
sociated with a better prognosis (15, 16].
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Table 1 Chmcal and histopathological characteristics of 28 Ewing sarcomas and related tumors analyzed by CGH

Case j Bone vs. soft Stage at
number” ,Sex/Age Histology Location tissue tumor Tumor size® diagnosis QOutcome®
1()F  T|F2er ES? Knee region Soft tissue 18X7X6 M1 52 NED
2(2)F M/33 ES* Calf Soft tissue 10 X 20 M1 61 NED
3(3)F F/18 ES Shoulder blade region Soft tissue 9xX11%x3 Mo 71 NED
4(4)F F/27 ES? Femur Bone 10 X 15 Mo 64 NED
5(6)F F/36 aES Ankle Soft tissue 10X 7 %3 Mo 68 NED
6(8)F F/19 ES Pelvis Bone 7X5 Mo 31DOD
7(10)F F/33 ES Subcutis, thigh Soft tissue 7X3 Mo. 86 NED
8(11)F  [F/36 ES . Buttock Soft tissue 15 X 8 X 10 Mo 30 DOD
9(12)F |F/12 ES Rib Bone 4.4 % 4.4 Mo 52 NED
10 (13)F M/2 ES Ulna Bone 6.5 Mo 38 NED
11(17)P  [Fr26 | ES Rib® Bone 6 Mo 26 DOD
12P M/18 ES Thigh Soft tissue 20X 10X5 Mo 54 NED
13P F/21 ES Forearm Soft tissue 8X7X6 M1 5 DOD
14P M/30) ES Calf Soft tissue - Mo 33 DOD
15P F/49 |. ES Thigh Soft tissue 10X 8X5 M1 2D0D
16 P tF/26 | PNET Back Soft tissue 20X10X7 Mo 17 DOD
17 P i M/17! ES Calf Soft tissue 4x3 Mo 12 NED
18 F | F/20 ES¢ Knee region Soft tissue 8 X 12 M1 14 DOD
19P i| F/29 ES Retroperitoneurn Soft tissue 7 Mo 10 NED
20P i| M/28 ES Tibia Bone 6 X4 M1 8DOD
21P { M/8 ES Femur Bone 6 X6 Mo 48 NED
2P F/32 ES Spine Soft tissue 6X3 M1 25 DOD
23P F/8 ES Femur Bone 10 X 8 Mo 68 NED
24P F/27 ES Sacrum Bone %6 M1 19 DOD
25F M/28 PNET Hand Soft tissue 1.5 Mo 5 NED
26 P M/18 PNET? Tibia Bone 15 X 6 Mo 31 NED
27 P F/24 ES Sacrum Bone 10(X 12 Mo 65 NED
28 P J F/2 L. ES Radius Bone 3.5]x 9 Mo 65NED (A

Abbreviations: DOD dead of disease: ES, Ewirg sarcoma: aES, atypical Ewing sarcoma: F, fresh sample; M0, no distant metastases at diagnosis; M1, distant
metastases at dxagnos:s NED, no evidence of disease; P, paraffin sample; PNET, primitive neuroectodermal tumor.

“Corresponding casa numbers from {20}.
bSize in centlmeters

“Survival in mon}hs.

9(11;22)(q24:q12) by cytogerkics.

°With pleural and soft-tissue irfiltration.

Secondary changes common in Ewing sarcoma and re-
lated tumors ‘are trisomy 8, trisomy 12, and der(1;16), the
last with different breakpoints reported but leading often
to trisomy of 1q and monosomy of 16q. Trisomy 8 was re-
ported in 44<56% of the cases {17-19] and trisomy 12 in
29% (18] and 33% [17]. Der(1;16) was detected in 17-18%
(18, 19]. These changes were also detected in our first
comparative genomlc hybridization (CGH) study of Ewing
sarcoma and related tumors; copy-number increases of
chromosome’ 8, chromosome 12, and of 1q21~q22 were
detected wnh frequencies of 35%, 25%, and 25% ({201.
Whether these secondary aberrations have prognostic sig-
nificance is not known. In our previous study, statistical
analysis was carried out with 11 patients [20]. The esti-
mated 5- year survival rates were 78% and 50% in cases
without and w1th a gain at 1q21~22 (P = 0.57), 84% and

50% w1thout and with a gain of chromosome 8 (P = 0.16),
and 78% and 50% without and with a gain of chromo-
some 12 (P = : 0.3) [20). In the present study, we increased
the number of ‘patients and evaluated whether secondary
aberrations detected by CGH have prognostic value in Ew-
ing sarcoma and related tumors.

MATERIALS AND METHODS

Patients and Tumor Specimens
Twenty-eight samples of Ewing sarcoma and related tumors
from 28 patients were obtained for the analysis (Table 1).
Sixteen samples were obtained from the Helsinki Univer-
sity Central Hospital, five from the Rizzoli Institute, two
from the Turku University Central Hospital, and five from
the Scandinavian Sarcoma Group. The samples were ob-
tained from primary tumors before the initiation of therapy.
The cases were classified as Ewing sarcoma and related
tumors on the basis of a combined cytologic, histologic,
and immunohistologic examination. MIC2 gene product
staining (Dako, Glostrup, Denmark) and cytogenetic analy-
sis were performed when possible. Reports on 11 patients
{cases 1-11 in Table 1) were published previously [20].

Histologically, 24 cases were classified as typical Ewing

sarcoma, one as atypical Ewing sarcoma, and three as
PNET (21]. Sixteen tumors were of soft tissue origin and
12 of bone.

Sixteen samples were from paraffin sections and 12
were fresh samples (Table 1). DNA from paraffin sections

i
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was extracted as described by Miller et al. [22]. The pro-
portion of tumor cells in paraffin sections ranged ‘from
50% (= 50-75%) to almost 100% (= 75~100%). For the
fresh samples, it was not possible to obtain the corre-
sponding tumor cell proportion, but the samples were
taken with care from representative areas of the tumors.

Patients 1-6, 8, 11, 17-22, and 2428 were treated ac-
cording to the SSG IX protocol in Ewing sarcoma, acti-
vated by the Scandinavian Sarcoma Group in 1990 [3]. Pa-
tients 9 and 10 received ifosfamide with mesna uroprotection
and etoposide [23]. Patients 13-15 were treated according
to the VAC regiment [24]. Patients 12 and 16 were treated
according to the VAC-VAI regimen [25]. Patient 23 was
treated according to the SSG IV protocol [2,26]. Patient 7
was treated by surgery only. A

Comparative Genomic Hybridization

CGH was performed as described earlier [20, 27]. Briefly,
tumor DNA was labeled with fluorescein isothiocyanate-
12-dUTP (DuPont, Boston, MA), and reference DNA was
labeled with Texas red-5-dUTP (DuPont) by nick transla-
tion to obtain DNA fragments ranging from 600 to 2,000
base pairs. The hybridization mixture contained 800 ng of
labeled tumor DNA, 800 ng of labeled reference DNA, and
20 pg of Cot-1 DNA in 10 pL of hybridization buffer (50%
formamide, 10% dextran sulfate, 2 X SSC). The hybridiza-
tion was started after 5-minute denaturation, at 75°C, of
the hybridization mixture and 2-minute denaturation of
the metaphase spread slides in 70% formamide/2 x SSC
at 68°C.

After 2-3 days of hybridization at 37°C, the slides were
washed three times in 50% formamide/2 X SSC (pH 7).
twice in 2 X SSC, and once in 0.1 X SSC at 45°C, followed
by 2 x SSC, 0.1 M NaH,PO,, 0.1 M Na,HPQO,, 0.1% NP40
(pH8), and distilled water at room temperature for 10 min-
utes each. The slides were counterstained with 4',6-dia-

/midino-2-phenylindole-dihydrochloride ~ (Sigma,  St.
Louis, MO) and mounted with an antifading medium
(Vectashield, Vector Laboratories).

The hybridizations were analyzed with the use of an
Olympus fluorescence microscope and the ISIS digital im-
age analysis system (Metasystems GmbH, Altlussheim,
Germany) based on an integrated high-sensitivity mono-
chrome charge-coupled device (CCD) camera and auto-
mated CGH analysis software. Three-color images—red for
reference DNA, green for tumor DNA, and blue for coun-
terstaining—were acquired from six to nine metaphases of
good quality from each sample. The green and red fluores-
cence intensities were calculated, and the red-to-green ra-
tio profiles along the chromosome axis were displayed.
Chromosomal regions were interpreted as overrepresented
when the green-to-red ratio exceeded 1.17 (gains) and as
underrepresented with the ratio less than 0.85 (losses).
These cutoff values were derived from negative control
experiments in which two differentially labeled normal
DNAs were hybridized against another. In these negative
controls, the normal variation did not exceed the cutoff
limits of 1.17 and 0.85. Copy-number increases higher
than 1.5 were interpreted as high-level amplifications (for
a review on amplifications detected in different neo-

plasms by CGH, the 1.5 threshold, and the sensitivity of
CGH, ‘s6e“[28], also available at http://www.helsinki.fi/
~lgl_ www/CMG.html). The results were confirmed by us-
ing a 99% confidence interval.

A negative control from peripheral blood of a healthy
donor and a positive control from a tumor with known
DNA copy-number changes were included in each CGH
experiment.

Statistical Analysis .

The most frequent aberrations and the total number of ab-
errations per tumor detected by CGH were tested for prog-
nostic significance. Distant disease-free survival (DDFS)
and overall survival (OS) rates (evaluated from the time of
diagnosis} were estimated in accord with the Kaplan-
Meier method. Associations of copy-number changes, tu-
mor size (largest diameter > 8 cm or < 8 c¢m), and tumor
location with OS, DDFS, and local recurrence were tested
with the log-rank test. The statistical significance of the to-
tal number of aberrations was tested with a Cox regression
analysis.

RESULTS

Outcome of the Patients

Seventeen (61%) of the patients are alive with no evidence
of the disease after a median follow-up of 60 months
(range, 10-86 months). Eleven patients (39%) died of the
disease after a median follow-up of 19 months (range, 2-33
months). Eight patients had distant metastases at the time
of the diagnosis: six of these patients died of the diseasc
after a median of 11 months of follow-up, and two pa-
tients are alive with ne evidence of disease. -

Comparative Genomic Hybridization

Twenty-one of 28 tumors (75%) had changes in CGH.
Nineteen tumors (68%) had gains of DNA sequence copy
number, and seven (25%}) had losses. Three high-level am-
plifications were detected. On average, there were 1.9
changes per tumor (range 0-5): 1.6 gains (range 0-5), and
0.4 losses (range 0-2). In the tumors with aberrations, the
mean number of changes per tumor was 2.6. Gains and
losses of whole chromosomes or chromosome arms were
common (85% of all changes). A summary of the changes
detected by CGH is shown in Fig. 1, and the copy-number
karyotypes are shown in Table 2.

The most frequent changes was a gain of whole chro-
mosome 8, present in 10 tumors (36%; Table 3}. Five tu-
mors (18%) had copy-number increases at 1q, with the
minimal common region of 1q21~22. Gains of chromo-
somes 1q and 8 were simultaneously present in three tu-
mors. Five tumors (18%]) had a gain of 7q. Changes seen in
three tumors each (11%) were copy-number increase of
6p21.1~pter, gain of whole chromosome 12, and loss of 16q.

Prognostic Implications of the Aberrations Detected by
CGH and of Tumor Size and Location

Patients without and with a copy-number increase at
6p21.1~pter had a 5-year DDFS of 63% and 0% (P = 0.04)
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Table 2 CGH results of 28 Ewing sarcomas annglated)

Ctumors
Case number® CGH?®
1(1) +1q21~22, +8, +12, +14q, +21q
2(2) Normal
3(3) Normal
4(4) +4q27~33, +7q, —11q21~25, —16
5 (8) ~3q
6(8) ~1p13~36, +1q21~31, —9p
7 (10 +16q
8(11) +6, +8
9(12) Normal
10 (13) +8
11 (17) +4, +8, +12, +14q13~32
12 +7, +8, +16p, +20q
13 ++6p, +18p, ++19
14 Normal
15 +18p1i~qter
16 +6p21.1~pter
17 +7, +8
18 +2, +8, +9, +17
19 -7
20 +1q, -4, +8, —11
21 +X
22 ++1q, ~16q, +16p, +17, +22
23 Normal
24 +7. +8
25 Normal
26 +7
27 +1q. +8. +12, -16q
28 Normal

°Corresponding case numbers from [20] in parentheses.

®+, gain of DNA sequence copy number: ++, high-level amplification; —.
loss.

and a 5-year OS of 64% and 0% (P = 0.004). Copy-number
increases of 1q21~q22 and of chromosome 8 were associ-
ated with trends toward worse DDFS and OS; gain of chro-
mosome 12 was associated with a trend toward worse
DDFS. These and other tested genetic aberrations are
shown in Table 4. The total number of changes per tumor
had no significant impact on DDFS (P = 0.08) or OS (P =
0.13), and none of the tested genetic changes had any ef-
fect on the risk of local recurrence.

Tumor size was not significantly associated with DDFS
(P = 0.57), OS (P = 0.42), or local recurrence (P = 0.7). Ex-
tremity versus nonextremity location of the tumor had no
significant effect on DDFS (P = 0.67), OS {P = 0.16), or lo-
cal control (P = 0.62).

DISCUSSION

The findings of the present study show that DNA se-
quence copy-number aberrations are infrequent in Ewing
sarcoma and related tumors, inasmuch as only a mean of
1.9 aberrations per tumor was detected. High-level ampli-
fications were rare. These findings indicate the impor-
tance of the characteristic translocation t(11;22)(q24:q12)
in the tumorigenesis of these tumors. The findings are
similar to those for biphasic synovial sarcomas [29]. With
the low number of changes, these tumors differ from other

Table '8 Recurrent changes by comparative genomic
hybridization in 28 Ewing sarcomas anerelated
tumors

Minimal common region Frequency (n/total and %)

+8 10 (36)
+/++1q21~22 5 (18)
+7q 5(18)
+/++6p21.1~pter 3(11)
+12 3(11)
-16q 3(11)

Note: +/++, gain/high-level amplification; ~, loss.

high-grade sarcomas such as osteosarcoma, MFH, and chon-
drosarcoma, in which mean number of aberrations is higher
and high-level amplifications are frequent {27, 30, 31].
The most frequent change was a gain of chromosome 8,
present in 10 tumors (36%). In previous cytogenetic and
fluorescence in situ hybridization (FISH) studies, the fre-
quency of this gain was 44% [19] and 56% ([18]; clinical
details were not provided. Maurici et al. [17] found tri-
somy 8 in 44% of primary tumors, 83% of local recur-
rences, and 33% of metastases by FISH: a majority of the
metastatic samples were obtained at the time of the diag-
nosis. In our previous study, the frequency of chromo-
some 8 gain was 29% in primary tumors, 67% in local re-
currences, and 33% in metastases (all metastatic samples
obtained at relapse) [20]. Thus these preliminary findings
suggest that trisomy 8 might be more frequent in local re-
currences. Gains of chromosome 8 are frequent in myeloid
leukemias, myelodysplastic syndromes, and solid tumors,
including sarcomas. Gains of 8q are more frequent in re-
current prostate cancer than in primary tumors [32]. In
node-negative. breast cancer, high-level amplification of
8q was significantly associated with recurrence [33]. Os-
teosarcoma patients with copy-number increases at 8q
had a statistically significant worse DDFS (P = 0.003) and
a trend toward worse OS (P = 0.04) [34]. In the present
study, a gain of chromosome 8 was associated with a sta-
tistically nonsignificant trend toward worse outcome:
5-year DDFS and OS for patients without and with a gain
of chromosome 8 were 65% and 40% (P = 0.16) and 63%

Table 4 Prognostic implications of genetic changes
detected by CGH in 28 Ewing sarcomas and
related tumors

5-year DDFS 5-year OS

CGH* No® Yes P  No® Yes® P
+/++6p2l.1~pter 63% 0% 004 64% 0% 0.004
+/++1q21~q22 59% 40% 0.30 60% 40% 0.45
+8 65% 40% 0.16 63% 45% 0.39
+12 59% 33% 036 55% 67% 0.67
+7q 51% 80% 030 53% 75% 0.45
-16q 54% 67% 075 55% 67% 0.7

Note: +/++, gain/high-level amplification; -, loss.
“Genetic aberration detected by comparative genomic hybridization,.
bPatients without the aberration.

“Patients with the aberration.
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and 45% (P = 0.39), respectively. Thus a gain of chromo-
soms 8 might be a sign for worse prognosis in Ewing sar-
coma and related tumors.

Der(1;16), leading to trisomy of 1q and monosomy of
16q, was détected in 15% [35] and 18% [19] by cytogenet-
ics and in 17% by FISH [18]. In our previous study, the
frequency of 1q21~22 copy-number increase, frequent in
different sarcoma types [28], was 14% in primary tumors,
33% in local recurrences, and 67% in metastases [20]. In
the present study, copy-number increase of 1g21~q22
was seen rﬁ 18% and was associated with statistically
nonsrgmﬁcant trends toward worse DDFS and OS.

The frequency of chromosome 12 gain in primary tu-
mors was 11% Cytogenetic studies showed gain of chro-
mosome 12 in 9% (19} and FISH studies in 29% [18].
Maurici et al. [17] found gain of chromosome 12 of 26% of
primary tumors 50% of local recurrences, and 33% of
metastases. It is noteworthy that trisomy 12 was usually
present in the minority of cells evaluated by FISH [17].
Thus this gain might be underrepresented in cell cultures
and, if present in less than 50% of the cells, will remain
undetected by CGH. However, trisomy 12 might also be as-
sociated with progression: in our previous study, the fre-
quency of this gain was lower in primary tumors than in
the group of local recurrences and metastases (14% vs.

50%, respectlvely) [20]. Trisomy 12 is a frequent finding
in CLL, non-Hodgkm lymphoma, and several solid tumors
{36}, and amphﬁcanons at 12q13-22 with several genes af-
fected are frequent in different sarcoma types [28]. In the
present study, gain of chromosome 12 was associated with
a trend toward worse DDFS, but no significance was de-
tected for the gain of chromosome 12 in OS.

A novel ﬁndmg is the association of copy-number in-
creases at 6p21 1~pter with poor outcome: patients with-
out and with a copy-number at 6p21.1-pter had a 5-year
DDFS of 63% and 0% (P = 0.04) and QS of 64% and 0%
(P = 0.004). However, all three patients with this aberra-
tion had chmcal signs associated with poor prognosis: pa-
tient 13 had ) metastatm disease at the time of diagnosis and
patients 8 and 16 had central, large tumors (Table 1). All
three panents died of the disease after a median follow-up
of 17 months Thus it is currently difficult to estimate the
significance | ‘of copy-number increase at 6p21.1-pter; nei-
ther are the genes affected by this aberration yet known.

Although‘prevrous studies showed tumor size and loca-
tion to be prognostic factors (4, 5), such correlations were
not detected in the present study. This is probably due to
the limited size of the material.

In conclusmn CGH studies of Ewing sarcoma and re-
lated tumors reveal a low number of secondary aberrations
and thus the importance of the primary translocation. Sec-
ondary aberratlons (copy-number increases of 1q21-q22,
chromosome 8, and chromosome 12) are associated with
trends toward waorse outcome, but these aberrations were
not statlstlcglly significant. A novel finding is the associa-
tion of copy;number increase at 6p with poor prognosis.
To confirm this finding and to see whether copy-number
increases of 1q21~q22 chromosome 8, and chromosome
12 have deﬁmte prognostic value in Ewing sarcoma and
related tumors, a large number of patients needs to be

|
|
|
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studied. To do so is difficult, however, considering the
rarity of these tumors and the frequent use of ﬁne-needle
biopsies for diagnostics.
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Hospital, and Leiras Research Foundation. We thank Dr. Kird-
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(University Hospital, Trondheim), and Dr. Sundstrém (Academic
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Comparative Genomic Hybridization Study on Pooled
DNAs from Tumors of One Clinical-Pathological Entity

S. Knuutila, G. Armengol, A-M. Bjorkqvist, W. El-Rifai,
M. L. Larramendy, O. Monni, and J. Szymanska

ABSTRACT: Comparative genomijc hvbridization (CGH) was performed using DNAs pooled from
numerous specimens from tumor categories studied case-by-case. The series of six DNA pools consisted
of 28 diffuse centroblastic lvmphomas (DCL), 28 gastrointestinal stromal tumors (GIST), 21 primarv
chondrosarcomas (CS). 17 samples from the Ewing family of tumors (ET), 14 liposarcomas (LS). and 14
mesotheliomas (MS). Losses and gains present in at least 50% of the individual specimens were alwavs
detected in the pooled DNAs. The loss of the whole p-arm of chromosome 1 was observed even when the
affected proportion of individual specimens was only 25%. Gains were also detected at frequencies
lower than 50%. but with a high-level amplification in one or more specimens. In conclusion. the
present pooled DNA study revealed the following changes: DCL had a gain at 18q22-gter: GIST had losses
at 14 and 22q12. and gains ai 5p. 8q22-24. 17q22-qter. and 19q13: ET had gains at 1g and 8q13-qter: LS
had gains at 1q21-25 and 12q: and MS had a loss at 9p22-pter. No changes were observed in the CS DNA
pool. The results from individual specimens also stressed the importance of these chromosomal regions to
the tumorigenesis in the corresponding malignancies. This pooled DNA epproach can thus be used for

fast screening of recurrent DNA copv number in a specific tumor entity:,

INTRODUCTION

Since the advent of the comparative genomic hyvbridiza-
tion (CGH) technique developed by Kallioniemi and col-
leagues [1]. this method had been applied successfully to
the studv of DNA copv number changes in different
tumors. Several findings of losses. gains. and amplifica-
tions in DNA copy numbers have been reported in various
tvpes of tumors {2-17]. Malignant tumors usually show a
wide variety of changes. This complexitv most probably
includes both primary changes that have a role in the initi-
ation, progression. metastasis. and drug resistance of the
disease. and secondary changes that are not important to
tumorigenesis.

A prerequisite of CGH is that the change is found in
more than 50% of the cells studied [18]. Instead of using a
single sample to studyv a certain type of tumor. we under-
took to pool DNA from several specimens. presuming that
a single hybridization would allow us to find the aberra-
tions present in at least half of the single samples. Non-
recurrent aberrations would not be revealed.
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To test this simple hvpothesis. we pooled DNAs from
numerous specimens in tumor categories that had previ-
ouslv been studied individuallv in our laboratory.

MATERIALS AND METHODS

Tumor Samples

The samples comprised 28 diffuse centroblastic lvmpho-
mas (DCL) (16 primary and 12 recurrent tumors). 28 gas-
trointestinal stromal tumors (GIST) (16 benign and 12
malignant). 21 primary chendrosarcomas (CS) (15 grades
I-1l and 6 grades III-1V), 17 samples belonging to the Ewing
familv of tumors (ET) (12 primary, 3 metastatic and 2
recurrent tumors). 14 liposarcomas (LS) (9 primarv. 4
recurrent and 1 metastatic tumors), and 14 mesotheliomas
{MS). Histopathological and clinical characteristics of the
different samples have been previously reported in detail
f2. 5.7, 12, 14. 17]. DNA from frozen tumor samples was
extracted according to standard methods. whereas DNA
from paraffin-embedded tissues ivas extracted as described
elsewhere [19, 20]. The DNAs from different samples in the
same tumor category were mixed in equal amounts in order
to obtain 1 ug pooled DNA for CGH.

Comparative Genomic Hybridization

CGH was performed using direct fluorochrome-conjugated
DNAs, following the methods previously described [1, 18].

0165-4608/98/519.00
P11 S0165-4608(97)00001-0
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Figure 1 Summary of the frequencies of recurrent changes in single cases and in pooled DNA. Gains and high-
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Figure 1 Continued.

The pooled tumor DNA was labeled with FITC-dUTP
(DuPont. Boston, MA. USA) and reference genomic DNA
with Texas-red dUTP (DuPont) by nick translation to obtain
DNA fragments which ranged from 600 to 2000 base pairs.
The hvbridization mixture consisted of 800 ng labeled
pooled tumor DNA, 800 ng labeled reference genomic

DNA. and 20 pg unlabeled Cot-1 DNA dissolved in 10 pl
of hvbridization buffer (50% formamide, 10% dextran sul-
phate. 2 X SSC). The hyvbridization mixture was denatured
at 75°C for 5 min and hvbridized to a preparation with
normal metaphase spreads denatured in 70% formamide/
2 X 8SC at 68°C for 2 min. Hybridization was perfcrmed at




A7 Cotor 2 oday e fullewed by preparation washes, The
prepir mru-n\ wore wirshed three times in 30% formamide/
2 - SSC [])H 7). hwice in 2 - $SC.and once in 0.1 % SSC at
45 C. l()“()\\\‘(l by 2 SSC and 0.1 M NaH.PO,—0.1 M

Na HPO. ~0.1% NP40 (pH 3). and distilled water at room
tvmp( satute, for 10 min each. After air-drving. the prepa-
rations \\({I(‘ counterstained with 4'.6- dlam)dmo -phe-
nvlindole- (hh\(lu)( hloride (DAPI). and then mounted
with an anhfddmo medium (Vectashield™!. Vector Labora-
tories Inc. tBunhn”dm(' CA. USA).

In cach C‘LH experiment. a negative control (peripheral
hlood DNAS from healthy donors) and a positive control (tu-
mor with known DNA copv number changes) were included.

Digital Image Analysis

The hv blldlédthl]S were analvzed using an Olvmpus fluo-
rescence mlcmsrope and the ISIS clloltal image analvsis
svstem (Mota5\ stems GmbH, Altlusshelm Germany).
based on nn integrated high-sensitivity monochrome CCD
camera and automatbd CGH analvsis software. Three-color
images (red tor reference DNA. green for pooled tumor
DNA. and blue for counterstaining) were acquired from
8-10 motaf)hases Only metaphases of good quality with
stmn}’ umform hy bridization were included in the analv-
sis. Chromosomes not suitable for CGH analvsis were
deleted (1.ef.. chromosomes heavily bent. overlapping. or
with overlving artefacts). Chromosomal regions were
interpreted| as overrepresented when the corresponding
ratio exceeded 1.17 (gains) or 1.5 (high-level amplifica-
tion), and LlﬂdClI(‘])I(‘SPHT(‘(I (losses) when the ratio was
less than 0. 83 All the results were confirmed using a 99%
confide ncelmtex\dl with 1% error probabilitv. Brieflv.
intra-experiment standard deviations for every position in
the CGH mtlo profiles were calculated further from the vari-
ation of the ratio values of all homologous chromosomes
within the 0\[)011111(‘111 Confidence intervals for the ralio
profiles w (,“, then computed by combining them with an
empirical n‘tm -experiment standard deviation and estimal-
ing error pl?hal‘llmo based on the t-distribution,

RESULTS I

Diffuse Centrobldstu Lvmphoma (DCL)

The onlv D\JA copyv number change detected in the CGH
analvsis ofj 28 pooled samples was a gain at 18q22-ter.
This gain was detected in 21% of the samplos but. in half
of the cases. the region of 18q21-ter was found to be highlv

amplified (1"10 1). In other regions. where the (lmnﬂw
appeared m less than 40% of Ih(' samples. the DNA copy
number chanoes were hot detected in the pooled DNA. For
detailed resulte of individual cases. see Monni et al. {14].

Gastrointestinal Stromal Tumors (GIST)

DNA pooleh from 16 benign GIST tumors showed losses al
1p, 14q, and 22q12-qter. These changes were present
among mdx\ idual tumors at frequencies of 25%. 75%. and
50%. r@spu tivelv. Pooled DNAs from 12 malignant
tumors shO\\ed gains at 3p. 8q22-q24. and 19q13. Qtudms

of individual tumors showed these changes in 429 of the

S. Knuut‘ilavet al.

specimens. In individual tumors. high-level amplifica-
tions were detected at 13g21-¢q31 and 14q21-q22. with the
respective frequencies of 42% and 58%. Pooled DNA from
all 28 GIST cases (both benign and malignant) showed
onlv a gain at 5p. This gain was present in 25% of the
cases. one of which showed a high-level amplification.
DNA loss was present at 14q (Fig. 2). This change was
detected in 69% of the cases (Fig. 1). For detailed results
of individual cases. see El-Rifai et al. [7].

Chondresarcoma (CS)

No changes were observed in the pooled DNA. In individ-
ual specimens. none of the changes were observed in more
than 35% of cases (Fig. 1). For detailed results of individ-
ual cases. see Larramendy et al. [12]. :

Figure 2 Green-to-red ratio profiles for chromosomes 3 and 14
in pooled DNAs from gastroinlestinal stromal tumors. and for
chromosomes 1 and 12 in pooled DNAs from liposarcomas show
gain of 5p and loss of 14. and gains of 121-25 and 12q. Panels on
the left present average profiles and. in the middle. individual
profiles of 11-16 r‘hlmnosom(, Profiles are displaved with the
threshold gain of 1.17 (arrow) or threshold loss of 0.85 (arrow-
head). Panels on the right present average profiles displaved with
a confidence interval of 99°.
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The Ewing Family of Tumors (ET)

Only gains at 1931-41 and 8q were detected when CGH
was performed on DNAs pooled from ET specimens (Fig.
1). Two regions of chromosome 1 were affected: 1921-31
in 29% of the single cases and 1g32-ter in 18%. One of the
cases showed a high-level amplification over the entire
long arm and another at 1q21-22. The whole chromosome
8 was gained in 41% of the single cases: one case had a
high-level amplification at 8q13-ter. Changes present in less
than 29%. including changes on chromosomes 4, 5, 12, and
14, were not detected in the pooled DNA study. For
detailed results of individual cases, see Armengol et al. [2].

Liposarcoma (LP)

The CGH analysis of DNA pooled from LP showed gains of
1921-25 and 12q as the onlv DNA sequence copy number
changes (Figs. 1 and 2). The most common gain at 12q14-
21 was detected in seven (50%) specimens, three of which
had a high-level amplification. Although the gain at 1q21-
24 was less frequent (29%). a high-level amplification was
observed in three out of four tumors. Other chromosomal
regions, which were overrepresented at the same frequency
but without a high-level amplification or with a high-level
amplification present in onlv one tumor. showed no
changes in the pooled DNA studv. The most frequent
losses invelving 9p21-pter and 13q21-gter found in 21%
of liposarcomas were not detected in the pooled DNA
study. For detailed results of individual cases. see Szv-
manska et al. [17].

Mesothelioma (MS)

The onlv DNA copy number change detected in the
pooled DNAs was the loss of DNA copy numbers in the
short arm of chromosome 9 (9p22-pter) (Fig. 1). This
change was detected in 57% of the specimens. Other gains
cr losaes of DNA sequences. which were present in 14-
36% of the individual tumors. were not detected in the
pooled DNA sample. For detailed results of individual
cases. see Bjorkqvist et al. [3].

DISCUSSION

In our CGH study. DNA copy number changes present in
at least 50% of the individual tumors were always
detected in the pooled DNAs. The results also showed that
gains present in 21%-29% of the tumaors could be
detected if a high-level amplification was found in one or
more tumors, as evidenced in the CGH analvses of DCL
(18g22-qter), GIST (5p). and LP (1g21-25). It has been pre-
sumed that at least 50% of the cells should contain the
change in order for it to be detectable bv CGH [18]. The
reason whyv our pooled DNA study revealed gains present
in less than 50% of the individual tumors could be that
these mav have contained multiple copies of DNA
sequences, which had failed to reach the threshold set for
high-level amplification (1.5).
In GIST. loss of 1p was seen in pooled DNAs. even
though the frequency of this change in individual tumors
was as low as 25%. However, loss of 6q was not detected
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in poo]od DC L specimens. although this change was seen
in 38% 61the individual tumors. A higher level of contam-
inating normal cells in the DCL specimens may explain
why the loss could not be found in pooled DCL. Further-
niore. possible homozveous loss in the GIST group may
account for the pooled DNA results.

Had the material consisted of pooled tumors only. what
could this have meant in terms of accuracy? When a cer-
tain chromosomal region contains losses in some tumors
and gains in others. these changes are compensational.
This phenomenon was manifest especially in chromosome
1 in malignant GIST. Moreover. a recurtent loss mayv be
masked by a high-level amplification in a single tumor.
Thus, a gain found in the pooled DNA study mayv suggest
that a great proportion of these twmors contains this
change or that the finding may be a sign of high-level am-
plification in some of the tumors. A loss detected by the
studyv of pooled tumors alwavs indicates that a great pro-
portion (>25%]) of the tumors contains the change.

The advantages of the method are speed and economy:
a single experiment can give an overview of the recurrent
changes characteristic to each tumor tvpe. Other benefits
are that the interpretation is straightforward as irrelevant
changes remain invisible and that the required DNA
amount is several times smaller than the amount needed
for the study of individual tumors. Besides testing pooled
tumors of a specific tumor entity against normal reference
DNA. pooled tumors of a particular entityv (e.g.. primary
tumors) could be tested against pooled tumors ol another
specific entitv (e.g., metastatic tumors).

In studies of pooled tumors. it is important that the
cases selected form a clear-cut tumor entitv. that tissue ar-
eas used for DNA extraction contain only tumor cells. and
that the DNA amounts in the mixture are equal. If these re-
quirements are met. losses or gains can be detecled even
when the affected proportion of specimens is as low as
25%. However. the gain present in 25% of the individual
fumors was cletected in the pooled DNA studyv oniv when
one of the tumors showed a high-level amplification.

In summary. the present pooled DNA study revealed
the following recurrent clonal changes: gain al 18q22-qier
in lvmphomas: loss at 1p. 13q21-31. 14. and 22q12. and
gain at 3p. 8q22-24, 17q22-qter. and 19q13 in gastrointesti-
nal stromal tumors: gain at 1q31-41 and 8q in Ewing’s sar-
coma: gain at 1q21-25 and 12q14-21 in liposarcomas: and
loss at 9p22-pter in mesotheliomas. Our recent papers
based on individual specimens (2. 3. 7. 12. 14. 17} and
other reports of the same tumor tvpes have also stressed
the importance of these chromosomal regions to the initia--
tion and/or progression of these tumors [8. 9, 21-23]. The
agreement in results from pooled DNAs and individual
DNAs suggests that pooled DNAs are of value in fast
screening for recurrent and primarv DNA copv-number
changes in a specific tumor entitv. Incomplete detection of
non-recurrent changes. which may be biologically and
clinicallv relevant, is a serious drawback and must be
taken into account when deciding whether the pooled
DNA svstem can be applied to a specific project.

Finallyv, because the pooled DNA svstem mayv help con-
siderably to determine minimal overlapping areas of



the loss in a certain area is
homozvadus or heterozvaous. the COH study shoyld be
purl'mrliﬂw] not only on the individual specimens E)l‘ a cer-
(ain tumot category but also on the DNAs pooled from the

change and interpred whether

specimens.
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Article IV

DNA copy number changes and evaluation of MYC, IGFIR and FES
amplification in xenografts of pancreatic carcinoma
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copy number changes by CGH [23]. To enrich for the neo-
plastic cell population, we took advantage of xenograft ex-
plants. The implantation of human tumor cells in nude
mice has proved useful and has been used with increasing
success in allelic loss studies on pancreatic tumors (8, 10,
11). In these studies, the lack of contamination by normal
human cells was shown to increase the sensitivity of de-
tection of genetic changes and enabled the identification
of alterations that otherwise would not have been detected
in primary tumors. What is more, xenograft explants have
been used in CGH studies of other types of tumors, such as
prostate cancer, stomach cancer, soft tissue sarcomas, and
osteosarcomas (24~27]. Forus et al. [24] obtained equal
amplification patterns when both primary and xenograft
materials of sarcomas were analyzed (a type of tumor
without desmoplastic reaction). They concluded that xe-
nografting itself does not induce amplification.

In the present study, a series of eight xenografted pan-
creatic adenocarcinomas and two metastases developed in
the mouse were analyzed by CGH. Taking into account the
results obtained, we performed LOH in 10p14~pter and

‘fluorescence in situ hybridization (FISH) and Southern blot
studies to assess amplification of genes from 8q24 (MYC) .

and 15q25~qter (IGF1R and FES). These genes have previ-
ously been found to be amplified in some tumors.

MATERIALS AND METHODS

Tumor Samples

Tumor DNA was obtained from eight xenografts derived
from resection specimens of pancreatic adenocarcinoma:
six primary tumors (NP29, NP31, NP37, NP40, NP43, and
NP46), one peritoneal metastasis (NP9), and one hepatic
metastasis (NP18) [11]. Clinical data are given in Table 1.
All tumors originated in the exacrine pancreas. None of
the patients had received previous cytotoxic therapy. The
method used for orthotopic implantation of human tumor
cells in nude mice was described earlier {11]. Two me-
tastases (NP18MH and NP18ID) developed in mice from a
xenografted tumor (NP18) were perpetuated as well (MH,
hepatic metastasis; ID, diaphragmatic implantation). DNA
from the ten xenograft explants was used as tumor DNA
for CGH experiments.

Table 1 Clinical characteristics of the eight patients with
pancreatic adenocarcinoma

Primary tumor

Case Age/Sex  or metastasis Site Differentiation

NP9 67/M  Metastasis Head NA
(peritoneal)

NP18  64/M  Metastasis (liver) Head Poor

NP29  67/F Primary tumor Head Good

NP31  65/M  Primary tumor Unknown NA

NP37  65/M  Primary tumor Head Moderate

NP40  38/F Primary tumor Head Moderate

NP43  B61/F Primary tumor Head Poor

NP46  60/M  Primary tumor Head Moderate

Abbreviation: NA, not analyzed.

G. Armengol et al.

Comparative Genomic Hybridization

Hybridization was performed as described previously {28].
Briefly, normal DNA and tumcr DNA were labeled with
Texas red-5-dUTP (DuPont, Boston, MA) and Fluorescein-
12-dUTP (DuPont), respectively. Standard nick translation
procedures were used. Equal amounts of the two DNAs
(800ng) and 20 pg of human Cot-1 DNA were ethanol pre-
cipitated and redissolved in 10 uL of 50% formamide/
10% dextran sulfate/2X saline sodium citrate (SSC). Nor-
mal lymphocyte metaphase preparations were denatured
at 68—69°C for 2 minutes in a formamide solution (70%
formamide/2xSSC, pH 7), dehydrated and treated with
proteinase K (0.1 pg/mL in 20 mM Tris-HCl/2 mM cal-
cium chloride, pH 7) at 37°C for 7.5 minutes, and dehy-
drated again. The probe mixture was denatured at 75°C for
5 minutes, applied to the slides, and hybridized for 2-3
days at 37°C.

After hybridization, slides were washed 3 X 10 min-
utes in 50% formamide/2xSSC (pH 7), 2 X 10 minutes in
2XSSC, and 10 minutes in 0.1XSSC at 45°C; then 10 min-
utes in 2XSSC, 10 minutes in PN buffer (0.1 M NaH,PO,/
0.1 M Na,HPO,/0.1% Nonidet P-40, pH 8), and 10 minutes
in distilled water at room temperature. Chromosomes
were counterstained with 5 pg/m! 4’,6-diamidino-2-phe-
nylindole (DAPI) and mounted in an antifade solution.

Digital Image Analysis

The hybridizations were analyzed by using an Olympus
fluorescence microscope and the Cytovision digital image
analysis system (Applied Imaging, Sunderland, UK} based
on a high-sensitivity integrating monochrome CCD camera
and an automated CGH analysis software package.

Interpretation of CGH Results and Quality Control

Ratio profiles were averaged from five to ten metaphases
per sample {as many as 20 chromosome homologues).
Chromosomal regions with a fluorescence ratio above 1.25
were considered gains of DNA sequences, and regions
with a ratio below 0.75 were considered losses (conserva-
tive thresholds). These cutoff values were based on nega-
tive control experiments with normal DNA. A negative
control was included in each CGH experiment as a quality
control. A ratio above 1.5 was defined as a high-level DNA
amplification, and a ratio below 0.5 was considered a ho-
mozygous loss (or a loss present in almost all the cell pop-
ulation). Heterochromatic regions (1q12, 9q12, 16q11,
13p, 14p. 15p, 21p, 22p, and Yq12} were excluded from
the analysis. The profiles of 1p32~pter, 16p, 17p, and
chromosomes 19 and 22 were interpreted with caution,
because they may give false-positive results [23).

Loss of Heterozygosity Studies

LOH analyses were carried out to study the 10p14~pter
region in three samples with a loss of this region by CGH
(NP9, NP40, and NP46) and in another two samples with-
out the loss (NP37 and NP43). Six PCR-amplified CAﬁic-
rgFatelIite markers (Research Genetics, Huntsville, AL)
were analyzed. All markers were localized in 10p14-pter
according to the Entrez database (NCBI, NLM, NIH), span-
ning a 24.3-cM region [29].
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The following PCR conditions were used: 1XPCR
buffer, 1.5 mM MgCl,, 200 pM each dATP, dGTP, and
dTTP, 2.5 pm dCTP, 0.7 pCi of «[**P}dCTP (3000 Ci/
mmol), 0.5 uM of each primer, 55 ng of DNA, 0.0125 U
AmpliTaq Gold polymerase (Perkin Elmer, NJ) in a vol-
ume of 10 pL. A pre-PCR heat step at 94°C for 10 minutes
was carried out to activate the enzyme, and then DNA was
amplified for 27 cycles at 94°C (30 s), 55°C (75 s}, and 72°C
{15 s) and at 72°C {10 min) after the last cycle. After PCR,
45 pL of each sample was electrophoresed on 6% poly-
acrylamide gel and then dried and exposed to a Kodak
XAR film

Patients were designated uninformative when homozy-
gous for the locus in question and informative when het-
erozygous. Patterns produced with the use of paired nor-
mal and tumor DNA were compared.

Fluorescence In Situ Hybridization

FISH was used to more accurately examine the amplifica-
tions found at 8q24~qter and 15q25~q26 by CGH. Prepa-
rations of tumor interphase nuclei were isolated from fro-

zen pieces of seven xenografted tumor tissues (all
nonmetastatic samples except NP31), as reported previ- .

ously [30] with minor modifications. Briefly, the tissue
was mechanically minced, trypsinized, and incubated in
an RNAase solution. The nuclear suspension was filtered
through a 53-pm mesh nylon net. After methanol-acetic
acid fixation, the cells were placed on slides, air dried,
and fixed again. Specimens were postfixed in 4%
paraformaldehyde/PBS solution for 5 minutes at 4°C, de-
hydrated in an ethanol series, air dried, and heated for 30
minutes at 70°C. These slides were stored at ~20°C.

Two-color FISH was performed with locus-specific
probes corresponding to the MYC gene (8q24) labeled
with digoxigenin (Oncor, Gaithersburg, MD), a centro-
meric probe as control for chromosome 8 labeled with bi-
otin (Oncor) as well as FES locus (15q26.1) labeled with
Spectrum Orange (Vysis, Downers Grove, IL), and a cen-
tromeric probe for chromosome 15 labeled with biotin
(Oncor). Hybridizations were carried out according to the
manufacturer’s instructions.

After hybridization, the slides were washed and the
bound probes were detected immunochemically with
FITC {for the biotin-labeled probes) and TRITC (for the
digoxigenin-labeled probe). Signals were amplified with
the corresponding antibodies. Slides were counterstained
with 5 pg/mL DAPI and mounted in an antifade solution.

Signal copy numbers of the probes were scored from
200 nuclei per hybridization. Absolute MYC and FES
counts per nucleus and counts of centromeres 8 and 15
were scored. The level of amplification was expressed as
the gene copy number relative to the reference centro-
meric probe signal number. According to Tanner et al.
(31] and Anzick et al. {32], tumors were classified into
those with no amplification, low-level amplification (1.5-
to 3.0-fold), and high-level amplification (>3.0-fold).

Southern Hybridization

Genomic DNA extracted from the eight nonmetastatic tu-
mors was digested with Pst and Hind III separately, elec-

trophoresed on a 0.8% agarose gel, and transferred to a
positively charged nylon filter (Boehringer Mannheim,
Mannheim, Germany)}. The membrane was hybrig{i}ed
with a  digoxigenin-labeled IGF1R-cDNA  probe
(15g25~qter; ATCC, American Type Culture Collection,
Rockville, MD) and pEFD145 (3p21; ATCC) as a control
probe to calibrate for unequal sample loading. Detection
was carried out according to Engler-Blum et al. [33], and
then the filter was exposed to hyperfilm ECL {Amersham,
Buckinghamshire, UK) for 5-10 minutes. The hybridiza-
tion signals were quantitated with a densitometer (Skanjet
4C/T; Hewlett Packard). The level of amplification was
calculated by dividing the ratio of the IGF1R probe signal
in the tumors to the signal in normal tissue by the same
average ratio for the pEFD145 signal.

RESULTS

Eight human pancreatic carcinomas and two mouse me-
tastases from a human pancreatic xenografted tumor were
studied by CGH. Genetic changes were detected in all
cases, and all the chromosomes were involved in imbal-
ances. The mean number of changes per specimen was
14.7 (range 6~24): 9 gains and 5.7 losses {ranges 0-18 and
4-7, respectively). Seven tumors showed high-level am-
plifications (ratio > 1.5) involving different chromosomal
sites. Figure 1 is a schematic representation of all chromo-
somal regions with increased or decreased DNA sequence
copy number. In the eight tumors, excluding the two me-
tastases originated in mice, the most common overrepre-
sentations were observed on chromosome 8 (7/8 cases;
with a minimal common region at 8q24~qter), chromo-
some 15 (6/8 cases; minimal region at 15q25~q26), chro-
mosome arm 16p (6/8 cases), chromosome arm 20q {6/8
cases), chromosome arm 16q (5/8 cases), and chromosome
arm 19q (5/8 cases). Other regions commonly gained were
1q, 3q, 17q, and 22q, each in four tumors. Interestingly,
most of the high-level amplifications were localized in the
aforementioned chromosomal regions. The regions that
most frequently showed a decreased copy number were:
18921 (6/8 tumors), 6q16~q21 (5/8 tumors), 6q24~qter
(5/8 tumors), and 9p23~pter (5/8 tumors). Other regions
commontly lost were 13q21 (4/8 tumors) and 10p14~pter
(3/8 tumors). Losses of both alleles were observed at
6q16~q21, 13q21, and 18q21~q22 in one tumor each (Fig.
2). The two metastases developed in mice maintained the
sberrations detected in the corresponding xenografted
pancreatic tumor. All three samples (the original tumor
and the two metastases) presented losses of 5pi5,
5q12~q31, 9p21~pter, 12cen~q21, 15q22~qter, and 17p.
In addition, the two metastases showed a gain of
11q12~q13 and 22q, and one of them ( a diaphragmatic
implantation) had additional gains in some regions of
chromosomes 16, 17q, 19q, and 20q.

Three tumors that showed a loss of chromosome mate-
rial at 10p14~pter were analyzed for LOH by using six
polymorphic markers. On average, three loci per sample
were informative. All three tumors showed LOH for all
the informative loci. We investigated two tumors without
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Figure 1 Summary of genetic imbalances detected in pancreatic adenocarcinomas by CGH. Solid lines depict
copy number changes detected in eight xenografted tumors (high-level amplifications and homozygous losses in
bold} and dashed lines represent the changes in two metastases developed in mice. The case number is given above
each line. Gains of DNA copy number are shown on the right-hand side and losses on the left.

the loss of 10p14~pter by CGH and found no allelic
losses.

Gains of 8q and 15q detected by CGH were analyzed
with single copy FISH probes. Seven tumors were exam-
ined by FISH with the use of probes for the MYC (at 8q24)
and FES {at 15926.1) genes, as well as centromere probes
for these chromosomes. Results for both genes are shown
in Tables 2 and 3, respectively.

Seven of eight cases (all but NP18) presented a gain of
8q24~qter by CGH. A high-level amplification (ratio >
1.5) was present in four of them (NP9, NP29, NP40, and
NP46). In FISH analysis, these same four cases displayed
an amplification of MYC relative to the centromere (range
1.9- to 24-fold). The level of the increase was low in two
cases (NP9 and NP46) and high in the other two (NP29
and NP40). MYC copy number in case NP29 reached more
than 100 copies in some cells. No MYC clusters were
present in the tumors with amplification. On the contrary,
MYC signals were scattered all over the nuclei. Two other
cases (NP37 and NP43), with a CGH gain but without
high-level amplification, did not show any increase of
MYC signals relative to the centromere. Nevertheless, the

mean MYC copy number per cell was 5.5 in case NP37.
Case NP31 was not available for FISH analysis. Case NP18
(xenografted from a human metastasis) was normal for
chromosome 8 by CGH, which was confirmed by FISH,

Figure 2 Ratio profiles obtained from the CGH analysis. Pic-
tured profiles are those of the chromosomes with homozygous
losses or losses present in all cells: 6q16~q21 and 13g21 in tumor
NP29 and 18q21~q22 in NP40. The line in the middle of the pro-
file indicates the base-line ratio (1.0); the lines on the left indicate
ratio values of 0.5 and 0.75; and the lines on the right correspond

to ratio values of 1.25 and 1.5.
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Table 2 CGH results for chromosome 8 and FISH results for CMYC gene (8q24), in eight xenografted pancreatic

adenocarcinomas
FISH analysis
Lgn )
”Percentage of cells with T ilac
Mean copy number’ amplification N
Case CGH results CMYC/cell Centr 8/cell CMYC/centr 8 No Low level High level
NP9 High-level amplification (8q) 7.3(2.7) 3.5(1.4) 2.3(1) 16.5 64.5 19
NP18 Normal 3.1(2.2) 2.6 (1.7) 1.2 (0.4) 81.05 18.95 0
NP29 Loss (8p11~q21.1 and 54.3 (28.5) 2.4(0.8) 24 (13.4) 0 0 100
high-level amplification
(8q23~qter)
NP31 Gain (chromosome 8) and NA NA NA NA NA NA
high-level amplification
(8p23~pter)
NP37 Gain (chromosome 8) and 5.5(3) 4.5(2.2) 1.3 (0.4) 77 21.5 1.5
high-level amplification
(8p23~pter)
NP40 High-level amplification 7.5(4.3) 2.1(0.5) 3.7(2.2) 5 48 47
(8q24~qter)
NP43 Gain (8q13~qter) 2.6 (1.2) 2.4 (0.9) 1.1(0.4) 94.5 4.5 1
NP46 High-level amplification 4.8 (3.5) 2.7 (2) 1.9(1.2) 22.5 64.5 13
' (8qz4~qter)
Abbreviation: NA, not analyzed.
“SD values in parenthesis.
even though a subclone with low-level amplification was ~ gene copy number was closely associated with the copy
present in 19% of cells. number of the chromosome 15 centromere on a cell-by-
CGH analysis showed an increased DNA copy number  cell basis.
at 15q25~q26 in six of eight cases (NP8, NP29, NP37, The same seven pancreatic tumors examined by FISH
NP40, NP43, and NP46). Cases NP9 and NP40 displayed a  and tumor NP31 were analyzed for amplification of the
high-level amplification. Three of the seven tumors exam-  IGF1R gene (15q25~qter) by Southern blot. Results are in-
ined by FISH (NP37, NP40, and NP43) showed a slightly ~ cluded in Table 3, and the Southern hybridization is
elevated FES copy number relative to the-centromere with ~ shown in Figure 3. Similar results were obtained for diges- r.
a range from 1.5- to 2-fold. In the other four cases, the FES  tions with two-enzymes (Hind Il and Pst). The level of
Table 3 CGH results for chromosome 15 and FISH and Southern results for FES and IGF1R genes (15q25~qter ) in eight
xenografied pancreatic adenocarcinomas
FISH analysis Level of
O/ N amplification of
-4 Percentage of cells with Southern
Mean copy number® amplification analysis
Case CGH results FES/cell  Centr 15/celi  FES/centr15  No  Low level High level IGFR/pEFD145 1
{NP9  Gain (chromosome 15) and 3.9(1.4) 2.9(1) 1.4(0.4) 62.5 36 1.5 " s
high-level amplification
(15g21~qter)
NP18  Loss (15gq22~qter) 1.6(1.4) 2.5(1.7) 0.7 (0.3) 96 4 0 0.2
NP2 Gain (15q15~q26) 3.3(1.3) 2.9(1) 1.1(0.4) 82.5 16.5 1 1.3
NP31  Normal NA NA NA NA NA NA 11
NP37  Gain (15p25~qter) 4.4 (2.5) 3(1.4) 1.5 (0.7) 54.5 40 5.5 2.6
NP40  High-level amplification 3.4(1.2) 2.2(0.5) 1.5 (0.5} 28.5 69 2.5 2.6
(15q24~qter)
NP43  Loss (15cen~q13) and 88 .
gain (lSqlS(}Vqter) —\—2.2 (07) ___11(04) . 2(04) —_ 7 VA 5 4.3 @
NP46  Gain (15q22~qter} 2.7(1.2) 2.2(0.6) 1.2 (0.5) 74.5 24 1.5 2.7

Abbreviation: NA, not analyzed.
°SD values in parenthesis.
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Figure 3 Southern blot of DNA from pancreatic tumor tissue
samples. Total DNA was digested with Pst (left) and Hind Il
(right) enzymes. (A) Hybridization with the IGF1R probe. In all
cases, including normal DNA, additional hybridizing band(s)
were present. The nature of the extra bands is as vet unknown.
(B) Hybridization with pEFD145 as a control probe. Abbreviation:
N, normal tissue.

amplification was calculated as the average of both values.
The gene was amplified (range 2.5- to 4.3-fold} in five
cases (NP9, NP37, NP40, NP43, and NP46), which is in
concordance with cases that showed a gain of 15q25~qter
by CGH. Case NP18 (xenografted from a human metasta-
sis) was the only case with a loss (instead of a gain) of
15q22~qter by CGH. Both FISH and Southern techniques
displayed a reduced DNA copy number for the FES and
IGF1R genes, respectively.

DISCUSSION

So far, no xenograft explants have been used in CGH anal-
vsis of pancreatic cancer. Enrichment for human tumor
cells by using the xenograft method enabled the detection
of more genetic changes at higher frequencies, compared

G. Armengol et al.

with previous studies on pancreatic carcinoma. We de-
tected DNA-sequence copy number losses in several chro-
mosomal sites: 18q21 (6/8 cases), 6q16~q21 (5/8 cases),
6q24~qter (5/8 cases), 9p23~pter (5/8 cases), 13921 (4/8
cases), and 10p14~npter (3/8 cases).

Allelic imbalance on 10p has been detected, though at
low frequency (17%), in pancreatic tumors [8]. Losses of
the distal part of 10p have been observed by CGH as well:
Mahlamaéki et al. (22] reported 17.4% of cases with a loss
of this region, whereas Fukushige et al. [21] reported a
proportion comparable to the frequency detected in the
present study (38.8% vs. 37.5%). We attempted to narrow
the critical region by LOH analysis in the three tumors
with a CGH loss of this area. All three tumors showed
LOH for all the informative loci. Apparently, the entire re-
gion is necessary for the progression of these tumors. Fur-
thermore, we tested two tumors without a CGH loss in this
region to detect a possible minimal deletion but found no
allelic losses. Therefore, a complete concordance between
LOH and CGH was observed.

Band 18q21 contains genes that were described to be
involved in pancreatic carcinogenesis, such as DCC and
DPC4 [14]. Other tumor suppressor genes reported to be
involved in pancreatic carcinoma, such as CDKN2A
(9p21) [10] and RB1 (13q14.1) (18], are located close to but
not in the minimal common band that was lost in our
cases. The present findings suggest the involvement of
other genes or regions in chromosomes 9 and 13, such as
gp23~pter and 13q21. Genetic iosses of DCC, CDKN2A,
RB1, TP53, and APC were studied in the same xenografted
tumors that we report here {11]. There was an overall con-
cordance with the CGH results. Anyway, two cases (NP18
and NP40) failed to detect an allelic loss of TP53 and DCC,
whereas a CGH loss was observed in the chromosomal site
of these genes (17p13 and 18q21, respectively). This ob-
servation could be due to the fact that other genes located
in the same chromosomal region are responsible for the
CGH finding, such as DPC4 in 18q21 or other unknown
genes in 17p13.

Chromosome arm 6q appears to be recurrently lost in
cancer of the pancreas by conventional cytogenetics and
FISH [3, 5, 6], by LOH [7, 8], and by CGH [20-22]. We de-
tected a loss of 6q material in 75% of samples. No sus-
pected tumor suppressor genes involved in pancreatic car-
cinogenesis have been described so far in this region.
According to our results, two different regions are deleted
(6q16~q21 and 6q24~qter), and therefore at least two
genes may be involved. AIM1 (absent in melanoma 1}, a
gene mapped to 6q21, is associated with tumor suppres-
sion in a model of human melanoma [34].

In relation to gains detected by CGH, 87.5% of our tu-
mors presented a gain in chromosome 8 (minimal com-
mon region 8q24~qter). The recurrent gain of the long arm
of chromosome 8 was reported earlier in pancreatic cancer
by conventional cytogenetics {4, 6] and by CGH {21, 22].
Consistently, one of these CGH studies reported gain and
amplification of 8g23~qter, and the involvement of the
MYC gene was suggested [22]. Previous investigations of
the involvement of MYC in pancreatic cancer yielded
somewhat contradictory results. A primary tumor and
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their two metastatic lymph nodes were found to have a
50-fold amplification of MYC [35], whereas another study
failed to detect any consistent immunohistochemical
overexpression of C-MYC in 20 pancreatic carcinomas
(36]. Our results from FISH analysis of interphase nuclei
of seven pancreatic tumors showed two cases with a high-
level copy number increase of MYC relative to the cen-
tromere (3.7- and 24.0-fold; Table 2). Two other tumors
exhibited low-level amplifications (1.5- to 3.0-fold). Scat-
tered signals of the MYC gene were found in cells of all tu-
mors with amplification. They may most likely represent
double minutes. The three remaining tumors showed 2.6,
3.1, and 5.5 MYC signals per cell but no gene amplifica-
tion, because of an equal number of chromosome 8 cen-
tromere signals. Both mechanisms, gene amplification and
chromosome aneusomy, may lead to the presence of extra
MYC copies that could be involved in pancreatic carcino-
genesis. In addition, other genes in 8q24~qter can be re-
sponsible for the high-level amplifications found by CGH.

The present study also revealed a gain of 15925~q26 in
75% of cases, which has not been previously reported in
pancreatic adenocarcinoma at such a high frequency. A

previous CGH study reported loss of 15q (common change -

region 15cen~q15) in 33% of cases and gain of
15q24~qter in 25% of cases {22]. Two genes, IGFIR and
FES, located in 15q25~qter, are known to be frequently
up-regulated in many types of cancer. The IGF1R gene en-
codes the receptor for type I insulin-like growth factor,
and it functions as an antiapoptotic agent by enhancing
cell survival. The FES gene encodes a protein with ty-
rosine-specific kinase activity. FISH analyses of seven xe-
nografted tumors indicated a low-level amplification of
the FES gene in relation to the chromosome 15 centromere
in three tumors (NP37, NP40, and NP43; Table 3). The
mean FES copy number per cell exceeded 2.7 (as high as
4.4) in five tumors (NP9, NP29, NP37, NP40, and NP46).
Case NP43 showed 2-fold amplification by FISH but a nor-
mal] mean of FES signals {two). This finding could result
from the loss of the centromeric region of chromosome 15,
which was detected by CGH as well. In addition, an am-
plification of IGF1R relative to pEFD145 {chromosome 3)
by means of Southern analysis was found in five of eight
cases (NP9, NP37, NP40, NP43, and NP46: Table 3}. This
low-level increase ranged from 2.5 to 2.7, without consid-
ering case NP43, in which the increase of IGFIR was
higher owing to the deletion of 3p21, where the reference
probe used for Southern analysis was located. Case NP29
showed a DNA copy number increase by CGH in
15q25~q26 but without the involvement of the distal part
of 15q26. This case presented neither IGF1R amplification
(located in 15q25~qter) nor FES amplification (15q26.1).
Therefore, the present findings suggest the involvement of
another gene or other genes located in 15g25~q26. Never-
theless, our rumors showed IGF1R slightly more amplified
than FES, and, similarly to MYC, extra gene copies could
play some role in pancreatic cancer progression.

Another chromosome that clearly appeared to be recur-
rently gained in our tumors was chromosome 16 (75%).
Gain of the distal region of the short arm of chromosome
16 was reported as the most frequently found imbalance

in an earlier CGH study on 23 pancreatic adenocarcino-
mas [20], but two other CGH reports did not detect it [21,
22]). According to our study, both arms of chromosome 16
were involved in gains, but the short arm was the most
frequent. The fact that a large part of the chromosome was
affected may indicate simultaneous gene copy number in-
creases of more than one important gene.

Gain of chromosome 20 confirmed previous cytoge-
netic and CGH studies (5, 6, 20-22]. Our CGH results sug-
gest that the main region is located at 20q13~qter, accord-
ing to the high-level amplifications that were found.
Fukushige et al. [21] analyzed five cell lines by FISH with
chromosome 20 probes (20cen, 20q11, and 20q13.2). They
found that 20q13.2 was increased by five to eight copies
per cell. In breast cancer, Tanner et al. {37] identified
20q13.2 as the most important region of amplification on
chromosome 20. A novel gene localized in 20q13 and
named BTAK was found to be amplified and overex-
pressed in breast tumor cell lines [38].

An increased copy number at 19q was observed in
62.5% of cases. Recently, a cytogenetic and FISH analysis
of chromosome 19 in nine primary pancreatic carcinomas
narrowed the gained region to 19q13.1~13.2 [39]. These
bands may harbor genes important in this type of tumor.

Of the two human metastases (NP3, a peritoneal me-
tastasis, and NP18, a hepatic metastasis}, NPg exhibited
aberrations similar to those in the primary tumors,
whereas NP18 did not {with losses of 5p15, 5q12~q31,
9p2l~pter, 12cen~q21, 15q22~qter, and 17p). In addi-
tion, the two metastases developed in mice maintained
the aberrations of the original pancreatic tumor (NP18).
This close similarity to the tumor of origin confirmed the
stability of the xenograft model. Interestingly, both me-
tastases showed gain of 11q12~q13 and 22q. One metasta-
sis (a diaphragmatic implantation) had additional gains in
chromosomes 16, 17q, 19q, and 20g. To evaluate this fur-
ther, a larger number of tumors and their paired me-
tastases should be studied.

In conclusion, the present study agrees with previous
cytogenetic and molecular genetic findings of pancreatic
cancer. Moreover, we identified several new chromosomal
regions that are likely to harbor oncogenes and tumor sup-
pressor genes relevant for the development or progression
of pancreatic adenocarcinoma. Some of these genes have
been tested for amplification, such as MYC (8q24), FES
and IGF1R (15q25~qter). Our data suggest that other
g-1es located in these regions may play a more important
role in the biology of pancreatic carcinoma.
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ABSTRACT

Metastases are thought to be derived from emerging clones in primary tumors. Although the
concept of clonal evolution of cancer is well defined, the genetic grounds and significance of
this process in human cancer progression is still poorly understood. To gain insight on the
genetic basis and clonal evolution underlying metastatic progression of human pancreatic
cancer in vivo, we analyzed by comparative genomic hybridization (CGH) chromosomal
imbalances in seven metastases originated in nude mice and their originary three xenqgrafted
human pancreatic tumors. All metastases were found to be closely related to the
corresponding originary tumor, maintaining the same genetic alterations with many additional
changes. Recurrent metastasis-specific alterations included gains at 16cen-q22 and 17q21-
qter. TheCGH results from paired specimens of the same patient allowed us to define a
hypothetical precursor clone. This prime clone would share chromosomal abnormalities with
the primary tumor and would evolve toward metastasis because of the acquisition of novel

genetic alterations as reflected in the CGH pattern.



MANUSCRIPT

Disruption of the organization of the genetic material is characteristic of tumor cells. Foulds
(1954; 1975 > and Nowell (1976) hypothesized that genetic instability
exists within tumors and that genetic changes (consequence of the genetic instability) are
responsible for cell heterogeneity. Variant cells would emerge throughout the evolution of the

tumor and the rising cell subclones would be subsequently selected according to their

biological behavior (vascular invasion, metastatic ability, drug resistance, etc.).

Metastatic ability of tumor cells underlies the most frequent cause of cancer treatment failure
nowadays. It is generally assumed that metastatic clones arise from variant subclones within
the primary tumors. In fact, when analyzing paired primary and metastatic tissues, a
progenitor clone may be defined even in spite of the often observed heterogeneity.
Controversy exists regarding the kinetics of the heterogenity in metastatic clones since it
could be due to an initial diversity of the primary tumor subpopulation or due to the

accumulation of several genetic alterations during the independent evolution of metastasis.

The extent to which the primary and metastatic cell clones are different from one another is an
important question for both tumor biology and clinical oncology. Studies to compare changes
in the metastases with those found in the corresponding primary tumors in the same patient
would make it possible to assess the degree of clonal evolution and genetic heterogeneity that
characterizes the metastatic progression. The analysis of paired specimens would also be
informative in revealing subtle genetic differences between primary and metastatic lesions
and thereby pinpointing genetic events that could have predisposed to metastatic

dissemination (Kuukasjirvi et al., 1997).



One of the tumors with a high invasive and/or metastatic capaﬂcity is pancreatic
adenocarcinoma. Due to its metastatic spread and its late diagnosis, its prognosis is very poor
(Brand and Tempero, 1998). Orthotopic implantation - in the corresponding organ of origin-
in nude mice has proved a good in vivo model for the study of pancreatic cancer. A complete
concordance is observed between the histological appearance of the primary and the
perpetuated tumors in mice (Fu et al., 1992; Reyes et al., 1996) as well as in the expression of
tumor-associated antigens (Fu et al., 1992). In contrast to subcutaneous implantation, where
only local growth occurs, orthotopic implantation more closely reproduces the metastatic
behavior of the tumor (Fu et al., 1992; Reyes et al., 1996). Dissemination is present ina high
(up to 50%) proportion of cases of perpetuated tumors, is tumor-specific, and keeps stable
through a high number of passages (Reyes et al., 1996). The use of solid tumor fragments,
where heterogeneity of tumor cell populations is high, in conjunction with the implantation in
a favorable microenvironment, may account for this high percentage of dissemination. This
model system should be an excellent tool to study the genetic basis of divergence of
metastatic clones. Furthermore, the use of xenograft explants has proved useful in genetic
analysis because of the enrichment for the neoplastic cell population, especially in pancreatic
carcinoma which characteristically generates an intense host desmoplastic reaction (Hahn et

al., 1995).

Comparative genomic hybridization (CGH) has been established as a powerful approach to
carry out a comprehensive search for gains and losses of DNA sequences in genomic tumor
DNA (Kallioniemi et al., 1992). It provides results that are considered to be representative of
the entire tumor. Previously, we have shown on eight orthotopic xenografts of pancreatic
carcinoma studied by CGH, recurrent gains on chromosomes 8q, 15q, 16, 20q, and 19q, and

recurrent losses on chromosomes 18q, 6q, and 9p (Armengol et al., 1999). Since the pattern of



dissemination keeps constant through several passages and distinct passages of orthotopically
implanted tumors show a considerable genetic stability we have used the CGH technique to

address the issue of the origin of clonal divergence in the metastatic process.

We have analyzed by means of CGH three orthotopic xenografts of human pancreatic
carcinomas in nude mice and their seven corresponding metastases obtained from earlier
passages. Characteristics of the orthotopic xenografts are as follows: NP9, a _p:)orly
differentiated tumor, was originated from a peritoneal metastasis and consistently produced
peritoneal metastases when allowed to disseminate. The original tumor and two peritoneal
metastases were studied. NP18, also a poorly differentiated tumor, was originated from an
hepatic metastasis and developed a mixed peritoneal and hepatic dissemination pattern. A
total of four metastases (two hepatic and two peritoneal) were analyzed. Finally, NP46 was
originated from a primary tumor, and after six months developed minor peritoneal metastases.

One peritoneal metastasis was studied. Results of the three original xenografts and two

metastases were included in a previous study (Armengol et al., 1999).

CGH analysis was performed as described by Armengol et al. (1999). Briefly, tumor DNA
was labeled with Fluorescein-dUTP (DuPont, Boston, MA) and normal DNA was labeled
with Texas Red-dUTP (DuPont), using nick-translation procedilres in both. Each of the
labeled DNAs (800 ng) were mixed and hybridized to normal metaphase spreads for 2-3 days.
Hybridizations were analyzed with an Olympus fluorescence microscope and the Cytovision
digital image system (Applied Imaging, Sunderiand, UK), which is based on a high sensitivity

integrating monochrome CCD camera and an automated CGH analysis software package.



Chromosome regions were interpreted as gains when the green-to-red ratio was above 1.25
and as losses when the ratio was below 0.75. A copy number change was considered a high-
level amplification when the ratio exceeded 1.5 and a ratio below 0.5 was considered a
homozygous loss or a loss present in almost all the cell population. These cutoff values were
determined based on the negative control experiments. In each CGH experiment a negative
control was included. The mean green-to-red ratio in all negative CGH experiments remained

between 0.75 and 1.25.

CGH results are shown in Figure 1. All metastases analyzed had more genetic alterations than
the corresponding original tumor. Moreover, in all cases, the metastases had some gains and
losses involving the same chromosome regions than the original tumors, but with CGH
profiles more deviated from the balanced value. These quantitative differences could be
caused by differences between the extent of the genetic alteration or by a predominance of

subpopulations bearing such aberrations (Nishizaki et al., 1997).

Tumor NP9. Orthotopic xenograft of tumor NP9 at passage S harbored a high number of gains
and losses. It had evolved 6 months after implantation and subsequent serial passaging in the
pancreas of 5 distinct animals. The two metastases analyzed were obtained after three months
of tumor implantation in the pancreas of nude mice (passage 1). Therefore, these metastases
showed a shorter period of evolution than the orthotopic xenograft. However, all alterations
present in the orthotopic implant were detected in the metastases as well. Moreover, non-
random additional alterations were detected in the metastases. Both metastases acquired three
alterations and two of them were shared by both metastases clearly suggesting that both
metastases come from a common ancestor, already distinct from the still dominant clone in

the orthotopic xenograft six months later (Figure 1A).



Tumor NP18. An orthotopic xenograft of tumor NP18 at passage 5 and four distinct
metastases obtained from passage 1 were analyzed. CGH pattern is depicted in Figure 1B.
The four metastases shared an identical common CGH pattern with the xenograft in spite of a
distinct evolution. Moreover, metastases acquired many additional gains. All metastases are
clonally related among them suggesting that they originate from distinct but related clones

arising in the orthotopic implant.

Tumour NP46. Tumour NP46 had a moderate tendency to metastasize. In this case an
orthotopic implant (passage 6) and a single metastasis from passage 1 were analyzed. Both
tumors were closely related with two additional alterations (+16q, and +20q) and two

quantitative alterations (+9p and -18q) being detected in the metastasis (Figure 1C).

Several observations come up from the present study:

Interestingly, the same chromosomal regions that were involved in the orthotopic implants
were also found in the respective metastatic tumors. All the metastases presented the same
genetic alterations than the original tumors, or even with profiles more deviated, plus new
aberrations that may be characteristic of the metastatic process (see below). There was only
one aberration with a subtle difference: NP46 presented a loss of whole chromosome 10
whereas the corresponding peritoneal metastasis showed only a loss of 10q. Overall, the total
number of aberrations, as measured by CGH, detected in metastases was higher than that
observed in orthotopic xenografts, even after a more prolonged independent evolution. This
observation supports the notion that cancer progression and dissemination associates with the

acquisition of further genetic changes (Fearon et al., 1990).



In addition, subtle genetic differences between primary and metastatic lesions were revealed.
Our data suggest a correlation of metastatic events in pancreatic carcinomas with an increase
in the copy number of genes located at 16q, in particular at 16cen-q22, as well as genes of
17q21-qter, as they appeared in three metastatic samples from two different tumors. A larger
number of paired tumour and metastatic samples should be studied to pinpoint genetic events
that could predispose to metastatic dissemination of pancreatic cancer as has been done in

other types of tumors (i.e. renal clear cell carcinomas, Gronwald et al.,1997).

Since the number of shared genetic changes is a rough estimate of the degree of clonal
relationship (Kuukasjdrvi et al., 1997), these results constitute strong evidence for a close
clonal relationship between xenografts and their paired metastases. What is more, the
concomitant metastases analyzed from two cases (NP9 and NP18) have shown to be clonally
related among them. This observation strongly suggests that the majority of additional
alterations observed in the metastases were already present in subclones arising in the
orthotopic xenografts that delivered cells into the blood stream. Since these subclones were
not dominant in the microenvironment of the orthotopic implant they could not be not

detected by CGH.

In every case it has been possible to construct the genetic composition of a common
progenitor cell clone, present in the first orthotopic implant, that would be the origin of
distinct subclones differently selected for depending upon the anatomical site: pancreas, liver
or peritoneum. While heterogeneity found in the metastatic samples may be due to
accumulation of genetic alterations after the divergence of the primary and metastatic tumor
clones, as postulated by Kuukasjﬁrvi et al. (1997) for breast cancer, at least a significant

proportion of them were already present in rising subclones within the primary tumor.



To our knowledge, this is the first report of such a clonal chromosomal evolution evidenced
" by the pancreatic neoplastic cells. In a previous CGH study on pancreatic carcinoma,
Mahlaméki et al (1997) observed that the DNA copy number changes in nine metastatic
samples did not substantially differ from the overall pattern of imbalances in 15 primary
carcinomas. Furthermore, in one case, paired primary-metastasis samples displayed almost
identiéal abnormalities. Based on these findings, they concluded that clonal evolution in
pancreatic carcinoma cells, as regards genomic imbalances, was quite similar irrespective of
their location. Discrepancies may be attributed to the use of a model system and/or to distinct
sensitivities when using tumour biopsies where significant stromal contamination may

preclude detection of gains or losses.

In conclusion, the ability of CGH to provide detailed comparisons of genetic changes in
paired specimens of pancreatic carcinomas and their metastases has enabled the study of the
metastatic progression of human pancreatic cancer in vivo. According to our CGH findings,
tumors and their metastases are often clearly derived from the same precursor clone. Some
genetic changes, such as gains of 16q and 17q, may give clues to the basic molecular
mechanisms providing a selective advantage for the metastatic pancreatic process. Although
further investigations are required, our results may have implications to understand the

genetic basis underlying metastatic progression of human cancer in vivo.
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LEGENDS TO THE FIGURE

FIGURE 1. Hypothetical common stemline and subsequent clonal evolution and tumor
progression pathways for xenografted tumors and their metastases in three diferent pancreatic
carcinoma cases (A, NP9; B, NP18; C, NP46) who all had metastases clearly clonally related
to xenografted tumor. Solid-line boxes depict CGH results and dotted-line boxes show the
putative clones present in the xenografted tumor. Subchromosomal breakpoints are not
included in the latter. High-level amplifications and homozygous losses are shown in bold,
and quantitative differences are given in parenthesis (see text). Additional acquired alterations
are in italic, and underlined figures represent alterations fhat might have occurred in the

metastatic site.
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4. RESULTATS I DISCUSSIO

4.1. APLICACIO DE LA CGH

La CGH permet detectar facilment i en un tnic experiment els desequilibris presents en un genoma
determinat, amb el DNA com a tnic requisit. Amb aquesta técnica és possible identificar regions de
guany o perdua de seqiiencies de DNA, com delecions, duplicacions i/o amplificacions. Aixi, doncs,
pot detectar aquelles anomalies recurrents desequilibrades presents en els tumors mentre que les
reorganitzacions equilibrades passen desapercebudes.

Les reorganitzacions cromosomiques estructurals equilibrades (majoritariament translocacions perd
també inversions) sén més especifiques de tumor que els canvis desequilibrats. Aquestes anomalies
equilibrades sén més freqiients en les neoplasies hematologiques, particularment en les leucémies
agudes, que en els tumors solids, especialment aquells d’origen epitelial, que es caracteritzen per
anomalies desequilibrades. Aix0 pot ser degut, per una banda, al fet de que s’han analitzat
citogenéticament menys neoplasmes solids. Aquests tumors sovint mostren cariotips bastant
complexos i de tan baixa qualitat que pot ser quasi impossible identificar algunes anomalies. Si aix0
fos aixi, investigacions citogenétiques acurades de més tumors solids, potser combinats amb noves
tecniques, com la FISH multicolor, augmentarien la proporcié de reorganitzacions equilibrades als
tumors sdlids. Per altra-banda, és igualment possible que les reorganitzacions equilibrades
reflecteixin diferéncies en l'origen del llinatge cel-lular i/o un avantatge selectiu d’aquestes
anomalies. Els canvis cromosomics equilibrats freqiientment resulten en reorganitzacions de gens
que codifiquen per factors de transcripcié. Per tant, és possible que les anomalies estructurals
d’aquest gens principals siguin de menys importancia patogenética en el desenvolupament dels
tumors solids que en les leucémies. Potser -els tumors caracteritzats per aberracions equilibrades
s’originen de tipus cel-lulars que mostren reorganitzacions genétiques en la seva ontogenia, tal com
la recombinaci6é somatica que es produeix durant la diferenciacié de cél-luleé B i T. En canvi, els
tumors soOlids amb només canvis desequilibrats probablement s’originen de cél-lules en les quals

aquestes recombinacions no es donen mai. Aquesta hipotesi, que va ser plantejada per Mitelman i
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col. (1997), ha de ser investigada més a fons. Al contrari que a les reorganitzacions equilibrades, les
conseqiieéncies moleculars de les anomalies recurrents desequilibrades sén virtualment desconegudes.
El resultat patogencticament important dels guanys i pérdues de material cromosdmic s’atribueix de

forma general a I’amplificacié d’oncogens o delecié de gens supressors de tumors.

4.2. OPTIMITZACIO DE LA CGH

En el present estudi es va posar a punt la técnica de la CGH al laboratori de la Unitat d’ Antropologia
de la Facultat de Ciéncies de la Universitat Autonoma de Barcelona. Les mostres a partir de les quals
es feia ’extracci6 de DNA provenien tant de teixits congelats com de teixits fixats en parafina. Els
teixits frescos, perd, sempre eren preferibles perqué el DNA dels tumors arcaics fixats en parafina
estava tot sovint degradat.

Tant el DNA tumoral com el normal s’havien de marcar per poder detectar. després els fragments
hibridats. En el cas de que el DNA estigués degradat, s’incubava el DNA amb menys quantitat de
DNasa per tal d’obtenir els fragments de la longitud. desitjada. En els. primers moments del
desenvolupament de la técnica es feia el marcatge indirecte. Es marcava el DNA tumoral amb
biotina-14-dATP i el DNA normal amb digoxigenina-11-dUTP. Després, aquestes molecules eren
detectades mijancant anticossos marcats amb fluorescéncia (FITC i TRITC). Posteriorment, es va
descriure que el marcatge directe amb nucledtids que porten fluorocroms incorporats (Fluoresceina i
Texas Red) millorava la qualitat de les hibridacions (menys granuloses) i disminuia el temps invertit
(no calia fer deteccié immunoquimica). Aixi doncs, també en el nostre laboratori vam adoptar aquest
nou metode de marcatge.

La qualitat de la hibridacié depenia en gran manera de la qualitat de les metafases sobre les que
s’hibridaven els DNAs. Els cromosomes eren avaluats en un microscopi de contrast de fases. Calia
que els cromosomes fossin foscos, sense ser grisos ni birefringents i sense restes citoplasmatiques,
que dificulten la hibridaci6. S’havien de deixar envellir entre dues setmanes i dos mesos a

temperatura ambient. A mesura que les extensions estaven més envellides es feien més resistents a la
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- desnaturaltizacié i s’havien de desnaturalitzar a temperatures més elevades. A més, per aquelles
extensions amb més restes de citoplasma s’incrementava la concentracié de proteinasa K. Es van
analitzar les imatges obtingudes de les hibridacions mitjancant un microscopi d’alta qualitat i els
sistemes d’analisi d’imatges MetaSystems i Cytovision. Ambdds sistemes contenien paquets de
software automatitzats per analitzar la CGH. La mateixa preparacié analitzada amb els dos sistemes

donava els mateixos resultats. Aixi, doncs, ambdoés sistemes eren fiables i comparables.

4.3. CANVIS GENETICS RECURRENTS ALS ET MITJANCANT CGH (articles I, Armengol
i col.,1997; i II, Tarkkanen i col., 1999)

Es va aplicar la CGH per detectar canvis en el nombre de copies de seqiiencies de DNA en els ET. Es
van analitzar un total de 37 mostres (31 tumors primaris, 3 tumors recurrents i 3 metastasis) de 34
pacients. Es van observar canvis en €l nombre de copies en 28 mostres (76%). En general, els tumors
presentaven poques aberracions (unes dues per mostra). Aquest baix nombre de desequilibris podia
ser degut a: la importancia de la translocaci6 t(11;22), que és especifica d’aquest tipus de tumor i que
no es pot detectar per CGH, o bé a la contaminaci6 per cel-lules normals o a I’heterogeneitat genética
intratumoral. Els guanys de seqii¢ncies de DNA eren molt més freqiients que les pérdues, i la majoria
de guanys afectaven tot el brag d’un cromosoma 0 cromosomes sencers.

En un primer estudi (article I), es van analitzar 20 mostres. Els canvis més freqiients implicaven el
guany del brag llarg del cromosoma 1 (25% de les mostres) i €l guany dels cromosomes 81 12 (35% i
25%, respectivament). Aquests canvis s’anomenen secundaris perqué no tenen !’especificitat de la
translocacio. La regié comi minima pel cromosoma 1 era 1q21-q22. Forus i col. (1996) havien trobat
amplificaci6 dels gens FLG i SPRR3, localitzats a 1q21, en algunes mostres de sarcoma huma. Per
aixo en el nostre estudi vam avaluar mitjancant Southern blot I’amplificacié d’aquests dos gens en un
cas ’ET amb un alt nivell d’amplificacié a 1q21-q22 per CGH. Ambdds gens estaven amplificats.
En el cromosoma 8 es va trobar per CGH una regi6 altament amplificada a 8q13-qter, suggerint que

aquesta regi6 podia contenir gens importants en el desenvolupament i/o progressié dels ET, com per
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exemple el gen MYC, localitzat a 8q24. Malgrat tot, quan hi ha grans regions guanyades és dificil
identificar gens individuals, ja que hi podria haver diversos gens alterats simultaniament. Pel que fa
al cromosoma 12, sembla que succeeix quelcom semblant, perqué es veia afectat tot el cromosoma
12. A més, en sarcomes s han vist amplificacions de gens localitzats a 12q13-q15 (MDM2 i CDK4;
Ladanyi i col., 1995), i guanys de 12q21-q22 i 12q24 (Suijkerbuijk i col., 1994; Forus i col., 1995a).
Els resultats obtinguts amb la CGH coincidien de forma general amb els resultats previs de
citogenetica (trisomia 8, trisomia 12 i guanys parcials de 1q degut a la translocacié desequilibrada
der(16)t(1 ;16)). En el nostre estudi, a més, en comparar els resultats de la CGH amb I’analisi
citogenetica dels mateixos tumors, no es van observar discrepancies. En alguns casos, hi havia una
coincidéncia completa, mentre que en altres la morfologia dels cromosomes feia dificil el
cariotipatge.

Es pot considerar, doncs, la translocaci6 t(11 ;22) o una translocacié variant, com a ’esdeveniment
critic i primari, mentre que els canvis secundaris podrien tenir una significacié pronostica. En aquest
sentit, es va realitzar un segon estudi (article II) incloent més mostres per avaluar la correlaci6 entre
aquests canvis secundaris i la supervivéncia dels pacients. En total es va disposar de 28 tumors
primaris. Les aberracions més comuns continuaven sent el guany del cromosoma 8 (36%), guanys a
1921-q22 (18%) i el guany del cromosoma 12 (11%), encara que €s van observar altres anomalies
freqiients, com el guany de 7q (18%) i'de 6p21.1-pter (11%), i 1a perdua de 16q (11%). Els augments
en ¢l nombre de copies de 1q21-q22 i dels cromosomes 8 i 12 estaven associats amb una tendéncia a
un pitjor pronostic, encara que les diferéncies no eren significatives. En canvi, els pacients amb
tumors amb guanys a 6p si que van mostrar pitjor pronostic que els pacients sense aquesta anomalia,
tant pel que fa a la supervivencia global (p=0.004), com pel qué respecte al periode lliure de malaltia
(p=0.04). Cal fer notar, perd, que aquests pacients tenien altres factors clinics associats a baix
pronostic, com poden ser la preséncia de metastasis en el- moment del diagnostic i el fet de ser tumors
grans i centrals (veure Taula 1 de ’article II). Aixi doncs, es fa dificil estimar les implicacions de

I’augment en el nombre de copies de 6p21.1-pter. Fins ara no s’ha localitzat cap oncogen relacionat
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amb els ET en aquesta regi. Seria necessari estudiar un major nombre de pacients amb ET per tal de
confirmar el valor prondstic d’aquestes anomalies. Tenint en compte la baixa freqiiéncia d’aquest
tipus de tumors i el petit tamany de la mostra degut a 1’is de biopsies d’agulla fina per al diagnostic,

es fa dificil estudiar un elevat nombre de casos.

44. ESTUDI D’UNA MESCLA DE DNAs DE TUMORS DE LA MATEIXA ENTITAT
CLINICO-PATOLOGICA MITJANCANT CGH (article ITI, Knuutila i col., 1998)

Es van estudiar mitjangant CGH mescles de DNAs de diferents mostres d’un mateix tipus de tumor i
que préviament havien estat estudiades cas a cas. Es van analitzar sis mescles diferents de DNAs : 28
limfomes difusos centroblastics (DCL), 28 tumors gastrointestinals estromals (GIST), 21
condrosarcomes primaris (CS), 17 mostres d’ET, 14 liposarcomes (LS), i 14 mesoteliomes (MS). Es
van detectar aquells canvis presents en almenys un 50% dels tumors individuals : els DCL mostraven
guany a 18q22-gter ; els GIST mostraven pérdues al cromosoma 14 i a 22q12, i guanys a 5p, 8q22-
q24, 17q22-qter, i 19q13; els ET mostraven guanys a 1q i 8q13-qter; els LS mostraven guanys a
1921-q25 i 12q; i els MS mostraven pérdua a 9p22-pter. A la mescla de DNAs de CS no es van
observar canvis, ja que cap dels canvis observats en les mostres individuals superaven el 35% dels
casos.

Amb aquest nou enfoc de la CGH es pretenia detectar amb un dnic experiment de CGH aquelles
anomalies citogenctiques desequilibrades més caracteristiques del tumor. Aixi, i tedricament, es
podien detectar anomalies presents en un 30% de la poblaci6 cel-lular total (es feien servir els limits
de 1.17 i 0.85). Malgrat tot, cal tenir en compte els factors que poden fer variar aquest percentatge
(veure Material i Metodes). Mitjancant aquesta estratégia, es van identificar els canvis en el nombre
de copies de DNA que estaven presents a la majoria de tumors individuals (estudiats cas a cas).
Aquest canvis sén les anomalies recurrents que més interessen, perqué segurament les regions
implicades contenen gens importants en el desenvolupament del tumor. La concordancia entre els

resultats de la mescla de DNAs i els casos individuals suggereix que la mescla de DNAs é€s itil per
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un cribatge rapid dels canvis recurrents i primaris en el nombre de copies de DNA en un tipus de

tumor.

4.5. ESTUDI D’ADENOCARCINOMA DE PANCREAS PER CGH I AVALUACIO DE
L’AMPLIFICACIO DE MYC, FES 1 IGFRI (article IV, Armengol i col., 1999)

Es van estudiar per CGH vuit casos d’adenocarcinoma de pancreas que havien estat implantats en
ratolins atimics i dues metastasis desenvolupades en els ratolins a partir d’un dels tumors implantats.
Es van observar miltiples anomalies : guanys del cromosoma 8 (minima regié comi 8q24 ; a 7/8
casos), del cromosoma 15 (15q25-q26 ; 6/8), del 16 (16p a 6/8 ; 16q a 5/8), del 20 (20q ; 6/8) i del 19
(19q ; 5/8), i perdues als cromosomes 18 (18921 ; 6/8), 6 (6q21 i 6q24-qter ; 5/8 cada un), 9 (9p23-
pter ; 5/8), 13 (13q21 ; 4/8),1 10 (10p14-pter ; 3/8). Cal destacar que les dues metastasis conservaven
les anomalies del tumor pancreatic original, perd, a més, presentaven guany recurrent de 11q12-q13 i
de 22q.

Aquest era el primer estudi de CGH que es feia amb mostres de cancer de pancreas implantades en
ratolins. La implantacié de cél-lules humanes tumorals en ratolins atimics ha resultat 1til en els
estudis de pérdua al‘l¢lica en els tumors pancreatics (Caldas i col., 1994b; Hahn i col., 1995; Reyes i
col., 1996) i en els estudis de CGH en altres tipus de tumors (Forus i col., 1995a; Fours i col., 1995b;
Williams i col., 1997; El-Rifai i col., 1998). Aixi, en el nostre estudi es van observar més anomalies i
en freqiiéncies més elevades que en els estudis previs de CGH aplicada al cancer pancreatic.

Alguns dels canvis observats en el nombre de seqiiéncies de DNA es van estudiar més a fons
mitjancant métodes moleculars especifics (guanys de 8q i 15q, i perdues de 10p). Es va intentar
delimitar la regié perduda mitjancant analisis de LOH, amb sis marcadors polimorfics. Tots els casos
amb perdua per CGH van mostrar pérdues al-leliques per LOH per tots els loci informatius. Aixi
doncs, es va observar una coincidéncia completa entre la LOH i 1a CGH, per0 no es va poder acotar

la regi observada per CGH.
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Per altra banda, es va voler aprofundir en els guanys observats a 8q24 i 15925-q26. Ambdos es
presentaven en una freqiiencia més elevada del que s’havia descrit fins el moment, i cap de les dues
regions havia sigut analitzada amb meétodes moleculars per determinar la preséncia de possibles
oncogens importants en la carcinogénesi pancreatica. Aixi doncs, es va procedir a estudiar alguns
dels oncogens localitzats en aquestes regions, per tal d’avaluar la seva possible implicaci6 en el
cancer de pancreas (MYC a 8q24, i FES i IGFIR a 15¢25-qter). El gen MYC codifica per un factor de
transcripcid, el gen FES codifica per una proteina amb activitat tirosin quinasa i el gen IGFIR pel
receptor d’un factor de creixement tipus 1 semblant a la insulina. Tots tres gens s’havien trobat
amplificats en altres tipus de tumors (pulm6, mama, leucémies i limfomes; Berns i col., 1992; Nishio
i col., 1992; Visscher i col., 1997). Es van estudiar els dos primers gens per FISH, mentre que IGFIR
va ser avaluat per Southern blot (’insert dei vector era massa petit per fer estudis d’hibridaci6 in
situ). Dos dels set tumors analitzats van mostrar un alt nivell d’amplificacié del gen MYC respecte el
centromer (>3-vegades), uns altres dos tenien un nivell d’amplificacié més baix (d’1.5 a 3-vegades) i
els altres tres no presentaven amplificaci6, si bé un d’ells tenia 5.5 copies del MYC per cél-lula. Pel
que fa al gen FES, tres tumors dels set estudiats mostraven baix nivell d’amplificacié per FISH. El
gen IGFIR, estudiat per Southern, va mostrar també un baix nivell d’amplificacié en cinc dels vuit
tumors que es van estudiar. En general, doncs, es va observar un baix nivell d’amplificaci6 per tots
tres gens. Aixd podria tenir dues possibles explicacions : que només unes poques cOpies extra
d’aquests gens podrien tenir efectes en la tumorigénesi pancreatica o que hi ha altres gens localitzats
en aquestes regions (8924 i 15q925-q26) que serien els que realment estarien amplificats i els que
jugarien un paper important en la carcinogénesi pancreatica.

Per altra banda, el fet de qué les dues metastasis conservessin les anomalies del tumor pancreatic
original, confirmava la idoneitat del model animal triat. Les anomalies comuns a les dues metastasis
ens podien donar una idea d’aquelles anomalies que podien ser importants en el procés metastatic,

perd calia avaluar un major nombre de mostres per poder-ne treure conclusions.
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4.6. ESTUDI DE METASTASIS PANCREATIQUES (article V, Armengol i col., enviat)

Es van analitzar mitjancant CGH set metastasis originades en ratolins a partir de tres tumors
pancreatics implantats ortotdpicament.

Es va observar que exactament les mateixes alteracions cromosdmiques presents als implants
ortotdpics es trobaven també a les respectives metastasis. Les metastasis presentaven, a més, noves
alteracions que podrien ser caracteristiques del procés metastatic. Per exemple, a les metastasis es
van observar augments recurrents del nombre de copies a 16cen-q22 i a 17q21-qter. Aquestes regions
cromosomiques podrien contenir gens relacionats amb la disseminacié metastatica del cancer
pancreatic. Caldria, perd, estudiar un major nombre de casos per poder establir propiament les
regions i els gens implicats.

Totes les metastasis tenien més alteracions genétiques que el tumor originari corresponent. A més, en
tots els casos, les metastasis presentaven alguns guanys i pérdues en les mateixes regions
cromosOmiques que els tumors implantats perd amb els perfils més desviats de 1°equilibri (valor
central). Aquestes diferéncies qualitatives podien ser degudes a diferéncies en el grau de 1’alteracié
genética (major nombre de cOpies guanyades o perdudes) o a una major proporcié de cél-lules amb
aquella alteracio.

Es considera que el nombre de canvis genétics compartits és una estima del grau de relaci6é clonal
(Kuukasjirvi i col., 1997). En el present estudi es va observar que hi havia una forta relacié clonal
entre els tumors originaris i les metastasis. A més, les metastasis estaven relacionades clonalment
entre elles suggerint que provenien de clons lleugerament diferents (perd relacionats) originats a
I"implant ortotopic. Aix{ doncs, la majoria de les alteracions adicionals observades a les metastasis ja
estaven presents en els subclons de 1"implant perd no eren dominants en el medi ambient de I’implant
1, per tant, né van ser detectades per CGH.

El fet de que la CGH permet comparar detalladament els.canvis genétics en carcinomes i les seves

corresponents metastasis, ha permeés aquest estudi de la progressié metastatica del cancer pancreatic
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in vivo. Els nostres resultats poden ajudar a entendre millor la base genética d’aquesta progressié

metastatica.
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5. CONCLUSIONS



5. CONCLUSIONS
5.1. En el present estudi s’ha demostrat la validesa de la CGH com a meétode per identificar
anomalies cromosOomiques desequilibrades, tals com delecions, duplicacions o
amplificacions. A partir dels resultats obtinguts per CGH en un tipus tumoral determinat, es
poden realitzar estudis més detallats d’aquelles regions o gens que poden estar implicats en la
carcinogénesi, mitjangant métodes moleculars més especifics com el FISH, 1’analisi de LOH

i el Southern blot.

TUMORS DE LA FAMILIA EWING

5.2. Mitjancant CGH es van observar en 37 mostres de 34 pacients amb ET les segiients
anomalies: guany de 1q21-q22, guany de 6p21.1-pter, guany de 7q, guany del cromosoma
8, guany del cromosoma 12 i peérdua de 16q. Els guanys de DNA van ser molt més
freqiients que les perdues. Aquestes regions podrien contenir gens importants en el
desenvolupament i/o progressi6 dels ET. En una mostra es va observar per Southern blot
una amplificacié de dos gens, FLG i SPRR3, localitzats a 1q21.

5.3. Els augments en el nombre de copies de 1q21-q22, de 6p i dels cromosomes 8 i 12 estaven
associats en les nostres mostres a una tendéncia a un pitjor pronostic (diferéncies no
significatives, excepte per 6p).

5.4. S’ha desenvolupat una nova estrategia, la CGH amb mescles de DNAs de diferents mostres
del mateix tipus tumoral. Aquesta técnica permet detectar en un Unic experiment les
alteracions presents en la majoria de les mostres. S’ha demostrat ’eficiencia d’aquest
métode amb nombroses mostres (14-28) de sis tipus tumorals diferents, que préviament
s’havien estudiat individualment. Aixi, doncs, la CGH amb mescla de DNAs és util per un

cribatge rapid dels canvis recurrents en el nombre de copies d’un tipus tumoral.
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ADENOCARCINOMA DE PANCREAS

55.

5.6.

5.7.

58.

La implantacié de cel'lules humanes tumorals en ratolins atimics ha resultat molt itil en
I’estudi d’alteracions genétiques, ja que en ’home el tumor primari conté una barreja de
ctllules estromals i inflamatories no neoplasiques, que dificulten I’analisi genética del
tumor.

L’estudi per CGH de 8 casos d’adenocarcinoma de pancreas que havien estat implantats en
ratolins atimics va mostrar guanys del cromosoma 8 (minima regié comi 8q24), del
cromosoma 15 (15q25-q26), del 16, del 20 (20q) i del 19 (19q), i perdues als cromosomes
18 (18q21), 6 (6q21 i 6q24-qter), 9 (9p23-pter), 13 (13q21), i 10 (10p14-pter). Aquests
resultats coincideixen en linies generals amb estudis previs de CGH en cancer de pancreas
(Solinas-Toldo i col., 1996; Fukushige i col., 1997; Mahlamiki i col., 1997). Malgrat tot, hi
havia regions cromosdmiques que presentaven una major freqiiencia (guanys de 8q i 15q).
Els estudis de pérdues al-l¢liques a 10p14-pter (orientats pels resultats de la CGH) no van
permetre una delimitacié més exacta de la regié afectada, ja que.tots els casos amb perdua
per CGH van mostrar pérdues al-leliques per tots els loci informatius. S’ha observat una
coincidéncia completa entre la LOH i la CGH.,

L’estudi dels oncogens MYC a 8q24 i FES i IGFIR a 15g25-qter per FISH i per Southemn
blot (orientat pels resultats de la CGH) wva mostrar, en general, un baix nivell
d’amplificacié. El gen MYC estava altament amplificat en dos dels set tumors estudiats,
pero presentava baix nivell d’amplificacié en dos tumors i els altres tres no tenien el gen
amplificat. El gen FES estava poc amplificat entres tumors i el gen JGFIR presentava baix
nivell d’amplificacié en cinc dels set tumors estudiats. Podria ser que només unes poques

copies extra d’aquests gens fossin suficients per tenir efectes en la tumorigenesi
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59.

pancreatica o bé que fossin altres gens localitzats en aquestes regions els que realment
estarien amplificats i els que jugarien un paper important en la carcinogénesi pancreatica.

Un estudi detallat mitjancant CGH dels canvis genétics en set metastasis originades en
ratolins a partir de tres tumors pancreatics implantats va mostrar una forta relacié clonal
entre ells. Totes les metastasis tenien les mateixes alteracions que els implants i, a més,
noves alteracions (p.e. 16cen-q22 i 17q21-qter), que podrien contenir gens relacionats amb
la progressié metastatica del carcinoma de pancreas. La majoria d’aquestes alteracions
adicionals ja estaven presents en els subclons de 1’implant, perd no en suficient proporcié

com per ser detectades per CGH.
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