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Uvod L. - Literarni

Disertacni prace je v mnoha ohledech zvlastni hybrid literarniho a védeckého textu,
jehoZ necetny ctenat snad miize byt shovivavéjsi k nepfesnostem a chybam nezli by tomu
bylo u striktné védeckych textii. Proto se domnivam, Ze je to také jedineCna pfiilezitost pro
publikovani ndzort,, myslenek a vysledki studia, které nejsou a nemohou byt z rtiznych pficin
uplné, a jejichz publikovani si kandidat védeckého titulu bude moci jinde jen s obtizemi
dovolit. Zvlasté¢ pokud se jednd o myslenky a planované experimenty, jejichZ dokoncenim
nebo dokonce samotnou realizaci v budoucnosti si nemiize byt jist. Rozhodl jsem se proto
vyuzit této prilezitosti a pon¢kud se odchylit od bézné stavby védeckého textu a nahradit ji
dvoudilnou strukturou, kde prvni c¢ast je vénovana nezbytnym praktickym vysledkim
individudlniho PhD studia a druhd je pak zamysSlenim nad kontextem otdzek, které by m¢la

soucasna véda fesit.

JestliZze prvni Cast predstavuje uceleny hmatatelny vysledek studia, pak ¢ast druhd je
z hlediska autora podstatnéj$i. M4 odrazet vysledek skutecny — vysledek formovani piedstav
autora o studovaném tématu, tak jak se vyvinuly v pribéhu studijnich let. Tento vyvoj je
unikatni a nemuze byt uspiSen. Ze své filosofické podstaty tato Cast spiSe pfipomina staré
nelplné texty dochované jen ve fragmentech nékolikandsobnych opisti. Takové fragmenty
trpi nékolikerym zkreslenim — ztratou celych ¢asti ptivodniho textu, chybami pii opakovaném
opisovani (at’ jiz imyslnymi ¢i neamyslnymi), komolenim které je nutné vyvolavano preklady
z jednoho jazyka do druhého, jakoz i1 snahou individudlnich opisovaci o aktualizaci.
Ptedklddany text disertaéni prace trpi podobnymi neduhy, avSak z odlisSnych pficin —
zkouméni chyb¢jiciho textu nebylo uzavieno, nékteré chyby jsou zplsobeny autorovou
neznalosti a jiné specifickym vybérem ¢i subjektivni interpretaci publikovanych dat. Sepsani
této prace bylo motivovano dvéma cili. Prvnim je bilancovani vysledkl studia (coz ma byt
pravym cilem vSech diserta¢nich praci) a druhym pak snaha zaujmout ¢tenaie — byt jich bude

jen nékolik — tak, aby nepovazovali ¢as ztrdveny ctenim za bezii¢elné promarnény.

Uvod II. - Formulace Otazek

V souvislosti se stiedosSkolskym studiem musim v prvé fad€é zminit kli¢ové - jakkoliv
trivialni - moudro, které ndm na jedné hodin€ biologie ptredestiel ucitel. Jedna se o pfistup k
feSeni velmi komplexnich problémii. Lidé si Casto polozi Otazku, na kterou chtéji znat

Odpoved (velké ,,0 jsem v textu pouzil pro odliSeni pomyslnych zasadnich ,,Otdzek* od

4



»otazek* dil¢ich). Pokud je polozena Otazka obtiznd, rozd¢€li ji na vice Casti, podproblémd,
které zkoumaji oddé€len€. Pokud jsou 1 tyto podproblémy piilis slozité, pak je opét rozd€li na
mens$i  podpodproblémy a postup opakuji dokud nejsou schopni poloZenou
podpod...podotazku vyiesit. Nevyi¢enym piedpokladem pak je, Ze soubor odpovédi na
vSechny podpod...podotazky bude zarovenn Odpoveédi na Otazku. Popsany postup vSak casto
vede k tomu, Ze feSitel zapomene jak znéla ptivodni Otazka a nasledné jako vysledek svého
badani zjisti detailni avSak irrelavantni odpovéd’. A soubor pifesnych odpovédi na zcela
nedulezité otdzky mize jen stézi byt hledanou Odpovédi. Jinymi slovy — v dasledku
zminéného pristupu miizeme nakonec védét vSechno o nicem. Takovy piistup je bézny a pies
zdanlivou pejorativnost ho nelze oznacit za chybny. V redlném svété grantovych aplikaci -
coz pisi zcela prost sarkasmu - to ani jinak délat nelze. SpiSe lze fici, Ze vede pouze k

,,mirnému pokroku v mezich zakona* (viz. Cast druh4, kapitola tieti).

Této na pohled trividlni mySlence vénuji uvodni prostor proto, Ze jsem se opakované
presvédCoval o jeji platnosti jak na sob¢, tak na svém okoli. Pfijde-li naptiklad zacinajici
student do laboratoie zkoumajici nadorovou biologii, polozi si pravdépodobné Otazku: ,.Jak
vylécit rakovinu?““ U¢i se a dojde k poznani, Ze je mnoho druhti rakoviny a rozhodne se tedy
zkoumat urcity typ nadoru. Pfirozené se vyskytujici nddory ovSem lze z experimentalnich 1
etickych divodii jen obtizné¢ zkoumat, zvoli tedy zvifeci model, napfiklad inbredni mysi
kmen, ktery po infekci rekombinantnim virem, nesoucim mutovanou formu protoonkogenu A,
akutné vyvine podobny typ nadoru. Pokusi se tedy vpravit tento onkogen do bunék/zvifete
jinym expresnim vektorem a zjisti, Ze oproti o¢ekavani timto postupem transformaci bunck
nedocili. Pro¢? Po detailnéjSim studiu odhali, Ze pro zminénou transformaci je zapotiebi
spolupiisobeni onkogenu A a minoritni spolutcast virového proteinu B. Nasledujici detailni
studium ho pfivede ke konstatovani, ze to je fosforylace serinu v poloze 456 virového
proteinu B, kterd je zcela nepostradatelna pro zminénou transformaci onkogenem A. Tedy od
puvodni otazky ,Jak vylécit rakovinu?“ se onen hypoteticky student Uspé$né¢ dobral
prekvapivé, detailni a v zasadé spravné odpovédi, ze ,,pro akutni transformaci bunck
specifické mysi inbredni linie specifickou mutantni formou protoonkogenu A je naprosto
nezbytné spoluucast virového proteinu B fosforylovaného na serinu v poloze 456%. Fiktivni
pfibeh piipomind variaci na dnes jiz klasickou knihu Stopatiiv privodce po Galaxii (D.
Adams), vzdyt' kofeny zcela odlisnych jeva byvaji Casto prosté a shodné. Smyslem takto

obsirné podaného piikladu neni odsoudit nebo vysmivat se zminénému ptistupu, ale zdiraznit



vyznam neustalého piipominani ptivodni Otdzky, kdykoliv se ¢lovék rozhodne polozit si

n¢jakou otazku dil¢i.

A nyni se mohu vratit k ranné formulaci Otazek. V prubéhu studia na stfedni skole
mne zaujaly tfi nezodpovézené Otazky, které se mi jevily jako kli¢ové pro hledani smyslu
zivota: 1) Otazka existence zivota, 2) Otdzka smrtelnosti a 3) Otazka existence rakoviny.
Zodpovézeni téchto otazek jsem povazoval za cil svého studia. Pokud moje pamét’ sahd, byl
jsem presvédcen, ze spolu souvisi a nelze je fesit oddelené, jakkoliv se mohou zdat Otazky 2 a
3 byt pouhou podmnozinou té prvni. Asi jako kazdy jsem byl po kratkou dobu udiven, jak
malo je zndmo o podstaté téchto Problém, a zaroven presvédcen, Ze musi byt tak snadné vse
vysvétlit. Jiz davno si nemyslim, Zze bych se odpovédi na své Otazky dozveédél (tim méné je
sam nalezl), pfesto se domnivam, ze ma smysl pokouset se je zodpoveédet a myslet na né vzdy,
kdyz si Clovék pokladd néjakou novou podpod...podotazku. Ne pro samotné¢ Odpovedi, ale

spiSe abychom se naucili klast spravnéjsi podotazky.

Domnival jsem se a stale se domnivam, ze k zodpovézeni téchto Otazek mize clovek
vyuzit studium téméf libovolného modelu/jevu, nebot Odpovédi by mély mit obecnou
platnost. Proto jsem se rozhodl pro studium nadorové transformace na zvitfecich modelech. Co
ma pamét’ sahd, nikdy jsem nechtél najit 1€k nebo dokonce 1€¢it. Pfipadalo mi to jako problém
v poradi druhotny. Samoziejmé jsem také nikdy nemél dostatek odvahy pfijmout
zodpovédnost, kterou na sebe bere 1ékat, ¢elit bezmocnosti, jaké je Casto nucen celit. Modely
virové indukovanych nadorG kufat se mi tedy jevily jako idedlni pfilezitosti
vyzkumu mnohobunééného Zivota a nadorové transformace. Mechanismy transformace
akutnim onkogenem (AMV/v-myb), hledani novych protoonkogent a studium mechanismil
jejich onkogenni aktivace (MAV2), srovnavani molekuldrnich pficin transformace bunck
rizného puvodu (ledviny-jatra-plice) a konecné¢ srovnavani molekularnich pfi¢in bunécéné
tranformace u riznych zivoc¢iSnych druhti (kutfe-Clovék-mys). Abych tedy shrnul dva zcela
odli$né, ale pfesto nezvratné provazané pfistupy, které mne provazely studiem a které se
snazim reflektovat v tomto textu: jsou to snaha nezapomenout formulaci pivodnich Otazek
(zde reprezentovana filosofickou pasazi) a zaroven produkce praktickych vysledkl v realném

case (reprezentovana studiem bunécné transformace na konkrétnich kufecich modelech).



Cast prvni — Pta¢i modely nadorové transformace

Vzpomenu-li na historické milniky molekularni genetiky, jichz bylo dosazeno studiem
ptacich modeld, vybavi se mi dva protichidné pocity — hrdost na kontinuitu, které jsme
soucasti a podiv nad tim, jak jsou tyto modely dnes podcenované a zatracované. Zde mohu
infek¢nich agens schopnych vyvolat rakovinu [1, 2], objev reverzni transkriptazy, bez niz by
molekularni genetika v soucasné podobé nebyla myslitelna [3, 4] a kone¢n€ objev prvniho
onkogenu a jeho zdroje v genomu hostitelské buiikky — v-src a c-src — kteryzto objev se stal
zékladem molekularni koncepce onkogeneze [5]. Mimo tyto jednotlivé objevy musim zminit
cela dvé védecka odvétvi, ktera byla od zdkladu hluboce ovlivnénd studiem ptakia -
imunologie (T a B lymfocyty, imunologicka tolerance) a vyvojova biologie a embryologie.
Z pohledu ceského védce je fascinujici, inspirujici a zaroven smutné, jak malo chybélo
k tomu, aby za témito priilomovymi objevy stala Eeska jména (Hasek M., Svoboda J., Riman

7).

V poslednich desetiletich je v zakladnim vyzkumu jasné patrny nastup mySich modelt
na ukor ptacich. Divodu trvajiciho odklonu od uzivani kufete jako modelového organismu je
hned nékolik. Nejzjevnéjsi jsou divody ekonomické (cena chovu kufat v porovnani s mysi),
dale pak cCasové (generacni doba kufe vs. myS) a technické (dostupnost transgennich
organismd, inbrednich linii, tkdnovych linii, pouzivani citlivéjSich technik s mensimi naroky
na mnozstvi vzorku). Mén¢ informovany ¢lovék by snad také argumentoval krat$i evoluéni
vzdalenosti mysi od stfedobodu vSeho zkouméni — ¢loveéka. Oproti tomu je dribez svétove
nejvétsim zdrojem ZzivociSnych bilkovin pro vyzivu lidstva a proto se soucasny vyzkum
specializuje hlavné na Slechténi ekonomicky zajimavych kmenii dritbeze, coz je prozatim asi

jedina oblast kde mysi model vyznamné ztraci.

Je zbytecné polemizovat s predchozim vyétem ditvodd, jsou obecné pravdivé, ale co
plati obecné miva i své vyrazné vyjimky pro které ma zachovani dalSich zvifecich modela
hluboky smysl. Naptiklad je obecné znamo, ze mysSi nadorové modely se v nékterych
aspektech vyrazné odliSuji od lidskych ptirozené vzniklych nadorti [6, 7]. Namatkou zminim
jednokrokovou immortalizaci mysich bunék vs. dvoukrokové lidské (a kuteci). Dalsi je prave
ona vetsi evoluéni vzdalenost kufete a Clovéka, umoziujici ndhled na obecné a odlisné

aspekty bunécné transformace mezi ptaky a savci. A zcela na zavér jest¢ zminim fenomén, ne



zrovna snadno kvantifikovatelny, ale ptesto velmi vyznamny - jev, kterym jsem tuto kapitolu

zapocal — a tim je historickd kontinuita.

Kapitola prvni — Kureci modely inzeréni mutageneze

Koncept vyuziti transposonti a jimi vyvolané inzeréni mutageneze pro identifikaci
gentl spojenych s urcitym fenotypem se objevil jiz pocatkem 80. let (samoziejmé XX. stoleti).
Pfirozenym a efektivnim vyuZitim této experimentélni strategie bylo studium genetického
zakladu tumorigeneze za pouziti retrovirl, jejichz unikétni vlastnosti staly u revoluc¢nich
objevi na poli onkogeneze. Retroviry mohou vyvolavat vznik nadort dvéma zpusoby.
Akutné, pfimou transdukci onkogena (tj. mutantnich forem normadlnich hostitelskych gent
s onkogennim potencidlem) nebo latentng, inzeréni mutagenezi (tj. inzerci svého provirového

genomu do genomu hostitele, coz zpisobi onkogenni aktivaci postizené¢ho genu).

Rozdilné mechanismy nadorové transformace akutnim a latentnim retrovirem jsou
dobte patrné na dvojici piibuznych kutecich retrovirt AMV (Avian Myeloblastosis Virus) /
MAYV (Myeloblastosis Associated Virus) — obr. 1. AMV je typickym reprezentantem akutnich
onkogennich retrovir, které nadorové transformuji témét kazdou uspésné infikovanou
cilovou bunku. Kéduje kufeci onkogen v-myb, avSak z divodu ztraty vétSiny pluvodniho
virového genomu je replika¢né defektni a pro své infekéni Sifeni potiebuje pomocny (helper)
virus, kterym je jeho piibuzny a zaroven predek, replikaéné kompetentni MAV. Retrovirus
AMV vznikl vicekrokove. V prvnim kroku integrace defektniho proviru MAV do intronu
protoonkogenu c-myb vedla k produkci hybridni mRNA MAV-c-mybAN (dalece N-
terminalnich exonll). Nasledné¢ rekombinaci této mRNA s dalsi genomovou molekulou
rodicovského retroviru a nahromadénim bodovych mutaci vznikl AMV. Jim kédovany protein
tak ztratil svij pfirozeny N- i C- konec, které byly nahrazeny kousky proteinii kédovanych
rodiovskym virem, a ziskal n€kolik bodovych mutaci, kterézto zmény z néj vytvotily plné

aktivni onkogen v-myb [8].

Oproti AMV je MAV kompletnim autonomnim retrovirem, ktery napadené bunky
hostitele nezabiji. Ve vzacném piipadé, kdy se ve formé proviru ndhodné zaintegruje na
vhodné misto hostitelského genomu, mize dojit k transformaci této hostitelské bunky, ktera
zapticini jeji nasledny klondlni néartst do stadia makroskopického nadoru. Je-li tedy kufe

infikovano smési viri AMV + MAV dochéazi k urychlenému rozvoji polyklonalni akutni



myelomonoblastické leukémie (v disledku akutni transformace onkogenem v-myb/AMV) a
hostitelské¢ zvite uhyne do 3 tydni. Pokud je vSak kufe infikovdno pouze samotnym
retrovirem MAYV, vyvinou se po zhruba 2 — 3 mésicich vicecetné avSak monoklonalni

(ptivodem z jedné buiiky) nddory ledvin, piipadné dalSich organd.
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Obr. 1 Schematické znazornéni piibuzenského vztahu mezi replikacné kompetentnim
latentné onkogennim retrovirem MAV a od né€j odvozenym replika¢né defektnim, avSak
akutné onkogennim, retrovirem AMV. Ten vznikl integraci defektniho proviru MAV do
genomového lokusu kodujiciho protoonkogen c-myb a néslednou nehomologni rekombinaci
mezi transkribovanou hybridni mRNA MAV-myb a genomovou RNA MAV-2. MAV-2 i

AMY jsou zobrazeny ve své provirové formé (integrované v hostitelské DNA).

Z uvedeného piikladu je patrny odliSny vyznam akutnich a latentnich retrovirG pro
studium onkogent. Akutné transformujici retroviry aktivné pfenasSeji onkogeny a jsou tedy
idealnim nastrojem pro detailni studium funkci jednotlivych onkogenti. Oproti tomu jejich
latentni protéjSky svoji integraci do hostitelského genomu mimikuji somatickou mutace.
Pokud nasledkem provirové integrace dojde k onkogenni aktivaci postizeného genu,
hostitelska buiikka zacne proliferovat a vznikd makroskopicky klondlni nador (klondlni

selekci). Latentné onkogenni retroviry tak zaroven svoji pfitomnosti v klonalné¢



expandovanych populacich bun¢k oznacuji v hostitelském genomu nové onkogenni lokusy a
jsou proto u¢innym nastrojem jejich de novo identifikace. Pro podrobny rozbor mechanizmi
inzeréni mutageneze, historii jejich objevll a vycet experimentdlnich kufecich modelil

odkazuji na pfiloZenou kapitolu [9] a knihu Retroviruses [10].
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Kapitola druhda - Kufeci modely nadorové transformace zaloZené na inzeréni

mutagenezi retrovirem MAV-2(N)

Pro disertacni praci jsem zvolil studium modelu kufecich nefroblastomt vyvolanych
inzeréni mutagenezi retrovirem MAV-2(N). Dtavodi bylo nékolik; jednalo se o zavedeny
model [11-13], pfedbézné vysledky slibovaly identifikaci mnoha riiznych onkogent naréz a
sada nadorovych vzorkd obsahovala vzacné také nddory ptivodem nejen z ledvin, ale i z
jinych tkani. Nabizely se proto dvé varianty - budto budeme moci v druhém sledu mapovat
geny jejichz deregulace vede k metastazovani do jinych organt (pokud by se jednalo o
metastdze) nebo ziskdme moznost srovnani spektra mutovanych genii v nddorech ptivodem z
riznych tkani (pokud by se jednalo o viceCetné primarni nadory). V dal§im textu dolozim, Ze

se jednalo o druhou variantu.

Pozorovani, ze infekce kutat retroviry MAV-1 nebo MAV-2 indukuje vznik nédora
ledvin bylo ucinéno jiz pted vice nez 30 lety [14]. Oba retroviry se fadi mezi jednoduché
pomalu onkogenni retroviry ptibuzné se rodinou retrovirt ALV (,,Avian Leukosis Virus”).
S ostatnimi ALV jsou vysoce homologni s vyjimkou unikatni U3 oblasti LTR, kteryzto rozdil
je povazovan za hlavni pfi¢inu odliSnych onkogennich vlastnosti retrovira MAV [15]
(Pecenka, V., osobni sdéleni). Mezi sebou se tyto dva virové izolaty lisi v sekvenci env genu,
coz ma za nasledek jejich odlisSnou hostitelskou specifitu (lisi se typem hostitelského
receptoru, ktery vyuzivaji pro sviij vstup do buitkky; MAV-1 nélezi do subskupiny A, MAV-2
do subskupiny B). MAV-2 je znam ze dvou odliSnych sub-izolati MAV-2(N) a MAV-2(0),
které oba vyvoldvaji vznik nefroblastomli at' jsou inokulovany do kufecich embryi nebo
cerstve vylihlych kutat. MAV-2(0) je navic jesté schopen indukovat akutni osteopetrozu, je-li

injikovan intraembryondlné [16].

Experimentalni model zaloZeny na inzer¢ni aktivaci onkogenil retrovirem MAV-2 byl
na nasem pracovisti zaveden a s pfestavkami rozvijen jiz fadu let [9, 11-13, 17-19]. Studium
MAYV-2 indukovanych nadort potvrdilo klicovy podil inzeréni mutageneze na jejich vzniku
(t). ndhodného vestavovani provirového genomu MAV-2 do genomu hostitelské buiiky).
Studium velkého poctu infikovanych zvirat dale potvrdilo méné Casty vyskyt diftiznich 1ézi na
plicich a chrupav¢itych nadorovych fokusli na jatrech infikovanych zvifat. V jediném
vzacném piipadu také na ovariu. DalSim zkoumanim jsme prokazali (hybridizace Southern
blotli s MAV-sondou, porovnani integracné-specifickych profilit), ze u zvitat, u kterych byly

diagnostikovany soucasné nadory v rliznych tkanich, se nikdy nejednalo o metastdze, ale vzdy
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o viceCetné primarni nadory. Po tomto zjisténi byl ptivodné nefroblastomovy projekt rozsifen

o mapovani obecnych mist integrace MAV-2 také na nadory plic a jater.

Kromé¢ hledani obecnych mist integrace v riznych tkanich jsme v pribéhu studia
nadorti vyvolanych inzeréni mutagenezi MAV-2 ucinili jeSté dalS$i vyznamna pozorovani,
kterym vénuji separatni kapitoly. Jedna se o spontanni selekci MAV-2-infikovanych bunék ve
tkanovych kulturach, tedy jakousi ,transformaci in vitro®, dale jsme studovali vyznam
struktury integrovanych provirt MAV-2 a jejich defektti pro transformaci hostitelské bunky a
naSim snad nejzajimavéjSim pozorovanim bylo vyrazné zvySeni Cetnosti plicnich a jaternich
nadord pokud byla kufata injikovdna nenddorovymi buiikkami produkujicimi MAV-2 v
porovnani s prostou infekci MAV-2. Toto posledni pozorovani nas nakonec vedlo k

formulovani teorie industaze.

V nasledujicich ¢astech shrnu vysledky nasich nejvyznamnéjsi pozorovani a pokusim
se komentovat jejich ptfinos a potencial do budoucna. Cilem neni detailni seznam a rozbor
vysledkt jednotlivych experimentil, protoze ty jsou shrnuty v pfilozenych publikacich vcetné
vyznamnych literarnich odkazi. Jednotlivé kapitoly také nejsou nutné experimentdlné
uzaviené, coz je dusledkem velkého rozsahu tématu. Tato neuzavienost popisované
problematiky zéarovent ukazuje nebyvaly potencidl zvoleného modelu, ktery s kazdou
zodpovézenou otdzkou poslusné generuje mnohé dalsi a slibuje skryvat jest¢ mnohé objevy

pro budoucnost.

Kapitola tieti - zakladni pojmy, obecna charakterizace modelu, pouzZité experimentalni

pristupy a metodiky

Experimentalni strategie je schematicky shrnuta na obr. 2 a detailnéji popsana
v ptiloZzené publikaci [19]. Virus byl inokulovan do 12 dni starych kufecich embryi (E12)
nebo do Cerstvé vylihlych kutat (K1). Tato experimentalni zvirata byla nasledné zabita ve
stafi 25 — 120 dni a pitvana s odbérem tkanovych vzorkt. Kazdy vzorek tkan¢ (pokud byl
dostate¢né velky) byl rozdélen na tfi kusy pro izolaci genomové DNA, celkové RNA a pro
histologickou analyzu parafinovych fezl. Prili§ malé vzorky (< 3 mm) byly zpracovany pouze
jednim ze zminénych postupti. V nékterych piipadech byla cast tkan¢ semisterilné odebrana,

oplachnuta fyziologickym roztokem (PBS) a kultivovana in vitro (viz. Kapitola sedma).
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Obr. 2 Ziskavani vzorka, pouzitych v této préaci. Kurata jsou inokulovana MAV-2 popr.
bunikami produkujicimi MAV-2 ve 12 dni embryogeneze (E12) nebo tesné po vylihnuti (K1).
Zvirata jsou zabita a vzorky odebirany pritbézne mezi 25 a 120 dnem po vylihnuti. Vzorky
nadorové tkané jsou odebirany a ihned zpracovavany pro izolaci celkové DNA, RNA a pro
fixaci v parafinovych bloccich. Cdst vzorkii byla také semisterilné odebrdna pro kultivaci in
vitro. Fotografie ve spodni casti obrazku ukazuji typické priklady jaternich karcinomu (J1, J2,
J3), nefroblastomii (1a, 2a) a plicnich angiosarkomu (P1, P2, P3). Na prostredni fotografii je

zachycen i unikatni ovarialni karcinom (ovl). Usecka v kazdém obrazku odpovida I cm.

Vzorky DNA z ptedpokladanych naddorovych tkani byly nejprve testovany na klonalitu
a pocet integrovanych MAV-2 provirt (Southern blotting a nasledna hybridizace s MAV-2-
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specifickou radioaktivné zna¢enou sondou). Pro dalsi analyzu byly vybirany pouze klonalni
vzorky sméné¢ nez 10 integrovanymi proviry. U vybranych vzorkii byla nésledné
identifikovana klonélni mista integraci MAV-2 provirll v genomu hostitelské transformované
buiikky. K tomu bylo pouzito dvou odlisnych postupi: inverzni PCR (iPCR; vychazi
z genomové DNA) a LTR RACE (vychéazi z RNA). iPCR je obecné¢ pouzitelnd robustni
metodika vykazujici minimalni ,bias“, kterd umoziuje identifikaci cca 95% vSech
integracnich mist, avSak minimalné¢ vypovidd o moznych disledcich jednotlivych
integranich udalosti. Oproti tomu metodika LTR-RACE identifikuje hybridni mRNA
transkripty, které obsahuji sekvence LTR z MAV-2 a procitaji se nebo jsou sestfihovany do
hostitelského genomu. Tyto hybridni transkripty umoziuji identifikovat jen asi Ctvrtinu
integracnich mist provirt, ale jsou mezi nimi pfednostné mista v nichz jsou vlozeny defektni
nebo pfestavéné proviry. Je zndmo, Ze naprostd vétSina nadort vzniklych inzeréni mutagenezi
nese (a vyzaduje) v odpovidajicim obecném misté integrace defektni provirus [9], proto je
pritomnost piestavéného proviru pozitivnim indikatorem kandidatniho onkogenniho lokusu.
Struktura hybridni mRNA mapuje pravdépodobny zplisob onkogenni aktivace hledaného
onkogenu a v neposledni fadé miize byt urcujici pro identifikaci kandidatniho onkogenu.
Napftiklad tehdy, pokud se integra¢ni mista provird nachazi v hostitelském genomu az stovky
kilobazi pted postizenym genem a ovliviiuji jeho expresi skrze vzdaleny splicing (viz. sox6,
kapitola sedmé - selekce in vitro). Detaily metodik iPCR a LTR RACE jsou schematicky
znazornény v obr. 3 a podrobné&ji rozebrany v pfilozené publikaci [19]. Shrnuti vysledkt
naseho mapovani klonaln¢ integrovanych proviri v kufecich nefroblastomech, jaternich
karcinomech, plicnich angiosarkomech a klonalnich tkanovych kulturdch je obsazeno v Tab.

1.
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Obr. 3 Princip metod iPCR a LTR RACE.

iPCR vychazi z genomové DNA klonalnich nadorii obsahujici integrované MAV-2 proviry. Po
restrikénim Stépeni a cirkularizaci jsou pomoci PCR amplifikovany fragmenty priléhajici
k pravému i levému LTR proviru. PouZité restrikcéni endonukledazy jsou voleny s ohledem na

stejnou pravdépodobnost amplifikace fragmentu priléhajicich k obéma LTR.

LTR-RACE je modifikaci klasické techniky 3°- RACE. Vychazi z celkové RNA klonadlnich
nadorii a amplifikuje hybridni mRNA majici na 5 "-konci MAV-2 LTR. Takto Ize identifikovat
hybridni mRNA vzniklé aberantnim splicingem mezi MAV-2 a hostitelskym genomem nebo
takové, které vzniknou procitanim slabého polyadenylacniho signdalu MAV-2 do hostitelského

genomu (az ).

Vlastni vyhledavani kandidatnich protoonkogennich genomovych lokusi je zaloZeno
na predpokladu, ze klonalné integrované proviry jsou v téchto lokusech nalezeny opakované
v nezavislych naddorech. Tyto lokusy jsou oznaCovany jako obecna mista integrace (Common
Integration Site, CIS) a je vysokd pravdépodobnost, Ze se vjejich okoli nachdzi
protoonkogen, ptipadné tumor suppressor. Se zdanlivé jednoduchou definici CIS jsou spojeny
dva problémy. Jednak jak definovat CIS a druhak kolik nezédvislych nadorii je tieba

analyzovat pro spolehlivé mapovéani gena, které se podileji na vzniku studovaného
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nadorového typu. Uskali obou problémit jsou prakticky patrna z vysledk popsanych v

nasledujicich kapitolach, proto zde uvedu pouze stru¢ny teoreticky rozbor.

Fyzicka velikost jednotlivych CIS v genomu mize byt velmi odlisnd (od nékolika
desitek bazi po stovky tisic bazi). Prakticky tedy mohou byt CIS definovany na zéakladé
opakované integrace proviru bud’ do téhoz genu nebo do arbitrdrné urcené délkové oblasti
genomu (napt. 20 kbp). Je zifejmé i bez matematického aparatu, ze pravdépodobnost
opakované nahodné inzerce proviru do genu o velikosti 200 bp bude vyrazné nizs$i nez do
genu o délce 2 x 10° bp, jinymi slovy — pokud najdeme dvakrat integrovany provirus v malém
genu, je daleko vétsi pravdépodobnost, Ze se jedna o protoonkogen, nez v ptipadé dvou
vzdalenych integra¢nich udalosti v obfim genu. Oproti tomu faktor prosté fyzické vzdalenosti
dvou a vice integra¢nich mist v genomu je zéavisly na celkovém poctu analyzovanych
integra¢nich mist [20]. Mnozstvi vzorkli a integracnich mist, které je tieba analyzovat pro
spolehlivé mapovani zicastnénych genil je dale zavislé na mnoZzstvi riznych protoonkogent,
jejichz deregulace/mutace muize zpusobit vznik zkoumaného nadoru a tedy Cetnosti, s jakou
jsou v jednotlivych typech nadort zasahovany (srovnej ,,kapitola ¢tvrtd — nefroblastomy* a

,kapitola pata - plicni angiosarkomy*).

Zvolili jsme proto kombinovany pfistup; vytipovali jsme kandidatni CIS na zékladé
minimdlniho pozadavku nejméné dvou nezavislych integraci proviru v rozmezi 20 kbp nebo
nejméné dvou nezavislych integraci proviru v anotovaném genu. Pro vSechna tato kandidatni
CIS jsme nasledné hodnotili dal$i parametry jako celkovy pocet integraci, poloha v ramci
genu, orientace proviru vzhledem ke kandidatnimu genu a také vysledky naslednych analyz
exprese kandidatniho genu (pokud byly provedeny). Kandidatni CIS byly sefazeny v Tab. 2

podle relevance (tj. vySe dosazeného skore, viz. legenda k Tab. 2).

Nésledné analyzy kandidatnich genli jsou umoznény spektrem materidlu, ktery
odebirame z experimentalnich zvifat (DNA, RNA, tkané€ v parafinu). To umoziuje zpétné
hodnotit hladinu exprese a strukturu mRNA kandidatnich genti (RNA), strukturu a ptestavby
integrovanych proviri (DNA) 1 tkanovou distribuci proteinii a vztah postizeného genu a
tkanoveé histologie (tkanové tezy). Pro immunohistochemickou analyzu velkého mnozstvi
vzorkd tkdni nardz jsme UspéSné zavedli techniku tkanovych mikroarrayi, umoziujici

zpracovavat az 1000 riznych tkani na jednom mikroskopickém sklicku [21].
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Kapitola ¢tvrta - nefroblastomy

Nefroblastomy jsou nadory embryonalniho typu, postihujici kufata jako nasledek
casné infekce MAV-2. Pravdépodobnost vyskytu nefroblastomti u infikovanych kuftat se blizi
100%. Podle mikroskopické analyzy jsou obdobou lidskych nefroblastomii — Wilmsovych
nadori — které jsou nejcastéjsi détskou malignanci, postihujici zhruba jedno dité z deseti tisic.
Histologicka analyza, klonalita, postup hledani CIS a jednotlivych kandidatnich gent
v kufecich vzorcich jsou podrobné rozebrany v ptilozené publikaci [19]. Oproti stavu z roku
2006 doslo ke dvéma vyznamnym zmeénam — navysili jsme pocet zmapovanych integracnich
mist v kufecim genomu na 1260 a byl zvefejnén druhy draft kufeciho genomu (WASHUC?2),

coz spolecné vedlo k preciznéjsi identifikaci CIS a odpovidajicich kandidatnich gent.

Aktualizované vysledky jsou shrnuty v Tab. 1 a 2.

Jedine¢nost nefroblastomového modelu spociva v neexistenci dominantniho obecného
mista integrace. Pfes zna¢nou podobnost morfologickou i histologickou, jiz prvni popsana
CIS naznacovala odlisné molekularni mechanismy transformace lidskych a kufecich
zarode¢nych ledvinnych bunék [15, 18]. Dalsi plosné mapovéni integrovanych provirli tyto
predpoklady potvrdilo. Lokusem nejcastéji postihovanym provirovou integraci je plagl — gen
kodujici transkripni faktor, jehoz prestavby v lidském genomu zapfiCinuji vznik
pleiomorfnich adenomi, lipoblastomi, hepatoblastomli a akutnich myeloidnich leukemiich
[22]. Pfesto pouze 7% nefroblastomil obsahuje integrovany provirus pravé v tomto lokusu.

Frekvence integrace MAV-2 do ostatnich CIS je jesté nizsi; foxP1 (5%), twist (4%), Ha-ras
(4%) — obr. 4.
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Obr. 4 Vybrana obecna mista provirové integrace MAV-2 v nefroblastomech.

A) Grafické zndzornéni polohy a orientace integrovanych MAV-2 provirii v kurecich
genomovych lokusech plagl, twist, foxPl. Exony genii jsou oznaceny bilymi obdélniky,
kodujici oblasti, Sedymi; poloha iniciacniho kodonu je oznacena hvezdickou. Polohy a
orientace jednotlivych proviri je oznacena Sipkami. Cisla v obdélniku nad druhym exonem

plagl predstavuji vzorky u nichz byl prokazan sestrih virové RNA do tohoto exonu.

B) Studium deregulace exprese gemii plagl, twist, foxP1 hybridizaci northern blotii se
sondami znacenymi °P. Vzorky nesouci integraci do studovaného lokusu jsou oznaceny

Sipkami. Jako kontrola mnozstvi a kvality RNA v lince je pouzito barveni 18S rRNA.

Lidské orthology vSech téchto geni jsou také povazovany za onkogeny, avSak jejich

mutace jsou u lidi spojovany s odlisSnymi typy nadort ¢i jejich vyvojovych stadii (napt. foxP1
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je kauzalné spojovan s diftiznim velkobunéénym lymfomem z B-bunék [23], deregulace genu
twist je u lidi necCekané spojovana s epitelo-mesenchymovym prechodem bunécné
diferenciace a tedy pfimo se ziskanim invazivné-metastatického potencidlu transformované
buiiky [24] atd.). Oproti tomu, integrace do kufeciho orthologu lidského genu wtl, jehoz
mutace je spojovana se zhruba 10% ptipadti Wilmsovych nadori, nebyla viibec zaznamenana.
Jinymi slovy, vysvétleni molekularniho mechanismu vzniku kufecich nefroblastomti neni
jednoduché, stejné jako vysvétleni jejich ptibuznosti s lidskym nefroblastomem. Presto je
zfejmé, Ze tento experimentdlni model v sob& skryvéa potencidl odhalit desitek bunécénych
protoonkogentl, jakoz i zajimavé srovnani zjevné odlisSnych molekuldrnich mechanismu

transformace lidskych a kutecich ledvinnych bunék.

Kapitola pata - plicni angiosarkomy

Pii pitvach infikovanych zvifat byly snizkou frekvenci nalézany také plicni
hemorrhagické 1éze. Immunohistochemicka analyza fezl téchto tkani urcila jejich diagnozu
jako angiosarkomy. Jejich incidence se vyznamné zvySuje pii souCasné nebo nésledné
inokulaci infikovanych zvifat volnymi buitkami (viz. Kapitola osmd). Morfologicky jsou tyto
plicni angiosarkomy bud’ lokalizované v jednotlivych loziscich nebo agresivné kolonizuji
jednu ¢i obé plice (v téchto piipadech byly transformované bunky snadno molekuldrné
detekovany v krevnim obc&hu a dalSich organech). Jak jsme prokazali, tyto nddory jsou
klonalniho ptivodu, nejsou metastazemi z nefroblastomtl, ani nepochdzi z injikovanych bun¢k.
Analyza integracnich mist MAV-2 provirti vedla k identifikaci jediného majoritniho CIS,
lokusu koédujiciho nereceptorovou tyrosinovou kinazu frk, kterd je exprimovana prevazné
v epitelidlnich tkanich [25, 26] a pfedpoklada se, ze se uCastni v chondrogenezi a ve vyvoji
Langerhansovych ostravkil [27]. Tento lokus je postizen provirovou integraci ve vice nez
kodénem a maji za nasledek vysokou nadexpresi frk mRNA (obr. 5). Detaily nasich

experimentl jsou popsany v piilozeném clanku [17].
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Obr. 5 Dominantni obecné misto integrace MAV-2 v kuiecich plicnich angiosarkomech.

A) Grafické zndzornéni polohy a orientace integrovanych MAV-2 proviri v kurecim

genomovém lokusu frk. Znaceni je stejné jako na obr. 4

B) Exprese hybridni mRNA MAV-2-frk ve vzorcich plicnich angiosarkomii. Odlisna délka RT
PCR produktu reflektuje vzdalenost partikularniho integracniho mista od iniciacniho kodonu

frk (antisense orientovany frk-specificky primer se nachdzi v prvnim exonu genu, pod

iniciacnim kodonem).

C) Nadexprese frk mRNA je primym disledkem integrace MAV-2. RT PCR s primery MAV-2
a frk-specifickym, stejné jako s dvema frk-specifickymi primery dava produkt pouze ve
vzorcich nesoucich integrovany provirus v tomto lokusu. Jako kontrola byly pouzity primery

specificke pro kureci gen gapdh.
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Nadexprese lidského orthologniho genu frk nebyla doposud piimo spojovana
s onkogenni transformaci, mozna také proto, ze lidské angiosarkomy jsou velmi vzacné a
proto i1 nedostatecné molekularné charakterizované. Do budoucna bude tedy velmi zajimavé
stanovit hladinu exprese genu frk v riznych lidskych malignancich napiiklad za pouziti
imunohistochemické analyzy tkanovych mikroarrayi a prokéazat tak aktivni onkogenni roli

deregulované exprese frk v lidské tumorigenezi, ktera je doposud pouhou spekulaci [28].

Kapitola Sesta - jaterni karcinomy

Dal$im typem nadord, vyskytujicim se snizkou frekvenci (cca 5%) u kurat
infikovanych MAV-2 jsou jaterni léze, velké obvykle 3 — 5 milimetrd. Tyto byly
immunohistochemickou analyzou hodnoceny jako jaterni karcinomy (bilidrni karcinomy,
adenokarcinomy a angiosarkomy). Podobné jako nefroblastomy a plicni sarkomy jsou
klonalniho piivodu a jedna se o lokalizované primarni nadory, nikoliv o metastaze z jinych
organl. Analyza integracnich mist MAV-2 provirt vedla k identifikaci ¢tyf majoritnich CIS,
z nichz ve vétsSiné zkoumanych vzorkl je vzdy jeden zasazen provirovou integraci (Tab. 1 a
2). Jedna se o protein kinazy egfi (erbB), mstir (ron), met (hgfr) a GTPasu Ha-ras - obr. 6.
Mapovana integracni mista provir a pfedpokladané dasledky v podobé deregulace cilového
genu jsou ve shod¢ s predchozimi pozorovanimi na kutfecich modelech (v-erbB, ron), ale
piekvapivé jsou ve velmi dobré shodé€ i1 s daty shroméazdénymi pti studiu mysich a lidskych

jaternich karcinomu (Ha-ras, erbB, met).
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Obr. 6 Obecna mista provirové integrace MAV-2 v jaternich karcinomech.

A) Grafické zndzornéni polohy a orientace integrovanych MAV-2 proviri v kurecim
genomovém lokusu egfr, mstlr, met a hras. Znaceni je stejné jako na obr. 4 U prvnich tFi
genii jsou oznaceny genomové oblasti kodujici jejich kinazové domény, u genii egfr a mstir
Jjsou téz oznaceny genomové oblasti kodujict jejich diive popsané onkogenni varianty (erbB,
v-sea). Z duvodu prehlednosti nejsou zobrazena vsSechna nami identifikovana integracni
mista. Obousmérné Sipky v mistech integraci do egfr lokusu znazornuji komplexné prestavené

defektni proviry — viz. Kapitola devata a obr. 9c.

B) RT PCR analyza hladiny exprese egfr, mstlr (kindzova a receptorova doména) a hras
v jaternich nadorech. Vzorky nesouct integraci do studovaného lokusu jsou oznaceny Sipkami.

Jako kontrola byly pouzity primery specifické pro kureci beta aktin (actb).

Nase pozorovani tedy ukazuji, ze jaterni karcinomy jsou velmi pravdépodobné
ptikladem obecnych molekularnich mechanismt transformace cilovych bunék, které funguji
velmi podobné i uevoluéné distantnich zvifecich druhli. Popsany kufeci model rozsituje
spektrum zvifecich modeld, na nichz je studovana transformace jaterni buniky a umoziuje tak
srovnani obecnych a druhoveé-specifickych charakteristik tohoto procesu. Jelikoz jsou jaterni
karcinomy patym nejcastéji se vyskytujicim typem nddoru u lidi a tfeti nejCastéjsi pticinou
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umrti pacientli s nadorovymi onemocnénimi, je vyznam dalSiho studia zjevny. Vysledky

téchto pozorovani jsou v soucasnosti odeslany k publikovani [29].

Kapitola sedma - selekce in vitro

Pro zjednoduseni studia nasledki integrace proviru do jednotlivych kandidatnich CIS
lokust jsme se rozhodli ptevést vybrané nadorové vzorky do tkanovych kultur a pokusit se od
nich odvodit stabilni buné¢nou linii. Soub&zné jsme se pokouseli izolovat bunééné klony
s ristovou vyhodou, vzniklé in vitro infekci kufecich fibroblastd. Primérni tkanové kultury
prosly podle piedpokladu ristovou krizi (dosazeni Hayflickova limitu) a v nékterych
piipadech po kratké dobé obnovily rast. Studium nékolika takovych tkanovych kultur nas
vedlo ke tfem zasadnim zjiSténim. Tyto kultury maji vyrazné prodlouzeny lifespan, ale nejsou
immortalizované. Casto jsou vyrazné klonalni. Pokud byly odvozeny od klonalniho nadoru,
spektrum jejich integrovanych provirl je naprosto odlisné od matefského nadoru. Mapovani
integracnich mist MAV-2 provirt vedla ke zjisténi, ze zhruba polovina tkanovych kultur sdili
integraci ve spolecném rozsahlém CIS - v genu sox6 (obr. 7, tab. 1 a 2). Nasledkem téchto
provirovych inzerci je silné nadexprimovana hybridni mRNA MAV-2-sox6. Sox6 patii do
siln€¢ konzervované rodiny (Sry)-ptibuznych transkripénich faktorii a jeho popisované funkce
spadaji spiSe do oblasti diferenciace bunék a vyvoje organismu [30]. Pozorovani je o to
ani jedno nelezi v tomto genu, piestoZe se sox6 CIS rozpina pies vice nez 500 kbp v kutecim

genomu.

— 3= TK 210A TK 4271P2

’—-> TK XII
sox6

*
e apdhi
UJX_ \ 50 kbp 4
TK 6037P1

sox6/small acidic protein
chr. 5: 12130000 - 12630000

TKXII

TK-ek
TK210A
TK211B
TKP1
TKP2

Obr. 7 Obecné misto integrace MAV-2 ve tkanovych kulturach kutecich bunék infikovanych
MAV-2.
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Graficke znazornéni polohy a orientace integrovanych MAV-2 proviru v kurecim genomovém
lokusu sox6. Znaceni je stejné jako na obr. 4. Vpravo je priklad elektroforetické analyzy RT
PCR produktit s MAV-2-specifickym (sense) a sox6-specifickym (antisense) primery,
ukazujicim nadexpresi hybridni mRNA ve vzorcich s integraci MAV-2 proviru v tomto lokusu

(TK 2104, TK P2). Jako kontrola byly pouzity primery specifické pro kureci gen gapdh.

Interpretace tohoto jevu neni jednoducha a vyzaduje podrobné&jsi vyzkum, avsak
poukazuje na neocekavany ,,bias* pii kultivaci primarnich transformovanych bunék in vitro.
Immortalizace inzer¢ni mutagenezi in vitro byla popsana také u mysSich modelt [31]. Podobné
je znamo, ze ektopickd exprese nékterych onkogeni v odlisSnych bunéénych typech vede
k riznym transformovanym fenotypiim [32]. NaSe pozorovani upozoriuje na limitace studii
provadénych na immortalizovanych bunéénych liniich. Vysledky jsou pfipravovany

k publikovani.

Kapitola osma - fenomén industaze

Jevem, ktery jsme objevili a ktery povazujeme za nejvyznaméjsi vysledek naSeho
zkoumani, je fenomén industaze (z lat. indiicere - tahat a fec. stasis — rovnovaha). Jedna se o
mechanismus nddorové promoce, ktery se uplatiiuje u jednotlivych preneoplastickych bunék
(iniciované buiiky) nebo bunéénych kompartmentii (kancerizovand pole), které jiz
naakumulovaly potiebné kancer6zni mutace, ale stale jeSté zlistavaji pod kontrolou tkanové
homeostaze. Bludné bunky maji schopnost narusit lokalni mikroprostfedi a tim porusit tuto
kontrolu. To vede k plnému projeveni maligniho charakteru iniciované bunky. Praktické
efekty tohoto jevu jsme pozorovali pii studiu plicnich angiosarkomii (Kapitola patd) — kurata
infikovana viriony MAV-2 vykazovala vyskyt plicnich angiosarkomt pouze asi v 5%, avSak
pti infekci MAV-2-produkujicimi netransformovanymi fibroblasty doslo k nartstu frekvence
vyskytu plicnich angiosarkomii az k 60%. Po prokazani podobné miry a kinetiky
proinfikovéani inokulovanych zvifat a vlivu pofadi inokulace kufat (viriony vs. neinfikované
bludné buriky) jsme formulovali experimentalni koncept industaze (obr. 8 A). Detailni popis

provedenych experimenti viz. [17].

Predpokladame, ze u lidi mlze byt tento mechanismus zodpovédny za vznik

mnohocetnych primarnich nadorti tzv. nadorovych duplicit. Somatické bunky akumuluji
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mutace v prubéhu celého lidského zivota. V piipad€, ze se v organismu vyvine primarni
nador, je télo zaplaveno bludnymi buiikami uvoliiovanymi z tohoto primarniho nadoru. Tyto
buiiky jsou povazovany predevsim za rizikovy faktor vzniku metastdz, pfestoze vétSina z nich
schopnost metastazovat postradd. Tyto bunky vSak mohou ve svém mnozstvi predstavovat
riziko poskozovani lokalni homeostatické regulace iniciovanych prekancerdznich bunék (obr.
8B). Dtivodu, pro¢ tento mechanismus miize snadno unikat pozornosti je hned nékolik, které
se sCitaji. 1) relativni vzacnost vicecetnych priméarnich nadorit 2) moznost chybné diagnézy
nékterych primarnich nadort jako metastazy 3) terapeuticky — vice¢etné primarni nadory jsou
diagnostikovany vétsSinou u pacientd, kteti po prvni diagnoze projdou (chemo-, radio-) terapii,
ktera je sama o sob¢ mutagenni, cemuz lze zvySeny vyskyt naslednych primarnich nadora
pricist 4) geneticky — pacienti s viceCetnymi primarnimi nddory jsou casto nositeli

predisponujici mutace, kterd vyrazné zvySuje riziko vicecetnych primarnich nadora.

A S 7 : i v
Zviteci experimentalni model

6 "" i

mutageneze

Navrhované schéma lidské industaze

P ARAE
pFirozené
mutace
nahromadéné
v pribéhu
Zivota

Obr. 8 Koncept industaze.

A) U kureciho modelu vede inzercni mutageneze MAV-2 (cervené Sestiuihelnicky) ke vzniku
prekancerozné iniciované bunky (Cervené jadro), coz je okamzité ndsledovano tumor-
promocnim pusobenim injikované bludné bunky (Sedad), coz vede k nariistu transformovaného

bunécného klonu (Cervené ovalné buriky)

B) Vndmi navrhovaném obecném schématu industize se mutace v buitkach hromadi
v prubéhu Zivota individua a vedou ke vzniku geneticky transformované iniciované bunky.
Pokud se do jeji blizkosti dostane bludnd netumorigenni bunka uvolnéna kuprikladu z jiného
primarniho nadoru, tato ovlivni mikroprostiedi iniciované bunky a odstartuje jeji maligni

rist.
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Kapitola devata - prestavéné proviry

Nejcastéjsi pricinou inzercni onkogenni aktivace protoonkogenu je inzerce defektniho
proviru, ktery oproti intaktnimu vyraznéji nebo specifictéji ovliviiuje ptilehlé hostitelské
sekvence [9]. Prokazali jsme, Ze kufeci nefroblastomy obsahuji vyznamny podil klonalné¢
integrovanych defektnich provirt [12] a Ze proviry integrované v protoonkogennim lokusu
twist jsou vyrazné prestavéné, coz ma za nasledek silnou nadexpresi tohoto lokusu [18].
Detailni molekularni mapovani integrovanych provir v ostatnich CIS lokusech odhalilo
pritomnost rtiznych defektti a pfestaveb v naprosté vétSiné zkoumanych piipadi. Navic se
zda, ze tyto provirové defekty jsou charakteristické pro jednotliva CIS, pravdépodobné proto,

ze ruzné typy piestaveb maji za nasledek rliznou miru exprese ptilehlych hostitelskych gent.

Je zndmo, ze vétSina defektnich proviri vznikd v pribéhu reverzni transkripce.
Ukézali jsme, ze vétSina takto ,,pfirozené* vzniklych provirti obsahuje rozsadhlou interni deleci
zacinajici tésn€ za 5'- LTR a koncici okolo bp 3720 (obr. 9A). Piesn¢ tento typ piestavénych
provirti jsme nalezli v plicnich angiosarkomech integrované v genu frk (obr. 9B). Oproti
tomu, defektni proviry integrované v genomovych lokusech twist nebo egfr vykazuji rozsahlé
a komplexni pfestavby. Tyto aberace maji v ptipadé egfr za nésledek nejen zvySenou expresi
onkogenni varianty EGFR, ale dokonce i expresi potencialni antisense RNA proti druhé,
normalni, alele tohoto genu (obr. 9C). Pravdépodobnost vzniku takto slozitych piestaveb je
nizkd a mechanismus jejich geneze (jednokrokovy ¢i vicekrokovy, béhem replikace ¢i post-
replikacni) je neznamy. Je mozné, Ze nékteré typy molekularni transformace (napt. zminéna
inzer¢ni aktivace egfr) vyzaduji vzacné se vyskytujici piestavény provirus, coZ se projevuje

nizkou frekvenci vyskytu jaternich karcinomt, ptipadné jejich delsi latenci.
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Obr. 9 Analyza struktury defektnich provirt MAV-2

A) PCR pritkaz prirozeného preferencniho vyskytu defekinich MAV-2 proviri s deleci cca
mezi bp420-3720 v infikovanych neklonalnich kurecich tkanich. (PN — plice, JN — jatra, N —
ledviny), jako negativni kontrola byl pouZit v bakteriich klonovany MAV-1 ve smési
s neinfikovanou kureci DNA (WL + pAT MAVI). Schematické znazorneni proviru (nahore)

ukazuje pozici a orientaci pouzitych primerii - cislo odpovida lokalizaci bp - v MAV?2.

B) Struktura MAV-2 provirii v klonech plicnich angiosarkomii. Schema ukazuje typicky
defektni MAV-2 provirus integrovany v kurecim lokusu frk (nahore). Priklady péti sekvenci
MAV-2 v téchto nadorech. Je patrné, Ze se nejedna o ostry delecni hotspot, nebot jednotliva
mista rekombinaci jsou odlisna. Sekvence v ramecku odpovida vrekombinovanému zbytku

T e e e . , . . ..
sekvence tRNA™", kterd iniciuje reverzni transkripci ve virionu.

C) Schematicky priklad struktury komplexné prestavéného MAV-2 proviru v lokusu egfr a
z néj exprimovanych hybridnich transkriptit (nad a pod Sipkami, které znaci pocatek a smer

transkripce); trojuhelnicky znaci delece, tmavé useky inverze. Panely pod schematem ukazuji
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RT PCR prukaz exprese ve schematu vyznacenych sense a antisense mRNA (negativni vzorky

6483J2 a 6250J1 jsou kontroly bez integrace v lokusu egfr).

Tato cast nasi prace dosud neni uzaviena, piesto ziskané vysledky jasné potvrzuji
vyznam defektnich viri pro inzeréni mutagenezi a poukazuji na specifickou pfitomnost razné
defektnich proviri v jednotlivych CIS. Nastoluji také otazky doby a mechanismu vzniku
komplexnich ptestaveb pozorovanych v nékterych lokusech, ale i moznost korelace ¢etnosti
vyskytu jednotlivych nadorovych typt s pravdépodobnosti vyskytu odpovidajiciho

piestavéného proviru.

Kapitola desata — Shrnuti poznatki ziskanych studiem ptaciho modelu a jejich za¢lenéni

do kontextu zkoumani nadorové transformace

Sumarizovat poznatky ziskané béhem nékolika let studia je piekvapivé jednoduché,
pfesto se nemohu vyhnout pohledu ze dvou riznych whli. Prvni pohled vyjadifuje naprostou
spokojenost s vysledky studia uzasného experimentalniho modelu. Molekularn€ jsme popsali
n¢kolik nadorovych typt (ledvinné, plicni a jaterni), ,,pseudotransformované buiky in vitro®,
naznacili jsme roli defektnich proviri v bunééné transformaci a objevili jsme zcela novy
fenomén promoce naddorového ristu bludnymi bunikami. Vysledky jednotlivych kapitol nejsou
samoucelné, ale mohou byt zaclenény do kontextu nadorového vyzkumu jak na ostatnich
zvitecich modelech, tak i na lidskych nadorovych vzorcich. Kazdé ze zminénych témat
otevira samostatné pole pro dalsi vyzkum. Jestlize tedy charakteristikou dobrého a plodného
vyzkumného projektu je to, ze s kazdou odpovédi nastoluje jesté vice dalSich otdzek, pak

myslim, ze jsme uspéli.

Druhy uhel pohledu vykresluje odlisnou perspektivu. Paklize jsem na pocatku svého
studia vidél obecné feSeni problému nadorové transformace v mapovani onkogennich a tumor
supresorickych mutaci, na konci studia jsem piesvédCen, ze vyznam genetickych zmén
v transformované buiice je preceniovan. Mizeme se kupiikladu pozastavit nad zjisténim, ze
nami popsané spektrum jaternich onkogent je identické u kuftat i lidi, ale zdsadné se li$i u
nefroblastomt. Domnivam se, Ze tradi¢ni piedstava vzniku nadoru jako funkce hromadéni
mutaci a jejich selekce je v soucasnosti vyznamnou brzdou dal§iho vyzkumu. Prestoze

popisovani funkce jednotlivych gent, hledani nadorovych markert a molekulérnich cili pro
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terapii je stale velmi pfinosné, domnivam se, Zze je tfeba vyrazné ménit pohled na
problematiku spojitych nadob evoluce-smrtelnost-nadorovd transformace. Proto jsem se
rozhodl na zavér zaradit jesté jednu spiSe spekulativni nezli prakticky-experimentalni knihu,
kterd vSak odrazi vysledky mého nékolikaletého studia a snad i nastifiuje moznosti novych

experimentalnich ptistupi.
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Cast druhs - Fragment knihy chaosu
Kapitola prvni — o chaosu

Lidé rozlicnych kultur a ndboZenstvi ve vétSin€ piipadt chapali vztah ,fadu (stav
uspotadany) a ,,chaosu (stav neusporadany) jako nesmiftitelné protiklady, analogicky jako
tteba dualitu dobra a zla. Obé dvojice pojmu byvaji v mnoha kulturach miseny a
ztotoznovany. Ostatné, podobné vnima vyznam té€chto pojmi vétSina soucasnych lidi, véetné
védct. Takovéto (dualistické) vnimani je praktickym zjednodusSenim, ovSem také nestastnym
omylem, chceme-li fesit otdzky fungovani komplexnéjsich systémi. Chaos — deterministicky
chaos - je pfesné¢jsi chapat ve smyslu fyziky a matematického modelovani. Chceme-li
kuptikladu d¢lit fyzikdlni systémy z hlediska miry vnitini uspofadanosti, nabizi se nam
jednoduché dualistické déleni na uspotadané a neusporaddané. AvSak realnéjsi déleni systémui
by mélo tfi poly: uspofadané, chaotické a neuspotradané. HlubSim zamysSlenim nad timto
rozdélenim dojdeme k ndzoru, ze ve skuteCném svété nejsou zadné striktné usporadané ani
neuspofadané systémy. Zbyva tedy uniformni heterogenné chaoticky svét. Zivé systémy
mohou existovat pravé jen na bazi chaosu, protoze systémy usporadané i neuspotradané
predstavuji pouze dvé odlisné, imaginarni formy nezivé hmoty. Ve skuteCném svété tedy
existuji systémy s riznou mirou chaoti¢nosti, ¢imz se dostdvame zpét k ptivodnimu dualnimu
pojeti — redlny chaoticky svét si proto nahrazujeme (myslenkové piijatelnéjSim) svétem shora
zminénych (avSak nesStastné nazvanych) protikladi ,,fadu a ,,chaosu®. S témito znalostmi se
je tedy muzeme pokusit lépe opsat jako (chaoticky systém s mensi mirou vnitini
neusporadanosti, tedy se slusnou mirou predikovatelnosti jeho chovani) vs. (chaoticky systém
s v&tsi mirou vnitini neuspofddanosti, tedy obtizné predikovatelny). Rozdil tedy neni mezi
,dobrym fadem* a ,,zIym chaosem®, ale mezi mirou pfedvidatelnosti budouciho chovani

studovanych systémii.

Uvodni slovni cviteni nas piivadi ke konstatovani, Ze vytvaiime modely okolniho
svéta, které ndm umoziuji co nejlépe predvidat jeho chaotické chovani, a tyto modely jsou
zarlznych situaci rizné UspéSné v zavislosti na mife stability modelované¢ho systému
v daném obdobi. Jasné patrné je to kupiikladu na spolecenské urovni. V dobach miru,
socioekonomické stability a prosperity je patrny naridstajici piiklon k materialistickému
(védeckému) pojeti svéta, protoze takové pojeti ndm vcelku GspéSné pomaha predvidat jeho
budouci chovani s nizkou mirou nestability. Naopak v dobach nedostatku, krizi, pohrom a

valek nabird na vyznamu duchovni vnimani svéta reprezentované nékterou formou viry
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(kuptikladu ndbozenské, ale tieba i s extremistickou politickou orientaci) a hledani prorokt. A
opravdu se zda, Ze prosta vira v turbulentnich Casech umoziuje lepsi predikci budouciho
vyvoje. To nikterak nestavi viru na roven rezignaci. V Casech, kdy opakované selhavaji 1
kratkodobé rigordézni predpovédi ma a bude mit vira nezastupitelnou ulohu v Zivoté jedince i
spole¢nosti a vysledky jejich predikci budou prokazatelné lepsi. Z toho dovozuji, ze by nasi
snahou mélo byt 1épe chapat chovani chaotickych systémt a predevSim disledkl jejich
ovliviiovani vnéjsimi vlivy (srovn. tzv. ,.efekt motyliho kiidla®“, ktery se mize projevit jen za

ur¢itych podminek).

NejvyraznéjSimi a snad nejizasngj$imi vlastnostmi deterministického chaosu jsou
Skéalovatelnost (z tvaru mraku nelze usuzovat na jeho velikost, z tvaru kfivky nelze odvodit
m¢étitka jednotlivych os), sobépodobnost (stejné vzorce chovani se opakuji v jednom systému
v mnoha Skaldch) a univerzalita (chovéani naprosto nepiibuznych systémi se fidi tymiz
zékonitostmi; naptiklad vyvoj cen na burze, pocasi, geopolitické dé&jiny, evoluce Zzivych
organismil (zdmérné se vyhybam uziti pojmu ,,darwinistickd) ap.). Z ptedchoziho shrnuti
pozoruhodnych vlastnosti chaotickych systémii také vyplyva, Ze pro studium specialniho
problému nadorové transformace muze efektivné poslouzit studium zékonitosti chovani
komplexnich systémi ve zdanlivé neptibuznych oborech; kuptikladu historie, ekonomie nebo
meteorologie. Analogie z téchto oborli ndm mohou poslouzit pro pochopeni jevl z n&jakého
divodu experimentalné nepiistupnych. A to je diivodem, pro¢ se na tyto obory a pfiméry

opakovan¢ odkazuji.

Kapitola druha — alternativni vysvétleni nadorové transformace

Nyni se dostdvam ke vztahu mutaci a bunééné transformace a k tvrzeni, ze ,,tradi¢ni
predstava vzniku nadoru jako funkce hromadéni mutaci a jejich selekce je v soucasnosti

vyznamnou brzdou dal$iho vyzkumu®.

Recentni nadorovy vyzkum se soustfed’'uje na mapovani gend, jejich mutaci, rigidnich
signalnich drah a jejich vzdjemného ovliviiovani a vyuzivd znacné simplifikované
experimentalni modely. To je v pofadku potud, pokud si uvédomime, Ze studujeme pouze
situace odpovidajici chaotickym systémiim ve stabilnich atraktorech s minimalni intervenci
z vnéjsku (tedy systémy se slusnou mirou predikovatelnosti jejich chovani). To se paradoxné

tykd 1 nadoroveé transformovanych bunék, protoze je studujeme v jejich konecném,
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transformovaném a tedy opét stabilnim atraktoru. AvSak tou vlastni a nejniternéjsi pti¢inou
kone¢ného stabilizovaného stavu nebyly mutace, ale kratkodoby vysoce nestabilni stav
s vysokou mirou vnitini neuspofadanosti, ktery zplsobil pfeskok zjednoho stabilniho
atraktoru do druhého. To co bychom tedy méli studovat je ptrechodny stav mezi dvéma
stabilnimi atraktory. Tuto epizodickou udéalost miizeme nejsnadnéji chéapat jako analogii
spolecenské revoluce — prvotni tranzientni impulzy-osoby-ideje, které ji zdanlivé vyvolaly
jsou vbrzku nahrazeny stabilnim uspofadanim, povétSiné znacn€ odliSnym od plvodnich
impulzti. Prelozeno: plvodné stabilni atraktorovy stav je po prichodu nestabilnim
intermezzem (revoluce) nahrazen jinym stabilnim atraktorovym stavem. Kuptikladu studium
spolecenskych véd se - na rozdil od molekuldrni biologie — daleko intenzivnéji vénuje
zkoumani kratkych revolu¢nich usekil d¢jin; srovnejme kupiikladu mnozstvi publikaci, které
se vénuji obdobi husitskych valek s pozornosti vénovanou obdobi nésledné stabilni vlady
Jagelloncii. Proces onkogenni transformace je v mnohém podobny historickému ptechodu
mezi dvéma epochami, avSak nejpreciznéji jsou v ném zmapovany pocatecni a konecny stav
a o ptechodnych revoluc¢nich udalostech mezi nimi nevime takika nic. Nehodlam vyvracet
vyznam onkogennich mutaci, je nesporny, domnivam se vSak, Ze interpretace jejich vyznamu

by méla byt pozménéna.

Zname-li kuptikladu néjaky onkoprotein, snazime se mapovat jeho strukturu,
interagujici partnery, jim ovlivnéné geny a signalni drahy. Pfedpokladame, ze jsou pficinou
vysledného transformovaného fenotypu. AvsSak stejné pravdépodobné je, Ze piitomnost
zminéného aberantniho proteinu pouze vyvolala nerovnovéahu stabilniho atraktoru, v némz se
nachazela postizena burika na pocatku. To vedlo — nikoliv okamzité - k nestabilnimu stavu,
s ptivodnim atraktorem (a tedy i se zivotem) neslucitelnému (analogie revoluce). Nasledovala
bunéénd smrt nebo nalezeni nového alternativniho atraktoru. A pokud neni v blizkém
fazovém prostoru ,,normalni“ atraktor, pak tedy k ,transformovanému®. Je zjevné, Ze
pravdépodobnost nalezeni nového stabilniho atraktoru bude ovlivnéna vice faktory, jako jeho
dostupnost z pavodniho atraktoru, hloubka a délka trvani nerovnovahy ap. Tato moje
interpretace byla neddvno nepifimo podpoiena popisem jevu nazvaného chromothripse [33], ¢i
dlouho zndmou existenci tumor-promotord [34] i ndmi popsané¢ho fenoménu industaze [17].
Pokud piijmeme tuto pfedstavu, nabizi se testovatelnd hypotéza, ze kuptikladu nadorovou
transformaci bunky lze vyvolat nemutagenim ptisobenim destabilizujicim bunéény atraktor.
Dopad takového pritkazu by byl ohromny nejen pro nadorovou genetiku, ale i pro evolu¢ni

biologii, uvahy o vzniku Zivota atd.
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Mapovani onkogennich mutaci nam tedy umoznuje slusnou miru predikovatelnosti
chovani systému (napiiklad pfi terapii), ale pro studium toho kratkého nestabilniho obdobi je
témet k nepotiebé. Z praktického hlediska by vSak mélo nejvétsi vyznam prave studium toho
kratkého nestabilniho obdobi, zplisobu jeho vyvolani, kvantifikace a hlavné ovlivnéni jeho
hloubky a doby trvani. Pokud jsou tyto ptfedpoklady spravné, mohli bychom dokazat
podprahovymi podnéty bez pfimé mutageneze transformovat, ale tfeba 1 rediferencovat cilové

bunky.

Z uvedeného vyplyva, ze zivé systétmy mohou byt pouze oteviené a vzdy a jediné

chaotické. Lisi se vSak mirou predikovatelnosti jejich vyvoje a to vzdjemné mezi sebou i
v priibéhu Casu sami v sobé. ZjednoduSené lze fici, Ze rigidnéjsi systémy jsou stabilnéjsi
(nikoliv odolngjsi), avSak také méné prizplisobivé. Evoluce organismii se stabilizovanym
genomem probihd spiSe postupné v duchu klasického darwinismu a naptiklad umoziiuje
postupné Slechtitelstvi. Oproti tomu u organismi s genomem méné rigidnim je
pravdépodobnéjsi evoluce skokova, s dramatickymi a obtizné predikovatelnymi nasledky. A
obdobné predpoklady plati i pro transformabilitu jednotlivych bunéénych typti v ramci

organismu.

Proc¢ tedy klast do protikladu dvé rtizné urovné chaosu a jak? To, co stavi v praxi do
protikladu systémy méné a vice chaotické jsou odlisné Otazky, které se snaZime naucit
pokladat, pokud se tdzeme vice ¢i méné chaotického systému. Nejsrozumitelnéji by to snad
mohlo byt demonstrovano na ptikladu dal§iho chaotického systému, pocasi. Pokud je aktualni
mira meteorologické chaoti¢nosti mala, pak pfedpovéd’ pocasi bude pomérné presnd, naopak
pokud bude vnitini mira meteorologické chaoti¢nosti vysoka, ptedpovéd bude malo
spolehliva. VétSina lidi polozi otazku ,Jaké bude pocasi?‘. V piipadé malo chaotického
systému bude tazatel s odpovédi spokojen, v druhém piipadé pravdépodobné nikoliv. Spravna
Otazka je vsak zcela jina — ,,Jak piesna je aktudlni predpoveéd?* Po mém soudu je to stejny
problém jako s optimalizacnimi a pralomovymi objevy (viz. nasledujici kapitola). U
optimaliza¢nich objevll bude tazatel pravdépodobné plné€ uspokojen (avSak casto odpovédi na
Spatn€ polozenou otdzku), u prilomovych objevii nikoliv. Proto je tieba vénovat velkou
pozornost spravné formulaci Otazek, specialné u prulomovych objevi. OvSem zjevnym
oxymoronem je, Ze granty lze ziskat pouze na vyzkum optimalizac¢ni, tedy na kratkodobou

predpoved’ slune¢ného pocasi.
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Kapitola tieti — zavérecné uvahy o filosofii vyzkumu

Udivujici obecnou platnost Teorie chaosu, od niz jsem odvijel své pfedchozi uvahy lze
vidét prakticky vSude. Mohli bychom se kuptikladu ptat, co je divodem kvalitnéjsiho
vyzkumu v nékterych institucich ¢i zemich nez v jinych. Zavisi to primarné¢ opravdu na
mnozstvi finanénich prostfedki? Nebo zde hraji vyznamnou roli obtizné kvantifikovatelné

faktory jako tradice nebo stabilita pracovniho prostiedi?

Véda, presnéji vyzkum byva rozdélovan na aplikovany a zékladni. Po mém soudu je
toto déleni chybné a byva uzivano spiSe jako politicky nastroj ve spojitosti s jeho
financovanim a nékdy také jako simplifikujici néstroj pro lenivost mysli. Jasnym argumentem
proti zminénému déleni je po mém soudu nemoznost exaktné¢ definovat a oddélit tyto dveé
kategorie, které se hluboce prolinaji a v ¢ase méni. Domnivam se, Ze daleko exaktngjsi avSak

zdanlivé méné praktické je délit vyzkum na optimalizaéni a prilomovy.

Pisi o tom, nebot’ to zdaleka neni tak trividlni konstatovani, jak by se mohlo na prvni
pohled zdat. V ¢em je tedy zasadni odliSnost t€chto dvou kategorii objevii? Domnivam se, Ze
v predpovéditelnosti  vysledki. U optimalizacniho vyzkumu lze vysledek piredvidat a
pravdépodobnost uspéchu ovlivnit naptiklad mnozstvim vlozenych finan¢nich prostfedkil a
optimalizaci jejich vyuzivani. Jeho ¢asovy prib¢h lze popsat jako setrvaly nerovnomérny
avsak kontinualni vzestup (obr. 10A). U prulomovych objevil vysledek predvidat nelze, jeho
pravdépodobnost nelze jednoduse ovliviiovat a jejich ¢asovy prubéh Ize popsat jako skokovy
a diskontinuéalni (obr. 10B). S optimaliza¢nim vyzkumem se proto poji vyrazy planovany,
financovani, pribézny. S prilomovymi objevy lze oproti tomu spojovat vyrazy ndhodny (néco
nezadouciho), tradice (= néco mlhavého), génius (= néco magického), revoluce (= néco
zmatecného). Trivialni zjednoduSeni pro praxi? Na optimalizacni objevy lze vypsat granty a
kumulaci jejich vysledkl ovlivnit. U pritlomovych objevii nikoliv, ale znamena to, Ze bychom

se o n¢ nem¢éli viibec pokouset?
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Poznani o Poznani
| —>

Optimalizacni objevy Prilomové objevy

Obr. 10 Schematické znazornéni pribehu optimalizacniho a prilomového vyzkumu v Case.

Yewr e

Z4dny z obou piistupti neni lepsi nebo dileZitdjsi, jsou svymi protipoly. Co je zasadné
odliSuje jsou jejich prubéh, dopad a planovatelnost. Z vyse feCeného vyplyva, ze soustredit se
na prulomové objevy neni mozné z jejich podstaty (lze snad zvysit jejich pravdépodobnost,
nikoliv ovlivnit jejich vysledek). Naopak vénovat se pouze optimalizaénimu vyzkumu je
kratkozraké a Cisté technologické. Jaky je tedy redlny pribéh vyzkumu? Nejspise hybrid mezi
obéma grafy, kde optimalizacni slozka zapliuje prostor vytvoieny pralomovym objevem.
Paralela schovanim dalSich komplexnich systémi (evolu¢ni procesy, ekonomika,
spoleCensky vyvoj) je zde zcela zfejma, avsak vyznam kombinace obou principil zasahuje
mnohem dale, az k samotnym kofenim vzniku Zivota a k principu fungovani disipacnich

struktur.

Vyznamnym divodem, pro¢ povazuji za dulezité rozebirat odlisnost dvou meznich
vyzkumnych pfistupt je pravé tato Siroka analogie s dal§imi vyznamnymi déji — s evoluci,
chovanim otevienych fyzikdlnich soustav, spoleCenskym vyvojem nebo bunécnou
transformaci. Snad je z predchoziho textu tato sobépodobnost dostate¢né patrna. VSechny
rozebirané déje maji totiz jednoho spolecného jmenovatele — chaos. Chaos, ktery je tou
pravou a nejniternéjs$i podstatou evoluce, mnohobunécéného zivota, nadorové transformace,
smrti 1 védeckého zkouméni a zdaleka neplati, ze zvySovani uspofadanosti vede k lepSim
vysledklim. Z pocatku svého studia a psani textu této disertace jsem hledal fad piirody a
puvod Zzivota. Nalezl jsem chaos a dobral se pfedstavy, Ze tim, co ma opravdu vyznam je

studium jeho tadu.
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Obr. 11 Baron Johann Konrad Richthausen (1604 — 1643)
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TABULKY

Tab. 1A Tab. 1B
Chr.
Vsechna klonalni integracni mista (VISs) 1848 VISs [Mbp] | VIS/Mbp
VISs v kufecim genomu 1713 Chr. 1 384 201 1,91
Cirkularni (neintegrované) proviry 50 Chr. 2 271 155| 1,75
Provirové sekvence 83 Chr.3 217 114 1,90
Chr. 4 130 94| 1,38
Jaterni VISs - vSechna 143 Chr.5 122 62 1,97
Jaterni VISs - v kurecim genomu 127 Chr.6 48 37 1,30
Chr.7 41 38 1,08
Plicni angiosarkomy VISs - vSechna 216 Chr. 8 35 31| 1,00
Plicni angiosarkomy - VISs v kufecim genomu 188 Chr.9 32 26 1,13
Chr. 10 26 23| 1,13
Nefroblastomové VISs - vSechna 1337 Chr. 11 24 22 1,09
Nefroblastomy - VISs v kufecim genomu 1260 Chr. 12 39 21| 1,86
Chr. 13 18 19| 0,95
Tkanové kultury - VISs vSechna 130 Chr. 14 17 16 1,06
Tkanové kultury - VISs v kufecim genomu 119 Chr. 15 13 13| 1,00
Chr. 16 0 0,5/ 0,00
Ovarialni tumor - VISs vSechna 20 Chr. 17 8 11 0,73
Ovarialni tumor - VISs v kufecim genomu 20 Chr. 18 16 11 1,45
Chr. 19 21 10 2,10
Vytipovana OBECNA MiSTA INTEGRACE 113 Chr. 20 13 14| 0,93
Chr. 21 11 7| 1,57
Chr. 22 6 4 1,50
Chr. 23 9 6| 1,50
Chr. 24 8 6| 1,33
Chr. 25 3 2| 1,50
Chr. 26 4 5| 0,80
Chr. 27 4 5 0,80
Chr. 28 10 45| 2,22
Chr. W 1 0,3| 3,33
Chr.zZ 76 75 1,01

Tab. 1 Statistické shrnuti analyzy vSech klonalnich mist integrace MAV-2 provira (VIS).

A) ,,vSechna VISs*“ — v§echny sekvenované unikatni fragmenty integrovanych provirii, véetné
defektnich provirii a cirkuldrnich forem MAV-2; , vytipovandi OBECNA MISTA
INTEGRACE " — pocet radkii Tab. 2, viz. legenda k Tab. 2.

B) Rozlozeni poctu a hustoty klondlnich VISs na jednotlivé kureci chromozomy (podle Gallus

gallus genome assembly WASHUC2).
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Tab. 2

X 0/1 0/1 0/1 0/1| 0/1 | 0/1
Pocet
Kandidatni Pozice | klonal. Rozsah
Skore CISs Chr. | [MBp] VIS CIS [kbp] Tkan Lokus A B C
38 Nal 3-66 66 33 1 P FRK i s y
18 | Nal5-17 17 12 18 N(3), J(9) RASH i s y
16 Nal 2-51 51 10 10 J(9), N(2) EGFR [ s y
N(9),
16 | Nal12-16 | 12 | 16 11 267 TK(2) FOXP1 i s y
15 Nal 5-12 5 12 11 269 TK, PCR SOX6 u S y
14 Nal 2-29 2 29 9 275 N TWIST i s y
13 Nal 2-114 2 114 8 36 N PLAG1 u s y
9 Nal 12-2 | 12 2 3 0 J MSTIR i s y
8 Nal 1-26 1 26 5 23 J, TK MET v v y
8 Nal 2-148 | 2 148 4 27 N(3),J(1) | mir30b, d u v y
7 Nal 4-11 4 11 3 13 N RRAG i s n
7 Nal 1-13a 1 13 2 3 N FBXL13 i S n
7 Nal 1-182a| 1 182 2 0 N FGF9 i s ?
7 Nal 1-192b | 1 192 2 15 N FZD4 u S n
7 Nal 2-4b 2 4 2 11 P OXSR1 i s n
7 Nal2-125 | 2 | 125 4 89 J, TK, N TPD52 [ o n
7 Nal 2-142 2 142 2 N CCN3 i s y
7 Nal 6-31 6 31 2 0 N EIF3A i o} n
6 Nal 1-15 1 15 2 16 N, P LAMB1 i S n
6 Nal 1-23 1 23 2 1 N HYAL4 u v n
6 Nal 1-33 1 33 2 3 N, TK LRIG3 u o} n
6 Nal 1-116 1 116 2 4 N BCOR i \ n
6 Nal 1-125 | 1 125 2 5 P AP1S2 i v n
6 Nal 1-182b | 1 182 2 16 P, TK ZDHHC?20 i S n
6 Nal 1-189b| 1 189 2 2 N, TK SESN3 u s n
6 Nal 1-190 1 190 2 28 N FAT3 i S n
6 Nal 1-192a| 1 192 3 80 N TMEM135 | v o n
6 Nal 2-28 2 28 2 5 N TSPAN13 \ S n
6 Nal 2-40 2 40 2 0 N, P CMTMS8 i S n
6 Nal 2-91 2 91 2 34 N DNAH5 i o} n
6 Nal 2-102 2 102 2 1 N ARHGAP28 | u \ n
6 Nal 2-144 | 2 144 2 0 N KIAA0196 i v n
6 Nal 2-147 2 147 2 15 N ST3GAL1 u \Y n
6 Nal 2-151 2 151 2 3 N GPR20 u v n
6 Nal 3-49a 3 49 2 8 N SASH1 i v n
6 Nal 3-82 3 82 2 4 N SH3BGRL2 | v S n
6 Nal 3-104 | 3 104 2 6 N ZP u v n
6 Nal 3-110 3 110 2 14 N EFHC1 v S n
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6 Nal 4-46 4 46 2 32 N BMP3 d o ?
6 Nal 4-83 4 83 2 30 N ABLIM2 i S n
6 Nal 5-2 5 2 2 57 N GAS2 i s n
6 Nal 5-14 5 14 2 9 N KCNQ1 i \ n
6 Nal 5-38 5 38 2 7 N EGLN3 u v n
6 Nal 5-50 5 50 2 27 N EML1 u s n
6 Nal 5-51 5 51 2 0 N DIO3 \ o n
6 Nal 7-5 7 5 2 11 N IQCA1 v s n
6 Nal 8-27 8 27 2 36 N NFIA i o n
6 Nal 15-2 15 5 2 0 N ?7?? i s n
6 Nal 24-5 24 5 2 24 N PHLDB1 u o] n
6 Nal Z-0 Z 0 2 67 N WDR7 i o n
5 Nal 1-12 1 12 2 19 N GNAI v v n
5 Nal 1-38 1 38 2 145 N TRHDE \ S n
5 Nal 1-108 | 1 108 2 22 P, N HUNK d s n
5 Nal 1-156 | 1 156 3 147 N NDFIP2 v v n
5 Nal1-160 | 1 160 2 121 N, P DACH1 i s n
5 Nal 1-177a| 1 177 3 225 N DCLK1 Y \Y ?
5 Nal 1-177b | 1 177 2 299 N NBEA ' S n
5 Nal 1-184 | 1 184 2 16 P, N ATM v 0 n
5 Nal 1-186 1 186 3 107 P,N,) DYNC2H1 \ S n
5 Nal1-193 | 1 193 3 12 P, N Cllorf82 v v n
5 Nal 1-197 1 197 2 142 N, P OoDz4 i S n
5 Nal 2-129 | 2 129 2 95 N RUNX1T1 | v o n
5 Nal 2-130 | 2 130 2 18 N, P TMEM67 v 0 n
5 Nal 2-143 2 143 2 14 N FBX032 ' \ n
5 Nal 3-24 3 24 2 72 N EML4 i v n
5 Nal 3-30 3 30 2 78 N DAAM?2 i v n
5 Nal 3-53 3 53 2 58 J,N ZDHHC14 | i s n
5 Nal 3-56 3 56 2 6 P,N gen v s n
5 Nal 3-77 3 77 2 59 N BACH?2 \ o n
5 Nal 3-99 3 99 2 49 N HPCL1 v s n
5 Nal 3-100 3 100 2 4 P,N TRIB2 d \ n
5 Nal 4-90 4 90 2 75 ov, N CTNNAZ2 i S n
5 Nal 5-15 5 15 2 22 N DUSP8 \ s n
5 Nal 5-34a 5 34 2 23 N ZNF770 v s n
5 Nal 5-42 5 42 2 28 N DIO2 v o] n
5 Nal 11-21 | 11 21 2 10 N ATBF1 ? ? n
5 Nal 18-5 | 18 5 2 5 N, J ASPSCR1 | i v n
5 Nal 23-1 23 1 2 17 N, P CITED4 u \ n
4 Nal 1-22 1 22 2 1 N

4 Nal 1-27 1 27 2 199 N FOXP2 v \ n
4 Nal 1-124 1 124 2 4 N

4 Nal 1-150 | 1 150 2 29 N, P GPC6 i v n
4 Nal 1-169 1 169 3 41 N
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4 Nal 1-189a 1 189 2 11 N
4 Nal 2-4a 2 4 2 0 N
4 Nal 2-9 2 9 2 30 N WDR60 v v n
4 Nal 2-19 2 19 2 40 N PTPLA \ \ n
4 Nal 2-110 2 110 2 52 N DTNA v v n
4 Nal 2-124 2 124 2 161 N ZFHX4 v \ n
4 Nal 2-136 2 136 2 50 N, TK ZFPM2 u \ n
4 Nal3-49b | 3 49 3 199 N(2), P(1) UST v v n
4 Nal 4-47 4 47 2 16 N \Y \Y \ n
4 Nal 4-60 4 60 2 210 N, P UNC5C i v n
4 Nal 5-25 5 25 2 74 N Cl1lorf49 \ \ n
4 Nal 5-31 5 31 2 41 N BMF \ \ n
4 Nal 5-34b | 5 34 2 20 P, N STXBP6 v v n
4 Nal 6-25 6 25 2 135 N SH3PXD2A | v \ n
4 Nal 6-27 6 27 2 42 TK, N ADD3 i v n
4 Nal 6-37 6 37 2 148 N INPP5A \ \ n
4 Nal 9-18 9 18 2 0 N
4 Nal 11-20 | 11 20 2 15 N \% Y \ n
4 Nal 12-5 12 5 2 34 N RAF1 \ \ n
4 Nal 12-14 | 12 14 3 97 P(2), N(1) LRIG v v n
4 Nal 14-5 14 5 2 101 N LMF1 \ \ n
3 Nal 1-13b 1 13 2 50 N, ov PTPN12 v v n
3 Nal 1-34 1 34 2 5 N, P
3 Nal 1-164 1 164 3 30 N, P, ov
3 Nal 2-32 2 32 2 38 N, P SNX10 v v n
3 Nal 3-92a 3 92 2 6 J,N n
3 Nal3-112 | 3 112 2 29 N, TK RUNX2 v v n
3 Nal Z-9 VA 9 2 11 N, P 2?7 i S n
Nal 1-70 1 70 2 10 N, P gen ? ? n
Nal 1-137 1 137 2 6 N, TK C20rf29 ? ? n
Nal 4-81 4 81 2 11 TK, N WDR1 ? ? n

Tab. 2 Obecna mista integrace (CISs) Fazena podle relevance (skore).

Jako CIS je oznacovana oblast genomu mensi nez 20kbp nebo genovy lokus, v nemz byla

identifikovana 2 a vice klonalni(ch) VIS.

Legenda: ,,Skore* — soucet hodnot v hodnocenych sloupcich [Q] pro dané CIS. Jednotliva

“«“

CIS jsou Fazena v tabulce podle této hodnoty, podle klesajici vyznamnosti; ,, Kandidatni CI.

3

— pracovni oznaceni jednotlivych CIS; ,,chr.

chromozomu v Mbp (G. gallus, WASHUC?2);

* — chromozom, ,, Pozice [Mbp]” — pozice na
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“Pocet klonalnich VISs” — pocet klondlnich integraci MAV-2 v daném CIS, [Q; hodnota
odpovida poctu VISs]

“Rozsah CIS” — vzddlenost mezi nejvzdalenéjsimi VIS, [Q; Q=1 pro hodnoty <20kbp, Q=0
pro hodnoty >20kbp]

“Tkan” — nefroblastom (N), plice (P), jatra (J), tkanova kultura (TK), ov (ovarium), [Q; Q=1
pro jedinou tkan, Q=0 pro vice tkani]

., Lokus“ — oznaceni genového lokusu, prekryvajiciho se s CIS [Q; OQ=I pro vyplnené pole,
0=0 pro prazdné pole]

A — lokalizace proviriti v ramci zasazeného genového lokusu, u = nad transkriptem, i =
uvnitr transkriptu, d = pod transkriptem, v = variabilni [Q; Q=1 pro hodnoty u, i, d, Q=0 pro
hodnotu v]

B — orientace proviru vzhledem k orientaci zasaZeného genového lokusu, s = stejna, o =

opacnd, v = variabilni [Q; Q=1 pro hodnoty s, o, Q=0 pro hodnotu v]

,, C*“ — experimentadlné ovérena deregulace postizeného lokusu, y = ano, n = ne [Q,; Q=1 pro

vy, O=0pro nj.
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The twist gene is a common target of retroviral integration and
transcriptional deregulation in experimental nephroblastoma

Petr Pajer, Vladimir PeCenka, Vit Karafiat, Jarmila Kralova, Zuzana Horejsi and Michal Dvorak*
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The genes involved in the transformation of kidney blastema
cells were searched for in avian nephroblastomas induced by
the MAV2 retrovirus. The twist gene was identified as a
common site of provirus integration in tumor cells. 7wist
was rearranged by the MAV2 provirus in three out of 76
independent nephroblastoma samples. The MAV2 integra-
tion sites were localized within 40 nucleotides of the rwist
5'UTR region, right upstream from the ATG initiation
codon. The integrated proviruses were deleted at their
S'ends. As a consequence, twist transcription became
controlled by the retroviral 3LTR promoter and was
strongly upregulated, more than 200 times. In addition, 2—
100 times elevated #wist transcription was also detected in
the majority of other nephroblastoma samples not contain-
ing MAV2 in the twist locus. We propose that chicken
nephroblastoma originates from a single blastemic cell in
which the MAYV retrovirus, through its integration, has
deregulated specific combinations of genes controlling
proliferation and differentiation. The activation of the rwist
gene expression appears to contribute to tumorigenesis, as
there is an in vivo positive selection of tumor cell clones
containing the fwist gene hyperactivated by MAV2
sequences inserted within the twist promoter.

Oncogene (2003) 22, 665-673. doi:10.1038/sj.onc.1206105

Keywords: Twist gene; MAV retrovirus; common viral
integration site; nephroblastoma

Introduction

The model of MAV2-induced chicken nephroblastoma
serves as a valuable tool for identifying genes involved in
the malignant transformation of renal cell precursors—
nephrogenic blastema cells. The model can provide
relevant information for understanding the etiology and
pathology of the pediatric kidney nephroblastoma,
Wilms tumor, as both malignancies are derived from
the same cell type and share a number of similar features
(Ishiguro et al., 1962). The chicken model is based on
the assumed ability of MAV2 retrovirus to transform
cells by insertional mutagenesis, that is, by a deregula-
tion of expression of genes hit by the proviral integra-
tion. Moreover, MAV2-encoded Env protein appears to

*Correspondence: M Dvorak, E-mail: mdvorak@img.cas.cz
Received 12 July 2002; revised 30 September 2002, accepted 4 October
2002

facilitate transformation of blastema cells as it stimu-
lates their proliferation (Joliot ef al., 1996).

It is assumed that macroscopic nephroblastomas arise
by clonal expansion of blastema cells in which MAV2
provirus has deregulated specific genes controlling
differentiation and proliferation. Each experimentally
induced chicken tumor contains on average five clonally
integrated MAV2 proviruses (PeCenka et al., 1988a),
which is in accordance with the widely accepted multihit
model of cancerogenesis. The model postulates that a set
of relevant genes must be affected in a specific way for
the cell to achieve the fully transformed phenotype.
Accordingly, alteration of several genes (including WT1)
was shown to be required for Wilms tumor induction
(Knudson and Strong, 1972; Dome and Coppes, 2002).

In the chicken nephroblastoma, the nov (nephroblas-
toma overexpressed) gene was suggested to be involved
(Joliot et al., 1992; Perbal, 2001). c-Ha-ras and c-fos
proto-oncogenes have also been found to be activated
by the retrovirus in chicken nephroblastoma. However,
their role seems to be limited to single cases (Westaway
et al., 1986; Collart et al., 1990).

In this work, we have cloned and characterized a
number of individual MAV2 integration sites in
nephroblastoma DNA and found that the twist SUTR
is the common integration site of MAV2 provirus in
nephroblastomas.

Twist was originally discovered as a Drosophila gene,
whose mutation causes the characteristic ‘twisted” pheno-
type in embryos (Thisse et al., 1988). Later, mouse,
human, frog and chicken homologs were cloned and
characterized (Castanon and Baylies, 2002). In human,
twist germline mutations, resulting in a reduced Twist
protein level, are supposed to be responsible for some
Saethre—Chotzen syndrome (SCS) cases (el Ghouzzi et al.,
1997; Howard et al., 1997). This is also consistent with the
phenotype of the mouse mutants—homozygous twist-null
murine embryos exhibit failure of neural tube closure,
while heterozygots display a moderate phenotype, includ-
ing minor skull and limb abnormalities, reminding the
SCS patients (Bourgeois et al., 1998).

The Twist protein belongs to the basic helix—loop—
helix family of transcription factors. Its expression is the
highest during embryonic development in immature
mesodermal cells and in organs of mesodermal origin;
postnatally it declines to low levels in adult tissues.
Twist has been shown to block terminal differentiation
of mesodermal cells and to inhibit p53-dependent
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apoptosis (Maestro et al., 1999). A number of Twist-
regulated genes were discovered in humans as well as in
Drosophila and C. elegans, and several protein partners
directly binding to the Twist protein in vivo were found
(Castanon and Baylies, 2002).

The twist gene has a close homolog dermo showing an
almost complete identity at the amino-acid level in the
bHLH domain. Dermo is expressed in more differen-
tiated cell types in comparison to twist and is
hypothesized to execute similar functions as Twist (Li
et al., 1995).

A possible participation of twist in cell transformation
has already been suggested. Approximately 50% of
rhabdomyosarcoma samples display abnormally high
levels of the Twist protein (Maestro et al., 1999). In
addition, the methylation status of the twist promoter
has also been used as a sensitive marker for the detection
of breast cancer cells in ductal lavage fluid (Evron et al.,
2001). However, no direct evidence of twist or dermo
participation in cell transformation was presented so far.
Our data show that overexpressed fwist participates in
malignant transformation of renal blastema cells. On the
contrary, dermo does not seem to be involved in
nephroblastoma formation.

Results
Induction of nephroblastomas, collection and
characterization of samples

Nephroblastomas were induced by infecting 12-day-old
embryos or 2-day-old chicks with the MAV2 retrovirus.

About 100 samples of the renal tissue were collected
from 45 infected animals (36 of them developed
macroscopic tumors in one or both kidneys within 45—
120 days postinfection).

Tumor samples represented either individual nephro-
blastoma foci about 1 cm in diameter or samples taken
from distant parts of large tumors (ranging in diameter
from 2 to 10cm). Control tissue samples were seized
from uninfected kidney and from infected but morpho-
logically normal parts of kidneys in the vicinity of a
tumor. As additional controls, mesonephros and meta-
nephros were collected from uninfected embryos. The
samples were numbered (e.g. 113/la) to record the
donor animal (the first number), the kidney from which
the sample was obtained (the number after the slash
refers either to the left (1) or right (2) kidney), and the
individual piece of the tissue (the letter N stands for
nontransformed control samples).

Genomic DNAs from tumor samples were analysed
by Southern-blot hybridization to show their clonality,
to determine, in each tumor sample, the number of
integrated proviruses, and to single out independent
clones among samples taken from one large tumor.
Figure la shows the representative analysis of 15
tumors. DNAs were digested with restriction enzyme
Tth1111, which does not cut the proviral DNA, and
hybridized with HH25, the MAV-specific probe derived
from the U3 region (Figure 2a). The result (Figure 1a)
documents the clonal nature of tumor specimens. Since
each DNA contains a well-defined set of MAV2
fragments with the same hybridization intensity, most
of the cells in a given sample must have been derived
from a single infected cell. A similar experiment was

a
b Number of all proviruses/sample
kb
oy, 40
40,5
27 30
20
135 10
0
01 2 3 4 5 6 7 8 9 =9
c d
kb o« 0
30
71 20
10
0

01 2 3 4 5 6 7 8 9 =9

Number of defective proviruses/sample

Figure 1 Nephroblastoma tumor foci are clones with a defined number of complete and deleted MAV?2 proviruses: (a) example of
tumor DNAs digested with the 741111 restriction endonuclease and hybridized on Southern blots with the MAV-specific HH25 probe
(see Figure 2a); (b) distribution of the total number of integrated proviruses in each tumor DNA detected by 7rh1111 digestion; (c)
example of tumor DNAs digested with the Apall restriction endonuclease and hybridized on Southern blots with the retroviral
3'UTR-specific AH24 probe (see Figure 2a); (d) distribution of deleted proviruses detected by ApaLlI digestion (note that to reveal all
defective proviruses, the results with 5 UTR- and 3'UTR-specific probes had to be combined)
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Figure 2 Schematic representation of the MAV2 provirus and the rwist gene. (a) The upper scheme shows positions of hybridization
probes BB43, AH24 and HH25 in the MAV2 genome. The 3'LTR has been enlarged to reveal the position of the 4paLl restriction site,
start of transcription R and positions of PCR primers BSUright, LTRIleft and LTRright. The orientations of 3’OH ends of primers are
depicted by demiarrows. (b) Schematic representation of the exon—intron structure of the chicken twist locus shows the position of the
ApalLl restriction site, the position and orientation of 3’OH ends of PCR primers, transcriptional start site downstream from the
TATA box, and the position of hybridization probe ME28. The open box within the noncoding part of exon 1 shows the localization of
the novel twist sequence whose primary structure is given in Figure 4. The structure of the rwist mRNA is schematically depicted below
with the marked 5’ (UTR) and 3’ (3’UTR) untranslated regions as well as the rwist coding sequence (CDS)

performed with all tumor DNAs obtained (data not
shown). In all, 76 independent clonal tumor DNAs were
selected for further experiments. The numbers of
proviruses in tumor clones are summarized in the
histogram in Figure 1b.

To detect defective proviruses, the enzymes Apal.l
and Dral were used according to the strategy published
earlier (PeCenka et al., 1988b). As the criterion of
defectiveness we used the appearance of MAV2 frag-
ments different from MAV2 parental provirus. The
presence of defective proviruses revealed by Apall
digestion is documented by representative results in
Figure 1c. The numbers of defective proviruses in all 76
tumor clones are summarized in the histogram in
Figure 1d.

In summary, tumor clones contained mostly two to
six proviruses. Among them, most frequently, none to
three were defective.

Cloning of integration sites of defective MAV2 proviruses
by inverse PCR

The clonal character of nephroblastoma foci makes it
possible to isolate loci containing integrated proviruses
and to identify among them those that contribute to
malignant transformation. Such genes should constitute
a set of ‘common viral integration sites’ of the MAV2
provirus.

To find common viral integration sites, we first
focused on defective MAV2 proviruses as such pro-
viruses were shown to affect surrounding genes more
frequently than the complete ones (Robinson and
Gagnon, 1986). Six genomic DNAs from tumor samples

containing defective provirus truncated at the S5'end
were digested with the restriction endonuclease Apal.l
and size-selected on agarose gels. DNA fragments
harboring defective proviruses flanked by host se-
quences were isolated. Inverse PCR (IPCR) was
performed using LTRIeft+BSUright primers (see
Figure 2a and the Materials and methods section) to
amplify genomic sequences adjacent to an integrated
defective provirus. The resulting PCR products were
cloned, sequenced and the sequences were analysed for
their homology to entries in public databases (NCBI).
The six clones analysed in this way contained, in
addition to proviral sequences, host sequences ranging
from 0.6 to 1.8kb. The host DNA in four clones
displayed no significant homology to known genes,
while the fifth clone was highly homologous to a
putative WD repeat-containing gene. The sixth DNA,
originating from the sample 102/2b, was identical with
the chicken twist gene except for a stretch of 50
nucleotides (see below).

The twist gene is the common integration site of MAV2
provirus in nephroblastomas

To screen our tumor samples collection for MAV?2
insertions into the twist locus, DNAs were digested with
Hpal, which cuts approximately 5 kb upstream and 5 kb
downstream from fwist initiation and stop codons,
yielding an 11 kb twist-containing fragment, and hybri-
dized on Southern blots to the ME28 probe derived
from the 3'part of the first twist exon (Figure 2b). Since
MAV2 LTR contains the Hpal recognition sequence,
any MAV?2 integration close to the twist coding

Oncogene
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sequence would manifest itself by an Hpal fragment
shorter than 11 kb. Rearrangement in the twist gene was
confirmed in sample 102/2b and was also found in two
additional independent tumor samples 107/la and 122/la
(Figure 3)

Hybridization with an MAV LTR-specific HH25
probe confirmed the presence of MAV2 sequences in
the rearranged rwist loci-the same fragments were
detected by both the rwist ME28 and MAV HH25
probes (Figure 3). The almost identical size of these
rearranged rwist DNA fragments indicates that all three
MAV2 proviral integrations occurred within a very
narrow region of the 5'end of the rwist.

Hpal digests

kb

13,08
8,72

4,36
3,24

2,32
1,81

1,13

TWIST probe MAV2 probe
Figure 3 Detection of the MAV2 provirus integrated in the fwist
gene. Genomic DNAs from MAV2-induced tumors 107/la, 122/1a
and 102/2b and from uninfected liver were digested with the Hpal
restriction endonuclease and Southern blots were hybridized with
twist-specific ME28 (left panel) or MAV2-specific HH25 (right
panel) probes. The arrow depicts the rwist/MAV?2 rearranged
fragment; the arrowhead marks the 2.9kb internal fragment
originating from the 5’ part of the MAV2 proviruses

gag

In summary, about 4% of tumor samples have the
twist gene rearranged by MAV2 integration. On the
contrary, analogous experiments using a dermo probe
have shown no rearrangement in the dermo gene (data
not shown).

Defective MAV2 proviruses are integrated within 40 bp of
the twist S UTR

To find out the exact position and structure of
integrated defective proviruses in 122/la, 102/2b and
107/la DNAs, the virus—host DNA junctions were
amplified using pTWs+ LTRIeft and LTRright+pTWa
primers, and the PCR products were sequenced. The
results confirmed the presence of the provirus within the
twist SUTR in all three tumor samples. All three
proviruses integrated in the fwist loci underwent
extensive recombination/deletion changes schematically
represented in Figure 4. At least in the 122/1a sample,
the resulting structure must have been achieved by
several successive recombination steps.

The 5'end of the 102/2b provirus is flanked by 168
nucleotides that represent a duplication of the —71
to+97 twist sequence in the same orientation. The
provirus itself is formed by the last 40 codons of the env
gene, followed by the 3’UTR and the complete LTR.
The 107/la provirus is composed solely of the complete
LTR. The 122/la provirus contains at its 5’end the
incomplete and inverted LTR followed by the 3’end of
gag and the abutting part of pol genes, to which the very
end of env, 3UTR, and the complete LTR were joined.
The provirus—twist junctions in 107/la and 122/la DNAs
are formed by the duplicated twist sequence (CCCTCC),
while no integration site duplication was found in 102/
2b DNA.

The sequence analysis of integration sites revealed the
presence of the GC-rich stretch of 50 nucleotides with
no homology to either MAV2 (accession number
L10924) or the published rwist genomic and cDNA
sequences (accession numbers Y08261, AF093816). The
integration of 102/2b, 107/la and 122/la proviruses
occurred within this newly described region of the rwist
5UTR, at nucleotides —71, —44 and —35, respectively
(Figure 5).

0 0 20 30

]
MAV2 provirus EI:_. l — r
Apﬂ'u e - * T ) JAPak )
-=U:|:|=— { 1 Ij_E;:

—

122/1a

102/2b

1071a

e | I

500 bp

Figure 4 Schematic representations of MAV2 provirus deletions in 122/1a, 102/2b and 107/1a tumors. See the text for details
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To confirm the genomic origin of novel 50 nucleo-
tides, the sequence of the 5end of normal chicken
twist was determined. As a result of an extremely
high GC content, this region could not be correctly
amplified and sequenced by conventional PCR-
based procedures. Using the modified PCR buffer
containing 1.3M betain and 1.3% DMSO (Baskaran
et al., 1996), we confirmed the presence of additional 50
nucleotides (nucleotides —22 through —71 in Figure 4,
GenBank accession number AY126449) in the chicken
genome.

In summary, the results define the sequence coding for
the rwist 5UTR as the common integration site of
MAV?2 in experimental chicken nephroblastoma, and
demonstrate that in all cases proviruses contain a single
functional LTR that can activate transcription of the
entire twist coding sequence.

Twist gene in nephroblastoma
P Pajer et al

Transcription of the twist gene is generally upregulated in
nephroblastomas

To assess the levels of expression of rwist and of other
potentially relevant genes, Northern blot and RT-PCR
analyses of tumor RNAs were performed (Figure 6). It
was observed that in the 102/2b, 107/1a and 122/la
samples, twist mRNA synthesis was extremely high,
more than 200 times higher in comparison with
nontransformed, morphologically normal MAV2-in-
fected samples and with uninfected kidney, where the
twist mRNA was barely detectable. (The result with
sample 102/2b is not shown, because the RNA was
severely degraded and the expression estimate was based
on the abundant signal of low molecular weight
degradation products.) The vast majority of other
tumor samples also overexpressed twist mMRNA

1071a 122/1a

500 bp

Figure 5 Nucleotide sequence of the novel rwist DNA segment (positions —22 to —71) flanked by the so far known twist sequence
(shadowed boxes). Bold ATG (+ 1 to + 3) denotes the twist translation initiation codon. Vertical arrowheads indicate sites of MAV2
integration in 102/2b, 107/la and 122/la tumors. Duplicated CCCTCC sequences designate terminal duplications associated with
integration of 107/la and 122/la proviruses. The lower scheme shows the localization of the sequence within the twist locus

a
Nt
kb
1.7 = twist; 24 h
17 = twist; 4 h
1,75 = dermo
24 — ; nov
16 — m GAPDH

GAPDH
twist
dermo
mcl 1
WT 1

c-Ha-Ras

nov

Figure 6 Comparison of mRNA levels of indicated genes in nephroblastomas and various control tissues. (a) Northern blot analysis.
Twist 24 and 4 h panels show 24- and 4-h exposures of the blot hybridized with the ME28 twist probe. The blot was then stripped,
rehybridized with the dermo probe and exposed for 4 days. After the second stripping the blot was hybridized with the nov probe (24 h
exposure), stripped again and hybridized with the GAPDH probe. (b) Semiquantitative RT-PCR analysis. PCR primers were used to
amplify sequences related to nephroblastomas. The number of amplification cycles used are as follows: GAPDH (24), twist (26), dermo
(28), Mcll (25), WTI (26), c-Ha-ras (23), nov (30). PCR products were stained with ethidium bromide, visualized by UV illumination

and photographed
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(Figure 6a Twist panels), in the range of 2-100.
Mesonephric and metanephric kidney contained a
rather high amount of twist mRNA, reflecting their
immature nature and a high content of primitive
nephrogenic mesenchyme. In contrast, the majority of
tumor samples contained low levels of the rwist
homolog, dermo mRNA. As reported previously, nov
was overexpressed in most tumors and in embryonic
kidney (Joliot et al., 1992).

These results were confirmed by semiquantitative RT—
PCR (Figure 6b). The other genes reported to be
potentially involved in either chicken nephroblastoma
(c-Ha-ras) or in human Wilms tumors (WTI, mcl-I)
were also included; their expression showed no consis-
tent differences between tumor and normal tissues.

In summary, out of the analysed genes only twist and
nov upregulation correlates with the tumor and
embryonic phenotypes.

Hyperexpression of the twist gene is driven by the MAV2
promoter

To identify the promoter that drives the unusually high
expression of the rearranged twist gene, RNAs from
nephroblastomas 107/1a and 122/la were analysed by
RT-PCR using primer pTWa in combination with
either BSUright or LTRright primers. The results in
Figure 7b clearly document that the fwist mRNA
synthesis starts within the sequence delimited by BSU-
right and LTRright primers, most probably from the ‘R’
site of LTR—the natural start site of proviral transcrip-
tion—and is not initiated in the rwist promoter localized

R
AMAV2 provirus [, Twist

5%—4 s | us] S

T
Bsu-right_‘ LTRright_‘

‘-pTwa

b 107/1a 122/1a kidney
M1 212 1 2

bp
482
304
198
162

482

304

198
162

genomic
DNA

cDNA

Figure 7 Twist transcription in tumors 107/la and 122/la is driven
by MAV2 LTR. (a) Scheme of the integrated MAV2 3'LTR
(MAV2 provirus) in the twist gene. The position and orientation of
3’OH ends of PCR primers BSUright, LTRright and pTWa is given
by demi arrows. The R site of LTR at which the transcription
probably starts is indicated; (b) Transcription in the tumor samples
with proviral integration into the twist locus starts from the
proviral LTR. Agarose gel electrophoresis of the genomic PCR and
RT-PCR products amplified from tumor samples 107/la, 122/la
and from normal uninfected kidney. Lanes: M, marker; 1, primer
pair LTRright + pTWa; 2, primer pair BSUright + pTWa
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upstream from the integrated proviruses. This observa-
tion confirms the prediction based on the structure of
the MAV2 proviruses and the strong promoter activity
of the viral LTR.

Discussion

Avian nephroblastoma induced by MAV?2 retrovirus has
been an example of an experimental clonal tumor with a
multihit etiology and diverse morphology and histo-
pathology. This tumor is thought to be derived from
nephrogenic rests-remnants of embryonic renal me-
senchyme that persists in the chicken kidney for several
weeks after hatching. The transformation seems mainly
to overcome the homeostatic control of the kidney tissue
and to support proliferation of embryonic mesenchymal
cells in kidney without blocking their terminal differ-
entiation. Nephrogenic cells in mesenchymal stroma, the
major component of the nephroblastomas, give rise to
abortive structures mimicking different stages of ne-
phron development. In more developed tumors they
frequently differentiate into structures resembling carti-
lage, bone, keratinizing epithelia or fibrosarcoma (Boni-
Schnetzler et al., 1985; Ishiguro et al., 1962). Thus, the
nephroblastomas display typical characteristics of em-
bryonic tumors.

It has been assumed that the malignant renal cell
arises as late as several specific regulatory pathways in it
have been distorted by MAV2 integration. Since these
pathways are constituted by cascades of functionally
connected genes, the provirus does not have to hit one
particular gene in order to deregulate the pathway. That
is probably why the efforts to identify the crucial
nephroblastoma-specific integrations had only a limited
success (Westaway et al., 1986; Joliot et al., 1992). That
is also probably why nephroblastomas display histo-
pathological variations, since distinct deregulated genes
have a different impact on the phenotype of transformed
cells. Nevertheless, deregulation of some specific genes
might contribute to malignant transformation more
efficiently than activation/inhibition of others, and such
genes should constitute a set of ‘common integration
sites” of the MAV?2 provirus in nephroblastoma. Since
retroviral integration is in principle site-unspecific
(Coffin et al., 1997), the existence of a common site of
integration found in a limited number of independent
tumor clones must be a result of the selection process:
only cells in which the MAV2 provirus has hit the
proper gene or combination of genes give rise to a
tumor.

In our screen we have found the twist gene to be one
of the common sites of MAV2 proviral integration in
chicken nephroblastoma.

The function of twist in immature renal cells is not
known. However, Twist has been shown to regulate the
fate of mesodermal cells from Drosophila to vertebrates
(Castanon and Baylies, 2002). For instance, it has been
reported to negatively regulate differentiation in myo-
genesis (Spicer et al., 1996) and osteogenesis (Lee et al.,



1999) and to inhibit p53-dependent apoptosis (Maestro
et al., 1999). These activities and the relatively high
expression of twist in mesonephric and metanephric
kidney may implicate this gene in the maintenance of the
immature phenotype and growth of embryonic renal
tissue. Owing to these properties, the abnormally
upregulated twist could become an oncogene. This
notion is strongly supported by our observations in
102/2b, 107/1a and 122/la nephroblastoma clones. First,
in all three tumors, integration took place into the very
narrow region of twist SUTR. In this way, the normal
twist regulatory sequences have been replaced by the
retroviral promoter. Second, the integrated proviruses
underwent diverse, extensive and multiple deletions/
rearrangements with the same consequence: elimination
of 5LTR, which, in the complete provirus, inhibits the
strong transcriptional potential of 3’LTR (Coffin et al.,
1997). Thus, the provirus position together with its
defects appear to ensure maximal transcription of the
twist gene.

The aforementioned events must primarily be extre-
mely rare. Only strong positive selection of cell clones
carrying such an arrangement might explain its presence
in about 4% of tumor clones. Indeed, the growth
advantage of these clones seems to be strong, as 102/2b,
107/1a and 122/1 a tumor clones belonged to the largest
tumors in our collection, ranging from 5 to 10cm in
diameter.

However, twist does not display the properties of
typical avian retroviral oncogenes which transform
target cells and induce tumors without a need for
cooperation with other activated genes. Sequencing of
overexpressed twist mRNAs from tumors did not reveal
any mutation, and thus twist in nephroblastoma clones
we analysed is rather the overexpressed proto-oncogene.
This notion is in agreement with our preliminary
experiments in which chicks were infected with retro-
viral expression vectors carrying twist cDNA. Such
infection did not result in nephroblastoma induction (P
Pajer, unpublished). We propose that another gene(s)
must also be activated by MAV2 to induce nephro-
blastoma in cooperation with twist. Furthermore, the
oncogenic activity of the twist proto-oncogene could
become evident only at expression levels driven by
3’LTR of truncated MAV?2 selected in 102/2b, 107/la
and 122/la tumors. These expression levels were much
higher than those achieved by a MAV-based retroviral
vector (P Pajer, unpublished).

A high level of rwist mRNA was also found in tumors
with no apparent fwist rearrangement. This might result
from insertional activation of other gene(s) that directly
or indirectly control(s) twist expression, or it might
simply reflect a high proportion of twist-expressing
immature blastema cells in the tumor. To distinguish
between these two possibilities and to find other genes
presumably cooperating with fwist, experiments with
cloning other MAV2 integration sites (shown in
Figure 3) are in progress.

The role of Twist in the formation of human
rhabdomyosarcoma has been suggested (Maestro
et al., 1999). We propose that activated twist might also

Twist gene in nephroblastoma
P Pajer et al

take part in the formation of Wilms tumors. The
potential role of twist in Wilms tumors is under
investigation.

In the end, the virtually unchanged expression
profile of WT1 that we have observed in chicken
nephroblastomas probably reflects the differences in
function of the gene in mammals and birds. This
observation is also supported by the lack of the first
of the two WT1 alternative exons present in its mam-
malian counterpart, whose participation in Wilms
tumor genesis has been proposed previously (Scharn-
horst et al., 2001).

Materials and methods

Experimental animals

Embryos 12 days old or chicks 2 days old (outbred Brown
Leghorns or closely related inbred CB and CC White
Leghorns; Plachy and Hala, 1997) were infected by MAV2
viral stock injected into the chorioallantoic vein or intraper-
itoneally, respectively. The samples of nephroblastomas or
control tissue were collected 45-120 days later. Pronephric and
mesonephric kidneys were collected from 14-day-old chicken
embryos.

DNA and RNA isolation, Southern- and Northern-blot
hybridization

Isolation of high molecular weight genomic DNAs, restriction
enzyme digestion, agarose gel electrophoresis, and Southern-
blot hybridization were performed by standard methods
(Ausubel et al., 1993) modified as described in Pecenka et al
(1988a), except that the Zeta Probe membrane was used
instead of nitrocellulose (BioRad, Richmond CA, USA).

Total RNAs were isolated using the TRIzol reagent
according to the manufacturer’s instructions (Invitrogen
Corporation, Carlsbad CA, USA). In all, 10ug of total
RNA per sample was fractionated by electrophoresis in 1.2%
agarose gels containing formaldehyde and transferred to
GeneScreen membranes (NEN, Boston, MA, USA). The
membranes were prehybridized and hybridized in ULTRAhyb
buffer (Ambion, Austin, Texas, USA) according to the
manufacturer’s instructions. Blots were then exposed to X-
ray film at —70°C with an intensifying screen.

Probes used on Southern and Northern blots

HH25 (MAV2 U3 region)—nucleotides (18-271) of the
MAV?2 provirus

BB43 (MAV2 5'UTR)—nucleotides (396-830) of the
MAV?2 provirus

AH24 (MAV2 3'UTR)—nucleotides (7119-7358) of the
MAV?2 provirus

ME28 (twist first exon)—nucleotides (+298—+ 1217) of
the twist coding sequence

MAV?2 probes originated from pATV-MAVI (PeCenka
et al., 1988), ME was subcloned from pBtwist, a
twist cDNA clone prepared by RT-PCR (P Pajer,
unpublished).

The subcloning of probes, recombinant plasmid isolation
and gel purification of the probes were performed by standard
methods Ausubel et al. (1993) with modifications according to
Pecenka et al (1988c) using the pBluescript vector and SURE

671

Oncogene



Twist gene in nephroblastoma
P Pajer et al

672

bacteria (Stratagene, La Jolla, CA, USA). The probes
were labeled by nick-translation reaction using [o-*?P]dCTP
(Amersham Pharmacia Biotech, Little Chalfont, England)
according to the published procedure (Pecenka ez al., 1988a).

Primers

LTRIeft(5-GCATCAGGCGATTCCCTTATTTGG-3')
LTRright(5-GGCCGGACCGTCGATTCCCTGA-3')

BSUright(5-CCCATTGGTGGCGAAGGAGCGAC-3)
pTWs(5-AGCACCCCACAGCAGTGAGAGAAC-3)
TW-N (5'-ATGATGCAGCAGGACGAGTCAAAC-3)
TW-X(5-CACAACACGGTATCCAACTTCAGAG-3')
pTWa(5-CCGGTCCGGCTCCTCTTCGCTGTTG-3')

Inverse PCR cloning

A total of 10 ug of genomic DNA from each selected tumor
sample was digested by the Apall restriction enzyme,
fractionated by agarose electrophoresis in 2 x TBE buf-
fer + 100 mm Na-acetate; DNA fragments of the approximate
length corresponding to the Apall fragment containing
the defective provirus were cut out and isolated from
the gel. DNAs obtained were self-ligated (typically 100ng
DNA/50 ul of ligation mixture with 0.1 Weiss units of
ligase, overnight reaction at 20°C). Ligation mixtures were
extracted by phenol:chloroform (1:1), isopropanol-precipi-
tated, the pellet was washed with 80% ethanol and resus-
pended in TE buffer. PCR reactions (20 ul each) were set out
according to the manufacturer’s instructions (Stratagene, La
Jolla, CA, USA) using 100 ng of the circularized tumor DNA,
2 U of Taq polymerase and LTRIleft + BSUright primers at a
final concentration of 250 nm each and 0.2 mm Mg>*concen-
tration. In all, 30 cycles (95°C 30s, 65°C Smin) were
performed; the resulting products were resolved by agarose
gel electrophoresis, gel purified and cloned into the
EcoRYV linearized pBluescript SK(—) vector (Stratagene, La
Jolla, CA, USA).
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Abstract

Gene deregulation is a frequent cause of malignant transfor-
mation. Alteration of the gene structure and/or expression
leading to cellular transformation and tumor growth can be
experimentally achieved by insertion of the retroviral genome
into the host DNA. Retrovirus-containing host loci found
repeatedly in clonal tumors are called common viral inte-
gration sites (cVIS). cVIS are located in genes or chromo-
somal regions whose alterations participate in cellular
transformation. Here, we present the chicken model for the
identification of oncogenes and tumor suppressor genes in
solid tumors by mapping the cVIS. Using the combination of
inverse PCR and long terminal repeat-rapid amplification of
cDNA ends technique, we have analyzed 93 myeloblastosis-
associated virus type 2-induced clonal nephroblastoma
tumors in detail, and mapped >500 independent retroviral
integration sites. Eighteen genomic loci were hit repeatedly
and thus classified as cVIS, five of these genomic loci have
previously been shown to be involved in malignant transfor-
mation of different human cell types. The expression levels of
selected genes and their human orthologues have been
assayed in chicken and selected human renal tumor samples,
and their possible correlation with tumor development, has
been suggested. We have found that genes associated with
cVIS are frequently, but not in all cases, deregulated at the
mRNA level as a result of proviral integration. Furthermore,
the deregulation of their human orthologues has been
observed in the samples of human pediatric renal tumors.
Thus, the avian nephroblastoma is a valid source of cancer-
associated genes. Moreover, the results bring deeper insight
into the molecular background of tumorigenesis in distant
species. (Cancer Res 2006; 66(1): 78-86)

Introduction

The identification of genes actively contributing to cellular
transformation has been the key step in understanding the process
of malignant transformation. New names are continually being
added to the list of known oncogenes, tumor suppressor genes, and
stability genes, reflecting the complexity of genetic changes behind
the scene of malignant transformation.

Generally, tumors can be classified as hematopoietic (ie.,
leukemias and lymphomas) or solid (i.e., tumors whose cells are

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Michal Dvorék, Institute of Molecular Genetics, Flemingovo
nam. 2, Prague 6, 166 37 Czech Republic. Phone: 42-22018-3468; E-mail: mdvorak@
img.cas.cz.

©2006 American Association for Cancer Research.
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normally immobile; ref. 1). Solid tumors prevail (roughly 90% of
spontaneous human tumor cases). On the contrary, the majority
of currently confirmed oncogenes (~90%) have been discovered
in hematopoietic tumors (2). This disparity stems from the high
complexity of genetic aberrations in solid tumors—their forma-
tion is supposed to require far more changes (chromosomal
rearrangements, amplifications, submicroscopic and point muta-
tions, epigenetic changes, etc.) compared with hematopoietic
tumors. This complexity, as well as the high histologic
heterogeneity of solid tumors, makes them difficult to analyze
in molecular detail. Due to this complexity, the causal relation-
ships between a genetic aberration and a phenotype of solid
tumors are rather little understood.

Oncogenic retroviruses are a potent tool for the identification of
cancer-causing genes as well as for further study of their oncogenic
potential. These retroviruses are divided into acute (retroviruses
directly transducing the mutated form of a host proto-oncogene)
and nonacute (not containing a virally transduced oncogene) that
induce oncogenic transformation through the insertional muta-
genesis. The progressive strategy using the nonacute retroviruses
for simultaneous identification of multiple candidate cancer-
causing genes in a given animal tumor model is called retroviral
tagging. Retroviruses integrate into the host genome almost
randomly; thus, each host gene locus is hit by the provirus
integration in many cells of the target tissue at different positions.
Proviruses that integrate in the vicinity of a gene can influence its
expression through potent viral regulatory sequences. Proviruses
that integrate into a gene coding sequence can either inactivate the
gene or, through gene truncation, change its function. Certain
integrations (or their proper combinations) provide a cell with a
growth advantage, the cell clone expands, giving rise to a tumor (3).
Analysis of such tumor clones allows for the identification of
integration sites of individual proviruses in the host genome.
Provirus-containing loci repeatedly selected in clonal tumors
(common viral integration sites—cVIS) contain genes whose
alterations contribute to the cellular transformation.

Thus far, the use of retroviral tagging has been limited to only a
few model tumors; comprehensive analyses have been done only on
murine hematopoietic disorders (4-6). Here, we describe the model
representing solid tumors: myeloblastosis-associated virus type 2
(MAV-2)-induced chicken nephroblastoma. MAV-2 is an avian
replication-competent nonacute oncogenic retrovirus. In chickens
infected in ovo or early after hatching it induces, with high
efficiency, multiple clonal embryonic-type tumors of kidney—
nephroblastomas (7).

The chicken nephroblastoma model has proved as highly efficient
because multiple clonal tumors are obtained from a single infected
animal (8). The simultaneous use of two independent techniques—
inverse PCR and long terminal repeat-rapid amplification of cDNA
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ends (LTR-RACE)—enabled us to identify VIS in chicken nephro-
blastomas with >90% efficiency, and the recent completion of the
chicken genome draft sequence (9) enabled precise localization of
the majority of tagged VIS. This approach led to the identification of
a number of cVIS in addition to the 5-untranslated region of the
twist gene which we have previously described (10). The expression
levels of selected candidate tumor-related genes identified in this
model were determined in chicken nephroblastoma and human
renal tumor samples. Transcription of some genes was found
abnormal in tumors from both organisms. This shows the suitability
of the chicken model for the identification of human genes
potentially involved in the formation of human solid tumors.

Materials and Methods

Chicken nephroblastoma induction and sample collection. Closely
related inbred CB and CC White Leghorns or outbred Brown Leghorns (11)
were used for in vivo experiments. Twelve-day-old embryos or 2-day-old
chicks were infected by a MAV-2 viral stock injected into the chorioallantoic
vein or i.p., respectively. Control animals were mock-infected by an identical
volume of PBS. The samples of nephroblastomas or control tissues were
collected 45 to 120 days later, weighed and processed immediately into
DNA, RNA, and paraffin sections. Three independent samples were taken
from tumors >3 cm in diameter to check the clonal uniformity of the tumor.
Excessive tissue was frozen in liquid nitrogen and stored at —70°C. Control
mesonephric and metanephric kidney samples were collected from 14-day-
old chicken embryos.

DNA and RNA isolation, probe preparation, and Northern blot
analyses. Genomic DNA was obtained by lysing the chicken tissues in DNA
lysis buffer (1% SDS, 250 mmol/L EDTA, and 1 mg/mL proteinase K) and
incubated at 55°C overnight. The solution was extracted once with phenol-
chloroform, the water phase precipitated by an equal volume of 96%
ethanol, collected using a glass capillary, rinsed in 80% ethanol and
resuspended in 10 mmol/L Tris-Cl (pH 8.3) and 1 mmol/L EDTA. Restriction
enzyme digestions, agarose electrophoresis, and Southern blotting were
done by standard methods (12).

For the RNA preparation, the fresh chicken tissues or frozen human
samples were rapidly lysed in TRIzol reagent and total RNA was isolated
according to the manufacturer’s instructions (Invitrogen Corporation,
Carlsbad, CA). For Northern blotting, 10 pg of total RNA per sample were
fractionated by electrophoresis in 1.2% agarose gels containing formalde-
hyde and transferred to GeneScreen membranes (NEN, Boston, MA) and
fixed by UV (1,200 J/cm?®). The membranes were prehybridized and
hybridized in ULTRAhyb buffer (Ambion, Austin, TX) according to the
manufacturer’s instructions. Blots were then exposed to X-ray film at —70°C
with an intensifying screen (Kodak, Rochester, NY).

To obtain hybridization probes, gene-specific oligonucleotide primers
were derived from selected human or chicken genes and used for RT-PCR
amplification of gene-specific fragments 300 to 600 bp in length. Every
particular PCR product was cloned into the pUC19 cloning vector (New
England Biolabs, Beverly, MA) and its identity was verified by sequencing.
Individual inserts were excised from the vector by the appropriate
restriction endonucleases, resolved in LMP agarose gel, excised, and
isolated by the standard phenol extraction procedure (12).

Paraffin-embedded samples and histologic analyses. Paraffin-
embedded samples and microscopic preparations were made as described
elsewhere (13), stained with H&E, and microscopically examined for the
presence, quantity, and quality of the tubules, glomerules, and stromal cells
(interstitium). Based on these characteristics, the samples were divided into
three major classes (I-III; Fig. 1) likely representing different tumor grades.

LTR-RACE and inverse PCR. Two micrograms of total RNA from each
chicken sample were reverse-transcribed using primer 3-CDS (SMART
RACE cDNA amplification kit; Clontech, Palo Alto, CA) and the reverse
transcriptase from Promega (Madison, WI), resulting cDNAs were diluted to
50 pL with water. One microliter of cDNA was used as a template for the
PCR (15 pL reactions). The first round of PCR was done with primers LTR1

(5-GGTGTGCACCTGGGTTGATGGC-3'), UPM (SMART RACE cDNA ampli-
fication kit; Clontech) and AccuTaq polymerase mix (Sigma, St. Louis, MO)
for 25 cycles according to the manufacturer’s instructions. PCR products
were resolved in LMP agarose, visible bands (typically three to five host
sequence-containing fragments) were excised and ~ 1/100 of each was used
as a template for additional 20 PCR cycles with nested primers LTR2
(5-GGCCGGACCGTCGATTCCCTGA-3') and NUP (SMART RACE cDNA
amplification kit; Clontech), 250 nmol/L each. Resulting individual PCR
products were finally resolved on LMP agarose, excised, isolated by the
phenol extraction procedure (12) and directly sequenced with primer LTR2,
as described below.

For inverse PCR, 500 ng of genomic DNA from each sample was double-
digested with BstYI and Bc/l restriction enzymes, self-ligated in a volume of
200 pL and linearized with the ApaLl digestion. One hundred nanograms of
the product were used as a template for PCR reaction under the following
conditions: 2 units of AccuTaq polymerase (Sigma) in 20 pL of AccuTaq
buffer supplemented with 500 pumol/L of deoxynucleotide triphosphates,
500 nmol/L primers LTR2 and LTR3 (5-GGTGCATCAGGCGAATCCCTTA-
TTTGG-3'), 1.2 mol/L betain, and 1.2% DMSO. PCR cycles were as follows:
94°C for 20 seconds, 23 cycles (94°C for 20 seconds, 65°C for 8 minutes);
plus additional prolonged cycles: 94°C for 20 seconds, 65°C for 12 minutes
and 94°C for 20 seconds, 65°C for 20 minutes. PCR products were resolved
on LMP agarose, individual bands were excised, and DNA was isolated.

DNA sequencing and homology searches. All sequencing reactions
were done unidirectionally with oligonucleotide primer LTR2 according to
the manufacturer’s instructions (PE Biosystems, Warrington, England) using
BigDye Terminator Cycle Sequencing Kit (v. 3) and ABI PRISM 310
Sequencer. High-quality noncomposite sequences were edited using the
Chromas v1.42. In the case of inverse PCR, left LTR flanking fragments were
resequenced with the LTR3 primer to reveal the exact sites of integration.

Sequences of chicken plagl and foxPI cDNAs were determined by
standard cloning and sequencing of RT-PCR and RACE PCR products
obtained from cDNA of a chicken embryonic kidney. The entire coding
sequences were deposited to the National Center for Biotechnology
Information (AY935990 for plagl and AY935991 for foxPI).

Sequence homology searches were conducted at the DNA and protein
levels using BLASTN algorithms on the chicken genome assembly
(ENSEMBL project, http://www.ensembl.org/) and on all publicly available
chicken expressed sequence tags at the University of Manchester Institute
of Science and Technology (14). Significant hits were considered as those
having the EXPECT value <10~°. The local DNA and protein alignments
were done using MacVector (Oxford Molecular Group, Beaverton, OR).

Patient samples. Surgical resection specimens were obtained from 18
patients undergoing surgery at the Motol Hospital, Prague. After resection,
part of the material was immediately snap-frozen in liquid nitrogen and
stored at —80°C. Twelve sections 8-um-thick were cut from each sample
in a cryostat. The first and the last sections were stained with H&E,
microscopically examined and diagnosed. The remaining 10 slices were
lysed in 1 mL of TRIzol reagent (Sigma) and processed to obtain total RNA
as described above. Typically, 10 to 50 pg of total RNA per sample were
obtained.

Results

The chicken nephroblastoma collection and tumor classifi-
cation. About 250 nephroblastomas ranging in mass from 25 mg to
>200 g were obtained from MAV-2-injected chicks. To exclude the
possible effect of the strain, both the inbred White Leghorn and
outbred Brown Leghorn chicks were used. Samples of each tumor
were taken and used for preparation of DNA, RNA, and a paraffin-
embedded tissue specimen. Their clonality and the numbers of
complete and defective clonally integrated proviruses were
determined by Southern blot analysis (15). Tumors most frequently
contained four to six proviruses, some of which were often
defective (Fig. 14). Defective proviruses were pursued, because in
chickens, most if not all oncogene-activating proviruses had been
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shown to be defective (10, 13, 16). Ninety-three samples represent-
ing independent clonal tumors and containing eight proviruses at
most were selected for further analyses, 55 coming from White
Leghorn and 38 coming from Brown Leghorn chicken.

Paraffin sections stained with H&E were examined for the
presence of abnormal structures that had been already described
(13). The most prominent alterations we noticed were imperfectly
differentiated tubules—with or without glomeruli, smaller or larger
aggregations of unorganized and apparently undifferentiated
cells and unusual spherical formations not known from normal
nephrogenesis but reminiscent of origins of the normal tubule
formation. We call them nests of pseudonephrogenesis. In more
differentiated nephrons supplemented with glomeruli, the cystic
dilations of nephron tubular segments appeared frequently. Based
on qualitative and quantitative representations of these structures,
samples were divided into four major classes, 0, L, II, and III (Fig. 1B
and C). Class 0 samples are nonclonal (as revealed by Southern
blots) and represent infected tissue with a prevalence of normal
renal structures and sporadic cystic dilations of tubules. The nests
of abnormal nephrogenesis, which were considered the most
evident symptoms of malignant transformation, were missing in
class 0, but were constantly present in all other classes. Classes I
and II included tumors with more or less differentiated nephrons,
respectively, various numbers of cystic dilations of tubules, and a
growing proportion of unorganized cells. Samples belonging to
class III contained only the nests of pseudonephrogenesis and

unorganized cells. There was a correlation between the tumor
morphology class and the tumor size. Forty nephroblastomas were
distributed into classes I to III, as described above, and ordered
according to their mass (Fig. 1D). In general, class IIl members,
the least differentiated nephroblastomas, clearly displayed greater
size, although a rather high size variation within each class was
registered. We suggest that the size variation is mainly caused by
different growth rates of each individual tumor clone and not by a
different time of a target cell infection because the pool of target
cells for transformation (nephrogenic blastema cells) fades away
rapidly within the first few days after hatching.

Identification of MAV-2 integration sites by inverse PCR and
LTR-RACE. There are three principal techniques suitable for large-
scale identification of retroviral integration sites—inverse PCR (17),
linker-mediated PCR (18), and LTR-RACE (19). Inverse PCR and
linker-mediated PCRs start with genomic DNA and amplify
sequences adjoining to the site of integration. We decided to use
and optimize inverse PCR reaction conditions so that LTR-flanking
fragments (both left and right) of all integrated proviruses were
amplified in one-step PCR reaction with equal efficiency (Materials
and Methods; Fig. 24). In comparison, LTR-RACE selectively
amplifies only transcribed sequences downstream from the LTR
promoter of the integrated provirus—the transcripts whose
synthesis are driven by the LTR promoter and which contain LTR
sequences. There are three main types of mRNA transcribed from
integrated MAV proviruses. The first type contains only MAV
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Figure 2. Schematic representations and typical results of PCR-based methods used in this work. A, inverse PCR: the integrated provirus (complete MAV-2 genome)
containing long terminal repeats (blank boxes) and sequences coding for gag, pol, and env viral genes (thick line) is flanked by a host DNA (thin line). Combined
BstY and Bcll digestion generates fragments with compatible cohesive ends containing (a) the 5-end of the provirus linked to a left-flanking fragment and (b) the 3-end
of the provirus linked to a right-flanking fragment. Self-ligation generates circular DNAs, which are then linearized by Apall. Using LTR3 and LTR2 oligonucleotide
primers, DNAs are amplified (PCR products 1 and 2). Example of electrophoretic separation of amplified DNAs obtained from nine clonal tumors (bottom). In the
majority of cases, each VIS is represented by two distinct PCR fragments. B, LTR-RACE: the integrated provirus [complete MAV-2 genome as in (A)] is transcribed
from the R site within the left LTR. mRNAs (sketched above the MAV-2 genome) are terminated either at the right LTR termination signal (75% of transcripts) or

at a termination signal in a downstream host sequence (25% of transcripts). Some transcripts are spliced by joining the splice donor site (SD) of the gag sequence and a
splice acceptor site (SA) in env or within a downstream host gene. All these transcripts are converted to cDNAs using SMART RACE kit (Clontech). Nested amplification
with SMART RACE kit using LTR1 and subsequently LTR2 primers yields PCR products: env RACE, MAV2-host RACE, and readthrough RACE. Examples of
electrophoretic separation of first round PCR products (tumors 030.2b and 030.1d) and individual isolated and nested PCR reamplified products (tumors 435.1b

and 813.1a; bottom).

sequences (complete genome or spliced env mRNAs). The second
type is composed of MAV sequences fused to downstream host
sequences. Such fusions are facilitated by the weakness of the MAV
LTR polyadenylation signal that allows the read-through in 20%
to 30% of transcripts." A portion of fusion transcripts are further
processed by a splicing between the retroviral splice donor and
host splice acceptor sites. The third type are transcripts initiated by
defective and rearranged proviruses containing various fragments
of retroviral genomes fused to host sequences. The LTR-RACE
technique we used amplifies fragments of the abovementioned
mRNAs demarcated by primers LTR1 and SMART. Individual PCR
products were isolated, reamplified, and directly sequenced with
nested LTR2 and SMART primers (Materials and Methods; Fig. 2B).

Discrete PCR fragments obtained by either method have been
separated on high-resolution agarose gel and directly sequenced by
the LTR2 primer. Direct sequencing of the PCR products eliminates
isolation of nonclonal background VIS that would emerge during
the cloning procedures.

To determine the efficiency of inverse PCR and LTR-RACE, we
compared the number of VIS detected by either method with the
number of clonal proviruses shown by Southern blot hybridization.
The LTR-RACE approach detected, on average, one-third of the

4 P. Pajer, unpublished data.

integration events found by Southern blot hybridization. On the
other hand, LTR-RACE amplifies proviral sequences splice-joined
with sequences of the affected gene even if the VIS is separated by
several kilobases from the gene. In comparison, inverse PCR enabled
isolation of all VIS from the vast majority of tumor samples, but
obviously provided no information about the structure of potential
transcripts. Thus, the combination of inverse PCR and LTR-RACE
leads to the most complete picture of retroviral integrations and
their effect on gene expression in each tumor.

Genomic localization of VIS in clonal neproblastomas. To
determine the precise genomic location of individual obtained
sequences, the BLAST search in chicken genomic and expressed
sequence tag databases was done. Left and right provirus
flanking sequences were assigned to a single VIS according to
two criteria: genomic position and a duplication of six nucleo-
tides at the site of integration (20). Ninety-two percent of VIS were
unequivocally positioned with an EXPECT value (the statistical
significance threshold for reporting matches against database
sequences) of <10~*°. The remaining 8% of the retrovirally tagged
VIS displayed either no significant homology or the homology was
not unequivocal (when flanking sequences were short or were
derived from repetitive elements). By this approach, the total of
521 independent VIS was retrieved from 93 analyzed nephroblas-
tomas. The complete list of results is provided as Supplementary
data and at http://www.img.cas.cz/nfbl.
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Among 521 VIS, 18 nephroblastoma candidate loci (ie., gene loci
whose modification by MAV retrovirus is possibly required for
nephroblastoma formation) were identified according to the following
rules: the candidate locus is either a common VIS or it is the single
clonally expanded VIS detected in the tumor by two independent
techniques (Southern blot hybridization and inverse PCR).

We consider a gene locus to be common VIS when it is hit by
MAV integration in at least two independent tumor clones,
including tumor clones published earlier (13, 21). In addition, we
consider a nongene chromosomal segment to be cVIS when hit by
MAV integration in at least two independent tumor clones at
positions <20 kb distant from each other. The list of candidate loci
is given in Table 1. Each candidate locus has been ascribed by
numbers characterizing its pertinence to a particular chromosome
and its position within chromosomal sequences (e.g., Nal 1-17 is a
nephroblastoma-associated locus, chromosome 1, megabase 17). If
multiple candidate loci were located within a given chromosomal
segment, an additional lowercase letter was added. Candidate loci
overlapping known genes have been entitled by respective gene
names. It is important to mention that some common VIS could
arise due to chance (6) or as a result of preferential integration into
some genomic regions—preferences for transcriptionally active loci
(22) and GC-rich DNA regions (23) have been reported.

twist, plagl, and foxPI, the most frequent targets, are
affected by the retroviral integration in different ways. We
identified three frequently targeted cVIS, each found within a
distinct candidate gene locus. These three genes encoding
chicken transcription factors plagl (accession no. AY935990),
twist (accession no. Y08261, AY126449), and foxPI (accession no.
AY935991) harbored MAV provirus insertions with frequencies of
6%, 4%, and 5%, respectively, suggesting that their deregulation

contributes significantly to the nephroblastoma formation. The
structure of each mRNA has been determined by the combina-
tion of RT-PCR and 5- and 3-RACEs and coding sequences
have been deposited in GenBank under the accession numbers
mentioned above. Figure 34 depicts genomic structures of plagl,
twist, and foxPI drawn on the basis of comparison of genomic
and cDNA sequences with marked positions and orientations of
individual VIS. Figure 3B shows the expression of plagl, twist,
and foxP1 genes in selected tumors where these genes were or
were not hit by integration. Closer examination of the mRNA
structure and expression levels of these genes point out to
different mechanisms of retroviral mutagenesis employed in each
of the three loci.

In case of plagl, proviral integrations were found up to 30
kb upstream from the initiation codon. The resulting mRNAs are
generated by the splicing which joins the gag gene splice donor site
to the second plagl exon (containing initiation ATG codon) in
all samples where the gene was hit. plagl expression is barely
detectable in embryonic and adult kidney, and in all analyzed
tumors except for those where the retrovirus integrated into the
neighborhood of the gene; in these tumors, plagl is heavily
overexpressed. The structure of chimeric mRNAs and their
overexpression are in agreement with the reported mechanisms
of oncogenic plagl activity in human tumors, where the plagl gene
is often translocated under the influence of a strong promoter,
which results in a high expression of the gene (24, 25).

In case of twist, truncated proviruses are found within the
promoter region upstream of the ATG initiation codon in 4% of
the samples, and drives its massive overexpression as we have
previously described (10). twist is moderately overexpressed in
the majority of other tumor clones, which resembles the

Table 1. Candidate nephroblastoma-associated loci inferred from the analysis of VIS

Candidate locus Candidate genes Samples Evidence
Nal 1-17 WCC939.1a, WCBO30.1d 1

Nal 1-19 Hyal-2 ‘WCB789.1b, WCB818.2a 1

Nal 1-85 POU2/0TF1/0CT1 BL101.1a 2,5
Nal 1-106 ‘WCB819.2¢, WCB030.2a 1

Nal 1-145 spry-2 BL344.2a, BL326.1c 1,24
Nal 1-187 WCBS813.1a 5
Nal 2-28 twist BL102.2b, BL107.1a, BL122.1a, BL395.1a, WCB030.1b (10) 1,2,3,4
Nal 2-88 dynein BL395.1b, WCCO036.2a 2

Nal 2-104 WCB039.1d, WCC939.1a 1

Nal 2-110 plagl BL304.1a, BL338.2a, BL384.2a, BL410.2c, WCB789.1c, WCB813.1a 1,24
Nal 2-118 atbf1 BL326.1c, BL819.1a 2

Nal 2-132 nov BL435.1b, X59284 (13) 2,34
Nal 2-145a kiaa0196, f1j32440 WCC037.2b, WCC042.2a 1, 4
Nal 2-145b encl, fbx032 ‘WCB030.2c, WCC042.1b, WCC939.1¢c 1

Nal 3-30 LOC116228 WCBO030.1e, BL378.2a 1

Nal 5-13 c-Ha-ras BL389.2a, BL821.1a, X03578 (21) 1,23
Nal 6-28 WCB822.2b, WCC850.1¢c 1

Nal 12-15 SfoxPI WCC036.2a, WCC037.1a, WCC814.1d, WCC850.1a, WCB826.1a 1,24
NOTE: Candidate loci were selected as described in Results, based on the following criteria: 1, multiple VISs within 20 kbp; 2, multiple hits in a defined
large gene locus (VIS distance >20 kbp); 3, previously described VIS (accession nos. and the corresponding references are listed in the third column along
with our samples); 4, experimentally confirmed deregulated expression of the candidate gene (overexpression or presence of transcripts with an altered
coding sequence); 5, single clonal retroviral integration in the sample (single integration confirmed both by Southern blot and inverse PCR analyses).
The criteria that led to the selection of candidate loci are summarized in the fourth column.
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Figure 3. Provirus insertions into plag1, twist, and foxP1 and expression of these genes in chicken nephroblastomas. A, positions of all VIS detected within plag?,
twist, and foxP1 gene loci are indicated by arrows above the sketched genes. Arrows, the direction of transcription driven by integrated proviruses (transcription

of host genes proceeds from the left to the right). The numbers at arrows specify tumor clones in which the integration was found. Thick bars and rectangles,
exons; *, positions of initiation ATGs. Shaded and open rectangles, coding and noncoding exons in plag?1 and twist genes, respectively. The precise genomic locations
of MAV-2 proviruses in the plag? locus are known only for tumors 304.1a, 813.1a, and 789.1c. The structure of chimeric virus-plag? mRNAs is identical in all
tumors listed in the box; the proviral gag donor sequence is spliced to the second plag? exon. B, a typical example of Northern blot analysis of plag1, twist, and foxP1
expression. RNAs from 53 selected samples were separated by electrophoresis and blots were stained with methylene blue to reveal the amount and integrity of RNA
in samples (18S) and subsequently hybridized with specific probes for chicken plag1, twist, and foxP1 genes. Open arrows, samples harboring integration within

each gene. Normal mRNA sizes are marked on the left (kb).

expression level of developing embryonic kidney. In adult kidney,
this gene is not expressed. Thus, in nephroblastomas in which
twist was not hit by the provirus, the expression probably reflects
the embryonic character of the tumor tissue. Indeed, class III
tumors invariantly display the most elevated twist expression and
growth potential.

In case of foxP1, all the integration events are clustered around
the second coding exon. Thus, in the resulting truncated proteins
(predicted by conceptual translation of cloned cDNA) the putative
NH,-terminal domain is missing. It has been shown that NH,-
terminal domain deletion by alternative promoter usage modu-
lates the activation/repression properties of the protein. A
dimerization with different members of the FoxP protein family

might also be affected by NH,-terminal domain deletion (26).
‘We propose that the retrovirally driven expression of the mentioned
FoxP1 isoform can cause altered regulation of FoxP1 target genes.
Such proteins would interfere with the normal function of the
wild-type allele, contributing to oncogenic transformation.
Surprisingly, no overexpression resulted from retroviral integra-
tion into foxPI. The foxPI mRNA level in tumors is almost
uniform, with little variability whether or not the gene was hit by
the provirus. It has been suggested in ref. (27) that the human
wild-type foxPI allele has a tumor suppressor function, the virally
altered foxP1 might interfere (in a dominant-negative fashion)
with a normal function of the gene and support malignant
transformation.
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c-Ha-ras, nov, and sprouty2: examples of rare targets for
provirus integration. c-Ha-ras and nov were earlier reported to be
hit by MAV-2 integration in single cases of chicken nephroblas-
toma. The integration was accompanied by the elevated expression
of the unaltered c-Ha-ras coding sequence (21) or by the over-
expression of the truncated nov (13). In our experiments, however,
the data are far less consistent, as shown below.

We observed neither overexpression nor mutation of the
coding sequence of c-Ha-ras in either of the two tumors with
retrovirally targeted c-Ha-ras. It might be significant, however,
that all three integration events in c-Ha-ras (ref. 21, and this
work) occurred within the region of the 5-untranslated region in
the orientation identical with the gene transcription. We suggest
that the integrations disrupt a regulatory element that is not
involved in transcription but rather in the control of mRNA
translational availability. Alternatively, the observed integrations
might cause deregulation of a distant locus with an oncogenic
potential.

We have detected MAV-2 integration into nov in only one
sample. The integration took place 125 codons upstream from
the STOP codon, potentially allowing for synthesis of two mRNAs,
starting either at the nov promoter or at the LTR of the provirus.

Two faint aberrant nov mRNAs we found in the respective sample
(Fig. 4B) might represent these two messages. The normal
message was not detected, suggesting that the second nov allele
was inactive in these tumors. The expression levels of unaltered
nov mRNA in other samples in our collection fluctuated across
several orders of magnitude, including samples with an unde-
tectable level of nov mRNA (as in normal mature kidney). In
contrast to our results, Joliot et al. have reported an ectopic high
expression of nov in all 22 analyzed chicken nephroblastomas. We
have no plausible explanation for these contradictory observa-
tions to date.

As a final example, the sprouty2 locus was found to be hit by the
MAV provirus in two clones. Both VIS are about 30 kb downstream
of sprouty2, the closest predicted gene. They are in an opposite
orientation separated by 4,550 bp from each other. The sprouty2
mRNA level was undetectable in the sample with the provirus in
the same orientation as the gene (326.1c). In contrast, in the sample
with the provirus in the opposite orientation (344.2a), sprouty2
mRNA was readily detectable (Fig. 4C). The expression of the gene
was undetectable in the majority of other samples, but a few of
them displayed a sprouty2 transcript level comparable or even
exceeding the level found in 344.2a. Because sprouty2 can both
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Figure 4. Analysis of cVIS in c-Ha-ras, nov, and sprouty2 loci. A, precise structure of MAV-c-Ha-ras chimeric mRNAs. Dashed lines, the borders of c-Ha-ras exons;
shaded boxes, host genomic sequences between the MAV right LTR (integration site) and the splice acceptor site; arrows, the direction of transcription driven by
integrated proviruses; *, initiation ATGs. X03578 is the accession number of the previously described VIS. Northern blot analysis of c-Ha-ras expression in nine selected
tumors including samples 389.2a and 821.1a (right). Methylene blue staining of 18S rRNA is shown. B, positions of VIS in the sketched nov locus. Northern blot
analysis of nov expression in the tumors (including sample 435.1b) and control tissues (right). Methylene blue staining of 18S rRNA or glyceraldehyde-3-phosphate
dehydrogenase hybridization is shown. X59284 is the accession number of the previously described VIS. C, positions of VIS in the sketched sprouty2 locus.
Northern blot analysis of sprouty2 expression in the tumors (including samples 344.2a and 326.1c) and control tissues (right). Methylene blue staining of 18S rRNA

is shown. Symbols and marks used in (B) and (C) are the same as in Fig. 3.
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Figure 5. Northern blot analysis of twist, plag1, and nov in human renal tumors.
RNAs from 16 Wilms tumors (WT), clear cell sarcoma of kidney (CCSK), and
renal cell carcinomas were sequentially hybridized with the nov, twist, plag1, and
GAPDH probes. mRNA sizes are indicated (kb).

inhibit and activate Ras-mediated signals (28, 29), it is a promising
target for further investigation.

Nov, twist, and plagl are deregulated in some human renal
tumors. To assess the potential of the chicken nephroblastoma
model for identification of genes involved in human malignancies,
we analyzed human renal tumors for the expression of ortho-
logues of chicken candidate genes nov, twist, and plagl, whose
expressions are low to undetectable in normal kidney. We
collected 18 samples of children’s neoplasias including 16 Wilms
tumors, one renal clear cell carcinoma and one clear cell sarcoma
of the kidney. Wilms tumors (or human nephroblastomas) are the
most frequent renal tumors of childhood in humans and are
closely related to chicken nephroblastomas (30). In children, renal
clear cell carcinoma and clear cell sarcoma of the kidney are
highly malignant rare tumors of different etiology with a propen-
sity for bone and brain metastases (31).

Figure 5 shows that the twist gene was strongly up-regulated in
both non-Wilms tumors, whereas only a threshold expression was
detected in Wilms tumors. fwist was found deregulated in a
number of human tumors and is assumed to be an important
oncogenic contributor. It has been shown that the forced
twist expression blocks apoptosis (32) and promotes epithelial-
mesenchymal transition and tumor metastases (33). Moreover,
twist is a negative regulator of osteogenesis and myogenesis (34).
We suggest that twist overexpression in the two non-Wilms tumors
might support their aggressive phenotype in several ways, including
resistance to apoptotic stimuli, maintenance of the immature
phenotype, and by providing molecular compatibility with the
tissue targeted by the metastases (bone marrow). If further
analyses confirm twist overexpression in these rare but aggressive
renal tumor types, twist might become an important marker as well
as a potential therapeutic target.

The elevated plagl mRNA level was detected in about half of
Wilms tumors samples. Plagl is considered a dominant oncogene
in a significant portion of pleomorphic adenomas (24) and
lipoblastomas (25), and its elevated expression is associated with
the development of acute myeloid leukemia (35) and hepatoblas-
toma (36). Our results could be the first evidence of possible
involvement of plagl in the genesis of a subset of human renal
tumors.

Finally, nov was expressed at diverse levels in all human tumors
we analyzed, reminiscent of the pattern described above in the
chicken nephroblastomas. Deregulation of nov in a number of

human tumors has already been reported and its role in the genesis
of Wilms tumors has been proposed (37).

Our experiments document the overall applicability of the
chicken model for the search for genes participating in tumor
formation and progression. This conclusion is supported by the
fact that out of 18 candidate chromosomal loci identified in the
chicken nephroblastoma screen, 5 (twist, plagl, nov, c-Ha-ras, and
foxPI) clearly coincided with the human genes that have already
been denoted as oncogenes/tumor suppressor genes and have
been implicated in the formation of human solid tumors.

Discussion

The tumor model of chicken nephroblastoma is unique in
many aspects. The original studies based on histologic and
morphologic examinations led to the presumption that it is of
similar origin as the Wilms tumor—the most frequent human
renal tumor of childhood (30). Surprisingly, a detailed analysis
presented here depicts a far more complex picture. The altered
genes identified in the screen only marginally overlap with those
known to participate in the genesis of Wilms tumors (ie., nov),
whereas no alterations of wtl were observed. Alterations of Wtl
tumor suppressor are the most common mutations detected in
Wilms tumors. On the other hand, a number of genes previously
shown to be mutated in human tumors of different origin
and morphology (plagl, twist, foxPIl, and Ha-ras), as well as
others with yet unidentified functions, have been found. Our
results are in good compliance with the observation that
a similar oncogenic alteration of a gene could potentiate
different tumors in different organisms (1). The plagl gene
serves as a good example. As the most frequent cVIS, dere-
gulated in 7% of chicken nephroblastomas, it is apparently an
important inducer of chicken nephroblastoma. In humans,
however, the up-regulation of plagl, as a result of chromosomal
translocation, is known to be a prominent cause of pleomorphic
adenomas and lipoblastomas (24, 25). Its participation is also
presumed in the genesis of myeloid leukemias (35) and hepato-
blastomas (36), but thus far, there has been no observation of its
possible involvement in renal malignancies. A similar claim also
fits for the other two frequent targets of MAV integration—twist
and foxPI. Studying the differences in cancer induction between
the species could have a fundamental effect on understanding
the basics of cellular transformation and subsequent tumor
formation.

The uniqueness of the chicken nephroblastoma model lies in
the fact that it is currently the sole thoroughly investigated
model using retroviral insertional mutagenesis for the identifi-
cation of genes participating in solid tumor formation. It covers
diverse aspects of cancer research—identification of responsible
genes, mapping different mechanisms of their transforming
abilities, and comparison of gene expression with the morpho-
logic and histologic aspects of individual tumors. Last but not
least, it gives the possibility to compare the basics of
tumorigenesis in different animal classes. It is reasonable to
assume that further analysis will reveal many novel candidate
genes.
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Abstract

A tumor cell is formed when a critical amount of endogenous
and/or exogenous tumorigenic stimuli is exceeded. We have
shown that the transient presence of nontumorigenic stray
cells in tissues of experimental animals that contain cells
with a subcritical set of genetic mutations can act as a tumor-
promoting stimulus. To induce somatic mutations in all
chicken tissues, we have used the MAV-2 retroviral insertion
system that almost exclusively generates nephroblastomas.
MAV-2 mutagenized animals i.v. inoculated with nonmalig-
nant cells developed early clonal lung tumors before nephro-
blastomas. Importantly, the injected cells did not become a
component of resultant tumors. Lung tumors displayed
specific mutational signature characterized by an insertion
of MAV-2 provirus into the fyn-related kinase (frk) promoter
that results in the overexpression of the frk gene. In contrast,
plagl, foxP, and twist genes were most often mutagenized in
nephroblastomas. Based on such observations, we propose the
mechanism termed industasis, a promotion of fully malignant
phenotype of incipient tumor cell by stray cells, and hypo-
thesize that it might be the underlying cause of human
multiple primary tumors. [Cancer Res 2009;69(11):4605-12]

Introduction

Spontaneous tumors arise when multiple genetic and epigenetic
changes amass in a single cell. Nongenetic factors, such as stromal
microenvironment interactions (1) and the host immune response
(2), have also been shown to play a role in oncogenesis. In addition,
evidence has been published showing that tumor cells can remain
dormant until a tumor-promoting stimulus triggers their uncon-
trolled proliferation (3).

Tumor cells of both metastatic and nonmetastasizing cancers
are long known to circulate in the blood of patients (4, 5). Released
potentially tumorigenic cells are able to persist in a second organ
for an extended period of time (6, 7). In addition, normal cells can
be liberated into the bloodstream as a result of an injury or surgical
intervention (8). The seemingly nondeleterious ectopic presence
of such stray (primary tumor or nontransformed) cells within
secondary organs has been reported to induce changes within the
affected local microenvironment. A fundamental link between the

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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stromal microenvironment and behavior of transformed cells in
terms of tumor development has recently been highlighted (9).

Over the last few decades, the incidence of multiple primary
tumors within a single host has rapidly increased. The phenom-
enon is expected to become an even more serious threat in the
future as a result of prolonged life span and, paradoxically, of
improved healthcare. For example, individuals cured from a tumor
exhibit an increased chance of developing second primary tumors
in addition to the risk of metastases or a relapse of the first cured
tumor (10). Two explanations have been put forward thus far:
presence of an inherited genetic predisposition to tumor formation
(11) and mutagenic effect of therapy for the first malignancy (12).

Retroviruses represent a potent tool for identifying cancer-related
genes. Nonacute oncogenic retroviruses, such as the avian virus
MAV-2, do not carry an oncogene; instead, they induce transforma-
tion through insertional mutagenesis when proviruses integrate into
the host gene loci. Due to its high infectivity, the MAV-2 retroviral
system ensures that essentially each host gene locus is affected
through random integration in many cells of the target tissue. When
a combination of mutations in a cell perturbs cellular functions
critical for malignant transformation, the cell clone expands and
forms a tumor. MAV-2 predominantly generates nephroblastomas
after a 2- to 3-month latency period. Mutated gene loci are easily
detectable as they are tagged by the proviral sequences. The genes
plagl, foxP1, and twist have repeatedly been found hit by MAV-2 in
nephroblastomas, thereby underlining their importance for malig-
nant transformation of nephrogenic blastema (13, 14).

In this work, we have identified insertionally mutagenized and
overexpressed fyn-related kinase (frk) gene as the salient feature of
MAV-2-induced lung sarcomas. The fik gene encodes a nonreceptor
tyrosine kinase synthesized predominantly in epithelial tissues
(15, 16), which has been implicated in chondrogenesis and in the
development of the islets of Langerhans (17). We have observed the
substantial decrease of latency and increase in frequency of lung
sarcomas when MAV-2-infected animals have been i.v. inoculated
with nonmalignant cells. Activated frk represented the mutational
signature in both late tumors induced by MAV-2 alone as well as
in early tumors promoted by stray nontumorigenic cells.

Materials and Methods

Experimental Animals, Cells, and Viruses

Viruses. The MAV-2 was the MAV-2(N)-type virus isolated from the
AMV-BAI-A complex stock by plaque purification as described (18).

Cells. Chick embryo fibroblasts (CEF) were prepared from CB or CC
embryos, cultivated, and infected by MAV-2 virus stock as described (19).

A210 cells were prepared from kidney of 19-d-old CB White Leghorn
embryo, infected at the 12th day of incubation by MAV-2 virus, and
dispersed in trypsin-EDTA solution (Sigma) in PBS. The cells from each
kidney were plated at concentrations of 5 X 10° to 7 X 10°/100-mm Petri
dish and cultivated as CEF. After 2 wk, the cells were plated in P60 tissue
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Figure 1. Injection of cells induces

lung tumors. A, autopsy of animals
injected with MAV-2 virus or CEF/MAV-2
cells. Left, arrows, MAV-2 alone
induces nephroblastomas. Injected

cells cause formation of lung tumors
(arrowheads), either as distinct foci
(middle) or generalized tumors (right).
Nephroblastomas (arrows) also develop.
B, histologic sections of nonmalignant
(MAV-2 infected) lungs and of lung
sarcoma (A210 induced). H&E staining.
Bar, 100 um. C, frequency of tumor
induction in lungs, kidney, and liver by
injection of MAV-2 virus, CEF/MAV-2,
A210, and control CEF/0 cells. The
reduction of nephroblastoma incidence in
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culture dishes at the density of 0.5 X 10° to 1 X 10° per one dish, and after
another 2 wk, the largest foci of cells were isolated and further cultivated.
Samples of cell suspension were counted in a cell counter CASY Model TTC
(Schérfe Systems GmbH). The best proliferating culture, A210, turned out to
be a cell clone. Cells for iv. injections were prepared as follows: CEF, CEF/
MAV-2, and A210 were grown to semiconfluency. If required, cells were
treated with mitomycin C as described (19).

Animals. Chicks of inbred congenic CB and CC White Leghorns (20) were
used. All procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals and approved by the Animal Care and
Use Committee of the Academy of Sciences of the Czech Republic. Chicks
were kept under standard laboratory conditions with free access to food and
water. For cell inoculation, 1 X 10° to 2 x 10° cells detached by accutase were
injected into chorioallantoic vein of 12-d-old embryo or into metatarsal vein
of 1-d-old chick. MAV-2 infection was performed as described (14). Control
animals were mock infected by an identical volume of PBS.

Sample Collection

The animals were sacrificed at the age between 20 and 120 d after
hatching and tumor samples and control tissues were collected. The
samples larger than ~4 mm in diameter were divided to thirds and
processed immediately into DNA, RNA, and paraffin samples. Either
genomic DNA or total RNA was isolated from the smallest tumor foci. DNA
and RNA were isolated and quantitated by standard methods (14).

Southern Blot Analyses
Southern blot analyses were performed as described previously (14).

Histologic Investigations
Paraffin-embedded samples, microscopic preparations, and histologic
procedures were made as described (21).

PCR, Reverse Transcription-PCR, and Quantitative PCR

cDNA was synthesized and long terminal repeat-rapid amplification of
cDNA ends (LTR-RACE) was performed exactly as described previously (14).
Real-time PCR was performed using DyNAmo HS SYBR Green gPCR kit
(Finnzymes) on Chromo4 cycler (MJ Research/Bio-Rad) and analyzed using
the included software. Semiquantitative PCR and integration site-specific
PCR were performed using GoTaq polymerase system from Promega
according to the manufacturer’s instructions. Primers were present at 200
nmol/L, deoxynucleotide triphosphates at 0.2 mmol/L each, and Taq
polymerase at 1 unit/50 pL. The standard cycling protocol was 25 cycles
(95°C for 15 s, 60°C for 30 s, and 72°C for 30 s). The PCR products were
resolved in agarose gels; and in cases when no product has been detected,
five PCR cycles were added. Sequences of primers used in this study are in
Supplementary Data.

DNA Sequencing and Homology Searches

The sequencing reactions were performed using the BigDye Terminator
Cycle Sequencing kit (PE Biosystems) and resolved on ABI PRISM 310
Sequencer. Sequence homology searches were conducted using the BLAT
algorithm on the chicken genome assembly database.®

Results

The injection of virus-producing cells instead of virus changes
the spectrum of tumors. When MAV-2 retroviruses are injected
into either embryonic or newborn chicks, nephroblastomas (as a

3 Built 2, ENSEMBL project (http://www.ensembl.org/).
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consequence of insertional mutagenesis) are almost exclusively
induced (22) despite all tissues being similarly infected (see below).
In ~ 5% of animals afflicted with nephroblastomas, late tumors of
the lungs and liver can additionally be diagnosed. Analysis of these
clonal tumors consistently revealed different proviral integration
patterns when compared with nephroblastomas and as such were
considered as second primary tumors. We investigated the
possibility of changing the spectrum of MAV-2-induced neoplasms
by injecting MAV-2-producing cells instead of virions. We used
animals and cells of inbred congenic White Leghorn lines CB and
CC, which differ only in the MHC(B) haplotypes (23). Differences in
MHC locus could be used as molecular markers for unambiguous
identification of injected cells. In preliminary experiments, a group
of 20 CC 12-day-old embryos was injected with A210 cells. These
are clonal virus-producing mesenchymal-type cells derived from
a MAV-2-infected CB embryonic kidney. The use of A210 cells is
favorable as they harbor six mapped MAV-2 provirus integration
sites that can additionally aid in the cell identification follow-
ing injection (Supplementary Fig. S1). Given that clonal A210
cells could potentially produce a mutant of MAV-2, a second group
of embryos was injected with polyclonal unselected MAV-2-
producing CB CEF cells (CEF/MAV-2). A third and fourth control
group received MAV-2 virus collected from either A210 or CEF/
MAV-2 cells, respectively. After injection, the birds were sacrificed
and analyzed 20 to 90 days after hatching.

As expected, the majority of chicks injected directly with MAV-2
virions (third and fourth control groups) developed numerous focal

nephroblastomas that were evident within 2 to 3 months. Analysis
of older animals revealed additional rare tumor foci that developed
on the lungs and liver. Surprisingly, chicks injected with A210 or
CEF/MAV-2 cells were found to develop, in addition to nephro-
blastomas, early lung sarcomas in most animals. As early as 27 days
after hatching, macroscopic tumor foci were apparent on the lungs
of chicks and in ~30% of the aforementioned animal tumors
accounted for the majority of lung tissue (Fig. 14; Supplementary
Fig. S2). The same frequency of lung tumor formation was recorded
when CB CEF/MAV-2 cells were injected into CB animals, sug-
gesting that the MHC haplotype plays no role. The histology of
lung sarcomas (Fig. 1B) was independent of whether A210 or CEF/
MAV-2 cells were injected.

No tumors were induced in animals injected with non-
virus-producing cells alone. The combined results of several
independent experiments are summarized in Fig. 1C. In addi-
tion to the lung tumors, we also observed, with less frequency,
tumors of the liver and ovary.

The resultant lung tumors are clonal, host derived, and
frequently invasive. To determine whether the resultant lung
tumors originated from the injected A210 or CEF/MAV-2 cells,
Southern blot analysis of tumor cell DNA was performed to detect
the proviral integration sites. The Southern blots revealed that lung
tumors as well as nephroblastomas and less common liver and
ovary tumors were formed by single-cell clones. Various tumor
types of a single animal represented unrelated clones, suggesting
that these were independently originated tumors, not metastases

Figure 2. Lung tumors are clonal, host
derived, and frequently invasive. A, the
representative Southern blot analysis of

7299

13 lung tumor foci (P1-P5, P7, and P9),
3 nonmalignant lung tissue (PN),
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tissue (PN) displays nonclonal pattern;
nephroblastomas (7299.1a and 7013.1a)
are different clones. Arrow, internal
fragment of MAV-2 common to all
integrated proviruses. B, distribution of
clonally integrated MAV-2 proviruses
(determined by Southern blot hybridization
with the MAV-2—specific probe) in 20 lung
tumors and in 33 and 11 nephroblastomas
collected from animals injected with
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amplifies the fragment of the zbtb locus
identical in both CB and CC strains.
Bottom, representative result of detection
of the A210-H integration site in A210 cells
(A210a, 5th passage of stabilized cell
culture; A210b, 20th passage) and in lung
tumors from experimental animals (4271,
4109, 4115, 4119, 4259, and 4263). Cells
from the tumor focus 4271P4 were grown
in tissue culture for several passages
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PCR method is schematically depicted in
Supplementary Fig. S3A.
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from a single primary tumor. Intriguingly, the lung tumor cells analysis of DNAs isolated from A210-induced lung tumors of 20
displayed a high invasive potential that frequently resulted in the different animals revealed that patterns of proviral integration were
dissemination of one clone into several foci in both lungs. In different from those in A210 cells and different in each animal.

contrast, nephroblastomas or tumors of other tissues were non- Notably, not even a single band on the blots (representing

invasive and adjacent foci were always formed from independent particular provirus insertion site) was shared between A210 and
clones (Fig. 24; ref. 14). the tumors as well as between tumors (Fig. 24).

Close examination of various tumors isolated from animals To ensure that A210 cells do not contain a minute population of
injected with either A210 or CEF/MAV-2 cells revealed that none of cells from which lung tumors could derive, we identified the
the tumors was derived from the injected cells. This was first genomic positions of viral integration sites in two lung tumors and
confirmed by PCR analysis of lung tumors from CC chicks injected designed PCR primers for their detection. We were unable to detect
with CB cells (A210 or CEF/MAV-2). Attempts to amplify genomic any shared proviral integration sites neither between the two

DNA isolated from lung tumors with a CB-specific primer pair tumors nor between tumors and A210 cells (Supplementary Fig. S3;
consistently yielded negative results (Fig. 2C, top). Additional PCR Supplementary Table S1; data not shown). Taken together, the data
analysis of tumor DNA with primer combinations that should conclusively show that the first malignant cell that eventually gives
identify the specific proviral integration sites unique to A210 cells rise to a tumor originates from the host and exclude the possibi-
was also negative as illustrated in Fig. 2C (bottom). lity that the tumor cell arises from the fusion of an injected and
Further experiments were designed to rule out the possibility host cell.
that tumors arose from a fusion of an A210 and host cell (when The tumor-promoting effect of injected cells is transient
only a limited amount of tumorigenesis-related genetic material of and independent of their abilities to divide and to infect

A210 cells might remain in the resulting tumor cell). Southern blot surrounding cells. Figure 3B summarizes incidence of tumors in
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Figure 3. Contribution of the MAV-2 virus and cells to lung tumor induction and the extent of proviral integrations in different tissues. A, a schematic representation
of successive injections of experimental chicks with virus (MAV-2) and cells (CEF/0) at E12 and at the first day after hatching (K7), and resulting tumors. B, incidence
of tumors in chicks (groups of at least 10 animals) injected by MAV-2 virus at E12 (MAV-2 columns), A210 or CEF/MAV-2 cells at E12 (cells/MAV-2 columns),
MAV-2 at E12 and CEF/0 cells at K1 (1. MAV-2 2. CEF/0 columns), CEF/0 at E12 and MAV-2 at K1 (1. CEF/0 2. MAV-2 columns), CEF/MAV-2 cells treated with
mitomycin C at E12 (CEF/MAV-2/mitomycin columns), and noninfected CEF at E12 (CEF/0 columns). C, MAV-2 integration into various organs of chick embryos
injected with MAV-2—producing cells. The virus-producing cells were injected at E12 into several embryos and DNAs from indicated tissues were analyzed by
semiquantitative PCR using MAV-2—-specific primers. Primers specific for the chicken zbtb locus (two copies per cell) were used as a control. D, quantification of
MAV-2 proviruses integrated in nonmalignant tissues of 30-d-old experimental animals and in nephroblastoma 6177.1a. The marked tissues were isolated from two
MAV-2—infected and two A210-infected chicks and subjected to quantitative real-time PCR with MAV-2—specific primers.
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chicks injected by MAV-2 virus or A210, CEF/MAV-2, or CEF/0
cells. To distinguish whether the dividing capability of injected cells
is necessary for tumor formation, we injected MAV-2-infected
CEFs that had been treated with mitomycin, a compound that per-
manently blocks cell division. After treatment, the cells were still
able to promote tumor formation (Fig. 3B), indicating that the
proliferative potential of an injected cell is dispensable. The result
also further supports the notion of host origin of lung tumors.

To understand more precisely the role of stray cells and virus in
lung tumor formation, a series of experiments were carried out
in which virus-free CEFs and MAV-2 virus were injected stepwise in
varying orders. The first agent was applied at embryonic day 12
(E12), whereas the second was injected after hatching (8-9 days
after first injection, K1). The animals were sacrificed 40 to 60 days
later and their lungs were examined. Interestingly, lung tumors
were only evident in animals that received virus as the first
treatment (Fig. 34 and B). This observation suggests that stray cells
can promote tumor formation in tissues that have formerly been
mutagenized and that the tumor-promoting potential of the stray
cells persists not longer than several days in our model. The tumor-
promoting capacity of virus-free cells injected into animals that
have already been systemically infected also confirms that the
effect of injected cells is independent of the dissemination of virus
infection by injected cells.

Injected cells have no effect on the spectrum of infected
tissues or the level of infection. To examine whether the injected
virus-producing cells might affect the spectrum of infected tissues,
we measured steady-state levels of proviral sequences in the
genomic DNA of several organs. This analysis revealed that all
tissues, including the lungs, are fully infected 3 days after the cell
injection (Fig. 3C) similarly as if animals were injected with MAV-2
virus (data not shown). The average number of proviruses in
2-month-old chicken tissues was the same independent of whether
the animals were injected by virions or by virus-producing cells
(Fig. 3D). To further investigate the possibility that the increased
incidence of lung tumors resulted from a high local level of
infection (and thus a high mutation load) caused by the residing
virus-producing stray cells, we compared the number of integrated
proviruses in lung tumors and nephroblastomas. The Southern blot
analysis of 20 randomly selected lung tumor clones and 33
nephroblastomas from the same animals showed a significantly
lower average number of integrations in lung tumors compared
with nephroblastomas, contradicting the idea of high local level of
infection in the lung inflicted by the A210 or CEF/MAV-2 cells.
Importantly, the average number of integrations in nephroblasto-
mas was independent of whether the animals were injected by
virions or by virus-producing cells (Fig. 2B).

The injected cells preferentially reside in liver, kidney, and
lung embryonic tissues. To elucidate the precise localization of
injected cells in tissues, MAV-2-producing CB CEFs were
metabolically labeled with [**S]methionine before iv. injection
into embryonic chicks. After 1 or 3 days after injection, several
embryonic tissues were collected and both protein lysates and
paraffin sections were prepared. The radioactivity in lysates was
measured and specific radioactivity was calculated. Radioactive
label was found in all tissues analyzed, with markedly the highest
levels in the liver, kidney, and lungs (Fig. 44). Very low radioactivity
was found in the blood already 20 hours after injection, indicating
prompt passage of the cells into the target tissues. Examination of
the paraffin-embedded sections by autoradiography revealed
similar observations (Fig. 4B; Supplementary Fig. S4). These results

A % of radioactivity
50

40 &

30

20

Figure 4. Homing and distribution of in ovo—injected MAV-2—producing cells in
embryonic tissues. A, the distribution of injected [**S]methionine-labeled cells
was determined by calculating specific radioactivity in various embryonic tissues
20 h after injection. B, examples of radiolabeled cells (arrows) homed in liver,
kidney, and lungs. For details, see Supplementary Fig. S4. Bars, 20 um.

correlate well with the localization of the eventual tumors and
show that the injected cells survive for at least 3 days in target
tissues, sufficient time to influence the local microenvironment.

The recurrent target of MAV-2 insertional mutagenesis in
lung tumors is the frk gene. The above observations are
consistent with the hypothesis that a stray circulating cell can
emit a tumor-promoting signal in a tissue with “silent tumor cells”
that contain cancerous mutations, such as oncogene activation or
tumor suppressor gene inactivation. If there are cancerous
mutations typical for MAV-2-induced lung tumors, then common
sites of MAV-2 integration should be found in tumor DNAs.

To identify loci hit by the provirus, we analyzed 17 chicks with
cell promoted and 2 chicks with late MAV-2 lung tumors using the
LTR-RACE method (14, 24). The study revealed recurrent
integrations within the promoter/5-untranslated region of the fik
gene in 15 animals injected with cells and both animals injected
only with MAV-2 (Supplementary Table S1). Proviruses were found
to integrate in the same transcriptional orientation as the fik
mRNA sequence within the narrow region of 1077 to 14 nucleotides
upstream of the FRK initiation codon (Fig. 54; Supplementary
Table S2). Additional analysis by PCR, reverse transcription-PCR
(RT-PCR), and Southern blotting confirmed the aforementioned
results. As a consequence of proviral integration, the hybrid mRNA
(starting in the proviral 3-LTR and proceeding into the fik coding
sequence) was highly expressed in all positive samples (Fig. 5B and
C). The hybrid transcripts contained protein coding sequence
identical with the proposed endogenous frk transcript. No fik
expression was detectable neither in nontumor lung tissue nor in
the two tumors with unaffected frk locus (Fig. 5B and C).
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Two conclusions can be drawn from the presence of an activated
frk gene in ~90% of the MAV-2-induced lung tumors, both cell
promoted and MAV-2-only induced. First, it indicates that this
dominant mutation is critically important for the tumor formation.
Second, it suggests that injected cells promote tumor formation
from the same pool of dormant mutagenized cells that also give
rise to the rare long latency lung tumors in animals injected with
MAV-2 only.

Discussion

Common presence of cancer-related mutations in cells of
normal tissue has been well documented. The mutant cells are
subject to microenvironmental and systemic regulation that
enables them to suppress any potential malignant characteristics
of the cells. This homeostasis can only be maintained as long as a
critical amount of tumorigenic stimuli is not exceeded. As proven
by cancer patients that relapse years after a successful therapy,
a potential cancer cell can be maintained and suppressed for a
long period of time. The experimental systems typically used to
study the mechanisms that push potential cancer cells beyond the

control of tissue homeostasis have been based on the use of tumor
promoters such as phorbol esters that, although not mutagenic in
themselves, induce tumors in animals previously mutagenized by
chemicals (25).

We have used an experimental model that takes advantage of the
ability of MAV-2 to randomly integrate its provirus into the host
genome to create somatic mutations. In chicks, the process of
infection and proviral integration is essentially completed within a
few days after infection. Additional insertions are strongly limited
due to a viral interference mechanism (26). However, before inter-
ference develops, permissive cells can acquire multiple proviruses.
This model mimics the slow accumulation of naturally occurr-
ing somatic mutations. An advantage of the retroviral system is
that mutated loci contain retroviral sequences so that they can
readily be identified in tumor clones (27). Furthermore, the specific
integration patterns allow independent tumor clones to be dis-
tinguished one from another.

In chickens, it is well established that the predominant tumors
caused by MAV-2 infection are clonal nephroblastomas (22). Occa-
sionally, we have also observed the formation of other tumor types
predominantly of lung and liver origin that arose independently of
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Figure 5. Common site of proviral integration in the frk locus. A, the exon-intron structure of chicken frk genomic locus and sites of proviral integrations upstream
from ATG initiation codon. Arrows indicating integration sites and orientation of transcription are marked by the code number of lung tumors in which they were
found. B, an example of detection of hybrid MAV-2-frk mRNAs synthesized as a result of MAV-2 integration, by integration site-specific RT-PCR (described in
Supplementary Fig. S3A). The variation in lengths of PCR products reflects the distance of individual integration sites from the frk-derived primer. The tumor 4115P2
has no integration in frk gene. 0, reaction without cDNA. C, RT-PCR analyses of frk expression using MAV-2 and frk (top) or only frk primers (middle). The majority of
frk mRNA is produced from the proviral promoter. The tumors without integration in the frk locus do not express the frk gene. Bottom, control gapdh expression.
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A The experimental model

insertional
mutagenesis

The proposed industasis scheme

lifetime
mutations

Figure 6. Industasis concept. A, in the chicken model (top scheme), the
insertional mutagenesis by MAV-2 (red hexagons) results in the formation of a
precancerous initiated cell (red nucleus) and is immediately followed by a tumor-
promoting effect of an injected stray nontumorigenic cell (gray), resulting in the
formation of a tumor clone (red oval cells). B, in the proposed general model
(bottom scheme), mutations accumulate throughout the life span of an individual
forming the genetically transformed initiated cell. A stray nontumorigenic cell
liberated for instance from a primary tumor affects the microenvironment of an
initiated cell promoting its malignant progression.

the nephroblastomas. As such, these tumors induced by MAV-2
insertional mutagenesis represent multiple primary tumors. Com-
pared with nephroblastomas, these second primary tumors dis-
played a different mutation signature. In nephroblastomas, the twist,
plagl, and foxPI loci represent dominant common sites of proviral
integration (14). In contrast, lung tumors had very frequent inser-
tions in the promoter region of the fik gene, never found in nephro-
blastoma. This observation for the first time documents oncogenic
capability of fik overexpression, previously being only suspected (28).
This result supports the concept that distinct mutational signatures
can exist in cancers derived from different tissues (29).

The injection of cells into the blood circulation of MAV-2
mutagenized animals resulted in the appearance of numerous early
lung tumors with the same mutation signature as the rare late lung
tumors in animals injected with the MAV-2 alone (ie., proviral
integration in the frk gene). Thus, the presence of stray cells
changed the formerly rare and late second tumors to frequent and
early primary neoplasias. We suggest that the preferential pro-
motion of lung tumors by stray cells is due to the hemodynamics,
specific characteristics of the walls of fine pulmonary capillaries,
and tissue-specific activity of the retroviral promoter/enhancer.

Based on the above observations, we propose the concept of
industasis (Fig. 6). This mechanism of cancer promotion may take
place in single preneoplastic cells or cell compartments (cancerized
fields) that have accumulated cancerous mutations yet remain
under the control of tissue homeostasis. Stray cells may interfere
with the regulation of the local microenvironment that maintains
tissue homeostasis through cell-cell adhesion/communication and
cell-extracellular matrix interactions. By locally weakening homeo-
stasis, stray cells may reduce the amount of tumorigenic alterations
required for predisposed cells to express their malignant character.
Eventually, presence (or death) of stray cells may elicit signals
stimulating proliferation normally associated with wound healing.
Once the tumor-predisposed cells start to proliferate, they lose
contact with suppressive microenvironment and may become self-
sustaining by creating supportive microenvironment for them-
selves, including recruitment of supportive stromal cells (30). The
proposed mechanism could be the final step in genesis of several
human multiple primary tumors (Fig. 6B). Human cells accumulate
numerous somatic mutations during their lengthy life span, and it
is well documented that the suppression of genetically transformed
cells by the surrounding microenvironment represents an impor-
tant defense against tumor outburst (3). The organism hosting one
primary tumor is often flooded by stray cells liberated from the
tumor (31). Their role is currently supposed to constitute a
substantial risk of forming metastases (32). However, these stray
cells could disturb the suppressive defense mechanisms, allowing
pretransformed cells to grow.

Our hypothesis suggests that a substantial portion of human
second primary tumors might be provoked by industasis. Such cases
might be frequent as there is evidence that several presumed meta-
stases could be in fact misdiagnosed second primary tumors (33).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Received 12/9/08; revised 2/25/09; accepted 3/30/09.

Grant support: Grant Agency of the Czech Republic grant 204-06-1728, Grant
Agency of the Academy of Sciences of the Czech Republic grants AV0Z50520514 and
A500520608, and Ministry of Education, Youth and Sports grant LC06061 (M. Dvoidk).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Prof. Jan Svoboda for critical comments and Dr. Alicia Corlett for the
help with manuscript preparation.

References

1. Karnoub AE, Dash AB, Vo AP, et al. Mesenchymal stem
cells within tumour stroma promote breast cancer
metastasis. Nature 2007;449:557-63.

2. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-
related inflammation. Nature 2008;454:436—44.

3. Rubin H. Contact interactions between cells that
suppress neoplastic development: can they also explain
metastatic dormancy? Adv Cancer Res 2008;100:159-202.

4. Ashworth TR. A case of cancer in which cells similar
to those in the tumors were seen in the blood after
death. Aust Med ] 1869;14:146.

5. Butler TP, Gullino PM. Quantitation of cell shedding
into efferent blood of mammary adenocarcinoma.
Cancer Res 1975;35:512-6.

6. Meng S, Tripathy D, Frenkel EP, et al. Circulating

tumor cells in patients with breast cancer dormancy.
Clin Cancer Res 2004;10:8152-62.

7. Podsypanina K, Du YC, Jechlinger M, Beverly LJ,
Hambardzumyan D, Varmus H. Seeding and propaga-
tion of untransformed mouse mammary cells in the
lung. Science 2008;321:1841-4.

8. Raa ST, Oosterling SJ, van der Kaaij NP, et al. Surgery
promotes implantation of disseminated tumor cells, but
does not increase growth of tumor cell clusters. J Surg
Oncol 2005;92:124-9.

9. Tlsty TD, Hein PW. Know thy neighbor: stromal cells
can contribute oncogenic signals. Curr Opin Genet Dev
2001;11:54-9.

10. Hayat MJ, Howlader N, Reichman ME, Edwards BK.
Cancer statistics, trends, and multiple primary cancer
analyses from the Surveillance, Epidemiology, and End
Results (SEER) Program. Oncologist 2007;12:20-37.

11. Dong C, Hemminki K. Multiple primary cancers of
the colon, breast and skin (melanoma) as models for
polygenic cancers. Int J Cancer 2001;92:883-7.

12. Haddy N, Le Deley MC, Samand A, et al. Role of
radiotherapy and chemotherapy in the risk of secondary
leukaemia after a solid tumour in childhood. Eur J
Cancer 2006;42:2757-64.

13. Pajer P, Pecenka V, Karafiat V, Kralova ], Horejsi Z,
Dvorak M. The twist gene is a common target of
retroviral integration and transcriptional deregulation
in experimental nephroblastoma. Oncogene 2003;22:
665-73.

14. Pajer P, Pecenka V, Kralova J, et al. Identification of
potential human oncogenes by mapping the common
viral integration sites in avian nephroblastoma. Cancer
Res 2006;66:78-86.

15. Cance WG, Craven RJ, Bergman M, Xu L, Alitalo K,

www.aacrjournals.org

4611

Cancer Res 2009; 69: (11). June 1, 2009



Cancer Research

Liu ET. Rak, a novel nuclear tyrosine kinase expressed in
epithelial cells. Cell Growth Differ 1994;5:1347-55.

16. Lee J, Wang Z, Luoh SM, Wood WI, Scadden
DT. Cloning of FRK, a novel human intracellular
SRC-like tyrosine kinase-encoding gene. Gene 1994;138:
247-51.

17. Akerblom B, Anneren C, Welsh M. A role of FRK in
regulation of embryonal pancreatic  cell formation.
Mol Cell Endocrinol 2007;270:73-8.

18. Pecenka V, Dvorak M, Karafiat V, et al. Avian
nephroblastomas induced by a retrovirus (MAV-2)
lacking oncogene. II. Search for common sites of
proviral integration in tumour DNA. Folia Biol Praha
1988;34:147-69.

19. Karafiat V, Dvorakova M, Pajer P, et al. The leucine
zipper region of Myb oncoprotein regulates the
commitment of hematopoietic progenitors. Blood
2001;98:3668-76.

20. Plachy ]J. The chicken—a laboratory animal of the
class Aves. Folia Biol Praha 2000;46:17-23.

21. Bonifacino JS, Dasso M, Harford JB, Lippincott-

Schwartz ], Yamada KM. Current protocols in cell
biology. Hoboken (NJ): John Wiley and Sons, Inc.; 2007.

22. Watts SL, Smith RE. Pathology of chickens infected
with avian nephoblastoma virus MAV-2(N). Infect
Immun 1980;27:501-12.

23. Plachy J, Pink JR, Hala K. Biology of the chicken MHC
(B complex). Crit Rev Immunol 1992;12:47-79.

24. Valk PJ, Joosten M, Vankan Y, Lowenberg B, Delwel R.
A rapid RT-PCR based method to isolate complemen-
tary DNA fragments flanking retrovirus integration sites.
Nucleic Acids Res 1997;25:4419-21.

25. Berenblum I, Shubik P. The role of croton oil
applications associated with a single painting of a
carcinogen in tumor induction of the mouse’s skin. Brit J
Cancer 1947;1:379-82.

26. Coffin JM, Hughes SH, Varmus HE. Retroviruses. Cold
Spring Harbor (NY): CSHL Press; 1997.

27. Silver ], Keerikatte V. Novel use of polymerase chain
reaction to amplify cellular DNA adjacent to an
integrated provirus. J Virol 1989:;63:1924-8.

28. Hosoya N, Qiao Y, Hangaishi A, et al. Identification of

a SRC-like tyrosine kinase gene, FRK, fused with ETV6 in
a patient with acute myelogenous leukemia carrying a
t(6:12)(q21;p13) translocation. Genes Chromosomes
Cancer 2005;42:269-79.

29. Yeang CH, McCormick F, Levine A. Combinatorial
patterns of somatic gene mutations in cancer. FASEB ]
2008;22:2605-22.

30. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev
Cancer 2006;6:392-401.

31. Allard WJ, Matera ], Miller MC, et al. Tumor cells
circulate in the peripheral blood of all major carcinomas
but not in healthy subjects or patients with nonmalig-
nant diseases. Clin Cancer Res 2004;10:6897-904.

32. Mocellin S, Keilholz U, Rossi CR, Nitti D. Circulating
tumor cells: the ‘Tleukemic phase’ of solid cancers.
Trends Mol Med 2006;12:130-9.

33. Albanese I, Scibetta AG, Migliavacca M, et al
Heterogeneity within and between primary colorectal
carcinomas and matched metastases as revealed by
analysis of Ki-ras and p53 mutations. Biochem Biophys
Res Commun 2004;325:784-91.

Cancer Res 2009; 69: (11). June 1, 2009

4612

www.aacrjournals.org



AQ1

01

02

03

04

05

06

07

08

09

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Chapter 4
Chicken Models of Retroviral Insertional
Mutagenesis

Vladimir Pecenka, Petr Pajer, Vit Karafiat, and Michal Dvorak

The concept of transposon tagging or insertional mutagenesis as a strategy for fish-
ing out genes connected with the phenotype of interest was emerging since the
early 1980s. Study of genetic basis of tumorigenesis is one of the fields where
insertional mutagenesis proved to be exceptionally powerful. Crucial elements of
this experimental approach have been retroviruses whose unique properties have
revolutionized the work in the field of oncogenesis. Retroviruses contributed to
our knowledge of tumor formation in two ways. First, some of them transduce
oncogenes—mutants of normal cellular genes with an oncogenic potential. And it
was the comparison of viral and cellular alleles of these genes that allowed com-
prehending the principles of oncogenic activation of genes. Second, retroviruses not
carrying oncogenes can induce tumors by affecting host genes. Through integration
of their proviral DNA into chromosomes they can activate tumorigenic potential
of oncogenes or inactivate tumor suppressor genes. The mechanism is referred to
as oncogenesis by insertional mutagenesis. The insertional mutagenesis by retro-
viruses is very efficient. Perhaps each locus of a host genome can be hit by the
provirus insertion in many cells of an infected tissue. If any of these insertions or
their combinations incites malignant transformation, the touched cell outgrows and
can give rise to a tumor. Affected host gene loci can be easily identified since they
are tagged by integrated proviral sequences.

Chicken retroviruses and chickens as experimental animals laid the grounds to
the entire field. Chicken B-lymphoma induced by the avian leukosis virus (ALV)
was the first tumor type where this mechanism of tumorigenesis was reported
in 1981. In these tumors the cellular oncogene c-myc was found activated by a
provirus integration. In coming years, these pioneering works were followed by
further papers that included other retroviruses and animal models and found other
insertionally activated oncogenes in other tumor types, thus establishing insertional
mutagenesis as a new paradigm in retroviral oncogenesis. The speed of further
data accumulation was increasing with continuous improvement of the techniques
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for isolating provirus-flanking sequences (inverse PCR and related techniques) and
for their analysis (automatic sequencing machines). The final explosion of data
started after the complete genome sequences of individual model organisms had
become available. From that point it has been a relatively easy task to assort indi-
vidual provirus insertion sites along the chromosomes, to pick up common sites of
integration and associate them with suspect genes.

In this chapter we will describe several chicken models of tumorigenesis through
retroviral insertional mutagenesis that have been thoroughly investigated (for the
overview, see Table 4.1). More space will be given to the recently advanced mod-
els: chicken nephroblastomas, lung sarcomas, liver carcinomas and the industasis
phenomenon. We will focus on unique features of the chicken models including
mechanistic details of gene activation by defective proviruses. Insertional inactiva-
tion of tumor suppressor genes will not be discussed since it has not been proven
in chicken system so far. For general issues we refer to other parts of this book and
to the reviews [75, 150]. In the end, we will discuss the future of chicken models
in the era of high throughput oncogene screening in mouse models and large scale
sequencing of human cancer genomes.

4.1 The Beginning of the Story: the Case of Chicken
Bursal Lymphomas

Bursal lymphoma (malignant lymphoma of the bursa of Fabricius named also
lymphoid leukosis or lymphomatosis) is the most common neoplasia of domestic
chickens. The viral etiology of bursal lymphomas has been known since 1908 when
cell-free extract was shown to transmit the neoplasia [41]. In farms, the causative
agent, now called avian leukosis virus (ALV), is spread mainly by congenital infec-
tion from hens to embryos [16]. Experimentally, the virus can be transmitted by
intraperitoneal injection of plasma of infected animal into newly hatched suscepti-
ble chickens. Several weeks after infection many microscopic transformed follicles
arise in bursa of Fabricius (see also Section 4.7). Within months, one or more macro-
scopically observable nodules—bursal lymphomas—develop. The animals die after
progressive metastatic tumors develop in many organs [4, 28].

ALVs are typical representatives of simple slowly oncogenic retroviruses car-
rying only viral replicative genes gag, pol and env to which no substantial trans-
forming potential could be ascribed [25]. The first suggestion about the mechanism
by which these transforming gene-lacking viruses could induce neoplasia emerged
from the study of recombinants between oncogenic ALVs (RAV-1 and RAV-2,
Rous associated viruses subgroups A and B) and their nononcogenic homolog
(RAV-0, Rous associated virus subgroup E). The oncogenicity of the recombinant
always correlated with the presence of U3 region derived from RAV-1 or RAV-2
[31, 149]. The U3 region just precedes the start of viral mRNA transcription at the 5’
end of the integrated DNA provirus. Not surprisingly, sequence analyses have local-
ized typical promoter sequences for RNA polymerase II in the U3 region [164].
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Since the U3 region, as part of the long terminal repeat (LTR), is also present at
the 3’ end of the provirus, it could drive transcription not only of retroviral genes,
but also of downstream located host genes (the mechanism named “promoter inser-
tion”, see Fig. 4.1a). Hybrid RNAs containing both viral and cellular sequences
have indeed been found in infected cells [122]. The non-oncogenicity of RAV-0

E1 5"LTR 3"LTR E2 E3

ag/pol env
> >
I]:—:l:l ponA

Fig. 4.1 Schemes of gene activation by promoter insertion (a—f) and enhancer insertion
(f-h). a Nondeleted provirus. Predominant transcripts driven by proviral LTRs are full-length
and spliced copies of the provirus initiated at the 5LTR promoter. Transcription starting in
the 5'LTR and proceeding through the 3’LTR arrests the promoter activity of the 3’LTR.
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and of recombinants carrying RAV-0-derived U3 could be the consequence of the
weakness of RAV-0 promoter which correlated with the slower replication of these
viruses [149]. Thus, all the facts were consistent with the hypothesis of insertional
activation of an adjacent cellular gene.

The confirmation came when several groups [27, 45, 54, 55, 96, 112] reported
frequent provirus integration next to the same discrete cellular sequence in
B-lymphomas (denominated as common integration site—CIS). In vast majority
of B-lymphomas one of the integrated proviruses was found just upstream of the
c—myc gene, at the time the already known cellular oncogene. The provirus posi-
tion and orientation were exactly as required for c—myc insertional activation; high
levels of hybrid viral/c—myc mRNAs were detected in tumors. The same situation
was found in chicken B-lymphomas induced by CSV strain of REV [100]. (CSV
is another leukemogenic chicken retrovirus lacking an oncogene, unrelated to ALV
but classified with mammalian C-type retroviruses).

4.2 Efficient Activation of C-MYC Requires Defective Provirus:
the Transcriptional Interference and Related Phenomena

More detailed analysis of mechanisms of insertional activation indicated that the
original scheme (Fig. 4.1a) was oversimplified. The scheme, where both the 5'LTR

<

Fig. 4.1 (continued) b Nondeleted provirus-readthrough mechanism. Some transcripts initiated
at the 5’LTR promoter continue through the weak polyA site in the 3’'LTR and are processed at
cellular polyA sites. Splicing takes place between the gag splice donor and the cellular splice accep-
tor. In some instances, a miniexon corresponding to the beginning of env is included. ¢ Deleted
provirus—internal deletion. Deletion of the sequence element downstream of 5'LTR disables 5’LTR
promoter activity (see the proposed mechanism in Section 4.2 and Fig. 4.2a). Transcription of
downstream sequences is driven by the released 3'LTR promoter. d Deleted provirus — 3'LTR
deleted. Transcription starts in the 5'LTR. No readthrough is required. The env splice acceptor
competing with the cellular splice acceptor is frequently also eliminated. e Deleted provirus—
5'LTR deleted. Transcription starts in the 3'LTR promoter that was unblocked by 5'LTR deletion. f
Deleted provirus—single LTR left. Transcription of a downstream cellular gene is driven by proviral
promoter (promoter insertion). Alternatively, the authentic cellular gene promoter is stimulated by
the proviral enhancer (enhancer insertion). In case the LTR has inserted inside the gene structure
both transcription readthrough and splicing take place. g,h Enhancer insertion mechanism. Provirus
is located downstream of the gene in the same transcriptional orientation or upstream of the gene
in the reverse orientation. Transcription starting at the authentic gene promoter is stimulated by an
enhancer in the proximate LTR. Also proviruses activating by enhancer insertion carry deletions
(e.g. the internal one, as shown here); for details see Section 4.2 and Fig. 4.2b. Only schemes
validated experimentally are presented here. Obviously, further schemes combining elements of
those shown above can be conceived. Open and black boxes represent noncoding and coding parts
of exons, respectively (except for the R region inside the LTRs which, though noncoding, is also
black). Wavy lines are introns and non-transcribed regions of genomic DNA, cranked arrows indi-
cate starts of transcription, broken dashed lines indicate splicing; open triangles show the points
where deletion has occurred; dashed arrows symbolize stimulation of a promoter by an enhancer
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and the 3’'LTR promoters were supposed to be simultaneously active was in con-
tradiction with the phenomenon of transcriptional interference, originally named
promoter occlusion [1]. Particularly in retroviruses it was shown that an efficient
initiation in the upstream promoter (i.e. 5LTR) and progression through the down-
stream promoter (i.e. 3’LTR) prevents assembling of an initiation complex at the
downstream promoter and abolishes its activity [33].

The distinction between 5 and 3’LTR is further increased by the presence of
positive regulatory elements outside the LTRs. In ALV, one such accessory element,
called gag enhancer, is located in 5’ part of the gag gene and acts preferentially on
5'LTR [3, 129]. In CSV, other accessory element lies immediately downstream of
5'LTR but does not behave like an enhancer—it is operative only when located
downstream of the promoter and only if present in the proper orientation [10].
That suggests the element performs on the transcript rather than on DNA level,
alike TAR element in HIV [25]. Since both elements selectively activate promoter
in 5'LTR, they, indirectly, through transcriptional interference, reinforce 3'LTR
promoter inhibition.

Accordingly, when the structure of LTR-initiated transcripts in unselected pop-
ulation of ALV-infected cells was carefully examined, less than 2% of them have
been found to initiate in 3’'LTRs [58]. There was ca 15% of retroviral transcripts
that contained both viral and cellular sequences but these hybrid RNAs have been
generated by initiation at 5LTR and by transcription passing through the leaky
3’LTR polyA signal into adjacent host sequences; polyadenylation took place at
a distant cellular poly A signal [58]. Hence, the expression of c—myc oncogene in
B-lymphomas could be, in theory, mediated by hybrid readthrough RNA instead of
3’LTR-initiated RNA. The readthrough RNA would have to be further processed
by splicing; if unprocessed, it would code for the viral gag/pol proteins only (see
Fig. 4.1b). The splicing would join first six codons of gag with the c-myc cod-
ing exon; incidentally, such splicing would properly, without a frameshift, join gag
and c—myc reading frames. However, the readthrough mechanism of c—myc activa-
tion was not observed in B-lymphomas (see below). Why this mechanism is not
effective in the case of c-myc in B-lymphomas (while it works quite well with
other oncogenes, see next sections) can be explained by the fact that it involves
two relatively inefficient steps: 3'LTR readthrough and splicing to c—myc second
exon splice acceptor while skipping the env splice acceptor. Apparently, the c—myc
expression levels obtained would not reach the threshold level required for chicken
B-lymphomagenesis [109].

Final resolution of activation mechanisms followed from detailed analyses of
ALV/c—myc arrangement in B-lymphomas. Extensive mapping showed that none
out of nearly one hundred of c—myc activating proviruses under study was com-
plete [49, 111, 126]. The most frequent defects were internal deletions from 0.5
to 6 kb long that included sequences in the 5'region of the provirus immediately
downstream of the LTR. Such deletions result from reverse transcriptase switching
the template during the provirus synthesis [168]. Other defects were 5’end or 3’end
deletions, some of them incurred during or after the integration since the deletion
extended into adjacent cellular sequences. Sometimes nearly all proviral sequences
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were found deleted leaving only solitary LTR, probably the result of homologous
recombination between the two LTRs.

Frequent generation of defects during retrovirus propagation has been well doc-
umented [72, 79, 135, 155]. That, however, does not explain why every provirus in
c—myc locus carries a deletion while majority of other proviruses in the same cells
are nondefective. It had to be postulated that only defective proviruses could activate
c—myc and only cells with such insertion were selected during oncogenesis. Indeed,
it can be demonstrated that defects in activating proviruses eliminate obstructions
to efficient activation. When 3" LTR is deleted (Fig. 4.1d), inefficient readthrough
step is obviated—all transcripts proceed from 5’LTR into the host sequences; more-
over, competing env splice acceptor is often also deleted which makes the splicing
from gag donor to the c—myc second exon acceptor much more efficient. When 5’
LTR is deleted (Fig. 4.1e) or there is only solitary LTR left (Fig. 4.1f), transcription
starts in the remaining LTR whose activity was released from transcriptional inter-
ference. In all the above cases the authentic c—myc promoter is still present upstream
of the inserted LTR but its activity is low and does not interfere with the LTR
activity.

Internal deletions in proviruses (Fig. 4.1c) had somewhat unexpected conse-
quences. These deletions completely turned off 5’LTR while 3'LTR became fully
active [49]. The very same situation (i.e. disabling 5’LTR by deletion of adjacent
downstream sequences) was found in c—myc activating proviruses in chicken B-
lymphomas induced by CSV [147]. This provokes a question of why 5’'LTR
becomes completely inactive after losing its downstream accessory elements while
3’LTR that also does not have these elements turns fully active. Presently we can
only hypothesize that regulatory interrelations in retroviral provirus are more com-
plex then we have supposed and that any disruption of the provirus integrity can
modify activity of both LTRs in a way we are still unable to predict. The exis-
tence of additional proviral regulatory elements and interactions including mutual
interactions of both LTRs has already been suggested by [101].

The explanation can ensue when the original promoter occlusion/transcriptional
interference hypothesis is modified to comply with the present-day knowl-
edge of how distant regulatory regions on chromosome execute their effects.
Transcriptionaly active regions including retroviral proviruses form dynamic chro-
matin loop structures. Enhancer and promoter regions, together with all associated
regulatory proteins, are attached to each other at the loop base creating so called
active chromatin hub. After a pioneer round of transcription, a terminator region is
also juxtaposed to the promoter. In this way a transcriptional unit is demarcated and
recycling of transcriptional apparatus in this unit is facilitated [35, 40, 116, 159]. In
the integrated provirus, however, the situation is more intricate: there are two iden-
tical sets of enhancer, promoter and terminator (i.e. 5’LTR and 3'LTR), preceded by
original c—myc promoter plus enhancer and followed by original c—myc terminator.
Thus, several alternative looping structures may form; the final structure is a result of
mutual competition for complex formation between individual elements. We suggest
that accessory element in 5'part of the complete provirus assist preferential joining
of 5" and 3'LTRs into the loop, presumably by itself forming part of the complex
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a . : b . .
Promoter insertion Enhancer insertion
R MA%\g 5-LTR
Complete ]
5-LTR provirus W
3LTR !
Defective
provirus
@ gene promoter O proviral LTR
e gene first exon - gag enhancer
mr—1  gene last exon \V4 deleted gag enhancer
— proviral sequences |_> transcription START
~A~A host sequences @ transcription STOP

Fig. 4.2 Organization of transcription units controlled by promoters and enhancers of nondeleted
and internally deleted integrated proviruses: A hypothesis. a Promoter insertion. The complete
integrated provirus forms an isolated highly active transcription unit through the formation of a
compact chromatin loop structure (active chromatine hub—encircled gray area) that is stabilized by
interaction of the accessory gag enhancer with both LTRs. In this loop the transcriptional machin-
ery is permanently recycled from the 3’LTR to the 5LTR. When the gag enhancer is deleted
(defective provirus), the proviral loop is destabilized, 5’LTR turns inactive and 3'LTR can form
the active transcriptional loop with downstream sequences. b Enhancer insertion. The complete
provirus forms the active transcriptional unit in which the proviral enhancer is engaged, as in a.
Therefore the proviral enhancer exerts no influence on regulation of neighboring genes. However,
when the provirus chromatine loop is destabilized by deletion (defective provirus), the enhancer
is free to interact with neighboring host sequences and stimulates the authentic host gene pro-
moter. All the contacts are mediated by protein complexes associated with promoter, enhancer and
terminator regions (not shown in this schematic drawing)

(Fig. 4.2a). The accessory element would thus share some functional properties
with the promoter targeting sequence (PTS) described in Drosophila which pro-
motes association of a specific enhancer with a specific distant promoter even when
an insulator/enhancer blocker element is present between them [80, 170].

The 5LTR—3’LTR chromatine hub may be arranged so that an initiation com-
plex is formed only in 5LTR promoter; however, the existence of the loop itself is
sufficient to determine which of the two proviral promoters remains active. When
transcription starts in 3'LTR, the transcription complex leaves the loop and new
round of promoter selection begins; when transcription starts in 5’LTR, the promoter
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in 3'LTR is silenced by transcriptional interference and transcription machinery is
permanently recycled from 3’'LTR back to 5'LTR. In such arrangement, enhancers
in both LTRs may stimulate transcription from a single, 5'LTR promoter—the effect
observed by [101]. When internal proviral accessory element is deleted as it is the
case in most of the c—myc activating proviruses the proviral transcriptional unit is
destabilized and other looping structures preferentially form including the 3'LTR—
c—myc polyA loop that demarcates new, highly active c—-myc transcriptional unit
(Fig. 4.2a).

In several tumors [49, 111, 126], the provirus was located upstream of c—myc
in the reverse transcriptional orientation or downstream of c—myc in the same tran-
scriptional orientation (Fig. 4.1g and 1h). Such arrangement did not conform with
the promoter insertion model as transcription starting from any provirus LTR could
not proceed to c—myc sequences. Nevertheless, substantially increased levels of the
c—myc mRNA have been found. Its synthesis started at the authentic e=myc promoter
the activity of which was, apparently, stimulated by juxtaposed powerful enhancer in
proviral LTR. This configuration has been denominated “enhancer insertion”. It has
been reported that also isolated LTR can activate by the enhancer insertion mech-
anism [81]: in two B-lymphoma lines carrying a single LTR insertion in the first
c—myc intron in the same transcriptional orientation the LTR-contained enhancer
stimulated transcription from the original c—myc promoter while the LTR-contained
promoter was silenced by transcriptional interference (Fig. 4.1f).

Also proviruses activating c—myc by enhancer insertion have been shown to carry
internal deletions [49, 126]. That is not surprising when we accept the model pre-
sented in previous paragraphs: to be able to attach and stimulate c—myc promoter,
the relevant proviral enhancer must first be released from the complex with other
proviral elements. Deletion of accessory elements in 5" part of the provirus may be
the easiest way of such enhancer liberation (Fig. 4.2b). Obviously, previous reason-
ing presumes that proviral enhancer cannot make a complex with and stimulate two
promoters simultaneously. Such assumption is quite acceptable considering very
condensed arrangement of the enhancer into less than 100 bp; it is also in com-
pliance with the provirus tendency to form isolated highly active transcriptional
unit.

The support for the above model can be found in a way how MLV and FelLLV
activate oncogenes. They do it predominantly by enhancer insertion mechanism;
however, in contrast to ALV, activating MLV and FeLV proviruses are generally
not defective [97, 143]. At first sight it may seem to contradict the proposed
model. However, the opposite is true. The above model can, in fact, explain one
peculiarity of oncogenesis by MLVs and FeLVs: absolute majority of activating
proviruses carry enhancer duplications or even higher level multiplications. For
example, lymphomagenesis in some mice strains like AKR relies on spontaneous
genesis of oncogenic recombinants (named MCF, mink cell focus-forming virus)
from endogenous MLV proviruses present in the strain. Indispensable component
of the oncogenic MCF recombinant is a presence in LTR of two copies (in tan-
dem) of strong enhancer acquired from an endogenous provirus in which only
single copy of the enhancer is present [143]. Highly lymphomagenic exogenous
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MLV strains isolated from naturally occurred tumors, like Mo—MLYV, already con-
tain duplicated enhancer [25]. In tumorigenic exogenous FeLVs there is only a
single copy of an enhancer; however, in induced T-lymphomas, where c-myc is
activated by the enhancer insertion mechanism, all activating proviruses carry tan-
dem enhancer duplication acquired always de novo during infection of the animal
[97].

The enhancer duplication was shown to have only mild effect on virus replica-
tion and provirus transcription. When single-enhancer MLV or FeLV viruses are
propagated in culture the anticipated variants with duplication do not arise (or, more
accurately, are not positively selected for). Hence, rather than being important for
the virus spread in the animal, the duplication is required for the mechanism of onco-
genesis itself [97, 143]. We suggest that presence of tandem copies of an enhancer
enables provirus 5LTR to form two chromatin loops simultaneously. While one
enhancer is engaged in the formation of proviral transcriptional unit the other one
may contact oncogene promoter; no provirus defect is needed for the oncogene
activation.

To summarize, distinct ways of how to make provirus capable of strongly
affecting host genes are being employed during lymphomagenesis by avian versus
mammalian retroviruses. In the ALV model, compactness of the proviral transcrip-
tional unit is broken by different types of provirus deletions, mostly by deletion
of the accessory element outside the LTR. Transcription of proximate host genes
is then driven by the promoter of defective provirus (mechanism of promoter
insertion). In MLV and closely related FeLV, however, no internal accessory ele-
ments have been reported. It is possible that compactness of the MLV and FeLV
transcriptional units is not dependent on internal accessory elements; thus it can-
not be so easy disrupted by provirus deletion. Instead, another way to generate
strongly activating proviruses is realized: enhancer multiplication that capacitates
provirus to boost transcription of neighboring genes from the genes’ own pro-
moters at a distance (mechanism of enhancer insertion). Accordingly, while the
mechanism of oncogene activation by enhancer insertion is found only excep-
tionally in chicken models, it is the dominating mechanism in MLV and FeLV
models.

In this context it would be interesting to find out how gene activation works in
MMTYV model, where enhancer insertion is also the prevalent mechanism. Though
the data concerning structural changes in oncogene-activating MMTYV proviruses
are scarce, it seems that in mammary carcinomas neither deletion nor enhancer
duplication takes place [102] while in variant MMTV-induced T-lymphomas
enhancer multiplications may play an important role [6, 14]

For the sake of completeness we have to mention additional possible effects of
provirus insertion that have not been discussed above. First, an important part of
insertional activation mechanism may be separating negative regulatory elements
like silencers from the oncogene promoter. Eventually, cellular transcription paus-
ing sites may be shifted away from the transcription unit by the provirus insertion.
Presence of negative elements is easy to imagine in cases where the activated
gene has been completely inactive before provirus integration. These mechanistic
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details, however, are commonly not addressed by the investigators. Second, the
range of effects incited by the provirus integrating into the gene structure is not
limited to the level of transcription. For example, any change in mRNA structure
(truncation, fusion with viral sequences, activation of cryptic promoters and splic-
ing or polyadenylation sites etc.) may have profound impact on its export from
the nucleus, stability, and rate of translation. In mouse models, the most common
mechanism of this type may be the frequent truncation of 3’untranslated regions
containing destabilizing AT rich sequences as well as target sequences for miR-
NAs which downregulate both stability and translatability of affected mRNA. Such
effects during insertional activation have occasionally been suspected or even doc-
umented, see e.g. [20, 61, 132-134, 152], but only recently have also been more
thoroughly analyzed [34].

4.3 Readthrough Activation of C-MYB in B-lymphomas:
the Case of ‘“‘Superactivating ALV”

When 10-14 day old embryos, instead of newly hatched chickens, were intra-
venously injected with ALV, some of them developed, primarily in livers, highly
aggressive B-lymphomas after latency of only several weeks (from now on these
tumors will be called short latency lymphomas as opposed to long latency lym-
phomas arising after infection of newborn chicks—see Section 4.2). In most of
short latency lymphomas ALV provirus was detected around (upstream, inside or
downstream) the first exon of the c-myb gene, a cellular progenitor of retrovi-
rally transduced oncogene v—myb [23, 117, 118]. The proviruses had no defects and
were integrated in the same transcriptional orientation as the c—myb gene. Chimeric
ALV/c—myb mRNAs were synthesized by a typical readthrough mechanism (see
Section 4.2 and Fig. 4.1b): they were initiated in 5'LTR, polyadenylated at c—myb
polyA site and processed by splicing the ALV gag donor to the c—myb second exon
acceptor. Gag and c—myb were not coded by the same reading frame in this mes-
sage. Moreover, gag start codon was followed by three in frame stop codons at the
beginning of c—myb; translation of c—myb relied on reinitiating at the codon 21. The
produced slightly truncated protein was strongly oncogenic, in contrast to the wt
protein [63].

Profound effect of infection timing suggests that target cells for short latency
lymphomas are different from target cells for long latency lymphomas (presumably
prebursal stem cells versus bursal stem cells) and that the first ones are absent in
chickens after hatching [118]. In consequence, different target cells are sensitive
to activation of different oncogenes (c—myb versus c—myc). Consistently, no lym-
phomas develop when infection of the bursa is postponed to the time when bursal
stem cells are no more present (ca 3 weeks after hatching), even in animals with
subsequent strong lifelong viremia [15].

The frequency of short latency lymphomas and c—myb activations were consid-
erably increased when specific recombinant ALV strains were used for infection.
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In these “superactivating” strains an element in the 5'part of gag gene, called nega-
tive regulator of splicing (NRS), was knocked out by either deletion or mutation
[8, 71, 119, 136, 138]. NRS has two roles in ALV both of which help to ful-
fill peculiar requirements of retroviral replication: to leave substantial proportion
of retroviral RNA unspliced and, at the same time, to ensure polyadenylation at
the 3’end of such RNA (which is generally coupled to splicing); for details see
[24, 84]. To this end NRS first acts as a pseudo-splice donor, forming nonproductive
splicing complexes with downstream acceptors thus blocking them from splicing
to authentic donor sites. Second, by binding factors that interact with polyadeny-
lation machinery, NRS helps to recruit and stabilize processing complexes at the
3'LTR polyA site. The second effect is dependent on the first one, since only the
formation of an abortive splicing complex between NRS and downstream splic-
ing acceptor brings NRS close enough to 3'LTR polyA site to exert its effect on
polyadenylation [84].

As shown by [93] on RSV model, deletion of NRS has serious consequences
to viral RNA processing. First, 3'LTR readthrough is strongly elevated (up to over
50%). Second, while the frequency of splicing from the gag donor to the env accep-
tor is, surprisingly, little affected, the splicing to a more distant acceptor is boosted
ca four times. Similar (though less conspicuous) effects were observed for “superac-
tivating” ALVs with the mutated NRS [105, 138]. Thus, when such ALV integrates
upstream of a cellular gene, the spliced readthrough mRNA coding for the cellular
gene is produced with much higher efficiency compared to wt ALV.

4.4 Insertional Activation Can Be Accompanied by Extensive
Alterations of the Oncogene Structure and by Formation
of an Oncogene-Transducing Virus: the Case of Chicken
Erythroblastosis

Besides short- or long-latency B-lymphomas, chickens infected with ALV can
infrequently develop other types of neoplasia (see Section 4.8). Among them,
the most thoroughly analyzed was erythroblastosis, a disease characterized by
uncurbed proliferation of erythroblasts with arrested differentiation. In sensitive
chicken strains high amounts of erythroblasts appear in blood ca 2 months after
infection with ALV; at the same time they start to massively infiltrate spleen and
liver causing rapid death of the animal. Paradoxically, erythroblastosis is often
accompanied by anemia since feedback mechanisms triggered by the flood of trans-
formed erythroblasts block further development of nontransformed red blood cell
precursors.

In 1983, recurrent insertional activation of the c—erbB protooncogene (or
EGFR—epidermal growth factor receptor gene) in chicken erythroblastosis was
first reported [46]. Further papers [50, 92, 99, 123] described peculiar molecu-
lar details of this activation. In all analyzed cases, the full-length ALV provirus
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was integrated in the same intron in the middle of c—erbB gene in the same
transcriptional orientation. High levels of c—erbB specific mRNAs were pro-
duced. The mechanism of activation was much the same as activation of
c—myb in short latency B-lymphomas (Section 4.3): readthrough transcript start-
ing in 5’LTR and polyadenylated at one of the two authentic c—erbB polyA sites
was processed by splicing that brought c—erbB coding sequences close to the start
of mRNA (Fig. 4.1b). There were, however, two differences. First, mRNA process-
ing was more complex. An alternative short exon demarcated by env splice acceptor
and cryptic splice donor 159 bp downstream was included in high proportion of mes-
sages. Second, the extent of oncogene truncation was much more extensive then in
the case of c—myb. The protein encoded by the spliced mRNAs consisted of 6 AA of
gag (plus 53 AA of env in some messages) fused to the C-terminal part of c—erbB. In
both protein versions the N-terminal part—the EGF binding extracellular domain—
was missing. Such truncation is known to result in a constitutive kinase activity of
the receptor [77]. It was suggested that the 53 AA+ version of activated c—erbB may
be the major mediator of oncogenesis. The alternative short exon codes for a signal
peptide that normally targets env protein for membrane translocation. This function
was retained also in a fusion with truncated c—erbB, where it substituted for missing
authentic c—erbB signal peptide. During the processing the 53 AA* protein had the
signal sequence cleaved off, was fully glycosylated and exposed on the cell surface,
in contrast to the 53 AA™ version, which was only partially glycosylated and was
not exposed on the cell surface [85].

The frequency of erythroblastosis is just several percent in most chicken strains
including outbred flocks; there are however inbred strains that develop ALV-induced
erythroblastosis with penetrance ca 80%. This sensitivity is a dominant trait not con-
nected with the ability of ALV to activate c—erbB, but rather determining sensitivity
of the animal to such activation [127].

In high proportion of tumors the situation was obscured by formation of
c—erbB-transducing recombinant virus. While oncogene transduction is generally
a rare event [25], highly leukemogenic viruses carrying truncated version of c—erbB
can be isolated from up to 50% of chickens with ALV-induced erythroblastosis
[92, 124]. That has made erythroblastosis an attractive model and rich source of
material for studying mechanisms of transduction. For nearly all other isolates of
acutely transforming retroviruses the original tumor where the virus has originated
is not available and the virus has further evolved during repeated passages since
then. Here, by comparing sequences of the transducing viruses with sequences of the
insertionally activated c—erbB genes and fusion mRNAs synthesized in the tumors
it was possible to confirm basic scheme of transduction as suggested earlier. Details
of the mechanism are beyond the scope of this book; for them, see [25, 59, 92, 124,
128, 146]. The important point is that the first step of transduction is the synthesis
of hybrid mRNA containing both the retroviral and oncogene sequences, i.e. the
transduction is preceded by an insertional mutagenesis. Hence it is not surprising
that the sites of truncation in insertionally activated c—erbB and in the transduced
v—erbB precisely coincided.
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4.5 Chicken Nephroblastomas Induced by MAV: Complex Model
Suitable for High Throughput Oncogene Screening

In previous chapters we have described mechanisms of insertional mutagenesis by
retroviruses in hematopoietic cells, which led to the identification of several onco-
genes. Each of the models has been dominated by a single CIS. Hematopoietic
malignancies are generally characterized by a less diverse pattern of mutated genes
than solid tumors. Solid tumors, especially carcinomas, display high complexity
and variability of karyotypic alterations, which seriously complicates the search for
oncogenes and tumor suppressor genes in these tumors [94]. The complexity prob-
ably results from the complex homeostatic control of cells in solid tissues which
must be overcome. Thus, finding appropriate model tumors which would enable
a large-scale search for solid tumor oncogenes and tumor suppressor genes has
been a challenge. The models based on MAV retroviruses are among the successful
ones.

MAV-1 and MAV-2 (myeloblastosis-associated viruses 1 and 2) are simple
slowly oncogenic retroviruses classified with ALVs. They differ by their env gene
(and, consequently, by host specificity), MAV-1 belonging to subgroup A, MAV-2
to subgroup B. They are highly homologous to other ALVs except one region: the
U3 part of LTR, the region containing proviral enhancer/promoter and playing cru-
cial role in insertional activation (see Sections 4.1 and 4.2). It is this MAV-specific
region that confers very distinct oncogenic potential on MAV retroviruses [67].
When MAV-1 or MAV-2 are injected into 12 day old embryos or newly hatched
chicks they induce nephroblastomas with efficiency 70-100% depending on chicken
strain. Multiple tumors become visible on kidney of an infected animal as early as 2
months after infection and they rapidly grow into massive size [68, 140, 158, 160].

The chicken nephroblastomas are embryonic tumors derived from nephrogenic
blastema cells which persist in the newborn kidney for several days after hatching.
They consist mainly of undifferentiated mesenchyme and aberrant differentiating
epithelial renal elements reminiscent of developing kidney. They are comparable
to human nephroblastomas—Wilms’ tumors both by their histology and presumed
target cells of tumorigenesis [7, 11, 56, 62].

First attempts to identify CISs in chicken nephroblastomas had only limited suc-
cess. Two groups reported two different loci hit by proviral integration in chicken
nephroblastomas—Ha—ras [160] and nov/ccn3 [68]. Although deregulation of these
genes in the chicken or mammalian cells have been proven to result in a transformed
phenotype, each of them have been found hit only in a single case and therefore they
could not be classified as CIS.

Restriction mapping of integration sites in clonal nephroblastomas using
Southern blot analyses revealed unexpectedly complex pattern from which exis-
tence of CISs could not be definitely inferred [114]. Three interpretations have been
put forward. Firstly, there may be a major CIS but it represents region too large to
be disclosed by restriction mapping on the background of several further integrated
proviruses in each nephroblastoma clone. Secondly, there might be no major CIS
but rather numerous less frequent ones. Thirdly, activating proviruses could carry
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deletions similarly to the situation in B-lymphomas which would invalidate the used
mapping strategy.

Later on, an improvement of the techniques for isolation and analysis of provirus-
flanking sequences enabled more comprehensive survey of VISs (“Viral Integration
Sites”) in nephroblastomas. As described in Section 4.2, defective proviruses are
very potent mutagens and deletion in the provirus may be a prerequisite for onco-
gene activation. Frequent occurrence of defective proviruses in nephroblastomas
has been documented before [115, 140, 160]. Therefore, to start with, molecular
cloning of VISs harboring defective proviruses in six randomly chosen nephroblas-
tomas have been carried out, leading to identification of the insertionally activated
gene twist. Subsequent screening of a panel of chicken nephroblastomas have shown
that the rwist gene is the first true CIS in these tumors—it was hit in approximately
4% of analyzed tumors [107].

These results strongly favored the hypothesis of numerous rather infrequent CISs
in the chicken nephroblastomas. To prove it, high throughput screening of VIS in
hundreds of nephroblastoma samples had to be performed. To achieve a maximum
coverage of VISs, two independent and overlapping methods for the VIS identifica-
tion were employed [108]: inverse PCR (iPCR) and LTR-based rapid amplification
of 3’cDNA ends (LTR RACE). The iPCR technique provided genomic sequences
flanking the integrated provirus. The technique was optimized to the level when
flanking sequences of all clonally integrated proviruses could be gel-isolated after
single PCR reaction; routine VISs recovery was 90-100% in each tumor. LTR—-
RACE technique provided sequences of mRNA species containing provirus LTR
at its 5’end, including hybrid mRNAs generated by readthrough transcription or
by transcription starting in the promoter of a defective provirus (see Section 4.2
and Fig. 4.1). LTR-RACE analysis covered up to 30% of VISs. The lower yield
achieved by LTR-RACE is compensated by the fact that found VISs were the most
relevant ones—those where high expression of cellular sequences was driven by
an integrated provirus. At the same time, the structure of LTR-RACE products
revealed details of the mechanism of host gene activation. Importantly, both tech-
niques detected only insertions present within a substantial proportion of tumor cells
as opposed to currently used sequencing strategies that record also oncogenically
unselected integrations present even in a single cell.

To date more than 1100 unique VISs have been identified in 187 MAV-induced
nephroblastoma clones [108] and (Pajer, unpublished). Out of them 69 candidate
tumor-related loci (denominated NALs, “nephroblastoma associated loci””) have
been selected according to any of the following three criteria:

(a) two and more VISs in a close genomic distance; the distance limit was set
arbitrary to 20 kb;

(b) two and more VISs within one annotated gene;

(c) VISs from the tumors harboring only a single integrated provirus as demon-
strated both by Southern blot hybridization and iPCR; to date only three such
samples have been found.
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It should be emphasized that not all candidate NALs necessarily have to represent
cancer-related genes, especially those hit by a provirus in two samples only. It has
been shown that using the sole criterion of multiple insertions into the same locus
in retroviral oncogene screens may lead to high proportion of false positives in con-
sequence of retroviral integration preferences [163]. The most relevant loci (those
hit in at least four tumors) were the foxPI, the plagl, the twist, and the c—Ha—ras.
FoxP1 (forkhead box P1) encodes a widely expressed transcription factor impor-
tant for heart, lung and lymphocyte development; it was shown to function either
as an oncogene or a tumor suppressor gene depending on cell type [76]. Plagl
codes for a zinc finger transcription factor in humans expressed only in embry-
onal tissues; its inapropriate activation is responsible for induction of several types
of human tumors [151]. Twist encodes a basic helix-loop-helix transcription factor
regulating epithelial-mesenchymal transition during embryogenesis and metastasis
and supporting survival of cancer cells [2, 22].

Analysis of produced mRNAs and provirus alignment in the selected CISs
showed that the molecular mechanism of activation was different in each case (see
also Fig. 4.3). All rwist-activating proviruses were integrated in the same transcrip-
tional orientation in a narrow region just upstream of the rwist initiation codon and
most of them carried various deletions or rearrangements, alike the ALV proviruses
activating the c—myc gene in chicken B-lymphomas (Section 4.2, Fig. 4.1c—f). Very
high expression of twist mRNA was driven mostly by 3'LTR promoter. Neither nor-
mal adult kidney nor nephroblastomas without MAV insertion in the twist locus did
contain detectable amount of twist mRNA while moderate level of rwist mRNA was
detected in the embryonic kidney.

Similarly, in tumors with activated plagl gene very high levels of the plagl
mRNA were found. This RNA was generated by a readthrough mechanism followed
by splicing between the MAV gag donor site and the plagl second exon acceptor
site, much like during c—myb activation in short latency lymphomas (Section 4.3,
Fig. 4.1b). The hybrid mRNA coded for full-length plag! protein.

A strikingly different situation was found in the case of foxP1. Proviruses were
inserted downstream of the first or second foxP! coding exons mostly in the same
orientation as the gene’s transcription. No gross change in overall expression of
foxP1 mRNA has been observed in any tumor harboring affected allele of the gene.
Hybrid MAV/foxP1 mRNAs, however, could be detected and analyzed using RT-
PCR; they coded for the N-terminally truncated FoxP1 proteins. Further analysis of
the effect of foxP1 truncation was complicated by the existence of alternative start-
ing points, alternative exons and alternative polyA signals in foxPI gene. Moreover,
it has been observed that both the amount and subcellular localization of FoxP1 pro-
tein was highly variable in individual nephroblastoma samples, including those not
harboring viral integration in foxP1 gene.

As to the c—Ha-ras activation, provirus insertions have been found in
5'untranslated region of the gene in the same transcriptional orientation. Both hybrid
MAV/c-Ha-ras mRNAs and normal c—Ha—ras mRNAs were observed; the hybrid
mRNAs coded for normal c-Ha-ras protein but they were missing 5" untranslated
region present in normal c—Ha—ras mRNA. The overall level of c—Ha—ras mRNA
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Fig. 4.3 Genomic organization, distribution of insertion sites and mRNA expression in
selected CISs. The CISs were identified in chicken nephroblastomas (foxP1, plagl, twist and Ha—
ras) or lung sarcomas (frk). Sites and orientations of individual proviral insertions are indicated
by arrows. Positions of translation initiation are marked by asterisks. Panels to the right show
Northern blot hybridization profile of a few representative tumor samples, except for the frk locus
where RT-PCR profile is shown. The samples harboring a provirus in the given locus are marked
by arrows

was the same in nephroblastomas with or without insertion in c—Ha—ras locus and
in the normal kidney. No point mutations, the archetypal mode of Ha—ras activation
in human and mouse tumors, have been found (Pajer, unpublished). How such “acti-
vation”, which affects neither mRNA level nor the structure of the produced protein
can participate in nephroblastoma induction is not clear. We suggest that deleting
5’untranslated region might result in the increased translation of the hybrid mRNA.
Alternatively, Ha—ras activation could be important only during the induction stage
in nephroblastema cells, the target cells of oncogenesis—for instance, if basal level
of Ha—ras expression is low in these cells (hit and run hypothesis).

The results draw a highly complex picture of virus-induced mutations in
nephroblastomas. Out of 69 candidate NALs only four were hit in a reasonable
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percentage of samples: the foxPI (in about 6% of tumors), the plagl (ca 5%
of tumors), the twist (ca 3% of tumors) and the c—Ha-ras (ca 2% of tumors).
All the identified NALs together would explain for induction of ca 130 out of
197 nephroblastomas (ca 65%). Evidently, many alternative cancer-related genes
(or combinations of them) may be deregulated by the provirus integration in
nephroblastomas.

The special feature of the chicken nephroblastoma model is the high efficiency
of infection of nephrogenic blastema cells [114, 160]. Each cell acquires numer-
ous integrations thus generating enormous amount of combinations of insertional
mutations. These facts establish the chicken nephroblastoma as a perfect model for
the study of oncogene/tumor suppressor gene cooperation during multistep tumor
induction.

4.6 Extension of Spectrum of MAV-Induced Tumors By Local
Homeostasis Perturbation: Lung Sarcomas, Liver
Carcinomas and the Industasis Phenomenon

In about 7% of MAV-2-infected animals late lung sarcomas or liver carcinomas
developed in addition to nephroblastomas. These tumors were independent primary
clonal outgrowths, not metastases originated from the nephroblastoma as shown by
distinct patterns of proviral integrations. While nephroblastomas and liver carcino-
mas appeared as nodules clearly separated from normal tissue, the lung sarcomas
were highly invasive: one tumor clone was frequently disseminated into several
foci in both lungs and in some animals these foci constituted majority of lung tis-
sue [106]. Presence of considerable amount of tumor cells could even be detected
by PCR in macroscopically normal lung tissue samples (Pajer, unpublished). Both
types of late tumors would represent new interesting models for oncogene screening
if it were not for the crucial drawback: they were too rare to provide enough samples
for thorough analysis.

The obstacle of low penetrance was cleared by discovery that injection of MAV-2
producing chicken cells instead of virions intravenously into the embryos or newly
hatched chickens changes formerly rare tumors into frequent ones. In the case of
lung tumors the process of tumorigenesis was also markedly accelerated—the lung
tumors appeared in most animals within 1-2 months after cell injection, prior to
nephroblastomas and liver tumors, the latency of which did not change. The cell-
assisted tumors did not differ from the rare ones neither by gross morphology nor
by histology. Preventing the division of injected MAV-2 producing cells by treat-
ment with mitomycin did not abolish their ability to promote tumor formation.
Consistently, the cell-assisted lung and liver tumors were shown to be of the host
origin and not to contain detectable amounts of the injected cells [106] and (Pajer
et al., in preparation).

Surprisingly, the same tumor-promoting effect was observed when animals were
injected first with MAV-2 virus at embryonal day 12 and then with uninfected
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chicken embryonal fibroblasts 9 days later, shortly after hatching. At that time all tis-
sues of the animal including lungs and liver were already fully infected, suggesting
that injected cells do not function only as reservoirs spreading virus in the animal.
This conclusion was further supported by the fact that injected cells affected nei-
ther the spectrum of infected tissues nor the level of their infection. However, when
injections were carried out in the opposite order, i.e. the virus was injected 9 days
after the cells, no tumor promotion was observed [106]. This fact suggests that the
tumor-promoting effect of the injected cells persists not longer than several days.

To follow the fate of the injected cells, [35S]methionine-labelled embryonal
fibroblasts were used and monitored in individual embryonic tissues both by
total tissue radioactivity and by paraffin-embedded section autoradiography. The
experiments showed a prompt passage of the injected cells from blood into the
tissues where they settled as individual stray cells. 20 h after injection the cells
were detected in all analyzed embryonic tissues including brain; the highest levels
were found in the liver, kidney, and lungs while the residual levels in the blood were
very low.

Based on these observations the concept of industasis was proposed—a promo-
tion of fully malignant phenotype of an incipient tumor cell by a stray cell through
a disruption of local homeostasis; for details see [106]. It was suggested that the
phenomenon of industasis might be the underlying cause of many human multiple
primary tumors when a stray cell released by an advanced tumor promotes tumor
formation from another, mutated and potentially malignant cell that was kept under
control by tissue homeostasis.

Besides its potential impact on our understanding of mechanisms of oncogenesis
in general, the industasis fenomenon advanced the model of MAV-2 insertional
mutagenesis as it enabled a large scale analysis of lung and liver tumors. Both
rare virus-only-induced and frequent cell-assisted tumors have been searched for
CISs using the same methods as described in Section 4.5, i.e. iPCR and LTR
RACE. Quite dissimilar pattern of CISs was revealed in the lung versus liver
tumors; importantly, however, there was no difference between the rare and the
cell-promoted tumors [106].

In contrast to nephroblastomas, where numerous low frequency CISs have been
found, lung sarcomas were dominated by a single one. In more than 95% lung
tumors a provirus insertion was observed in the gene frk/rak [106] and (Pajer
et al., unpublished); no other CIS was identified. The frk (fyn-related-kinase gene)
encodes a tyrosine kinase expressed in humans predominantly in epithelial tissues
[19]. It was shown to act as a tumor suppressor gene that negatively regulates
PI3K/Akt pathway through stabilisation of PTEN, another tumor suppressor and
negative regulator of PI3K [13, 167]. Surprisingly, frk-knockout mice displayed
very mild phenotype and no increase in tumor incidence [21]. The model of chicken
lung sarcomas has demonstrated for the first time the oncogenic capability of frk
overexpression, previously being only suspected [60].

The provirus/frk arrangement was much alike provirus/c—myc arrangement in
B-lymphomas: defective proviruses had integrated in the same transcriptional
orientation into a very narrow area within the promoter/5UTR region in front
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of the gene’s coding sequences. Most defects were internal deletions compris-
ing the enhancer element in 5'part of gag (Pecenka et al., in preparation). High
levels of MAV-2/frk hybrid mRNA initiating in the proviral 3’LTR have been
detected in all samples carrying provirus insertion in the frk locus. The pro-
tein coding sequence was not afflicted in any sample. No frk expression was
detectable neither in tumors with unaffected frk locus nor in the non-tumor lung
tissue [106].

In liver tumors, the pattern of CISs was more variable and different from
the pattern in kidney or lung tumors (Pajer et al., in preparation) and (Pecenka
et al., in preparation). The vast majority of liver tumors carried MAV-2 provirus
inserted within one of four genes: c—Ha—ras (39% of tumors), c—erbB/EGFR (32%),
c—ron/c—stk/c—sea/MSTIR (11%) or c—met/HGFR (7%); no other CIS was recorded.
The last three genes encode receptor tyrosine kinases expressed in many types of
epithelial cells and implicated in several carcinoma classes in humans [47, 104,
156]. Interestingly, they all control, among others, signaling pathways converging
on the c—Ha—ras, the most frequently activated gene in chicken liver tumors. That
suggests that activation of the c—Ha—ras signaling is the pivotal disturbance in all
MAV-2 induced liver tumors and that insertions into four alternative genes might
be just four different ways how to affect c-Ha—ras and pathways downstream of
it. Consistently, simultaneous activation of two or more of these genes in the same
tumor was never observed, though, on mere statistical basis, c—Ha—ras should be
hit in about one third of tumors with c—erbB activation and vice versa. It must be
pointed out, however, that the screen did not comprise genes connected with pro-
gression steps since all samples analyzed were early stages of tumor development,
according to terminology of [73] classified as preneoplastic nodules or adenomas
(Pajer et al., in preparation).

Similarly to nephroblastomas, c—Ha—ras gene was activated by provirus inser-
tion into the gene’s 5'untranslated region; the c—Ha-ras coding sequences were
preserved. Alike in nephroblastomas, no point mutations have been found. Unlike
nephroblastomas, however, insertions resulted in substantial overexpression of
hybrid MAV-2/c—Ha—ras mRNA initiating in the proviral 3’-most LTR. All activat-
ing proviruses have been heavily rearranged including large deletions, duplications
and inversions (Pecenka et al., in preparation).

The mode of c—erbB activation resembled the situation in ALV-induced ery-
throblastosis (Section 4.4): all proviruses had integrated into the same intron in the
middle of the gene. That resulted in high expression of hybrid mRNA encoding the
N-terminally truncated c—erbB/EGFR fused to the first 6 AA of gag gene. Contrary
to erythroblastosis the c—erbB-activating proviruses had been heavily rearranged
much alike the c—Ha—ras-activating ones. Due to the provirus rearrangement, vari-
ant mRNA containing env mini-exon described in erythroblastosis model could not
be generated.

The c—ron activation paralleled the c—erbB activation in all aspects described
above including the truncation of gene’s 5'part that codes for the receptor’s extracel-
lular ligand-binding domain. Alike in case of c—erbB, N-terminal truncation confers
constitutive kinase activity on c-ron protein [82].



901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

4 Chicken Models of Retroviral Insertional Mutagenesis 97

The details of c—met activation could not be conclusively established since
RNA from these tumors was not available. Based on DNA analysis it seems that
the integrated defective proviruses could drive overexpression of the full-length
protein—they were located upstream of the gene’s initiation codon (in the promoter
or 5'untranslated region), in the same transcriptional orientation.

4.7 Evidence of Multistage Cancerogenesis in Chicken Models

Tumors are end products of successive evolution through selection of progressively
more malignant cell subclones which is reflected by complex pattern of accumu-
lated mutations of oncogenes and tumor suppressor genes (“cancer genes”). Such
complex pattern is typical for human tumors and has also been found in mouse
tumor models. In majority of chicken models the mutational pattern seems to be
quite simple (see previous Sections); that may, however, be just due to the absence
of thorough high throughput analyses. Nevertheless, the multistep nature of onco-
genesis in chicken models can be evidenced by studying progressive evolution of
tumors.

The examination of early stages of B-lymphoma development (Section 4.1)
showed that cells with a proviral integration in the c—myc locus appear early after
ALV infection. The chicken Bursa of Fabricius is compartmentalized into ca 10 000
follicles which are colonized by B-cell progenitors during late embryonic develop-
ment [103]. One month after ALV infection of young chicks, up to 100 hyperplastic
transformed follicles are observable in bursa. Each of them represents a clonal out-
growth of a different cell with activated c—myc [9, 48]. The hyperplastic state is not
a consequence of accelerated proliferation but of blockage of lymphoblast differen-
tiation and emigration from bursa [12]. Nearly all transformed follicles disappear
during bursa involution, only one or a few (if any) of them progress to the stage of
B-lymphoma. Distinct and (to a lesser extent) overgrown clones of cells with acti-
vated c—myc gene have also been observed 1 month after infection in tissues where
primary tumors do not develop (spleen, bone marrow). Thus, c—myc activation is the
early step in oncogenesis, but it is not sufficient for B-lymphoma formation; further
steps must follow. Indeed, when chicken B-lymphomas were searched for additional
CISs, the gene bic coding for regulatory RNA miR—-155 was found insertionally
activated in a significant proportion of chicken B-lymphomas, most frequently
in metastases together with activated c—myc [23, 38]. Undoubtedly, an extensive
analysis of chicken B-lymphomas would discover further activated genes coop-
erating with c—myc during tumor development much like in mouse MLV-induced
T-lymphomas where many such genes have already been found [91, 142].

A very similar situation was observed during short latency lymphoma devel-
opment (Section 4.3). Here the c-myb gene was found activated in hyperplastic
follicles in bursa early after infection. Contrary to long latency B-lymphomas, emi-
gration of the transformed lymphoblasts was not fully blocked. Cells harboring
activated c—myb also infiltrated neighbouring follicles (without compromising the
structure of bursa) so that substantial proportion of bursa was formed by clusters
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of hyperplastic follicles [98, 117]. While bursa mostly stayed in a hyperplastic state
without tumors, the lymphoblasts released from it pervaded liver (plus bone marrow
and other organs) and formed B-lymphomas there. Even in chicks which eventually
developed no lymphoma, the bursa of Fabricius was mostly overgrown by oligo-
clonal population of cells with activated c—myb. Obviously, lymphoblast clones with
activated c—myb had a strong advantage when populating bursa, but absolute major-
ity of them did not progress to form tumors. Thus, again, c—myb activation is only
one event in a multistep process of oncogenesis. The additional steps, however, seem
mostly not to involve insertional activation since a high proportion of short latency
B-lymphomas contain only a single ALV provirus—the one in the c—myb locus [71].

Recently, a frequent insertional activation of telomerase reverse transcriptase
gene (TERT) was discovered in short latency B-lymphomas [165]. Activation of
TERT and c—myb, however, seem to represent alternative, not cooperating events
since tumor clones carrying activated TERT did not contain activated c—myb and
vice versa.

Also the development of erythroblastosis (Section 4.4) shows the same signs
of multistep tumorigenesis: multiple distinct clones of cells with insertionally acti-
vated c—erbB originate and overgrow in hematopoetic tissues but only one or few
clones in spleen or bone marrow go on to form a tumor [48]. So far, no search for
c—erbB-cooperating genes in chicken erythroblastosis was performed. Similarly, no
systematic attempts to identify cooperating oncogenes in MAV-induced tumors have
been carried out yet.

It must be emphasized that some steps in a multistage retroviral oncogenesis
may have no relation to provirus insertions. Spontaneous mutations and chromoso-
mal rearrangements, the major mechanisms operating during human tumorigenesis,
may be involved, especially when we realize the huge reservoir of premalignant
cells created by the first step of tumorigenesis, i.e. by the insertional activation of
an oncogene. However, to discover genes affected by stochastic processes is incom-
parably more difficult than to pick up genes tagged by integrated proviruses and
relevant technologies are very labor-intensive and costly. Consequently, no data are
available about possible involvement of point mutations or chromosomal rearrange-
ments in the models described above. Limited searches for Ha-ras mutations in
chicken nephroblastomas and liver tumors (Pajer, unpublished) provided negative
results.

4.8 The Future of Models Based on Chicken Retroviruses

During the last years the effort to identify genes implicated in cancer induction
and development (“cancer genes”) has intensified. High throughput forward genetic
screens based on insertional mutagenesis have been employed and transposons as
a new versatile insertional mutagens have been introduced [37, 150]. Supremely
informative data started to be acquired by genome-wide analyses of human tumors
[29, 144]. All this effort is driven by hopes that with detailed knowledge of “genetic
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landscape of cancer” it will be possible to design new therapeutics targeted directly
against the crucial mutated cancer genes. Such therapeutics are expected to be more
efficient and have less detrimental side effects compared to the conventional ones
that are directed nondiscriminatingly against all rapidly dividing cells.
Accumulating results show that the number of genes that can be implicated even
in one particular type of cancer is formidable albeit in a single tumor only several of
them are mutated. Thus, except for a few commonest oncogenes and tumor suppres-
sor genes, each potential cancer gene is mutated only in a very small proportion of
the tumors. To be able to design personalized therapy in every cancer case enormous
numbers of targeted therapeutics would have to be developed. Fortunately, major-
ity of the discovered cancer genes fall into a handful of signaling pathways which
are, to a large extent, shared between different tumor classes. With little exceptions
only one member of the pathway is mutated in one tumor reaffirming the notion
that deregulation of a particular pathways, not of a particular genes, is what matters
in tumorigenesis. Consequently, it should suffice to develop therapeutics targeted
against the selected key components of the pathways, not against all their members.
The genome-wide analyses of human tumors must comprise huge sample col-
lections due to large heterogeneity of tumors, large number of alternative cancer
genes and presence, in each tumor, of immense numbers of fortuitous passenger
mutations not related to cancerogenesis. The results have to be processed using sta-
tistical analyses and the screens provide rather suspect than undoubted cancer genes
[162]. Moreover, these analyses reveal only static endpoint-set of genetic alterations
not showing the history and dynamics of tumor development; also the fundamen-
tal importance of stromal cells and tumor microenvironment is missed out. All
what was said underscores the imperative that extensive cancer gene screens were
followed by experiments—to validate the gene’s causative role in cancerogenesis,
show in what step they act, establish their grouping into individual signaling path-
ways, elucidate their mutual cooperation and study the role of microenvironment.
Since all this is impossible to pursue clinically, animal models are indispensable.
While mouse models of human cancerogenesis are now generally accepted [44]
a question remains if and to what extent the models based on evolutionary more dis-
tant species like chickens are relevant to humans. The answer is certainly positive
as majority of organ systems are shared between chickens, humans and mice, their
tissues have the same organisational principles and contain the same types of inter-
communicating cells. The signal transduction pathways including those involved in
tumorigenesis are conserved over much larger evolutionary distances, beyond the
phylum chordata. Nevertheless, different elements of the pathway or even differ-
ent pathways are often preferentially mutated in different species during oncogenic
transformation of a particular cell type. Such predisposition suggests that differences
in regulatory networks between different vertebrate species do exist or, at least, that
in some pathways different elements in different species are the rate-limiting ones.
Well known and frequently encountered difference is a varying pattern of tissue
specific expression of functionally redundant genes in different species. An illus-
trative example is induction of retinoblastoma in humans versus mice. In humans,
retinoblastoma originates after Rb/ gene has been homozygously inactivated in a
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single cell of developing retina. To induce retinoblastoma in mice, both Rb/ and its
relative p/07 must be inactivated. Different sensitivity to RbI inactivation results
from the simple fact that both Rb/ and pl107 are expressed in developing mouse
retina and can compensate for each other’s inactivation while only Rb1 is expressed
during retinal development in humans [36].

As a matter of fact, certain cancerogenesis-influencing differences in genetic
background exist even between strains of the same species and between individ-
uals from non-inbred population, which includes human population as well. All the
more significant differences must be expected between members of different animal
classes like between humans and chickens. Faithful modeling of a specific human
cancer is challenging even in mouse system [44, 125], therefore chickens do not
represent a suitable system for this type of modeling. When we use the term ““ani-
mal model” in the next paragraphs, we mean nothing more than productive and
convenient instruments to search for cancer genes and to study their function and
cooperation.

Cancer gene screens in animals, especially those based on mouse retroviruses,
have been very successful in gathering data applicable for outlining genetic land-
scape of cancer. For a long time, however, the investigation has been limited to
hematopoetic and mammary tumors due to a limited tissue tropism of the used
mouse retroviruses (MLV and MMTV). To progress further it was essential to
extend the range of analyzed tumor types and, ideally, to create models corre-
sponding to the most relevant human tumors. This objective was fulfilled with great
success by the development of universal transposon-based technology [26, 73, 141].

The tropism of avian retroviruses is not as strictly limited as is the case for MLV
and MMTV. In addition to neoplasias described above (B-lymphoma, erythroblasto-
sis, nephroblastoma, lung sarcoma and hepatocarcinoma) simple avian retroviruses
are capable of inducing many other tumor types, e.g. myeloid leukosis, histiocytic
sarcoma, angiosarcoma, fibrosarcoma, renal carcinoma, mesothelioma, and pancre-
atic adenocarcinoma [15, 110, 113, 121, 137, 153]. Though the penetrance of these
malignancies is mostly very low, the fundamental ability to transform a wide range
of target cells is apparent. To carry out cancer gene screens, however, the frequency
of rare tumor classes have to be increased. Below we suggest two ways how to
achieve that; no doubt further possibilities can be conceived or will come up over
time.

Nongenetic non-cell-autonomous factors that influence tissue homeostasis, such
as wound healing and local inflammation, have long been known to play an impor-
tant role in both experimental and human oncogenesis [69, 74, 86, 154]. The
industasis phenomenon (Section 4.6) illustrates that these factors may as well oper-
ate during oncogenesis through insertional mutagenesis. Classical tumor promoters
like phorbol esters fall into the same sort of factors. Many different tumor promot-
ers have been described, some of them tissue specific [87]. Hence, the penetrance
of the rare retrovirus-induced cancer classes can be increased by tumor promot-
ers either through their tissue-specific delivery or by using the tissue-specific ones.
The important point is that assistance of tumor promoters does not bring any addi-
tional genetic changes into the cells and that tumors originate from the same pool
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of dormant mutagenized cells that give rise to the rare tumors when no promotion is
applied (see Section 4.6). In addition to the increased penetrance, tumor promoters
could also reduce latency thus facilitating study of tumor progression.

The oncogenic spectrum of simple retroviruses is primarily determined by the
promoter/enhancer sequences in provirus LTR—see, for example, the properties of
MAV/RAV recombinants [67]. Consistently, enhancer mutations have been shown
to change oncogenic spectrum of the retrovirus [39, 139]. This is not surprising since
tissue-specific activity of promoter/enhancer not only determines the tissue where
the virus will replicate best, but also the cell type where the integrated provirus will
affect neighboring genes most vigorously. Manipulating the enhancer is thus another
way how to shift retroviral oncogenic spectrum. For example, segments of known
tissue specific promoters/enhancers may be inserted into viral U3 region. Definitely,
problems with the proper enhancer design can be anticipated, resulting from our
lack of understanding how combined enhancer segments interact with each other.
These problems, however, may be surmounted by generating many alternative vari-
ants (e.g. by shotgun approach when assembling the LTR or by employing random
mutagenesis) and selecting the successful variants in cell culture or animals. Similar
approaches have already been utilized, though with varying success, see e.g. [5, 42,
43, 52, 88].

To understand fully the relevance of results obtained in animal cancer gene
screens, we must contemplate also another factor, independent of evolutionary
distance, responsible for the incomplete overlap of cancer genes mutated in exper-
imental model versus human cancer. It is the dissimilar molecular mechanisms of
cancer gene mutation/deregulation. In humans the cancer genes are affected largely
by point mutations and chromosome rearrangements while in animal screens they
are altered by provirus/transposon insertions. This introduces bias to the spectrum
of mutated cancer genes because (i) oncogenic changes of a cancer gene introduced
by point mutations or chromosome rearrangement cannot always be accurately sim-
ulated by proviral insertion and (ii) the starting distributions (prior to oncogenic
selection) of chromosome rearrangements, point mutations and proviral insertions,
respectively, throughout the genome are uneven and differ from each other.

(i) Evidently, the effect of human cancer gene amplification (with resulting over-
expression) or, conversely, the effect of gene knockout/deactivation can be
reproduced by provirus/transposon insertion. Also the effect of chromoso-
mal translocation can mostly be simulated by insertional mutagenesis, see
c—myc activation by translocation in human Burkitt lymphomas [32] as well
as by insertion in chicken B-lymphomas or mouse T-lymphomas [30, 126].
In these cases the full-length cancer gene is overexpressed as a result of
being placed under the control of strong non-authentic promoter/enhancer.
Frequently, however, the translocated human cancer gene is not only over-
expressed, but also truncated and fused to another gene which results in
production of a chimeric protein [94]. Effects of such translocations can be
mimicked by insertional mutagenesis only in those instances when the over-
expression and/or truncation alone, without a fusion, is sufficient to activate
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the gene’s oncogenic potential or when the cancer gene’s fusion partner can
be substituted by retrovirus/transposon-derived sequences like in the case of
bcr—abl and gag—abl fusions [161]. Point mutations, the typical mode of onco-
genic activation of many cancer genes in humans, cannot, obviously, be inflicted
by provirus/transposon insertion. In spite of it, many of these genes repeat-
edly emerge in insertional mutagenesis screens. It is so because they can
also be activated by other mechanisms than point mutation, e.g. by amplifica-
tion/overexpression as exemplified by Ha—ras gene [83, 108, 120, 145, 148] or
by truncation as exemplified by B—raf gene [26, 90]. Certainly, cancer genes
mutated by different mechanisms may have not fully equivalent oncogenic
properties; that, however, is irrelevant since we are discussing forward genetic
screening, not modeling of a particular human tumor.

(i1) Even if particular gene can be, in principle, oncogenically activated by differ-
ent mechanisms (for example by chromosomal translocation in humans and by
provirus/transposon insertion in experimental animals) the relative frequency
of such events may be very different. The primary choice of chromosomal
recombination sites as well as selection of integration sites are far from random.
Particularly the frequency of breakage and recombination in different parts of
human genome is highly non-uniform as manifested by the existence of hot
spots of recombination and chromosomal fragile sites. This bias is caused by
specific local DNA and chromatin features that are unrelated to function of the
residing genes. Different features are relevant for chromosomal recombination
versus provirus/transposon insertion [17, 18, 166, 169]. In consequence, when
particular pathway is to be deregulated, different elements of the pathway will
be preferentially mutated in humans versus experimental animals.

The propensity to mutate preferentially different genes exists even between dif-
ferent insertional mutagens. For instance, H-ras gene is frequently activated by
retroviral proviruses [83, 108, 145, 148] but never by Sleeping Beauty transposon
[141]. Even closely related retroviruses that induce identical subclass of tumors but
differ in their enhancer sequences may activate very different sets of genes [65].
Most plausible explanation of this phenomenon is that there exists significant (yet
so far overlooked) interaction of inserted enhancer sequences with the host regula-
tory sequences at the site of insertion; this interaction may be productive in case of
one enhancer and counterproductive in case of another one.

There are some practical advantages of chicken system worth to mention. For
example manipulating and monitoring chicken embryo is much more feasible and
convenient. A great advantage of chicken system is that gene activation is preferen-
tially carried out by the promoter insertion mechanism, which is characterized by a
narrow region of insertions in front of the activated gene. This eliminates dilemma
frequently encountered in mouse models: which of the genes in the CIS locus is the
cancer-related one, see [53, 131].

One disadvantage of chicken models must also be mentioned here. It is the
absence of the huge variety of strains predisposed to specific tumor types due to
the presence of transgenic or knockout cancer gene alleles, which are available
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in mouse system. Insertional mutagenesis in genetically engineered animals is a
powerful method for studying cancer genes cooperation. The first generation of
genetically engineered mice had, however, certain week sides: the oncogenic muta-
tion was expressed already during embryogenesis and in all cells of the target tissue,
which is very different condition compare to spontaneous tumor origination and
may significantly influence course and outcome of tumorigenesis [44, 130, 171]. To
preclude this drawback, new generations of genetically engineered mice are being
constructed in which the oncogene/tumor suppressor gene is activated/deleted later
during the lifetime and only in sporadic cells [66, 89, 95, 157].

The technology for generating transgenic chickens is now at hand [51, 70]; how-
ever, the range of genetically modified chicken strains can never come close to the
variety available in mouse system. Fortunately, production of predisposed genet-
ically modified chickens can be conveniently substituted by using in vivo gene
transfer mediated by retroviral or transposon-based vectors that carry an activated
oncogene, inhibitory RNA directed against tumor suppressor gene or dominant-
negative form of tumor suppressor gene. This technique, moreover, does not
comprise the drawbacks of the transgenic approach mentioned above. Combination
of insertional mutagenesis and in vivo gene transfer would enable not only to inves-
tigate cancer genes cooperation in chicken models but also to redirect the retrovirus
tumorigenic activity into selected tissue either by tissue-specific vector delivery or
through the tissue-specific capacity of the delivered cancer gene. Efficacy of in vivo
gene transfer strategies has already been proven in mouse system [57, 64, 73, 78].

The conclusion of the above discussion is that no cancer gene screening model
fully reproduces corresponding human cancer. Multiple models including multi-
ple model animals must be combined to cover all players involved in the disease.
Comparing and integrating results obtained in different models and in genome-wide
screening of human tumors may prove to be especially beneficial for delineating the
genetic landscape of cancer. Thus, we are convinced that models based on chicken
retroviruses can still considerably contribute to our knowledge of genes, pathways
and networks implicated in cancerogenesis.
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Abstract

We have developed a new model of liver cancer based on insertional mutagenesis by the chicken
retrovirus MAV-2 and tumor promotion through local homeostasis disruption by stray non-tumor
cells. Liver lesions induced in this model developed within 2-3 months and closely resembled three
types of human liver cancer: hepatic hemangiosarcomas, hepatocellular carcinomas, and intrahepatic
cholangiocarcinomas. In over 85% of these tumors one of four genes (HRAS, ERBB1/EGFR,
RON/MST1R and MET/HGFR) were insertionally activated. There was a clear correlation between the
mutated gene and tumor type — HRAS was activated in hemangiocarcinomas, EGFR in
hepatocarcinomas, and MST1R in cholangiocarcinomas or combined hepato-cholangiocarcinomas.
The histopathology of lesions with activated HGFR was not performed due to their very small size.
The genes were activated through either overexpression of the wt allele (HRAS and HGFR) or
truncation of exons encoding the extracellular ligand-binding receptor domain thus creating a
constitutively active form of the receptor kinase (EGFR and MST1R). All the genes are known human
oncogenes. Most of them have already been implicated in human liver cancerogenesis; here we show,
for the first time, deregulation of MSTIR as the causative event in cholangiocarcinomas. Similarly as
in humans, growth of the great majority of liver lesions ceased at the stage of small nodules,
suggesting that the mutations discovered were early initiating events. Conclusion: This model, due to
very short latency, provides an opportunity to model the progression of three liver tumor types, study
the interplay of genetic and nongenetic factors in their development, and identify new targets for

therapeutic development.

Introduction

Liver tumors are among the most frequent and most fatal of human malignancies, with no
effective treatment options. The major types of liver cancer are hepatocellular carcinomas (HCC) and
the less frequent bile duct carcinomas — intrahepatic cholangiocarcinomas (ICC). Other histotypes,
including hepatic hemangiosarcomas (HHS), are rare (1, 2).

An absolute majority of HCC cases are linked to persistent liver damage and inflammation caused
by HBV or HCV infections, chronic intoxication with alcohol or aflatoxins, and some metabolic
diseases. Recurring regenerative hyperplasia, fibrosis, the sustained activation of inflammatory and
wound healing pathways, and inflammation-related increases in mutation rate create an effective
combination of tumor-promoting conditions (3). Early stages (dysplastic nodules) are being found in a

high proportion of individuals with chronic liver disease. Their progression through the sequential



overgrowth of more aggressive subclones may eventually lead to untreatable highly malignant tumors.
The inherent capability of progressed HCC to metastasize intrahepatically is the primary cause of
regular recurrences and poor prognoses. The development of HCC is very slow however, mostly
lasting tens of years, and the majority of dysplastic nodules never advance to the stage of malignancy,
similarly to precursors of other types of carcinomas (4, 5). Concerning genetics, HCCs are highly
heterogeneous. Extensive studies have uncovered a plethora of cancer genes and pathways that could
participate in tumor development, and the list is steadily growing (6, 7). Despite enormous effort a
great deal still remains to be done to comprehensively describe the genomic landscape of HCC.

All major attributes of HCC also apply to ICC, including the frequent occurrence of preneoplastic
lesions, strong promotion by chronic liver damage/inflammation, and high mortality. The HCC-
promoting liver diseases specified above increase the incidence of ICC as well, but there are additional
distinctive ICC-promoting conditions like hepatolithiasis, sclerosing cholangitis, and infection with
certain parasitic flatworms endemic in south-ecast Asia. However, a large proportion of ICCs has no
obvious etiology (8). The genetics of ICC has been less investigated than that of HCC but seems to be
equally complex (9).

HHS has been studied very little so far. Exposure to certain tumor promoting or mutagenic agents
(e.g. vinyl chloride) is the known risk factor for the development of HHS. There are no recognized
preneoplastic precursors to hemangiosarcoma and the knowledge of underlying genetic defects is very
limited (10).

To screen effectively for further cancer genes, validate their causative role in cancerogenesis, and
elucidate the interplay and chronology of individual events as well as study interactions between the
tumor and its microenvironment, animal models are indispensable. A list of existing liver cancer
models is extensive but contains mostly rodent models of HCC (11, 12).

Recently we established a chicken model based on the unique tumorigenic properties of
myeloblastosis-associated virus-2 (MAV-2) (13, 14). Infection of chickens with MAV-2 results in
tumor formation in three organs: kidney (nephroblastomas), lung (hemangiosarcomas) and liver. In
contrast to HBV- and HCV-related tumorigenesis, tumor induction by MAV-2 does not rely on viral
genes’ function. Instead, provirus integration (an obligatory part of the retroviral life cycle) and the
capacity of regulatory sequences residing in provirus LTRs to significantly influence the expression of
adjacent host genes are responsible for the activation of resident cellular oncogenes or inactivation of
tumor suppressor genes. Since retroviruses infect the target tissue with high efficiency and integrate
into the genome almost randomly, essentially each locus of a host genome can be hit by a provirus
insertion in some cells. If any of these insertions or their combinations incites malignant
transformation, the affected cell outgrows and gives rise to a tumor. Perturbed host gene loci can be
easily identified since they are tagged by integrated proviral sequences. Recurrent provirus insertion
into the same locus in independent tumors (a so-called CIS, Common Integration Site) is considered

proof of the presence of a cancer-related gene in the locus. This mechanism is referred to as
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oncogenesis through insertional mutagenesis and has proven to be the most effective technique of
searching for cancer-related cellular genes (11, 15).

We have already identified cancer genes insertionally mutagenized in MAV-2-induced
nephroblastomas (FOXP1, PLAG1, TWIST, HRAS etc.) and lung hemangiosarcomas (FYN-related
kinase — FRK) (13, 14). In our model we have also made the original observation that non-tumor cells
released into the blood circulation and passing further into tissues strongly promote the formation of a
tumor from latent malignant cells primed by MAV-2 insertional mutagenesis (13). Based on this
observation, we have proposed the concept of industasis — the promotion of a fully malignant
phenotype of an incipient tumor cell by a stray non-tumorigenic cell through a disruption of local
homeostasis.

Here we present histological and molecular analyses of chicken liver lesions induced by MAV-2
with the help of industasis. These analyses revealed HRAS, EGFR, MST1R and HGFR as driver genes

specific for individual tumor types and characterized the mechanisms of their tumorigenic activation.

Materials and methods

Animals: Outbread Brown Leghorns and inbred congenic CB and CC White Leghorns (16) were used.
All procedures were performed in accordance with the "Guide for the Care and Use of Laboratory
Animals" (NIH 1985) and approved by the Animal Care and Use Committee of the Academy of
Sciences of the Czech Republic.
Viruses: The MAV-2 was the MAV-2(N)-type virus isolated from the AMV-BAI-A complex stock by
plaque purification (14).
Cells: Chicken embryo fibroblasts (CEF) were prepared from CB embryos and infected with MAV-2
in culture. Semistable MAV-2-producing clonal fibroblastoid cell lines were prepared from kidney of
MAYV-2-infected CB embryos (A210, B211) or from lung of adult MAV-2-infected CB chicken (P4)
(13).
Tumor induction and sample collection
12-day chicken embryos were injected with 1x10° MAV-2-producing cells or with cell-free MAV-2
stock (4x10° PFU) into the chorioallantoic vein. The animals were sacrificed and examined 5 to 15
weeks post hatching. Macroscopically discernible liver nodules were resected for histological analysis
and isolation of DNA and RNA.
Analysis of samples

Histological analysis and isolation of DNA and RNA were performed as described (14). For
details of immunohistochemistry, iPCR, RT-PCR, sequencing and homology searches see

Supplementary Methods.



Supplementary methods

Histochemistry:

Immunohistochemical analysis was performed on a Ventana BenchMark ULTRA Advanced Staining
System (Ventana Medical Systems, Inc., USA) with the ultraView Universal DAB Detection Kit by
heat induced epitope retrieval at 95°C in cell conditioning medium CC1 for 36 or 32 minutes,
respectively, and incubation at 37°C for 24 or 32 minutes, respectively, with primary antibody diluted
1:100 (mouse monoclonal anti-CK antibody, clone AE1/AE3, Dako or mouse monoclonal anti-SMA
antibody, clone 1A4, Ventana, RTU, respectively).

Inverse PCR:

1 pg of genomic DNA was digested with BstYI plus Bcll restriction enzymes, circularized with T4
DNA ligase in a volume of 500 pl and linearized with enzymes cutting in the middle of the LTR
(ApaLl, Eco81I or Sphl; alternative enzymes was used to avoid systematically missing VISs
containing target sites for individual enzymes). Each reaction was carried out overnight under
conditions according to manufactures instructions and purified by phenol/chloroform extraction and
isopropanol precipitation between individual steps. 100 ng of final product was used as template for
PCR reactions under the following conditions: 1 U Taq polymerase + 0,005 U DeepVent polymerase
(New England Biolabs, Beverly, MA) per 20 pl in AccuTaq buffer (Promega, Madison, WI)
supplemented with 500 uM dNTPs and 500 nM primers. Mg concentration was adjusted to 2.5 mM
with MgSO,. PCR cycles were as follows: 95°C for 20 seconds, 22 cycles (95°C for 20 seconds, 65°C
for 12 minutes) plus additional prolonged cycles: 95°C for 20 seconds, 65°C for 18 minutes and 95°C
for 20 seconds, 65°C for 30 minutes. Three separate PCR reactions (using different pairs of primers)
were run for each tumor DNA providing 5'LTR junction fragments (primers L + 5”), 3’LTR junction
fragments (primers R + 3") and both (primers L + R). The PCR products were resolved overnight on
3% NuSieve GTG agarose (Lonza, Basel, Switzerland) in TBE supplemented with 50 mM sodium
acetate; individual bands were excised and placed into 100 pl of 100 mM KCI, 0,1 mM EDTA. The
samples were melted 5 minutes at 70°C and 1 pl of the melted samples were reamplified in 10 pl
reactions under the same conditions as above except using 15 cycles instead of 22. The reaction
mixture was purified with ExoSAP IT (USB, Cleveland, OH) before sequencing. A more detailed
protocol is available upon request.

RT PCR:

cDNA was synthesized as described previously (14). CIS-specific RT-PCR was performed using
GoTaq polymerase (Promega, Madison, WI) according to manufacturer instructions. For fusion HGFR

mRNA detection, AccuTaq polymerase (SIGMA, St. Louis, MO) was used. The standard cycling



protocol was 25 cycles (95°C for 15 seconds, 60°C for 30 seconds and 72°C for 30 seconds). When no
product could be seen on the agarose gel, 5 PCR cycles were added. The PCR products were resolved
on 2% NuSieve GTG agarose in TBE; for sequencing, individual bands were excised, reamplified and
purified as above.
Primers:
For position and orientation of retrovirus-specific primers see Fig. S2; the position of gene-specific
primers is indicated by the exon number (as shown in Fig. 3), their orientation by + sign.
iPCR primers: L (GGTGCATCAGGCGATTCCCTTATTTGG)
R (CCTGGGTTGATGGCCGGACCG)
5 (AAGGCTTCATTTGGTGACCCCGACG)
3" (TAAGACTACATTTCCCCCTCCCTATGCAAAAGC)
RT-PCRprimers
total HRAS mRNA: HrasE3+ (GCGTCTCCATGACCGAGTACAAGCTGGTG)
/ HrasE6— (CGTCGACACCTCTCCAAGTCAGG)
fusion HRAS mRNA: R/ HrasE6-
total 5’EGFR mRNA: EgfrE8+ (TGTGCAATGGCATTGGAATAGGTGAAC)
/ EgfrE10- (GCTGCTTGGTTCGGCCTCGGATA)
total 3’ EGFR mRNA: EgfrE16+ (TATCGTGCGGAAGCGCACCCTG)
/ EgfrE19—- (CCAGCAAGCGGCACACATGAGGA)
fusion EGFR mRNA: R/ EgfrE17- (GCCTGGTTTGGTGCCTCCCCACTG)
total 5"MST1R mRNA: MstrE4+ (CCACCCTCAGTGGCTTCGTCTTCG)
/ MstrE6—- (CAGGCTGGTGGCAGCAGGAGCTG)
total 3MST1R mRNA: MstrE16+ (TACTACAGCATCCGGCAGCACCG)
/ MstrE17- (GCAGGTAGCGGGCCATGTCGTAG)
fusion MST1IR mRNA: R/ MstrE17-
total HGFR mRNA:  HgfrE14+ (CCTGGACAGGCTGGTGAGTGCAAG)
/ HgfrE15- (CCACTGGACAGAATTGGGGAGAGGTC)
fusion HGFR mRNA: R /HgfrE15-
total AKT1 mRNA: AktE11l+ (ACTATGGTCGTGCAGTGGACTGGTG)
/ AKtE12— (CTTGGCATCATCAGGACCGCCTC)
fusion AKTImRNA: R/AKtE12-
control ACTB mRNA: ACTBsense (CCGTAAGGATCTGTATGCCAAC)
ACTBantisense (GTGTGGGTGTTGGTAACAGTCC)
DNA sequencing and homology searches
Sequencing reactions were performed using the BigDye Terminator Cycle Sequencing Kit (PE
Biosystems, Warrington, England) and resolved on an ABI PRISM 310 Sequencer. Primers L and R

were used for sequencing 5 and 3 junction fragments, respectively. High-quality noncomposite



sequences were edited using Chromas v1.42. Sequence homology searches were conducted using the
BLAT algorithm on the chicken genome assembly database (built 3, ENSEMBL project,

http://www.ensembl.org/).

Efficiency of the retrieval of insertion sites

In ca. 12% of the analyzed tumors, no insertion into any of the four major CISs was detected by iPCR.
We suggest that at least in a majority of these cases, the CIS-insertions were present but were missed
due to several possible reasons. We tested that highly GC-rich sequences and long stem-loop
structures were no obstacle for PCR under our conditions (very long initiation/elongation steps at
slightly decreased temperature). Nevertheless, some junction fragments were lost due to the presence
of recognition sites for linearization enzymes ApaLl, Eco81I or Sphl in the region to be amplified.
Since the average frequency of these target sites in the chicken genome is ca. one per 6 kb while the
frequency of BstYI+Bcll target sites is ca. one per 800 bp, the expected probability of successful
amplification is ca. 87% for each junction fragment. In case of nondefective proviruses where either a
5" or 37 junction fragment could be detected, the average total yield would thus be ca. 98%. However,
as a result of extensive rearrangement, the majority of cancer gene-activating proviruses produced
only one LTR-containing junction fragment, the other LTR (if present) was buried inside the provirus
structure and did not produce a genomic sequence-containing iPCR fragment (Pecenka, in
preparation). Furthermore, ca. 3% of junction fragments are expected to be longer than 5 kb, which is
above the size limit of PCR under our conditions. Finally, 21 out of 234 unique VISs (ca. 9%) could
not be unambiguously aligned since they were located in repetitive sequences or gaps of the current
genomic assembly or the host part of the iPCR product was too short.

Similarly, in ca. 11% of samples CIS-specific RT-PCR failed to detect activation of any of the four
major cancer genes. We suggest this was mostly due to the presence of non-tumor samples among
those analyzed. We found that some of the smallest liver lesions (ca. 10% of isolates) repeatedly
produced no distinct iPCR fragments, indicating the absence of any clonal cell population. These
lesions were considered non-tumor outgrowths, e.g. fibrotic and regenerative nodules, and excluded
from further analysis. Samples analyzed only by CIS-specific RT-PCR, however, could not be

preselected this way.

Results

Industatic promotion of liver tumors
Liver tumors were induced by intravenous injection of MAV-2-producing mesenchymal cells into
12-day chicken embryos. This treatment coupled virus infection and the introduction of tumor-

promoting cells, and had previously been shown to have the same effect as stepwise injection of
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virions and cells (13). Control embryos were injected with cell-free MAV-2 preparations. The animals
were sacrificed and examined 5 to 15 weeks post hatching. Macroscopically discernible liver nodules
were resected for histological analysis and isolation of DNA and RNA. As shown in Fig. 1, industatic
promotion increased the incidence of lung and liver tumors from 12 and 15 % to 69 and 38 %
respectively; renal tumors were not promoted.

Three types of tumors develop in MAV-2-mutagenized liver: hemangiosarcomas,
hepatocarcinomas and cholangiocarcinomas

All liver tumors appeared as well-circumscribed nodules 0.5-30 mm in diameter with no specific
lobular distribution. Two types of nodules could be recognized: off-white to yellow-white with the
texture of fibrous tissue, and rather soft pinkish-red or red-white-speckled (Fig. S1.). Histopathological
analysis (Fig. 2) revealed a heterogeneous spectrum of histotypes falling into three groups: HHS,
HCC (including preneoplastic stages), and ICC. HHSs mostly corresponded to the pinkish/red-white
nodules, while HCCs and ICCs were off-white/yellow-white and were indistinguishable from each
other macroscopically.

HHSs contained large cystic vascular spaces often filled with red blood cells, surrounded by bulky
and dense masses of unorganized poorly differentiated spindle-shaped endothelial cells bulging into
the vascular lumen in some places. The tumors were accompanied by occasional hemorrhage and
histologically resembled the high grade stage of human hemangiosarcomas (17).

HCCs were composed of densely packed well to poorly differentiated hepatocytes with
pleomorphic nuclei and prominent nucleoli. The appearance of tumors was trabecular with minimal
stroma, sometimes with a pseudoacinar pattern within the trabeculae, occasionally with
pseudoglandular structures accompanied by pronounced stroma. Architectural atypia of HCCs
included high cell density, a multilayer nature of epithelial structures, and an absence of triads plus
hypovascularity in many places. Unpaired arteries and stromal invasion were present in progressed
tumors. According to the criteria and terminology introduced by the ICGHN (18), these tumors ranged
from high grade dysplastic nodules to early HCC.

ICCs comprised disorganized ducts, cell nests and cords as well as individualized cells,
surrounded by rich amounts of fibrous stroma. The cells of ICC were cuboidal, columnar, or
pleomorphic with small nuclei and less prominent nucleoli compared to that of HCC. Occasionally
there was a small amount of inflammatory cell infiltrate. Overall the chicken ICCs resembled the mass
forming ductular type of human ICC (19).

Two tumors displayed features of both HCC and ICC, reminiscent of combined hepato-
cholangiocarcinomas described in humans (20).

Clonal status of the tumors, intraorgan metastasis, and tumor invasion

To carry out high throughput identification of VISs, we optimized the iPCR technique so that for

each tumor we obtained even amplification of all clonal junction fragments in a single reaction

(Supplementary Methods and Fig. S2). The clonality and clonal homogeneity of lesions were



confirmed by distinct iPCR fragments with uniform intensity and by identical iPCR patterns in DNAs
isolated from distant parts of a nodule (see nodule 6781Lil, Fig. S2B). By contrast, iPCR patterns in
liver, lung, and kidney tumors from the same animal were completely diverse, implying independently
originated tumors.

Multiple liver nodules found in some animals mostly also exhibited diverse patterns of MAV-2
insertions. In a few cases, however, two or three of these nodules displayed identical patterns,
indicating intrahepatic metastasizing; all the respective nodules fell into the HHS group. In such cases
only one nodule was further analyzed except two pairs of nodules that were clonally related but not
identical (6775Li2/Li3 and 6239Li2/Li3). The latter pair of nodules in fact did not represent metastasis
but rather tumor invasion, since the apparently separate nodules 6239Li2/Li3 (Fig. S1) were connected
by a thin thread of white tenacious tissue inside the liver body. These nodules also demonstrate how
clonal evolution can be traced using iPCR. There were four common iPCR fragments in the nodules
plus several Li3-specific ones (Fig. S2B). The Li3-specific fragments (and one common) were weaker,
suggesting that Li3 was a mixture of at least two subclones sharing three common fragments.
Apparently, Li3 was the parental nodule and Li2 was founded by one of the Li3 subclones.
Identification of insertionally activated cancer genes

To identify VISs, nearly 400 iPCR-produced MAV-2 junction fragments from 52 liver tumors
were gel-isolated, PCR-reamplified and directly sequenced. Sequences were aligned to the chicken
genome (see Supplementary Methods). Twenty fragments contained only MAV-2 sequences. The
remaining fragments represented 234 unique VISs (on average 4.5 clonal proviruses per tumor,
ranging from 1 to 11 proviruses per tumor). Positions in the chicken genome were reliably assigned to
213 VISs (Tab. S1). Only 204 aligned VISs were truly independent since there were 9 pairs of
identical VISs contained in the clonally related samples. Among these we identified four major CISs
that fulfilled the strictest criteria of the CIS definition — the clusters of insertions were 1 to 20 kb wide
and contained insertions from 5 or more tumors (Tab. S1 and Fig. 3). Each major CIS could be
unequivocally associated with a single gene encoding a member of classical signaling cascades known
to be causally linked to cancerogenesis: small signaling GTPase Ha-ras, and the receptor tyrosine
kinases Erb-B/EGFR, Ron/MST1R and Met/HGFR. These gene loci were hit in 15, 18, 6 and 5
independent tumors, respectively (Fig. 3 and Tab. 1, S1 and S2). Simultaneous integration in two or
more major CISs was not found in any tumor. In 6 tumors (12 %) no major CIS was found to be hit.

The AKT1 locus represented a minor CIS, hit in three independent tumors (Fig. S4, Tab. S1 and
S2). These three tumors also carried the provirus in one of the major CISs (HRAS, HGFR and MST1R,
respectively). Provirus integrations in LIMS1, EPAS1 and HSIBP3 loci, resp., each in two
independent tumors (Tab. S1), were not statistically significant enough to be considered a CIS.

Modes of cancer genes deregulation: overexpression versus gene truncation
Next we examined the expression of the identified cancer genes using CIS-specific RT-PCR that

detected either all gene-specific mRNAs or only hybrid mRNAs containing sequences of both the
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MAV-2 LTR and a candidate cancer gene. This extended our analysis to samples from which only
mRNA was available and revealed the impact of inserted provirus on CIS-associated genes. The RT-
PCR confirmed recurrent provirus integration into the major CISs and demonstrated the significantly
increased expression of candidate cancer genes in the affected loci (Fig. 4, Tab. 1). The VISs positions
and the structure of provirus-induced transcripts, revealed by sequencing of iPCR and RT-PCR
products as well as mapping of the provirus structure (Pecenka et al., in preparation), allowed us to
propose detailed mechanisms of the activation of individual cancer genes (Fig. 3 and S3).

In the HRAS locus, all provirus insertions occurred inside the introns upstream of the second or
third exon. All closely analyzed activating proviruses were heavily rearranged, including large
deletions, duplications, and inversions. Insertions resulted in the overexpression of hybrid MAV-
2/HRAS mRNA containing the end of the proviral 3'LTR and the downstream host sequences.
Commonly, a cryptic splice donor downstream of the LTR was used to adjoin the first downstream
HRAS exon. Complete HRAS-coding sequences including the start codon were preserved. No
mutations were found in the entire coding sequence of several LTR-driven HRAS transcripts (data not
shown). This suggests that normal Ha-ras protein was overproduced in these tumors.

A different mode of activation was found in the EGFR locus. All proviruses were defective and
had integrated within the same region in the middle of the gene. Insertions resulted in the truncation of
EGFR exons coding for the N-terminal ligand-binding extracellular domain, and triggered a high
expression of mRNA encoding only the C-terminal regions. Respective mRNAs were initiated at the
proviral 5'LTR and processed by splicing between the MAV-2 donor site and the first downstream
EGFR exon. The coding region of the spliced mRNAs consisted of the first six gag codons (including
the start codon) fused in-frame to sequences encoding transmembrane plus cytoplasmic EGFR
domains.

The MSTIR activation in some aspects paralleled the EGFR activation — the insertions of defective
proviruses occurred in the middle of the gene and truncated the exons encoding the receptor’s
extracellular ligand—binding domain. The proviruses, however, were positioned inside exons (the
chicken MST1R gene has uncommonly short introns), the mRNA expression was driven by the 3'LTR,
and its translation relied on the internal in-frame MST1R AUG codon.

The arrangement of activated HGFR resembled the situation in the HRAS locus — defective
proviruses integrated within the promoter region or in the first intron, upstream of the second (i.e. the
first coding) exon, and drove overexpression of fusion mRNA encoding full-length HGFR protein.

All analyzed cases corresponded to the promoter insertion mechanism where the transcription of a
resident cellular gene is driven by the inserted proviral promoter (21). No case of enhancer insertion
(where provirus regulatory sequences boost, at a distance, a gene’s transcription from its own
promoter) or formation of recombinant oncogene-transducing retrovirus was observed.

We conclude that the constitutive overexpression of either normal (HRAS and HGFR) or truncated

forms (EGFR and MST1R) of cancer genes propelled the oncogenic transformation of affected cells.
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The involvement of AKT1 in oncogenesis was unlikely. Contrary to the major CISs, insertions into
AKT1 were scattered throughout the locus and there was no increase of AKT1 mRNA expression (Fig.
S4) or any detectable LTR-AKT1 fusion mRNA (data not shown) in two analyzed samples.
Correlations between insertionally mutagenized genes, tumor types, and tumor growth

Next, we asked if there is a connection between a particular CIS and the induced tumor type. The
correlation proved to be unexpectedly straightforward: HRAS insertional mutations were present only
in HHS, EGFR mutations in HCC, and MST1R mutations in ICC or combined HCC-ICC (Tab. 1 and
S2). Histological characterization of samples containing mutated HGFR could not be reliably
performed due to their small size. These lesions might be a discrete group since, contrary to other liver
lesions, their size never exceeded 2 mm (Fig. 5B and 5C).

Unexpectedly, the frequency of tumors was not significantly higher in older animals (data not
shown). Moreover, a great majority of nodules were small and the proportion of small nodules did not
decrease with the animals’ age (Fig. 5B, C and D), which is not what one would expect if small
nodules were just a transient stage on the way to large tumors. Clearly, the growth of most lesions
ceased at the stage of a small nodule. Since the HGFR group represented only 14% of small nodules,

the phenomenon necessarily also involved the other groups.

Discussion

Tumor development depends crucially on the interaction of cancer cells with the tumor
microenvironment and even with distant parts of the body (22). Liver tumors fully conform to this
concept, as exemplified by their strong dependency on chronic liver wounding and inflammation in
humans, by the remarkable promotion of liver tumors by non-genotoxic hepatotoxins in mouse
models, and by the common existence of preneoplastic stages that progress to a malignant tumor only
infrequently despite already carrying liver cancer-related genetic defects (3, 5, 23, 24). Our
experimental model takes advantage of industasis — strong tumor promotion mediated by non-
tumorigenic stray cells (13).

Three types of liver tumors were identified in our model: HHSs, HCCs and ICCs (plus rare cases
of mixed HCC-ICC histotypes). There were no extrahepatic metastases and only a few cases of
intrahepatic ones, all involving HHSs which are inherently aggressive due to the lack of natural
barriers to their spread. The majority of tumors were small, in the case of HCC representing mostly
preneoplastic stages (dysplastic nodules). Large tumors were a minority but were present in each
histological group.

In over 85% of chicken liver tumors one of four cancer genes was found to be insertionally

activated. All these genes (HRAS, ERBB1/EGFR, RON/MST1R and MET/HGFR) are constituents of
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known signaling pathways participating in cancerogenesis. No tumor carried simultaneous activation
of two or more of these genes, and there was no other recurrent insertionally mutated gene.

Two modes of insertional activation were found. Insertions in HRAS and HGFR loci did not affect
the genes” coding regions and caused overexpression of mRNAs encoding normal proteins. By
contrast, proviruses in EGFR and MSTI1R loci were positioned in the middle of the genes, thus
eliminating exons encoding ligand-binding extracellular domains. This resulted in the expression of
“receptors” containing only transmembrane and cytoplasmic domains and displaying high constitutive
kinase activity, analogous to protein products of the transduced viral oncogenes v-erb-B and v-sea
(SEA is the original name of the chicken ortholog of RON/MST1R) (25-28).

There was a perfect correlation between the mutated gene and tumor type: HRAS activation was
found in HHSs, EGFR in HCCs, and MST1R in ICCs or combined HCC-ICCs. HGFR activation
invariantly produced only very small lesions; their histotype and capacity to progress further into
malignant stages remain to be determined. HGFR is a close relative of MST1R both in terms of
sequence homology and shared downstream signaling pathways, and has a proven role in human HCC
and ICC (6, 9, 29). We suggest that the different impact of insertions into HGFR versus MST1R
ensued from different modes of the genes’ activation. While the insertional activation of MST1R
resulted in ligand-independent firing, activation of HGFR only rendered the cells hypersensitive to
HGF but signaling still relied on the ligand supply from mesenchymal cells, which might become
insufficient after the nodule reaches a certain size.

The activation of the same (and no other) cancer gene in each particular tumor type in our model is
in striking contrast to human HCCs or ICCs, which carry multiple and diverse genetic defects that,
when combined, represent a majority of known cancer-related pathways (6, 7, 9). We suggest that this
difference in genetic landscape complexity does not arise from evolutionary distance but results from
features typical for experimental models. First, human liver tumors have many possible etiologies, e.g.
infection by HBV or HCV, alcohol abuse, or exposure to mutagens like aflatoxins in the case of HCC.
Each of the primary agents induces specific oncogenic changes in the cell: introduction of
transforming genes encoded by HBV or HCV, preferred mutations induced by aflatoxins or
inflammation-related reactive molecules, etc. This subsequently makes the cell sensitive to a limited
set of further cooperating genetic defects, most likely different for different primary insults (30). By
contrast, the chicken model has a single tumor-inducing agent that acts as an insertional mutagen with
its own mutation target preferences (21). Second, human liver tumors develop in very diverse
conditions regarding the tumor microenvironment; different conditions may support tumors with
different genetic defects. On the other hand, the conditions in experimental animals are almost
identical. There is no chronic liver damage. The chicken tumors thus parallel human tumors that
originated without preceding liver disease or inflammation. Third, human liver tumors seem to have
diverse cells of origin (mature differentiated cells and resident or circulating stem/progenitor cells),

each of them sensitive to the deregulation of different cancer genes. The target cells for tumorigenesis
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in chicken embryonal liver are not known, but may not be as diverse as in the case of human liver
cancerogenesis. Fourth, the majority of analyzed chicken tumors represent early stages of tumor
development, “waiting” for further oncogenic changes. Thus, only the initiating genetic events were
revealed in our screen. Further tumor progression would likely erode the apparent simplicity of the
genetic landscape of chicken liver tumors.

Tumors in our model originate in embryos during a short period of massive MAV-2 integrations
and stray cell promotion. Most of them remain under the control of tissue homeostasis and stop
growing at the stage of a small nodule. Such a situation is also typical for human liver tumors (5) and
mirrors the multistage nature of tumor development. Further progression is thought to depend on the
acquisition of additional hallmarks of cancer. This is unlikely to happen through additional provirus
insertions during tumor development because of superinfection resistance (31). Eventual additional
insertions accounting for infrequent large tumors would have to be present in the founder cell from the
beginning. However, no additional CISs have been found in the progressed tumors compared to the
small ones. The only revealed additional CIS, the AKT1 locus, was hit in three tumors (together with
insertions in HRAS, HGFR and MST1R, respectively), but all three lesions belonged the smallest size
category; moreover the integrations had no effect on AKT1 expression. We suggest that tumor
progression in our system depends on spontaneous mutations/chromosome rearrangements and/or
spontaneous epigenetic shifts in tumor cells. The infrequent formation of large tumors corresponds to
the short time available for such events. Since spontaneous A-catenin mutations have been shown to be
the secondary hits in a mouse HCC model (32), we looked for S-catenin mutations or rearrangements
by exon 3 sequencing and long-range PCR in a series of tumors; the results were negative (data not
shown).

In many aspects, the chicken liver tumors appear to be faithful models of human ones. Their
histopathology is so similar that they can be assigned to specific subtypes of human liver tumors, they
are similarly dependent on microenvironment perturbation, similarly develop arrested early stages of
cancerogenesis, and (with the exception of MST1R) the involved cancer genes/pathways are also
implicated in corresponding human liver tumors (6, 9, 33). This all provides proof-of-principle for the
validity of the model. Simultaneously, the model demonstrated, for the first time, the MST1R
deregulation as causative initiating event in cholangiocarcinomas.

Dissimilarities between chicken versus human liver tumors are rather insignificant, e.g. the issue
of gender disparity: while males are more liver tumor-prone in mammalian species (34), the
penetrance of each liver tumor type in hens and roosters is identical (data not shown).

Several areas of cancer research can be investigated using our model in addition to the traditional
screening for cancer genes. First of all, genetic and non-genetic factors capable of driving further
progression of small liver nodules could be sought and the course of tumorigenesis reconstructed,
capitalizing on short tumor latency, the possibility of concurrently analyzing three different tumor

types, their simple and uniform genetic landscapes and relatively easy search for the involved
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insertionally activated cancer genes. To achieve this, however, the development of aggressive lung
hemangiosarcomas that limit the animals” survival must be prevented. This could be accomplished by
using liver-specific tumor promotion with nongenotoxic hepatotoxins (carbon tetrachloride,
phenobarbital, buthoxyethanol etc.) (23, 24) instead of injected mesenchymal cells.

Second, the origins of hemangiosarcoma (for which there are currently very limited data and no
good experimental model) can be investigated. Our data already obtained show organ-specific
sensitivity to the deregulation of a particular cancer gene: HRAS in liver hemangiosarcomas (this
paper), FRK in lung hemangiosarcomas (13) and MST1R in heart hemangiosarcomas (data not shown).

In conclusion, we believe that the chicken model described here has the potential to resolve some
important and controversial issues in cancerogenesis, leading to data that could translate to human

medicine.
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Fig. 1. Industasis — non-tumorigenic stray cell-assisted cancerogenesis. The proportion of chickens
carrying tumors in different organs after in ovo injection with either MAV-2-producing chicken
mesenchymal cells (151 animals) or MAV-2 virions (47 animals) is shown. The numbers represent the
sum of data on animals sacrificed at different times post infection (5 to 15 weeks). The figure
underestimates the efficacy of industasis since animals injected with MAV-2-producing cells had to be
sacrificed earlier (on average 7 weeks P.1.) than animals infected with MAV-2 virions (on average 10
weeks P.1.) due to the early wasting of many animals from the first group caused by aggressive lung

hemangiosarcomas. This also explains the slightly lower frequency of nephroblastomas in the first

group.
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Fig. 2. Histopathology of chicken liver tumors. Representative histological sections of tumors were
stained with haematoxylin-eosin (H/E), anti-cytokeratin antibody (aCK) to visualize epithelial cells,
or anti-o-smooth muscle actin antibody (aSMA) to visualize mesenchymal cells (smooth muscle cells,
myofibroblasts and pericytes). The two pictures on the bottom exemplify tumor invasion (H/E
staining) and unpaired arteries (0(SMA staining) characteristic for early HCC. Dysplastic nodule is a

preneoplastic stage of HCC.
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Fig. 3. Clusters of insertions into major CISs. The exon-intron structure of candidate cancer genes
and position of provirus insertions in tumors are shown. Gaps in the chicken genome assembly
(WASHUC?2) are indicated by the double squiggly lines. Open and full rectangles represent noncoding
and coding exons, respectively; transcriptional orientation is set from left to right. Bent arrows with
tumor numbers indicate individual integration sites and orientation of the provirus LTR inferred from
iPCR and RT-PCR results. Bidirectional arrows reflect the fact that some proviruses (nearly all in the
EGFR locus) are rearranged in such a way that they carry LTRs oriented in opposite directions.
Sample ALV/erythroblastosis (EGFR locus) represents a typical provirus integration site in RAV-1-
induced chicken erythroblastosis (28). Asterisks mark the position of initiation codons; the asterisk in
parentheses is the MST1R internal AUG codon expected to be used as an alternative start of translation
in the provirus-driven fusion MAV-2/MST1IR mRNA. Sequences retained in viral transduced

oncogenes V-erbB and v-sea are denoted by a gray rectangle above these genes.
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Fig. 4. Transcriptional activation of candidate cancer genes. Representative results of
semiquantitative CIS-specific RT-PCR are shown. For each candidate cancer gene two types of RT-
PCR were carried out: RT-PCR displaying integration-specific hybrid mRNAs, marked int. (using a
primer specific for the provirus against a primer specific for the gene’s exon downstream of the VISs
cluster) and RT-PCR displaying all transcripts of the gene, labeled “total” (using a pair of primers
specific for the gene’s exons). For EGFR and MST1R, expression of 3" parts of the gene (using a pair
of primers specific for exons downstream of the VISs cluster) and 5" parts of the gene (using a pair of
primers specific for exons upstream of the VISs cluster) are separately displayed, labeled “C-term.”
and “N-term.”, respectively. Strong overexpression of one of the four genes is evident in most of the
samples (highlighted by boxes). In case of EGFR and MST1R activation, only the 3 part of the genes
was overexpressed as a result of intragene integrations. For details on the structure of integration-
specific mRNAs see Fig. S3. Neither integration-specific products nor the genes” overexpression can
be seen in samples LiN — non-tumor livers from infected animals (highlighted by the large dotted
box). The length variation of integration-specific products reflects the variable position of individual
integration sites; occasional multiple bands reflect alternative splicing of provirus-adjacent chicken
intronic sequences. The primer pair specific for chicken S-actin was used to check the amount and

quality of RNA (labeled “ACTB”).
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Fig. 5: Correlations between mutated genes, tumor types and nodule size.

A. Correlation between the mutated gene and tumor type. The number of tumors of different
histotypes carrying insertions in individual cancer genes are shown. Only samples analyzed both
molecularly and histologically are included. The number in parentheses represents a tumor of mixed
HCC-ICC histotype. Samples containing mutated HGFR could not be histologically characterized
because of their small size.

B. Size distribution of nodules in individual CIS-based categories. The numbers of tumors carrying
insertions in individual CISs divided into three size categories are shown. While molecular analysis
was performed in most large tumors only a minority of small ones were analyzed.

C. Frequency of mutated genes in individual size categories. The data from B displayed as a
column chart. Note the biased distribution of nodules bearing a proviral insertion in the HGFR gene.

D. Time development of nodule sizes. Size distribution of liver tumor nodules in animals sacrificed
at different times post infection is shown. Note that the proportion of each tumor size category did not

change significantly during the time course of the experiment.



iPCR RT-PCR

HRAS | 15 (30%) | 15 (40%)

EGFR | 18 (36%) | 11 (30%)
MST1R | 6 (12%) 5 (14%)
HGFR 5 (10%) 2 (5%)
none 6 (12'%) | 4 (11%)
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Tab. 1. Frequency of insertions into the major CISs. The number and percentage of tumors carrying
provirus insertion in individual CISs are shown as detected by iPCR and RT-PCR. No tumor carried

insertions into two or more CISs simultaneously.
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#6753 #6781 #6239

Li2: ?/EGFR Li1: HCC/EGFR Li1: ?/HRAS
Li3: ?IMST1R + AKT1 Li2: HCC/0
Li3: HCC/0

#6789 #6779
Li1: HCC-ICC/MST1R Li1, Li2: HHS/HRAS Li1: HCC/EGFR
Li3: 2/HRAS
Li4: ?/0
B Detail of #6753 Detail of #6781

e gl Dbar 2mm

Fig. S1. Gross morphology of chicken liver tumors. A. Tumors representing different size categories
are shown; histotype/activated cancer gene are indicated. ? — not done. B. A detailed view of tumors

without (left) and with (right) vascularization.
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Fig. S2. Mapping of provirus insertion sites in liver tumors.

A. Scheme of iPCR. Long terminal repeats of the integrated provirus (LTRs) are shown as rectangles
divided into U3, R and U5 parts. UTS and UT3 are untranslated parts of the provirus adjacent to 5°
and 3'LTR, resp. Wavy lines represent chicken genomic sequences. iPCR fragments corresponding to
left (57) and right (3") provirus/host junctions were produced by combined BstY and Bcll digestion,
circularization by self-ligation with T4 DNA ligase, linearization with ApaLl, Eco81I or Sphl and
finally PCR. Of note, the proviral enhancer (box inside the LTR box) is a necessary component of
insertional activation and should be retained even in the most defective cancer gene-activating
proviruses.

B. Examples of electrophoretic separation of iPCR products. Three iPCR reactions were carried
out for each sample using different combinations of primers and providing for left junctions (lanes L;
primers L + 57), right junctions (lanes R; primers R + 3°) or both (lanes C; primers L + R). A typical
VIS is represented by a pair of iPCR fragments: in lane C plus lane L or R; fragments in lanes L and R
are shorter by 59 bp and 87 bp, resp. Exceptions reflecting the existence of defective proviruses
occurred occasionally. Proviruses with deleted/mutated sequence complementary to primers 5” or 3’
provided a fragment only in lane C (sample 6789Lil). Rearranged proviruses in which an LTR was
surrounded on both sides by viral sequences (UT3 and UT5) produced iPCR fragments in all three
lanes (labeled with X, sample 6779Lil). Similar arrangement is also present in non-nintegrated
circular proviruses containing either one LTR or two LTRs in tandem (42) that manifested itself by ca.
1kb product of variable intensity in all three lanes in most samples (labeled with A - artificial). Of
note, the proviral enhancer (the box inside the LTR box) is the necessary component of insertional
activation and should be retained even in the most defective cancer gene-activating proviruses. Upper
picture: Comparison of iPCR patterns in different tumor types in the same animal. Li — liver tumors,
Lu — lung tumor, Ki — kidney tumor. Sample 6239Li2 is a product of tumor invasion from sample
6239Li3; junction fragments unique for 6239Li3 are indicated. Lower picture: Comparison of iPCR
patterns in multiple liver tumors in the same animal. Samples 6781Lila and Lilb are distant parts of
the same tumor. The system of junction fragments labeling is suggested in samples 6779Lil and

6789Lil.
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Fig. S3. Modes of insertional activation of candidate cancer genes. Structure of MAV-2 provirus

plus sites of start (bent arrow), splicing (dotted lines) and termination (polyA) of its transcript are

shown (upper drawing). The mechanism of formation of hybrid MAV-2/cancer gene mRNAs is

suggested (lower drawings). The activity of the 3’'LTR promoter in a non-defective provirus is blocked

by transcriptional interference (20). Efficient activation of the adjacent gene is achieved either through

deletion/rearrangement of 5 part of the provirus (thus releasing 3’LTR promoter from transcriptional

interference) or by deletion of 3'LTR (thus eliminating proviral polyA signal). Structure of many

cancer gene-activating proviruses is far more complex than on this simplified drawing; e. g. nearly all

EGFR-activating proviruses carry additional viral sequences upstream of 5'LTR that contain 3'LTR

oriented in the opposite direction. SD denotes an intronic cryptic splice donor site (or the authentic one

in the case of MST1R).
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Fig. S4. Provirus insertions in AKT1 locus

A. Exon-intron structure of AKT1 and position of provirus insertions. Design and symbols are as
in Fig. 3.

B. Semiquantitative AKT1-specific RT-PCR. A pair of the AKT1 exons-derived specific primers was
used to detect all AKT1 mRNAs. No increase in AKT1 expression can be seen in samples carrying

provirus insertions in the locus (marked by arrows).
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