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1. Uvod

Koncept vyuziti transposonil a jimi vyvolané inzeréni mutageneze
pro identifikaci genl spojenych s ur¢itym fenotypem se objevil jiz
pocatkem 80. let 20. stoleti. Pfirozenym a efektivnim vyuzitim této
experimentalni strategie bylo studium genetického zékladu
tumorigeneze za pouziti retrovirQ, jejichz unikatni vlastnosti staly u
revolu¢nich objevil na poli onkogeneze. Retroviry mohou vyvolavat
vznik nadorti dvéma zpusoby. Akutné, ptimou transdukci onkogent
(. mutantnich forem normalnich hostitelskych gent s onkogennim
potencidlem) nebo latentné, inzeréni mutagenezi (tj. inzerci svého
provirového genomu do genomu hostitele, coz zplsobi onkogenni
aktivaci postizené¢ho genu).

Akutné transformujici retroviry aktivné pfendSeji onkogeny a jsou
tedy idedlnim nastrojem pro detailni studium funkci jednotlivych
onkogenil. Oproti tomu jejich latentni prot&jsky svoji integraci do
hostitelského genomu mimikuji somatickou mutace. Pokud
nasledkem provirové integrace dojde k onkogenni aktivaci
postizeného genu, hostitelska butika zacne proliferovat a vznika
makroskopicky klondlni nador (klondlni selekci). Latentné
onkogenni retroviry tak zaroven svoji piitomnosti v klonalné
expandovanych populacich bunék oznacuji v hostitelském genomu
nové onkogenni lokusy a jsou proto uc¢innym nastrojem jejich de
novo identifikace.

Rozvoj molekularné biologickych technik umoznil identifikaci
jednotlivych klonédlnich mist integrace provirovych sekvenci (VIS)
paralelné v mnoha nadorovych vzorcich. Pokud je integrovany
provirus opakované nalézan ve stejném genomovém lokusu, je tento
lokus nazyvan obecné misto provirové integrace (CIS) a jeho mutace
nebo postizeni ptilehlého genu je velmi pravdépodobné zodpovédné
za formovani zkoumaného nadoru. Identifikace obecnych mist



provirové integrace je tedy prvnim krokem pii hledani novych
onkogenil a onkogennich lokust.

2. Cile prace

Cilem prace bylo vysvétlit obecné diivody a pfi¢iny nadorové
transformace bunky. Jako ndstroj jsme zvolili identifikovani a
mapovani obecnych mist provirové integrace v kufecich
modelovych  nadorech, vyvolavanych inzer¢ni mutagenezi
retrovirem ptac¢i myeloblastozy 2 (MAV-2).

V prvni fazi jsme shromazdili vzorky kutecich nadort indukovanych
retrovirovou integraci do hostitelského genomu (ledvinné, plicni,
jaterni) a ovéefovali jejich bunéénou klonalitu a histologické
charakteristiky. Ve druhé fazi jsme hledali obecnd mista provirovych
integraci a identifikovali kandidatni geny, jejichZ deregulace/mutace
je zodpovédna za transformaci postizené hostitelské bunky. U
vytipovanych genli jsme ovéfovali zmény v expresi jejich mRNA,
pfipadné proteinu.
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3. Material a metodika

V préci jsme pouzili material jak z inbrednich kufat (White leghorn
CB, CC), tak i z outbredni linie (Brown leghorn) pro minimalizaci
efektd genetické predispozice. K infekci byl pouzit retrovirus MAV-
2(N), ktery byl do pokusnych zvifat injikovan bud’ ve 12 dni
embryondlniho vyvoje (E12) nebo prvni den po vylihnuti (K1).
Nédorové vzorky byly odebirany pfi pitvé 25 - 110 dni po infekci a
byly zpracovany na DNA, RNA a fixovany v paraformaldehydu.
Vybrané nadorové vzorky byly experimentalné kultivovany in vitro.

Mista klonalnich integraci provirové DNA byla identifikovana
metodami inverzntho PCR (iPCR, vychozi materidlem byla
genomova DNA nadorové tkan€¢) a LTR RACE (vychozim
materidlem byla celkovda RNA z nadorové tkan€). Jednotliva VIS
byla mapovana v kufecim genomu pomoci algoritmu BLAST a z
nich vytipovany kandidatni CIS a odpovidajici kandidatni onkogeny.
Deregulace téchto kandidatnich onkogent byla studovana pomoci
hybridizace Northern blot, RT PCR a immunohistochemicky.

4. Vysledky a diskuse

Zjistili jsme, ze kufeci nddory indukované inzeréni mutagenezi
retrovirem MAV-2 v rlznych tkdnich jsou molekularné i
histologicky odlisného ptuvodu. Pokud je experimentalni zvife
postiZzeno viceCetnymi lézemi, nejedna se o metastaze.

Identifikovali a mapovali jsme obecnd mista integrace a kandidatni
geny v nefroblastomech (ledvinné nadory embryonalniho typu) a



ukazali jejich histologickou podobnost s lidskym Wilmsovym
tumorem avsak jejich vyrazné€ odliSné spektrum mutovanych gent.

Popsali jsme plicni angiosarkom, jehoz vzorky nesou téméft
uniformé integrovany MAV-2 provirus v lokusu kédujicim kinazu
frk, jejiz role v lidské onkogenezi nebyla dosud prozkoumana.
Zkoumani vzniku kufecich angiosarkomi vedlo k objevu
promotivniho ptsobeni volnych bunék v krevnim fecisti hostitele -
zcela novy fenomén, ktery jsme nazvali industéze.

Analyzovali jsme jaterni nadory, histologicky rozliSitelné na kuteci
obdoby lidskych hepatocelularnich karcinomi, cholangiokarcinomii
a angiosarkomd. Tyto nadory jsou necekané¢ podobné jak
histologicky, tak molekuldrné svym spontanné vzniklym lidskym
protéjSkiim nebo mysSim experimentalnim modeltim.

Necekanym objevem bylo mapovani obecného mista integrace v
buikach tkanovych kultur odvozenych od jednotlivych nadorti nebo
infekci primarnich kufecich bun¢k in vitro. Zhruba v poloviné
zkoumanych kultur neodpovidal ,pattern vestavénych provirt
pivodnimu nadorovému izolatu. Naopak tyto kultury sdilely CIS,
které se nevyskytuje v nadorech in vivo. Popsali jsme tak velmi
silnou selekci probihajici in vitro ve tkanovych kulturach. Tento
vysledek predstavuje silné varovani k obezietnosti pii kultivaci
bunék in vitro.

Soucasné jsme se také vénovali mapovani struktury a piestaveb
MAV-2 provir(, integrovanych v jednotlivych CIS lokusech. Tyto
experimenty potvrdily takika exkluzivni pfitomnost ptestavénych
proviri v kandidatnich CIS lokusech. Toto zjiSténi predstavuje
dobrou indicii pro analyzy nadorG vzniklych inzer¢ni mutagenezi,
zvlasté v ptfipadé vzacné se vyskytujicich vzorkl, kterych neni
dostatek pro statistickou analyzu.

5. Zavéry

Zvoleny experimentalni model se ukazal jako velmi cenny a bohaty
zdroj informaci o procesu transformace normalni buiikky v builku
nadorovou v disledku inzeréni mutageneze. V souhrnu bylo
mapovano vice nez 2000 individudlnich klondlnich VIS z nékolika
set nadorovych vzorkii. Bylo molekularné analyzovano 5 tkanové a
histologicky odlisnych nadorovych typi a od nich odvozenych
tkdnovych kultur. Pfi studiu byl objeven a popsan fenomén
industaze.

Hlavnim cilem této prace vsak bylo pochopit obecné divody a
pti¢iny nadorové transformace bunky. Vysledky studia vedly autora
k ponc¢kud paradoxnimu tvrzeni, Ze vyznam genetickych zmén
v transformované buiice je ptecenovan. Piestoze popisovani funkce
jednotlivych gend, hledani nadorovych markerti a molekularnich cilt
pro terapii je stale velmi pfinosné, domniva se, Ze tradi¢ni predstava
vzniku nadoru jako funkce hromadéni mutaci a jejich selekce je
v soudasnosti vyznamnou brzdou dal§tho vyzkumu. Uvahy na toto
téma jsou shrnuty v zadvérecné ¢asti predkladané disertacni prace.
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1. Introduction

The concept of identification of genes responsible for a specific
phenotype based on the transposon insertional mutagenesis was
developed at the beginning of the 1980s. The use of retroviruses
with their unique properties was a simple and effective tool behind
many revolutionary discoveries in the field of oncogenesis.
Retroviruses could induce tumorigenesis by two mechanisms —
acute, through the direct transduction of oncogenes (i.e. mutant
forms of normal host genes with oncogenic potential) or latent,
through the insertional mutagenesis (i.e. by insertion of their own
proviral genome into the host genome inducing oncogenic activation
of the affected gene).

Acute transforming retroviruses represent an ideal tool for detailed
study of the functions of individual oncogenes as they transduce
them directly. In contrast, their latent counterparts mimic somatic
mutagenesis through their almost random integrations into the host
genome. The affected cell starts to proliferate in those cases where
proviral integration leads to oncogenic activation of the affected
protooncogene and subsequent formation of macroscopic clonal
tumor (through clonal selection). Latent oncogenic retroviruses label
oncogenic loci with their proviral genomes in clonally expanded
cellular populations, and therefore prove to be an effective tool for
identification of new oncogenes.



Parallel identification of individual proviral integration sites (VISs)
in many tumor samples has been enabled by the recent advances in
molecular biological techniques.

The genomic loci with recurrent presence of clonally integrated
provirus in independent samples are called common sites of proviral
integrations (CISs). Mutations in CISs or deregulation of the
adjacent gene(s) are likely to contribute to the formation of the
respective tumor. Thus, identification of novel CISs makes the first
step on the way to find novel oncogenes and oncogenic loci.

2. Aims of the study

The aim of the study was to reveal causes of and reasons for
neoplastic transformation of the cell. We have decided to identify
and map the CISs in the chicken model tumors induced by
insertional mutagenesis using myeloblastosis-associated retrovirus 2
(MAV-2).

We first collected and characterized chicken tumor samples. These
were tumors of kidney, lungs and liver. We verified their clonality
and determined their histopathological characteristics. Subsequently,
we mapped individual VISs and searched for CISs and candidate
tumor-associated genes whose deregulation should be responsible
for the oncogenic transformation of the host cell. We measured the
changes in expression (mMRNA or proteins) of the selected genes.
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3. Material and methods

We worked with both inbred (White leghorn CB, CC) and outbred
(Brown leghorn) chickens to avoid the risk of bias due to genetic
predisposition. Retroviral infections were accomplished with MAV-
2(N) injected either on 12 embryonic day (E12) or on 1* day after
hatching (K1). Experimental animals were sacrificed at the age
ranging between 25 and 110 days and tissue samples were collected.
Tumor samples were processed to isolate DNA or RNA, or fixed in
paraformaldehyde. Selected samples were cultivated in vitro.

Individual clonal sites of proviral integrations in the chicken genome
were identified by two methods — inverse PCR (iPCR, starting with
the host genomic DNA) and LTR RACE (starting with the host total
RNA). Individual VISs were localized to the chicken genome using
the BLAST algorithm and the collected information was used to
reveal candidate CISs and respective candidate oncogenes.
Deregulations of candidate genes were studied through Northern blot
hybridization, RT PCR and immunohistochemistry.

4. Results and discussion

We have found that chicken tumors induced in different tissues by
insertional mutagenesis using MAV-2 retrovirus are distinct
histologically as well as molecularly. In case of multiple tumors
detected in the experimental animals, these were not metastases.

We have identified and mapped CISs and candidate genes in
nephroblastomas (renal tumors of embryonic origin). We have



shown histological similarity between chicken and human
nephroblastoma and also unexpectedly different spectrum of
mutated genes.

We have described histological and molecular characteristics of lung
angiosarcomas harboring integrated MAV-2 provirus almost
exclusively in the locus coding for frk kinase. The role of this gene
in human oncogenesis has not yet been investigated. Furthermore,
investigation of the promotional effect of free cells injected into the
bloodstream of experimental animals led us to the description of a
brand-new phenomenon — industasis.

We have further analyzed liver tumors and divided them
histologically into hepatocellular carcinomas, cholangiocarcinomas
and angiosarcomas. These tumors were similar to their human
counterparts and mouse models regarding the histology as well as
the spectrum of mutated genes.

Mapping the VISs in in vitro tissue cultures (established either from
individual tumors or by the MAV-2 infection of primary chicken
cells in vitro) led to an unexpected observation. A significant portion
of these cultures displayed a different pattern of VISs than their
parental counterpart. Furthermore, approximately one half of in vitro
cultures harbored MAV-2 provirus integrated into the SOX6 gene —
an abnormally broad CIS. This gene codes for a transcription factor
and it has never been found hit in the tumor samples in vivo. Thus
we have described a robust, fast and spontaneous selection process
in vitro during cell cultivation in tissue culture. These results suggest
caution while cultivating cells in vitro.

Finally, we mapped the structure of MAV-2 proviruses integrated
within individual CIS loci. These experiments confirmed the almost
exclusive presence of defective proviruses in the identified CIS loci.
This observation could be useful for analyses of other tumors

induced by insertional mutagenesis, especially those whose rare
occurrence excludes statistical analysis.

5. Conclusions

The described experimental model proved to be a valid and rich
source of information describing the process of transformation of
normal into tumor cell as a result of insertional mutagenesis. We
have mapped more than 2000 individual clonal VISs from several
hundreds of tumor tissue samples. We have analyzed five tumor
types of different histology and tissue of origin along with their
derivative tissue cultures. Furthermore, we have discovered the
industasis phenomenon and described it during the course of the
study.

The goal of my study was to uncover common reasons for neoplastic
transformation of the cell. The results of my study led me to the
paradoxical conclusion that the significance of genetic changes as
the primary cause of induction of neoplastic transformation is being
overestimated. Although studying the functions of individual genes
and search for new tumor markers and therapeutical targets are still
beneficial, 1 believe that the traditional perception of tumor
formation as a function/result of mutation accumulation and
selection is becoming a serious drawback in further investigations.
These conclusions are further discussed in the last section of the
presented Ph.D. thesis.
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