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Abstrakt

Regulace transckripce desitek tisic geni v organizmu obratlovel je mimofadné
komplexnim fenoménem, jehoz se iCastni tisice riznych regulaénich proteint. Nejvetsi
funkéni kategorii té€chto regulatori jsou sekvenéné specifické DNA vazebné proteiny
znamé jako transkrip¢ni faktory. Proteiny z EGR a Myb rodin transkrip¢nich faktora jsou
relativné dlouho zkoumanymi regulatory riznych fyziologickych procesd, vcetné
buné&éné proliferace a diferenciace. Zatimco strukturalni a fyzikalni aspekty jejich funkce
byly dobfe charakterizovany, jejich bunécné specifickd role v komplexnich genove
regulacnich sitich neni dostate¢né prostudovana a piedstavuje hlavni vyzvu v pfislusnych
oblastech vyzkumu.

Piedbézna analyza dat genové exprese z metastazujicich bun€k PR9692 a
nemetastazujicich bun€k PR9692-E9 (kufecich sarkomové linie) odhalila, Ze transkripéni
faktor EGRL1 je syntetizovan v relativné vét§sim mnozstvi v metastazujicich buiikach a
muize se tak podilet na regulaénich procesech, které jsou zakladem rozdili mezi obéma
bunéénymi liniemi. Dal§im zkoumanim jsme zjistili, Ze cilené zvySeni hladiny EGR1 v
PR9692-E9 burnkach obnovuje jejich metastaticky potencial na troveii PR9692 bunék.
Mikrocipova analyza takovych bunék odhalila aktivaci gend, které jsou rozhodujici pro
kontraktilitu aktinového cytoskeletu (MYL9), integrinovou signalizaci (RIAM), tvorbu
filopodii (MYO10), produkei specifickych slozek mezibunééné hmoty (HAS2, COL6AL-
3) a dalsi zakladni prometastatické schopnosti. ZvySena exprese EGR1 v PR9692-E9
bunkach také vedla ke snizeni exprese mnoha gend, z nichz nékteré byly identifikovany v
jinych studiich jako metastatické supresory (SFRP4, IRX1 a CADML1).

Fibrotickd onemocnéni se vyznaCuji Castym vyskytem a vysokou umrtnosti.
Pochopeni molekularnich mechanismu fidicich vznik, progresi a mozné potlaceni fibrozy
je predpokladem k vyvoji uspéiné terapie. Ustiedni roli v patogenezi fibrozy hraji buiiky
zvané myofibroblasty. Myofibroblast je specificky typ mesenchymalni buiky
charakterizovany syntézou mezibunééné hmoty, schopnosti kontrakce a sekreéni
aktivitou. Zatimco tyto buiky plni dulezitou funkci béhem fyziologického hojeni rany,
mohou také zptsobit devastujici fibrozu za patologickych podminek. Zjistili jsme, zZe
kufeci embryonalni kozni myofibroblasty (chicken embryo dermal myofibroblast -
CEDM) piedstavuji uzite¢ny ex vivo model vhodny pro analyzu myofibroblastického
fenotypu a jeho regulace. Také jsme odhalili, Ze zvy3eni proteinové hladiny EGR4 v
téchto burnikach indukuje ztratu typickych myofibroblastickych charakteristik. Dale jsme
analyzovali tento efekt s ohledem na zmény v aktivité signalnich drah a genové expresi
po zvysSeni hladiny EGR4. Jelikoz je za hlavni signalizacni systém fidici diferenciaci
myofibroblastd povazovana TGF-B signalni draha, nejprve jsme identifikovali TGF-3
regulované geny v CEDM bunkéch pomoci specifického chemického inhibitoru kinasové
aktivity TGF-B receptoru 1 a oligonukleotidovych mikro¢ipt. Nalezli jsme jak geny
objevené diive v sav¢ich systémech (napf. SPON2, ASPN, COMP, LUM, HAS2, IL6,
CXCL12, VEGFA, NGF), tak i fadu novych TGF-B-zavislych genii, mezi nimi PGF,



VEGFC, PTN, FAM180A, FIBIN, ZIC1, ADCY2, RET, HHIP, DNER a TMEM45A. NaSe
vysledky s dlouhodobou inhibici TGF-B signalizace v butikich CEDM naznaluji, Ze
TGF-B se primarné podili na regulaci sekrece, véetné produkce mezibunééné hmoty,
zatimco kontraktilni aktivita zdvisi na dalSich regula¢nich signalech. Dale jsme se
zaméfili na mechanismy, které jsou pouzity proteinem EGR4 pii vynuceni dediferenciace
v CEDM buikach. Zjistili jsme, Ze trvale zvySena hladina EGR4 zplisobuje silnou
inhibici TGF-B signalizace a také vede k potlaceni exprese genit kodujicich klicové
slozky kontraktilniho aparatu myofibroblasti. Mikro¢ipova analyza odhalila fadu genii
ovlivnénych proteinem EGR4 a mezi nimi nékolik kandidatd, ktefi mohou
zprostiedkovavat nékteré z pozorovanych ucinkd. Dalsi experimenty vedly k hypotéze,
Ze geny FOXG1, BAMBI, NAB1, NAB2 a DUSP5 spole¢né tvoti EGR4 regulovanou sit’
potlacujici autokrinni TGF-p signalizaci.

melanocytogenesi byl provadén soubézné s vyzkumem proteini EGR. Vyvoj krvinek z
pluripotentnich kmenovych bunék probiha postupné pies multipotentni progenitory az po
zralé bunky nalezejici do nejméné 8 rlznych linii. Proces volby diferenciacni linie,
béhem kterého kmenové bunky a nezralé progenitory zvoli dalsi smér diferenciace, je
regulovan prostfednictvim koordinované ¢innosti extracelularnich signald a
transkripénich faktorti. Molekularni mechanismy fidici tuto volbu jsou z vétsi casti
nezndmé. V nasich pokusech jsme identifikovali schopnost transkripéniho faktoru v-
Myb"MV regulovat diferenciatni rozhodnuti spoleéného myeloidniho progenitoru a vice
diferencovanych progenitori myeloidni fady a odhalili jsme roli motivu leucinového zipu
(LZ) v t&chto efektech. Prokazali jsme, 7e v-Myb™™V s neporusenym LZ #di vyvoj
progenitortt do makrofagové linie. Mutace v tomto regionu zrusila vyhradni
makrofagovou diferenciaci nezralych krevnich progenitor a zpisobila, ze mutovany v-
Myb"™VY' podporoval také diferenciaci bundk erytroidnich, trombocytli a granulocyti,
podobné jako protein c-Myb. Navrhli jsme proto hypotézu, ze LZ mize fungovat jako
molekularni pfepinac, ktery ovlivituje expresi jinych klicovych transkripénich faktort a
fidi diferenciaci krvetvornych kmenovych bun¢k bud’ do myeloidni nebo erythroidni
linie.

Kromé krvetvorby jsme také prokazali schopnost proteind c-Myb a v-Myl
ovliviiovat volbu diferencia¢ni linie v buiikdch neuralni listy (NL), kde oba proteiny
vynucuji melanocytogenesi. ZvySena koncentrace proteinu c-Myb podporuje vyvoj
dendritickych melanocytii a terminalni diferenciaci. Onkoprotein v-Myb®™V pievadi v
podstate v§echny buiiky NL do melanocytarni fady a zpuisobuje jejich transformaci. Oba

bAMV

proteiny Myb aktivuji v buitkdach NL expresi genu c-kit, ktery koduje receptor ristového
faktoru SCF, a nasledné c-Kit signalizaci - jednu ze zakladnich signalnich drah ve vyvoiji
melanocyti. JelikoZ byl v pfedchozi studii c-kit identifikovan jako cil proteini Myb v
hematopoetickych butikich, naSe pozorovani naznacuji, ze c-Myb - c-Kit dréha
predstavuje spolecny regulacni systém pro hematopoetické progenitory a progenitory



buné&énych typi vznikajicich z neurélni listy. NaSe prace ukazuje novy experimentélni
model pro studium melanocytogenese a melanocytarni transformace.

Abstract

The regulation of transcription of tens of thousands of genes in a vertebrate
organism is an enormously complex phenomenon which entails the participation of
thousands of various regulatory proteins. The largest functional category of these
regulators is accounted for by sequence-specific DNA-binding proteins known as
transcription factors. Proteins of the EGR and Myb families of transcription factors are
long-studied regulators of a variety of physiological processes including cellular
proliferation and differentiation. The structural and physical aspects of their function
have been well characterized. Their cell-type specific participation in complex gene-
regulatory networks, on the other hand, is still incompletely understood and represents a
major challenge in the respective research areas.

Preliminary analysis of gene expression data from metastasizing PR9692 and non-
metastasizing PR9692-E9 chicken sarcoma cell lines revealed that the transcription factor
EGRL1 is expressed at a higher level in metastasizing cells and can thus take part in the
regulatory processes that underlie the differences between the two cell lines. Further
investigation demonstrated that the introduction of exogenous EGR1 into PR9692-E9
cells restored their metastatic potential to a level indistinguishable from PR9692 cells.
Microarray analysis of EGR1 reconstituted cells revealed the activation of genes that are
crucial for actin cytoskeleton contractility (MYL9), integrin signaling (RIAM), filopodia
formation (MYO10), the production of specific extracellular matrix components (HAS2,
COLB6A1-3) and other essential pro-metastatic abilities. Constitutive expression of EGR1
in PR9692-E9 cells also decreased the expression of numerous genes some of which
have been identified in other studies as metastasis suppressors (SFRP4, IRX1 and
CADML1).

Fibrotic diseases are a group of pathologies with high incidence and mortality.
Understanding the molecular mechanisms driving the onset, progression and possible
resolution of fibrosis is a prerequisite to the development of successful therapies. The
central role in fibrosis is played by myofibroblasts. The myofibroblast is a specific type
of mesenchymal cell characterized by synthesis of the extracellular matrix (ECM), plus
contractile and secretory activity. While these cells serve a beneficial function during
physiological tissue wound healing, they can cause devastating fibrosis under
pathological conditions. We have established that chicken embryo dermal myofibroblasts
(CEDM) represent a useful ex vivo model suitable for analyses of the myofibroblastic
phenotype and regulation. We have also revealed that increasing the protein level of
EGR4 in these cells induces a loss of myofibroblastic characteristics. We further
analyzed this effect with respect to alterations in activity of signaling pathways and gene



expression changes after EGR4 overexpression. As the major signaling system driving
the differentiation of myofibroblasts is the TGF- signaling pathway, we first identified
TGF-B-regulated genes in CEDM cells using a specific chemical inhibitor of kinase
activity of TGF-B receptor 1 and oligonucleotide microarrays. We revealed both genes
previously reported in mammalian systems (e.g. SPON2, ASPN, COMP, LUM, HAS2,
IL6, CXCL12, VEGFA, NGF) and novel TGF-B-dependent genes, among them PGF,
VEGFC, PTN, FAM180A, FIBIN, ZIC1, ADCY2, RET, HHIP, DNER and TMEMA45A.
Our results on the long term inhibition of TGF-f signaling in CEDM cells suggests that
TGF-B is primarily involved in the regulation of secretory activities including ECM
production while contractile activity depends on additional regulatory signals. Next, we
focused on the mechanisms that are employed by EGR4 to induce the observed
dedifferentiation in CEDM cells. We found that sustained expression of EGR4 caused a
strong inhibition of TGF-B signaling and also a suppression of the expression of genes
encoding key components of the myofibroblast contractile apparatus. Microarray analysis
identified a number of genes affected by EGR4 and among them a few candidates that
may mediate some of the observed effects. Further experiments led to a hypothesis that
FOXG1, BAMBI, NAB1, NAB2 and DUSP5 genes together form an EGR4 regulated
network counteracting autocrine TGF-beta signaling.

Research on the role of Myb proteins in lineage commitment in hematopoiesis and
melanocytogenesis was being performed in parallel with the EGR-related research. The
development of blood cells proceeds from pluripotent stem cells through multipotent
progenitors into mature elements belonging to at least 8 different lineages. The lineage
choice process during which stem cells and progenitors commit to a particular lineage is
regulated by a coordinated action of extracellular signals and transcription factors.
Molecular mechanisms controlling commitment are largely unknown. We identified the
ability of the transcription factor v-Myb”"™V to regulate the commitment of a common
myeloid progenitor and progenitors restricted to the myeloid lineage and the role of its
leucine zipper region (LZR) in these effects. We demonstrated that nemutovany v-
Myb"MV with the intact LZR directs development of progenitors into the macrophage
lineage. Mutations in this region compromised commitment toward myeloid cells and
caused v-Myb”"™V to also support the development of erythroid cells, thrombocytes, and
granulocytes, similar to the c-Myb protein. We proposed that Myb LZR can function as a
molecular switch, affecting expression of lineage-specifying transcription factors and
directing the development of hematopoietic progenitors into either myeloid or erythroid
lineages.

In addition to hematopoiesis, we also demonstrated cell fate-directing abilities of c-
Myb and v-MybAMV proteins in avian neural crest (NC), where both proteins determine
melanocytogenesis. The increased concentration of c-Myb induced progression into
dendritic melanocytes and differentiation. The v-MybAMV oncogene converted
essentially all NC cells into melanoblasts and caused their transformation. Both Myb



proteins activated in NC cells the expression of the c-kit gene and SCF - ¢-Kit signaling —
one of the essential pathways in melanocyte development. As c-kit was identified as a
target of Myb proteins in hematopoietic cells in a previous study, our observations
suggest that the c-Myb - c-Kit pathway represents a common regulatory scheme for both
hematopoietic and NC-derived progenitors. Our work establishes a novel experimental
model for studies of melanocytogenesis and melanocyte transformation.

Uvod

Rodina transkripénich faktori EGR

Rodina transkripénich faktori EGR se sklada ze c¢tyf proteind molekulové
hmotnosti cca. 50-55 kDa s vysoce homolognimi DNA vazebnymi doménami. Tyto
proteiny byly identifikovany v pozdnich osmdesatych a po¢atkem devadesétych let 20.
stoleti jako produkty gent, které rychle reaguji na rizné typy podnétd véetné séra,
ristovych faktord, ischémie a ionizujiciho zafeni (odtud nézev early growth response —
Casna rastova odpovéd). Proteiny EGR jsou typickymi piedstaviteli trasnkripénich
faktort se zinkovymi prsty typu Cys2-His2. C-terminalné¢ umisténé DNA vazebné
domény sestavajici ze tfi motivi zinkovych prstd jsou téméf totozné ve vSech EGR
proteinech, zatimco sekvence mimo DNA vazebné oblasti jsou velmi rozdilné. VSechny
proteiny EGR rozpoznavaji stejné sekvence DNA - GCG G/TGG GCG (EGR
responzivni element) [1]. Schopnost proteini EGR aktivovat nebo potlacit transkripci
cilovych gent zavisi na interakcich s jinymi proteiny. Bylo prokazéno, ze EGR1 vyuziva
koaktivatory p300 a CBP pro aktivovaci exprese cilovych geni [2]. EGR2 vyuZiva jiné
koaktivatory, a to HCFC1 a CITED1 [3-4]. Specifické koaktivatory pro EGR3 a EGR4
nebyly zatim identifikovany. Vyznamnou roli v regulaci funkce EGR proteint hraji
korepresory NAB, které interaguji s R1 oblastmi proteini EGR1, EGR2 a EGR3 [5-6].
NAB proteiny obsahuji aktivni represni doménu, kterd ptivadi NuRD komplex
(nucleosome remodeling and deacetylase) na promotory genl regulovanych faktory EGR
a zpusobuje deacetylaci histont a néslednou represi transkripce [7-8]. Indukce syntézy
proteinit NAB je zprostfedkovana, alespoii pro nékteré z podnétl, EGR proteiny, a tak
vytvaii negativni zpétnou vazbu [9].

MAPK (mitogeny aktivovand protein kindza) signalizace je pravdépodobné
nejuniverzalngj$i (ve vSech ohledech) systém stimulace buné&k. Je aktivni ve vSech
eukaryotickych burnikdch od kvasinek po vechny typy bunék obratlovci. Aktivuje se
vazbou ligandd Sirokého spektra membranovych receptort a ovlada celou $kalu procest
véetné proliferace, diferenciace, inducibilni sekrece proteind, adheze, apoptozy, preziti a
aktivace imunitnich bunék. Syntéza proteiniit EGR je rychle indukovana stimulaci MAPK
signdlnich drah v riznych (asi vSech) bun&nych typech. Tato indukce je



zprostiedkovana koordinovanou vazbou transkripénich faktord Elk-1 nebo Sap-la (z
ETS rodiny), které jsou fosforylovany a aktivovany MAP-kinazami, a SRF (serum
response factor) na sousedici ETS vazebné misto (GGAA/T) a CArG box
(CC(AIT)sGG), které spolecné tvoii tzv. sérum responzivni element. Tato kompozitni
vazebnd mista jsou pfitomna v fad¢ sérem nebo rastovymi faktory indukovatelnych
promotort, v&etné téch, které reguluji expresi genit EGR. Proteiny EGR tak aktivuji nebo
potladuji expresi svych cilovych genti v reakci na stimulaci MAPK signalni drahy.

Rodina transkripénich fakori Myb

Objev proteini Myb vzedel z vyzkumu ptadi leukémie vyvolané virem ptaci
myeloblastézy. Rodinu obratlovéich transkripénich faktordt Myb tvofi tfi homologni
proteiny: A-Myb, B-Myb a c-Myb. Kromé toho existuji dva proteiny blizce pfibuzné c-
Mybu kédované ptacimi retroviry AMV (virus pta¢i myeloblastozy) a E26 (virus ptaci
erytroblastozy) a byly proto oznageny v-Myb”™™" a v-Myb®%. Transkripéni faktory Myb
jsou modularni proteiny slozené z nékolika strukturnich a funkénich domén [10]. A-Myb
a c-Myb vykazuji znaénou celkovou podobnost, zatimco B-Myb je dosti odlisny a jen
jeho DNA vazebnd doména vykazuje vysoky stupefi homologie k ostatnim proteintim
Myb. Retrovirové onkoproteiny odvozené od c-Mybu jsou ve srovnani s nim zkracené na
obou koncich. Krom¢ toho v-Myb”™V obsahuje jedenact bodovych mutaci a kratké
sekvence retrovirového piivodu na obou koncich [11]. Druhy onkoprotein, v-Myb®®, je
velky fazni protein slozeny ze sekvence odvozené z c-mybu, téméf kompletni sekvence
kufeciho proteinu Ets-1 a sekvenci pochazejicich z retroviru (z gag a env genit) na obou
koncich [12]. DNA vazebna doména proteintt Myb, ktera je typu helix-otacka-helix, se
sklada ze t¥i nedokonalych repetic (tzv. R1, R2 a R3) 51 az 52 aminokyselin, ale pouze
repetice 2 a 3 jsou nezbytné pro vazbu na DNA (ptimo kontaktuji DNA ve velkém
zlabku) [10, 13]. Proteiny Myb rozpoznavaji sekvenci YAACNG s dalsim mirnou
preferenci v ptilehlych nukleotidech [14]. Transaktivacéni doména, kterd se nachazi v
centralni Casti proteini c-Myb a v-Myb (aminokyseliny 350-370 v kufecim c-Mybu),
slouZzi k vazbé koaktivatord, coz je schopnost nezbytna pro aktivaci cilovych genii. Bylo
prokazano, ze piimo interaguje s tzv. doménou KIX proteini CBP a p300, blizce
ptibuznych koaktivatori [15]. Sekvence nésledujici C-terminalné za transaktivaéni
doménou proteint Myb byly oznafeny jako "negativné regulaéni doména” (NRD).
Hlavnim divodem pro takové oznaceni bylo pozorovani, ze C-termindlni zkraceni
proteinu c-Myb vyrazné posiluje jeho schopnost neoplastické transformace nezralych
krvetvornych bunék a také zvySuje jeho transaktivaéni schopnosti [16-17]. V rdmci NRD
bylo identifikovano nékolik funkénich domén [18-19]. Také byla objevena
intramolekularni interakce N-terminalni DNA vazebné domény s C-koncem
(aminokyseliny 541-567) [20]. Oblast leucinového zipu (LZ) je nejlépe definovanou
funkéni doménou v NRD. LZ zprostfedkovava protein-proteinové interakce a bylo



identifikovano nékolik vazebnych proteint pro tuto oblast [21-23]. | kdyZ LZ negativné
ovlivituje aktivaci transkripce proteiny Myb (mutace v LZ ji zvySuje), je nezbytny pro
efektivni transformaci myeloidnich progenitorovych bungk onkoproteinem v-Myb*MY
[23-24]. Proteiny rodiny Myb se vyrazng lisi svymi expresnimi profily ve vyvijejicich se
i dospé&lych organizmech obratlovet. A-Myb vykazuje nejvice omezenou expresi - pouze
v germinalnich B lymfocytech, sam&ich zarodeénych butikach, duktalnim epitelu prsu a v
nékolika oblastech vyvijejiciho se centralniho nervového systému [25-26]. B-Myb se
naopak nachazi ve vSech typech bunék a hladina proteinu je imérnd mife bun&né
proliferace. Nejsilngjsi exprese B-Mybu je detekovana v embryonalnich kmenovych
butikach, vyvijejicich se tkdnich a v nezralych krvetvornych buikach dospélct [27-28].
Gen c-myb je exprimovan v nezralych, proliferujicich epitelidlnich, endotelialnich,
neurogennich a krvetvornych buiikach a je vypinan, kdyZ buiky dozravaji [29].

Krvetvorba je kontinuélni vytvaieni bunéénych slozek krve. VSechny krevni buiiky
jsou odvozeny od hematopoetické kmenové buiiky. SloZité procesy, které fidi volbu linie,
diferenciaci a zréni vyvijejicich se krvinek jsou jen Caste¢né objasnény. Je jasné, Ze
stejné jako v jinych systémech diferenciace bunék, je zakladni regulacni aparat tvofen
extracelularnimi ligandy, jejich receptory, navazujicimi signalnimi drahami a siti
transkripénich faktord, které v kone¢ném dusledku pfeméni vSechny signaly do urcitych
vzorci genové exprese. Proteiny Myb byly poprvé objeveny jako onkogenni faktory
retrovirt. AMV a E26, které indukuji leukémie u kufat. AMV indukuje akutni
monoblastickou leukémii s velmi rychlym prub&hem [30]. E26 transformované buriky
jsou smési erytroblastli a myeloblasti (ranny pfedchidce granulocytli a makrofagh) a
prvé vykazuji Siroky diferencia¢ni potencial [31]. Oba virové proteiny v-Myb jsou
odvozeny od c-Mybu, sav¢iho transkripéniho reguldtoru s kritickou roli v krvetvorbé.
Mysi postradajici obé alely genu c-myb umiraji 15. den embryonalniho vyvoje v
dusledku absence definitivni krvetvorby [32]. Pouzitim podminéného vyfazeni genu a
chimérnich mysi bylo zjisténo, ze hematopoetické kmenové buiky jsou piitomny v c-
myb” mysich, i kdyZ ve sniZeném poctu a Ze také Castecné diferencované progenitory
erytroidni, myeloidni a lymfoidni linie mohou vznikat, ale nedochazi k jejich dalSimu
mnoZeni v nepiitomnosti proteinu c-Myb [33-34]. Zadné zralé c-myb” buiiky jakékoli
lymfatické nebo myeloidni linie nejsou detekovany v dospélych krvetvornych tkanich.
Utinky vyfazeni genu c-myb na krvetvorbu jsou bun&én& autonomni a koreluji s absenci
uni-a multiliniovych progenitort [33].

Neurdlni lista (NL) je multipotentni populace migrujicich bungk jedine¢na pro
embrya obratlovct. NL vznikd na boéni hrané€ neuralni ploténky, migruje po celém
embryu a dava vzniknout celé fadé bun&nych typd, véetné perifernich a stievni neuronti
a glii, kraniofacialnich chrupavek a kosti, hladké svaloviny a melanocytt [35]. Procesy,
které ¥idi vznik, migraci a diferenciaci NL, byly zatim jen ¢aste¢né objasnény. Bylo
zjisténo, Ze vyvoj NL z ektodermu je fizen indukénimi signély z piilehlé epidermis a
mezodermu (shrnuto v [35]). Tyto signaly jsou tvoifeny sekretovanymi proteiny rodin



WNT (wingless-type murine mammary tumor virus integration site), BMP (bone
morphogenetic protein) a FGF (fibroblast growth factor). Jeden z typa bunék, které jsou
produkovany diferenciaci NL, je melanocyt. V roce 1999 byl odhalena zajimava
schopnost  onkoproteinu  v-Myb®?®  transformovat progenitory melanocyti  [36].
Experimenty provadénymi v nasi laboratofi zhruba ve stejnou dobu bylo zjiténo, ze i v-
Myb"™V je schopen efektivng transformovat buiiky z Gasnych embryi, piidemz vnikaji
rychle expandujici populace melanoblasti v kultufe (Karafiat et al., nepublikovano).
Néslednd studie se zaméfila na predpokladané zapojeni endogenniho proteinu c-Myb do
regulace procesu fidicich vytvafeni a migraci NL v kufecich embryich. Odhalili jsme
dulezitou roli proteinu c-Myb v epitelové-mezenchymovém ptechodu, coZ je kriticky
krok ve formovani NL [37].

Cile prace

Nasim hlavnim z&jmem bylo studium systémi regulace genové exprese, které jsou

zékladem fenotypovych piechodt vybranych priméarnich bunék a bunéénych linii,
abychom 1épe pochopili procesy volby linie, bunééné diferenciace a metastazovani.
Transkripéni regulatory EGR1, EGR4, c-Myb a v-Myb™™V se ukazaly byt uzite¢nymi
molekul&rnimi néstroji schopnymi indukovat specifické ptechody bunéénych fenotypu.
Specifické cile:
1) Potvrdit pfedbéznd data naznacujici, Ze protein EGR1 muze byt zapojen do regulace
metastatického chovani bunék kuteci sarkomové linie PR9692. Pokud ano, pak dale
analyzovat Ulohu proteinu EGR1 vtomto procesu s hlavnim zaméfenim na regulaci
genoveé exprese.

2) Charakterizovat fenotyp domnélych myofibroblastd odvozenych z explantati kize
kufeciho embrya a odhalit program genové exprese, ktery je fizen signalni drdhou TGF-B
v téchto burikach. RozSifit ptivodni pozorovani naznacujici, Ze trvald pfitomnost proteinu
EGR4 v téchto burikach vyvolava jejich dediferenciaci a pokusit se odhalit pfislusny
molekularni mechanizmus.

3) Analyzovat dopad mutaci v oblasti leucinového zipu proteinu v-Myb"“V na chovani
nezralych krvetvornych bunék infikovanych AMV s ohledem na jejich vyvoj do
erytroidni a myeloidni diferenciaéni fady.

4) Analyzovat u¢inky proteinii ¢-Myb a v-Myb®™Y na vyvoj multipotentnich bungk
neurdlni liSty a na expresi vybranych gent b&éhem rané faze diferenciace melanocytl
indukované proteiny Myb.
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Metody

Retrovirové expresni vektory byly pouzity v kazdé z uvedenych studii k dosazeni
stabilni exprese studovanych genti v modelovych buiikach. Jednou z vyhod pouZiti kufete
jako modelového organizmu je dostupnost n€kolika spolehlivych retrovirovych vektort,
které nabizeji pohodIné klonovéani, rychlé mnoZeni v bun&fnych populacich a na
rezistenci vi¢i antibiotikiim zalozenou selekci buné&k infikovanych retrovirem. Vektor
nesouci studovany gen je integrovan do genomu cilové buiiky a naslednd exprese fizena
virovym promotorem LTR poskytuje snadno detekovatelné mnozstvi kdédovaného
proteinu.

Oligonukleotidové mikro¢ipy umoziuji analyzu genové exprese mnoha tisic
(teoreticky v8ech) genii v malém vzorku celkové RNA z modelového organismu v
jednom experimentu. Zakladnim principem mikrodipové analyzy je hybridizace mezi
dvéma fetézci DNA, schopnost komplementarnich sekvenci nukleovych kyselin
specificky parovat vytvafenim vodikovych vazeb mezi nukleotidy. Po odmyti
nespecificky navézanych sekvenci zastavaji hybridizovany pouze silng parujici fetézce.
Fluorescenéné znacené cilové sekvence, které se vazi na sekvence sond umisténych na
definovanych mistech, generuji signal, jehoZ intenzita je zavisla na koncentraci cilové
sekvence ve vzorku [pfevzato z Wikipedie]. Existuyje mnoho vyrobci
oligonukleotidovych mikrocipu, jejichz platformy se lisi v tom, jak jsou vyrobeny, a také
v poétu, délce a usporadani sond a v topologii jejich fyzického nosice. Ve viech naSich
pokusech jsme pouZili mikro¢ipy GeneChip™ od firmy Affymetrix. V piipadé téchto
mikrocipti jsou sondy syntetizovany in situ na sklenéné desti¢ce s pouZitim fotolitografie.
Vynikajiciho poméru signalu k Sumu je dosazeno tim, Ze pro kazdy cil je pfitomna
skupina sond (tzv. probe-set) pokryvajici nékolik set nukleotidd sekvence. Signal
odpovidajici mnozstvi cilové sekvence ve vzorku se vypoéitava ze signald jednotlivych
sond v probe-setu s vyuzitim statistickych metod.

Polymerazova fetézova reakce (PCR), je in vitro enzymatické reakce pouzivana
pro zmnoZeni malého mnoZstvi molekul DNA pies nékolik fadd, ¢imZ vznikaji miliony
kopii ur€ité sekvence DNA. V predlozené praci jsme pouzili PCR pro dva ruzné ucely.
Prvnim ucelem bylo molekularni klonovani poZadovanych cDNA sekvenci. Druhé
pouziti byl odhad nebo kvantifikace relativnich mnozstvi molekul mRNA ve
studovanych vzorcich. Pro tento Gcel jsme pouzili bud RT-PCR (reverzni transkripce
nasledovana polymerazovou fetézovou reakci) nebo qPCR (kvantitativni polymerazova
fetézova reakce). V piipadé semi-kvantitativni RT-PCR, jsou produkty amplifikace
rozdéleny na agar6zovém gelu elektroforézou a zviditelnény obarvenim ethidium
bromidem. Tento postup umoziuje pouze hruby odhad vétsich rozdili v genové expresi.
Druhd metoda, gPCR, je zaloZena na automatizovaném méfeni fluorescence barviva
(SYBR green), které fluoreskuje pouze v piitomnosti dvoufetézcovych molekul DNA, po
kazdém amplifika¢nim cyklu. Tato metoda umoziiuje pomérné piesny odhad pocatecnich
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mnoZzstvi cDNA molekul ve studovanych vzorcich a proto je pouZitelna i pro analyzu
mensich rozdilii v genové expresi (dvojnasobnych nebo dokonce mensich).

Western blot (nebo také imunoblot) je velmi rozsifena technika pro detekci
studovanych proteini v analyzovanych vzorcich. Pomoci gelové elektroforézy (SDS-
PAGE) se nejprve denaturované proteiny rozdéli podle délky polypeptidového fetézce.
V dal$im kroku jsou pak pieneseny na membranu (nitrocelulézu nebo PVDF), kde jsou
detekovany pomoci specifickych protilatek.

Priitokova cytometrie je velmi vykonn technika pro souc¢asnou analyzu nékolika
parametrd jednotlivych bunék v heterogenni populaci. Pratokovy cytometr provadi tuto
analyzu tim, Ze nechd prochézet tisice bunék za sekundu pies laserovy paprsek a detekuje
fluorescenci, kterd vychazi z kazdé buniky (pfedtim oznaCené konjugovanymi
protiladtkami nebo piimo fluorescenénimi barvivy).

Imunofluorescenéni mikroskopie je metodou detekce proteind piimo v buiikach.
Tato technika vyuziva specifi¢nosti protilatek vaci antigenu k fluorescenénimu oznadeni
konkrétnich proteinti ve studované butice. UmozZiiuje studium nitrobunééné lokalizace
proteint a topologie a morfologie struktur, jejichZ jsou soucasti.

Vysledky a diskuse

Regulace metastazovani sarkomi proteinem EGR1

V pribéhu devadesatych let dvacatého stoleti byl v Laboratofi virové a bunééné
genetiky v UMG AV CR vyvinut modelovy systém vhodny pro studium molekularnich
mechanizmd, které jsou zakladem metastazovani nadord. Je zaloZzen na dvou kufecich
fibrosarkomovych bunéénych liniich transformovanych genem v-src. Puvodni
(,,rodi¢ovské”) builky PR9692 jsou vysoce metastatické, zatimco odvozeny klon
PR9692-E9 nemetastazuje. Po inokulaci do prsniho svalu pokusnych zvifat ob& bunééné
linie tvofi rychle rostouci priméarni nadory, ale pouze rodi¢ovské PR9692 buiiky zakladaji
plicni metastazy. Abychom odhalili rozdily v genové expresi, které by mohly vysvétlit
odlisné metastatické chovani bunék PR9692 a PR9692-E9, analyzovali jsme tfi nezavislé
vzorky kazdé bun&¢né linie pomoci oligonukleotidovych mikrocipu (Affymetrix Chicken
GeneChip™). Ptiblizn& u 850 geni byla exprese zvySena nejméné dvakrat a u 1350 gent
nejméné dvakrat snizena v PR9692-E9 buiikach ve srovnani s PR9692.

Analyza genové exprese odhalila, Ze exprese genu pro transkripéni faktor EGR1
byla snizena (20-krat podle mikro¢ipd, cca. 3-krdt podle gPCR) v nemetastazujicich
bunkach, coz naznacuje, ze EGR1 by mohl byt dilezity pro metastazovani. Na zaklade
téchto pozorovani jsme predpokladali, Zze zvySeni exprese genu EGR1 v bunkach
PR9692-E9 by mohlo obnovit jejich metastaticky potencial. Pro zvy3eni exprese EGR1
v buiikdch PR9692-E9 jsme pouzili retrovirovy vektor SFCV-LE s vloZzenou cDNA
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kodujici kufeci EGRI znageny N-termindlné epitopem myc (SFCV-ME-EGR1).
Pfitomnost myc-ozna¢eného EGR1 ve vyslednych buitkach PR9692-E9-EGR1 byla
potvrzena technikou Western blot (obr. 1D). Pokusna zvifata pak byla injikovana
buitkami PR9692, PR9692-E9 nebo PR9692-E9-EGRL1 a jejich plice analyzovany na
pfitomnost metastaz 5 tydnt po injekci. Pokrocilé metastazy byly nalezeny u vSech zvifat
injikovanych bud’ buitkami PR9692 nebo PR9692-E9-EGR1, zatimco zadné vyznamné
metastazovani nebylo zjiSténo u zvifat injikovanych bunkami PR9692-E9. Velikost a
pocet metastatickych loZisek u zvifat injikovanych buitkami PR9692-E9-EGR1 byly
srovnatelné s témi, které byly injikovany buiikami PR9692. Abychom identifikovali
potenciélni EGR1 cilové geny zaCastnéné v regulaci metastatického Siteni sarkomul, ana-
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Obr. 1.Geny spojené s metastatickym fenotypem. A Geny s vysokou expresi v
metastazujicich PR9692 a PR9692-E9-EGR1 buiikach a zaroveti nizkou expresi v nemetastazujicich
PR9692-E9 buiikach. B Geny se snizenou expresi v metastazujicich ve srovnani s nemetastazujicimi
buiikami. Geny, které byly dale analyzovany pomoci PCR a qPCR jsou uvedeny tuéné. C PCR
analyza diferencialni exprese genii. cDNA vzorky ziskané ze tfi nezavislych kultur kaZzdé bunééné
linie byly amplifikovany pomoci PCR a rozdéleny na agar6zovém gelu. D Proteinové hladiny
odpovidajici vybranym diferencialné¢ exprimovanym gent byly analyzovany technikou Western
blot. ME-EGR1 znamena EGR1 znaceny epitopem z proteinu c-Myc.
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lyzovali jsme buitkky PR9692-E9-EGR1 pomoci oligonukleotidovych mikrocipu.
Vysledny expresni genovy profil byl pak porovnan s daty genové exprese, ktera byla
ziskana dfive pro buiiky PR9692 a PR9692-E9. Trvald exprese EGR1 v buiikach
PR9692-E9 vedla k dvojnasobnému nebo siln&jsimu zvyseni exprese asi 2150 genil a
nejméné dvojnasobnému sniZeni exprese u asi 1850 gent. Ze srovnani viech expresnich
udaju vyplynulo, ze exogenni exprese EGR1 v nemetastazujici bunééné linii PR9692-E9
obnovila expresi fady gent na uroveii srovnatelnou s metastazujici linii PR9692. Geny,
které vykazuji podobnou aktivitu v obou metastatickych bunéénych liniich (PR9692 a
PR9692-E9-EGR1) a tato je bud’ snizena nebo zvySena u nemetastazujicich bunék
(PR9692-E9) predstavuji hypoteticky metastaticky program genové exprese. Seznam
téchto gent je uveden na obr. 1A, B. Pro dalsi PCR a qPCR ovéfeni rozdil genové
exprese jsme vybrali n€kolik gend z obou skupin (zvySenych a sniZzenych). Vysledky
analyzy PCR potvrdily mikro¢ipova data (viz obr. 1C). Seznam genii vykazujicich
podobnou expresi v buitkaich PR9692 a PR9692-E9-EGR1 a snizeni v buitkach PR9692-
E9 obsahuje geny s jiz zndmou roli v metastazovani nadora (napt. MYL9, RIAM, MYO10,
NCAML1, geny pro kolageny typu VI, HAS2 a PCSK®6), geny, které dosud nebyly
spojovany s metastatickym chovani (napt. CMTM7, MSRB3, PRDM4, LRRN4), stejné
jako geny neznamé funkce (napt. CCDC104, Cl6orf45, AP1S3 a CCDC109B).
Pravdépodobné nejzajimavéjsi potencialni cil EGR1 je gen MYL9. Ten koduje lehky
regulaéni fetézec myosinu (MRLC/MLC/MLC2), cil regulaéni fosforylace kinasou
MLCK (myosin light chain kinase) a Rho-kinasou (ROCK). Tyto fosforylace ftidi
kontrakce aktinového cytoskeletu a jsou dualezité pro vyzravani adhezivnich kontaktd,
vytvéreni polarity a naslednou migraci bunék [38].

Transkripéni regulace metastatického chovani byla rozsahle studovana v
transformovanych bufikch pochézejicich z epitelu. Transkripéni faktory identifikované
v té&chto butikach jako dilezité regulatory metastatického sifeni, jsou témét ve vSech
ptipadech zékladni regulatory ustaveni a udrZzovani mezenchymalniho fenotypu (twist,
ZEB1, ZEB2, snail, slug a TCF3). Ackoli transformované mezenchymalni bunky
exprimuji tyto transkripéni faktory konstitutivng, ne vSechny mezenchymalni nadory
metastézuji. Naptiklad jen pfiblizné 20 procent sarkomi mékkych tkani lidskych
kongetin progreduje do metastatické faze [39-40]. Podobné nasi kolegové z Laboratofe
virové a bun&éné genetiky v UMG AV CR pozorovali, Ze primarni fibrosarkomy
indukované onkogenem v-src jsou nemetastazujici (nepublikovano). Vzhledem k témto
pozorovanim je ziejmé, Ze mezenchymalni fenotyp sdm o sob& neni dostacujici pro
obdafeni transformované buiiky metastazujicimi schopnostmi. Tento fakt naznacuje
existenci dalsi urovné regulace transkripce, ktera kontroluje expresi genii dalezitych pro
metastatické Sifeni. Vysledky nasi prace naznacuji, Ze transkripéni faktor EGR1 muze byt
klicovym regulatorem celé sady gent, jejichZz exprese je nutna pro efektivni Sifeni
rakoviny formou metastaz.
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Kuieci embryonalni kozni myofibroblasty, regulace jejich fenotypu
signdlni drdhou TGF-p a manipulace pomoci zménéné hladiny
proteinu EGR4

Myofibroblast je bun&ny typ obratlovci, ktery ma zasadni vyznam v normalnim
hojeni ran, ale také je vinikem Zivot ohroZujicich fibroproliferativnich onemocnéni a
aktivnim pomocnikem nédorovych bunék v maligni progresi lidskych nadort. Pro
vyzkum myofibroblasti je dilezité mit vhodny modelovy systém. Ackoli procesy in vivo
probihaji v trojrozmérném prostiedi a vyZzaduji pfimé a nepfimé mezibun&ené interakee,
zdd se, 7e zakladni regulaéni d&e udrzujici myofibroblastickou diferenciaci
mezenchymalni buiiky jsou bunééné autonomni a mohou byt studovany na bunéénych
liniich nebo primarnich butikdch v kultufe. Primarni fibroblasty pfipravené z kize
kufeciho embrya vykazuji myofibroblastické rysy, zejména intenzivni produkci
kolagenni mezibunééné hmoty. Rozhodli jsme se proto analyzovat fenotyp t&chto bunék
podrobné a zjistit, zda by mohly byt pouZity jako experimentalni model pro studium
biologie a biochemie myofibroblasti. Kombinace silné produkce mezibunééné hmoty a
pritomnost stresovych vlaken tvofenych aSMA (hladkosvalovy o—aktin) v buiikach, je
jedineénou vlastnostni myofibroblasti. K prokazani myofibroblastického fenotypu bunék
odvozenych z kuze desetidenniho kufeciho embrya jsme ustavili bun&éné kultury a
udrZovali je po dobu az &tyf tydnl. Vzorky bunék byly analyzovany jednou tydné na
ptitomnost vldken tvofenych aSMA imunofluorescenéni mikroskopii a produkce
mezibuné¢né hmoty byla vizualizovana barvenim materidlu uloZeného buiikami na
povrchu kultivaénich misek Siriovou ¢erveni. Jak lze vidét na obr. 2, prakticky 100%
bunék vykazovalo velmi silné imunofluorescenéni barveni vldken aSMA a sougasné bylo
mozno detekovat velké mnoZstvi kolagenni mezibunééné hmoty ve vSech asovych
bodech. Tyto vysledky, podporované profily genové exprese popsanymi dale, ukazuji, ze
buriky odvozené z explantati kize kutecich embryi jsou myofibroblasty a Ze homogenita
a Casova stabilita jejich fenotypu ospravedliiuje jejich vyuZziti jako experimentéalniho
modelu v biologii myofibroblastu. V nasledujicim textu bude pouzivana zkratka CEDM
(chicken embryo dermal myofibroblasts - kuteci embryonélni koZni myofibroblasty).

Centralnim regulatorem procesu myofibroblastické diferenciace mezenchymalnich
bunék je TGF-B ligand. Je rovnéZz zndmo, Ze TGF-B autokrinni smycka se ustavuje v
diferencovanych myofibroblastech. Vazba ligandu TGF-f na receptor sestavajici ze dvou
TGFBRI1 a dvou TGFBR2 podjednotek indukuje fosforylaci proteini SMAD2 a
SMAD3, které se nasledn¢ piemistuji do bun&ného jadra a aktivuji transkripci
prostiednictvim specifickych vazebnich mist v promotorovych oblastech jejich cilovych
genl [41]. Kromé& toho aktivuje signdl TGF-p také MAPK signalizaci [42]. Pro
identifikaci TGF-B regulovanych gent v CEDM buiikach jsme pouZili vysoce selektivni
inhibitor kinasové aktivity TGFBR1 (2-(3-(6-methylpyridin-2-yl)-1H-pyrazol-4-yl)-1,5-
naftyridin), dale zkraceno na MPPN, a profilovani genové exprese pomoci mikro¢ipa
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(GeneChip™ Chicken Genome Array, Affymetrix). Abychom odhalili program genové
exprese zavisly na TGF-B, porovnavali jsme profily genové exprese CEDM bunék
vystavenych na 48 hodin pasobeni 500 nM MPPN (rozpusténého v DMSO) nebo pouze
DMSO. Porovnani genovych expresnich profilt odhalilo velké mnozstvi gent, jejichz
aktivita byla snizena (421 probe-set) nebo zvySena (475 probe-setti) v reakci na inhibici
TGF-B signalni drahy. Geny kodujici komponenty mezibunééné hmoty, enzymy dilezité
pro jeji syntézu a Upravy a rizné sekretované ristové faktory byly hojné pfitomny mezi
geny se snizenou expresi. Kromé nich, rizné dal$i geny kddujici proteiny znamé i
nezndmé funkce byly také pfitomny ve stejné skupiné. Mnohé z téchto gentd byly jiz
identifikovany v sav¢ich burikach jako TGF-B regulované. Ponékud piekvapivé bylo
zjiténi, Ze vice nez polovina z ovlivnénych gent zvysila svoji aktivitu v reakci na
pusobeni MPPN. Tradi¢ni a stile pfevazujici pojeti myofibroblasti jako aktivované
formy diive klidovych fibroblasti predpoklada, Zze geny by mély byt piedev§im
aktivovany v reakci na TGF-f stimulaci a tudiz tlumeny pii ztraté TGF-f signalizace.

DF1 fibroblasty CEDM 1 tyden CEDM 2 tydny CEDM 3tydny

fazovy kontrast

aSMA IF

Siriova cerven

-
X

Obr. 2. Buiiky odvozené z kize kufeciho embrya vykazuji myofibroblastické znaky.
Imunofluorescenéni barveni hladkosvalového a-aktinu odhalilo pfitomnost vyraznych vidken téméf
ve viech buikich CEDM (stfedni fada). CEDM buiky soucasné ukladaly velké mnozstvi
mezibun&né hmoty, jak o tom svédéi barveni kolagenti po lyze bunék pomoci Siriové cervené
(dolni tada). Vysledky ukazuji stabilitu fenotypu v priib&hu tii tydnt kultury. Fibroblasty DF1 byly
pouzity jako negativni kontrola.
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NaSe data poskytuji silnou podporu pro alternativni hypotézu povazujici vznik
riznych gent. Pi{tomnost genl tvoficich neddvno objevenou transkripéni signaturu
mezenchymalnich kmenovych bunék v aktivované skupiné poskytuje dalsi podporu pro
tuto hypotézu. Ve stejné skupiné jsme objevili také geny spojené s adipogenezi, ale
zadné znamky adipocytarni diferenciace nejsou pozorovany ani po dvou tydnech
ptsobeni MPPN a buiiky zlstavaji myofibroblasty. Pravdépodobné nejlepsi interpretace
téchto dat je aktivace mezenchymalni diferencia¢ni plasticity v reakci na inhibici TGF-p
signélni drahy v myofibroblastickych bufikach, kterd vSak nevede k fenotypové zméné za
pouzitych podminek. Abychom ovéfili a déle rozsitili vysledky ziskané mikrocipy, byly
zmény genové exprese analyzovany pomoci PCR a hladina vybranych proteinovych
produktii stanovena technikou Western blot. Také nas zajimalo, zda geny identifikované
jako TGF-p-zévislé v buikach CEDM budou odpovidat na TGF-B stimulaci u
fibroblasti. Porovnali jsme citlivost vybranych genti na pisobeni MPPN v buiikdch
CEDM a na silnou trvalou sekreci TGF-B3 ligandu (ptepisovaného z integrovaného
retrovirového vektoru) v butikich DF1. Pomoci PCR analyzy bylo zjisténo, Ze cela fada
gent utlumenych po ptsobeni MPPN v buitkich CEDM byla indukovdna v DF1
fibroblastech v reakci na TGF-B3, ¢imZ jsme potvrdili uéinnost a selektivitu inhibitoru a
biologickou relevanci identifikovanych genii. Dale byly geny aktivované v reakci na
pisobeni MPPN v buiikich CEDM analyzovdny semikvantitativni RT-PCR a
mikro¢ipové vysledky byly potvrzeny. Déle jsme fesili otdzku, zda dlouhodobé puasobeni
MPPN na buitky CEDM vyvola jejich dediferenciaci na fibroblasty. Ponékud piekvapive,
ani dva tydny kultury s kontinuélni pfitomnosti MPPN v kultivaénim médiu nevedlo ke
ztraté viech myofibroblastickych vlastnosti. PCR a Western blot analyzy odhalily trvalé
utlumeni genii kodujicich nékteré komponenty mezibunééné hmoty, ristové faktory a
geny kddujici cytoskeletarni regulatory ACTG2 a TPM1, ale v podstaté nenastala Zadna
zména v expresi geni ACTA2, CNN1 a TAGLN, které jsou odpovédné za vznik a
kontraktilitu vldken tvofenych aSMA. Ne&které z hlavnich slozek mezibunééné hmoty
(kolageny typu I a fibronektin) byly také nezavislé na dlouhodobém ptsobeni MPPN.
Tyto vysledky naznauji, ze v buikaich CEDM signalizace pomoci TGF-B fidi zejména
produkci nékterych slozek mezibunééné hmoty a dalSich sekretovanych proteint, ale neni
hlavnim regulatorem celého myofibroblastického fenotypu. Zejména program genové
exprese ovladajici kontraktilitu hladkosvalového aktinu se zda byt do znaéné miry
nezavisly na TGF-p.

V' navazujici studii jsme analyzovali naSe ptedbézné pozorovéni, Ze trvald
ptitomnost proteinu EGR4 v buiikich CEDM indukuje jejich dediferenciaci (ztratu
myofibroblastické diferenciace). Nejprve jsme charakterizovali fenotyp EGR4
exprimujicich CEDM bunék. Pomoci stejnych metod, jako bylo popsano vyse, jsme
pozorovali vyrazné niz§i mnozstvi kolagenniho materidlu uloZeného na povrchu
kultiva¢nich misek buiikami s EGR4 ve srovnani s kontrolnimi bufikami infikovanymi
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prazdnym retrovirovym vektorem. Anti-aSMA imunofluorescenéni mikroskopie pak
odhalila silné snizeni intenzity vldken v EGR4-exprimujicich buiikich ve srovnani
s kontrolnimi bufikami. Myofibroblasticky fenotyp tak byl evidentné silné potladen v
EGR4-exprimujicich butikach.

Abychom odhalili u¢inky stabilng zvySené hladiny EGR4 na genovou expresi v
buitkach CEDM, pouZili jsme oligonukleotidové mikro¢ipy (Affymetrix GeneChip™
Chicken Genome Array). Expresni profily EGR4 bunék, ve srovnani s kontrolnimi
bunikami, uké&zaly vyznamné (>2-krdt) zvySeni nebo sniZeni exprese stovek gend,
pfiGemz sniZeni exprese mirné ptevazovalo. Nejvyznamnéj$im udinkem stalé zvySené
hladiny EGR4 bylo utlumeni myofibroblastové specifickych gent kddujicich strukturalni
(kolageny, proteoglykany, fibronektin) a regulaéni (napf. TIMP3, THBS2) slozky
mezibunééné hmoty, geny spojené s kontraktilitou aktinového cytoskeletu (CNNL1,
TAGLN, TPM1, ACTA2) a geny kodujici razné sekretované ligandy (NOV, CXCL12,
BDNF, FGF7, VEGFC atd.). Mezi aktivovanymi geny se objevilo n&kolik znamych
negativnich regulatort TGF-p-signalizace nebo souvisejicich profibrotickych drah:
FOXG1, BAMBI, NAB1 a DUSP5. Abychom ovéfili mikroéipova data, provedli jsme
gPCR analyzu exprese vybranych gent ve stejném souboru vzorkit RNA a zjistili jsme,
Ze vSechny vysledky jsou v dobré shodé. Dale jsme analyzovali stav TGF-B sigrélni
dréhy v EGR4-exprimujicich buiikach a kontrolnich buiikich bez EGR4. Provedli jsme
detekci fosforylované formy proteinu SMAD?2 technikou Western blot a zjistili jsme, Ze
zatimco lze detekovat silny signal v kontrolnich neinfikovanych buiikach nebo butikich
infikovanych prazdnym retrovirovym vektorem, tento prakticky chybi v EGR4
exprimujicich bunkach. Dale jsme analyzovali stav MAPK-signalizace v EGR4
exprimujicich buinikach detekei fosforylovanych forem a celkové hladiny proteint ERK,
JNK a p38. Zjistili jsme, Ze trvalé zvySeni EGR4 potlacuje fosforylaci ERKu a dlouhé
formy JNK, zatimco jejich celkova hladina se neméni. Fosforylovana forma p38 nebyla
detekovana v Zadném ze vzorkau.

Abychom odhalili relativni vyznam jednotlivych EGR4-cilis v potlaceni TGF-B
signalizace a v dediferenciaénim G¢inku, analyzovali jsme fenotypy CEDM bunék
konstitutivné exprimujicich proteiny FOXG1, BAMBI a NAB1. Pouze trvale zvySeny
FOXGI byl schopen G¢inné potlacit produkci mezibunééné hmoty a vytvareni aSMA
vldken, zatimco BAMBI a NABL nevykézali zadny efekt. Exprese FOXGI1 rovnéz
vyvolala silné potlageni fosforylace SMAD?2 srovnatelné s efektem konstitutivni exprese
EGRA4. Bylo také detekovano potlaceni fosforylace ERK a dlouhé formy JNK ve FOXG1
exprimujicich buiikach ve srovnani s kontrolnimi buiikami.

Pochopeni molekularnich mechanizma, které mohou vyvolavat dediferenciaci
myofibroblasti ma kli¢ovy vyznam pro budouci pokrok v 1é¢bé fibrotickych onemocnéni
a pravdépodobné i karcinomi. Vysledky naSich dvou studii ukazuji, Ze inhibice TGF-f
signalizace sama o sobé nestaci k vyvolani dediferenciace myofibroblastd, ale zaroven
naznaduji, ze muze byt dulezitou soucasti dediferenciaéniho procesu. Prokazali jsme, Ze
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EGR4 je schopen zcela potlacit TGF-f signalizaci v myofibroblastech a odhalili jsme
nékolik potencialnich zprostiedkovatelti tohoto efektu. Zda se, Ze mezi nimi hraje
dominantni roli transkripéni faktor FOXG1, jelikoZz mize vyvolat fenotyp srovnatelny s
konstitutivni expresi EGR4 v buiikaich CEDM, pokud je exprimovan z integrovaného
retrovirového vektoru. Role ostatnich gent - BAMBI, NAB1 a DUSP5 - v EGR4
indukované dediferenciaci myofibroblastl se zda byt méné dilezita, ale nelze ji vylouéit.

Volba diferenciacni linie krvetvornych progenitoru a jeji regulace
proteinem v-Myb"™Y

Zkoumani role oblasti leucinové zipu (leucine zipper region - LZR) proteinu v-
Myb”™MY v AMV-indukované monoblastické leukémii byla hlavni napini vyzkumu v
Laboratoti molekuldrni virologie od zacatku devadesatych let dvacatého stoleti.
Nejvyznamngj§im Gspéchem z pocatku této éry bylo odhaleni skutecnosti, Ze LZR je
naprosto nezbytny pro efektivni transformaci [23]. Dalsi dulezité zjisténi bylo u¢inéno po
konstrukci fady malych dele¢nich mutant v LZR a jeho okoli, kdyZ se ukézalo, ze n&které
z téchto mutaci zachovavaji zakladni transforma¢ni schopnost, ale rist transformovanych
bungk in vitro a jejich leukemogenicita in vivo jsou postizené v rizné mite [43].

V navazujici studii, prezentované zde, byly tyto mutanty analyzovany s ohledem na
jejich schopnost podporovat mnozeni a diferenciaci krvetvornych progenitorovych bunék
jinych ne? monoblastd. Transformaéni potencial v-Myb”"“V (dale jen v-Myb) mutant byl
analyzovan v kulturdch bunék blastodermu z 20 — 28 hodin starych kufecich embryi.
Tyto velmi &asné embryonalni buiiky jsou zdrojem primitivnich krvetvornych
progenitort, které mohou byt transformovany v kultufe. Mutanty s neporuSenym LZR
stejné jako nemutovany v-Myb vyvolali narast pouze bunék pfipominajicich monoblasty.
Je zajimavé, Ze v kulturach infikovanych LZR mutantami, byly pfitomny vedle
myeloidnich bunék také hemoglobinizované erytroidnich buiiky. Nékteré erytroidni
buiky diferencovaly spontanné na zralé erytrocyty béhem 30-ti denni kultivace. V AP1
(delece aminokyselin 301-311 ve v-Mybu) kulturdch byly piitomny &etné nezralé
erytroidni buniky i po delsi dob& kultivace. Blastodermové buiiky transformované
nemutovanym proteinem v-Myb a AP1 mutaci byly dale charakterizovany z hlediska
ristového potencialu, morfologie a exprese povrchovych markerd, a také exprese genti
dulezitych pro vyvoj myeloidnich a erytroidnich linii. Bylo zji§téno, Ze béhem prvnich 7
dni po infekci byly v-Mybové kultury tvofené pievazné monoblasty s piimési
erytroidnich bungk, zatimco pozd&ji byly pozorovany uZ jen rychle se mnozici
monoblasty. Naproti tomu v AP1 kulturdch byl v prib&éhu prvnich 7 dnd po infekei
pozorovan narlst piedev§im erytroidnich bunék. Poté velkd ¢ast bunék podstoupila
sponténni diferenciaci na erytrocyty a vysledné kultury obsahovaly erytroidni buiiky v
riznych fazich vyvoje a také monoblasty. V pozdégjsich ¢asovych bodech byly také
pozorovany buiiky pattici do dalsich hematopoetickych linii - trombocyty, eozinofily a
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heterofilni granulocyty (ekvivalent neutrofildi u savcil). V pozdéjsich fazich (30 dni po
infekci) v-Mybové kultury obsahovaly pouze myeloidni buiiky, zatimco v kulturdch AP1
byly také pozorovéany buiiky erytroidni fady. Buriky s AP1 exprimovaly vysoké hladiny
mRNA kodujicich proteiny c-Myb, SCL a GATALI, které jsou dileZité pro vyvoj
erytroidni linie. V buikach s nemutovanym v-Mybem naopak byly tyto mRNA v
podstaté nepftitomny, zatimco mRNA pro myelomonocytarni faktory C/EBPB, PU.1 a
EGRI1 byly hojné& exprimovény.

V casnych kulturach blastodermovych krvetvornych bunék s AP1 a v mersi mife i
v buiikdch s nemutovanym v-Mybem nékteré buiiky exprimovaly povrchové markery
multipotentnich  myelo-erytroidnich  progenitorda ~ (MEP).  Abychom  zvysili
sebeobnovovaci kapacitu a/nebo zpozdili spontanni diferenciaci nezralych bunék
exprimujicich v-Myb nebo jeho mutovanou verzi API, byly testovany rizné ristové
faktory a jejich kombinace. TGFa, bFGF a SCF, pokud putsobili soucasné, efektivné
zvySovali tempo ristu jak bunék s nemutovanym v-Mybem tak i s AP1 variantou. Tyto
buniky zlstavaly pozitivni na MEP antigeny. Abychom zjistili, zda LZR ovliviiuje
hladiny mRNA pro C/EBPB, PU.1, EGR1, c-myb, SCL a GATAL v nezralych buiikach a
¢asnych erytroidnich progenitorech, analyzovali jsme RNA z bunék péstovanych 21 a 30
dni se smési ristovych faktord. Zjistili jsme, Ze buiiky s nemutovanym v-Mybem i s AP1
verzi hojné exprimovaly SCL a GATAL1 v obou ¢asovych bodech. Naproti tomu hladina
MRNA pro c-Myb byla nizsi u nemutovaného v-Mybu oproti AP1 bufikdm Vv ¢ase 21 dn,
zatimco jeji hladiny byly v podstaté stejné 30. den. Hladiny mRNA pro myeloidni
faktory C/EBPp a PU.1 byly vy33i u nemutovaného v-Mybu neZ v AP1 buiikach 21. den
a stéZi detekovatelné v obou kulturdch 30. Den. Tato data ukazuji, Ze v nezralych
krevnich buiikach s v-Mybem (21. den) neporuSeny LZR zpUsobuje zvySeni hladiny
C/EBPB a PU.1 mRNA a sniZzenou hladinu mRNA pro c-Myb ve srovnani s expresi
téchto molekul v bufikach obsahujicich AP1 mutaci v LZR. Tento specificky expresni
vzorec by mél predurcovat vyvoj progenitori na eozinofily a makrofégy, jelikoZz C/EBPB
a PU.1 vynucuji vyvoj do téchto linii [44-45]. VySe uvedena data dokumentuji schopnost

Abychom odhalili diferenciaéni potencial Kkrevnich progenitord exprimujicich
exogenni v-Myb, kultivovali jsme je 14 dnd v pfitomnosti TGFo, bFGF a SCF a pak
jsme indukovali jejich diferenciaci odnétim rastovych faktord. JelikoZ forbolovy ester
TPA piisobi jako silny induktor diferenciace E26-infikovanych progenitort [31], v
nékterych experimentech bylo kombinovano odstranéni ristovych faktora a pfidani TPA.
Vysledné bunky byly nejprve analyzovany na pfitomnost povrchovych proteint

jak butiky s nemutovany v-Mybem, tak i butiky s AP1 exprimovaly erytroidni marker JS4
a byly negativni na myeloidni marker MC51/2. Né&kolik dni po indukci diferenciace
odstranénim rastovych faktort a pfidanim TPA buiiky s nemutovanym v-Mybem ztratily
JS4 a zaaly byt pozitivni na MC51/2. Tyto buiky jednoznain& predstavovaly
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makrofagové prekurzory, coz potvrzovala také jejich morfologie. Naproti tomu buiiky s
AP1 udrzovaly vysokou expresi JS4 a byly negativni na MC51/2. Navic si tyto butiky
udrZovaly nezraly fenotyp. V podobnych pokusech byly diferencujici buiiky analyzovany
cytochemickym barvenim na ptitomnost granulocyt a imunofluorescenci na pfitomnost
trombocytd 20 dni po indukci diferenciace. Po ptidani TPA byly v kulturdch s
nemutovanym v-Mybem detekovany pouze monoblastické buiiky a Za4dné trombocyty.
V kulturdch s AP1 odhalilo barveni pomoci Astra modfi etné heterofilni granulocyty.
PouZitim protilatky 11C3, kterd rozpoznava integrin GPlIb-Illa specificky pro kufeci
trombocyty, byly detekovany &etné pozitivni buiiky. Analyzované kultury s AP1 také
obsahovaly monoblastické a erytroidni butiky. Tyto vysledky naznacuji, Ze progenitory s
AP1 maj $ir§i diferenciaéni potencial nez buiky s nemutovanym v-Mybem a mohou
diferencovat do vsech linii odvozenych od spole¢ného myeloidniho progenitoru. Na
druhou stranu, nemutovany v-Myb brani progenitoram v diferenciaci na buiiky
erytroidni, trombocyty a heterofilni granulocyty. Absence heterofilnich granulocytl
v kulturdch s nemutovanym v-Mybem silné naznacuje, ze v-Myb s neporuSenym LZR
nuti bipotentni progenitory granulocytti a makrofagi diferencovat pouze do makrofagové
linie.

Ulinek proteini Myb na volbu diferenciaéni linie v buiikach
neurdlni listy

Jak jiz bylo zminéno v tvodu, Bell s Framptonem a také my jsme odhalili
schopnost proteintt v-Myb transformovat buiiky z ¢asnych embryi, pfi¢emZ vznikaly
rychle rostouci populace melanoblasti v kultufe (Karafiat et al., nepublikovano a [36]).
Také jsme prokéazali vyznamnou roli proteinu c-Myb v epitelové-mezenchymovém
ptechodu pii formovani neuralni listy (NL) [37]. V nasledném studii, ktera se soustfedila
na konkrétni role c-Mybu ve vyvoji melanocyti a také jejich transformaci proteinem v-
Myb"™V, jsme se zaméfili na diferenciaci do melanocytéarni linie a to, jak je ovlivnéna
proteiny Myb. Oznaéeni v-Myb (protein) a v-myb (gen) bude v nasledujicim textu vzdy
znamenat AMV verzi.

Abychom Zzjistitili, zda proteiny Myb mohou ovlivnit volbu diferenciaéni linie
progenitortt melanocytidi, byly geny c-myb a v-myb zavedeny pomoci retrovirovych
vektorGi do naivnich neuréalnich plotének, které obsahuji pouze buiiky budouci NL a
Z&dné rozhodnuté progenitory melanocyti. V explantatech neuréalnich plotének oba myb
geny zpusobily delaminaci a tvorbu pigmentovych bun&k. To znameng, Ze onkogen v-
myb, podobné jako c-myb [37], mizZe aktivovat velmi Gasné kroky v tvorbé& trupové NL, a
oba proteiny Myb podporuji diferenciaci ¢asnych bunék NL do melanocytarni bunééné
linie. Pro dal§i experimenty byly pouZity ¢asné buiiky NL vyputované z fragmenti
trupové &asti neuralni trubice obsahujicich nespojené neurélni zahyby. Pfi vyvoji embrya
buniky NL delaminuji z neurédlnich zahybi a prostupuji okolni tkan¢ ve vilnach. Buiky
¢asné viny diferencuji pfedev$im na neurony a glialni buniky periferni nervové soustavy
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(v ptipadé trupové NL). Buiiky druhé, opozdéné viny diferencuji na melanocyty. Tento
zpisob emigrace NL/diferenciace je do jisté miry také rekapitulovan ve tkanové kultuie.
Buriky prvni viny in vitro spontanné diferencuji pfedevs§im na glialni butiky. JelikoZ
buiiky prvni viny obsahuji oligopotentni prekurzory, véetné bipotentnich gliovych/
melanocytérnich progenitort, maji také potencial k vyvoji podél melanocytarni bunééné
linie. Pro studium 0¢inkd proteind Myb na volbu bunééné linie jsme pouZilili bunky
Casné viny NL. Tyto buiiky byly infikovany retroviry kédujicimi c-Myb a v-Myb a
analyzovany o 7 - 12 dnl pozdgji. Oba proteiny smérovaly buiiky ¢asné viny do
melanocytarni linie. V c-Mybovych kulturdch piedstavovaly pigmentové buiky asi 50%
populace, zatimco u v-Mybovych kultur obvykle 90% bunék byly melanoblasty. Dale
jsme analyzovali expresi vybranych genii zapojenych do melanocytogenese. Zavedeni
gent c-myb a v-myb do bungk ¢asné viny koreluje s akumulaci transkriptu genu MITF,
ktery kdduje transkripéni faktor klicovy pro progresi vyvoje melanocytd. Gen pro
tyrosinasu - cil transkripéniho faktoru MITF - byl také silné aktivovan v buikach
exprimujicich vneseny c-Myb a v-Myb. Aktivita proteinu MITF je fizena né&kolika
zptsoby. Mezi nimi modifikace MITF vyvolané SCF - c-Kit signalizaci ptedstavuji
aktivaéni podnét dilezity pro vyvoj melanocytarni bunééné linie. Vzhledem k tomu, Ze
exprese genu c-kit zavisi na ptitomnosti proteinu c-Myb v nezralych erytroidnich
buiikach, zajimalo nés, zda existuje podobna souvislost mezi expresemi genti c-myb a c-
kit v buiikach NL. Infekce bunék ¢asné viny viry kédujicimi c-Myb a v-Myb méla za
nasledek akumulaci mRNA pro c-Kit, zatimco 74dné vyznamné zmény nebyly
pozorovany ve hladin€ mRNA pro SCF. Abychom zjistili, zda geny myb také zvysuji
mnozstvi proteinu c-Kit na povrchu bunék, buiiky NL vyputované v ¢asné i pozdni ving z
explantati neurdlni trubice stadia HH10 byly spojeny a infikovany kontrolnim, c-
Mybovym a v-Mybovym retrovirovym konstruktem a analyzovany pratokovou
cytometrii s protilatkou kit2c75 proti kutecimu proteinu c-Kit. V kontrolnich buiikach
NL jsme pozorovali detekovatelné mnozstvi proteinu c-Kit (na buiikdch pozdni viny,
které obsahuji diferencujici melanocyty) a jeho vyrazné zvyseni po zavedeni genti c-myb
a v-myb. Pro zji§téni, zda zvySeni c-Kit mMRNA zavisi na proteinech Myb a neni
zpusobené vyhradné zménénym bunéénym sloZenim diferencujicich kultur, byly butiky
prvni viny NL vystaveny na 32 hodin retrovirim nesoucim 4-hydroxytamoxifen (4-OHT)
inducibilni v-myb-ER a v-myb(N118D)-ER (mutanta nerozpoznavajici Myb specifické
DNA sekvence) varianty a potom opusobeny 4-OHT 7 nebo 24 hodin. Relativni
koncentrace  mRNA pro c-Kit byly analyzovany pomoci semikvantitativnich a
kvantitativnich PCR reakci. Vysledky qPCR stejné jako semikvantitativni PCR ukazaly
narust c-Kit mMRNA jiZ po 7 h indukce s 4-OHT a tento efekt byl jesté vyrazn&jsi po 24 h
s 4-OHT. 4-OHT indukovatelné ucinky faznich proteint Myb-ER byly zcela
eliminovany mutaci N118D v DNA vazebné doméné proteinu v-Myb. Tento vysledek
podporuje predstavu piimé aktivace exprese genu c-kit proteinem v-Myb. JelikoZ butiky
prvni viny NL produkuji SCF, zvySeni hladiny receptoru c-Kit zptsobené proteiny Myb
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pravdépodobné& vede ke zvydeni c-Kit signalizace. To miZe pfedstavovat alespon ¢ast
mechanizmu, jehoZ prostiednictvim proteiny Myb aktivuji melanocytogenesi v butikich
NL. Komplexni G¢inek obou genit myb na vnik NL a vyvoj melanocytl se podoba jejich
ucéinku na krvetvorné buiiky. Vysledky této prace podporuji piedstavu piekryvajicich se
genetickych programi a podobnych regulaénich drah specifikujicich diferenciaéni smér v
obou bun&nych kompartmentech. Pfedpokladame, ze alespoii u ptaka se protein c-Myb

.....

jak u krvetvornych progenitort tak i v buiikach NL.

Zavéry
Tato disertacni prace prezentuje vysledky nékolika studii, které byly provedeny

soub&zné. Prvni studie analyzovala roli transkripéniho faktoru EGR1 v regulaci
metastatického chovani bunék kuieci sarkomové linie PR9692. Prokazali jsme, Ze:

- Metastdzujici buitky PR9692 ve srovnani s nemetastazujicimi buiikami PR9692-E9
vykazuji zvySenou hladinu proteinu EGR1 i pfislusné mRNA.

- Vynuceni stalé zvy3ené hladiny proteinu EGR1 v nemetastazujicich buiikach
PR9692-E9 aktivuje jejich metastaticky potencial na Groveii odpovidajici bunikdm
PR9692.

- Srovnani profild genové exprese metastazujicich a nemetastazujicich bunék
odhalilo kandidatni geny regulované transkripénim faktorem EGR1, jejichz
proteinové produkty mohou byt zodpovédné za metastatické chovani bunék
PR9692.

Druha studie se zabyvala mechanizmy udrzovani myofibroblastické diferenciace, roli
TGF-B-signalizace v tomto dé&ji a manipulaci myofibroblastického fenotypu pomoci
zvysené hladiny proteinu EGR4. Hlavni zji§téni této studie jsou nasledujici:

- Kufeci embryonalni kozni myofibroblasty vzhledem k velmi vyraznému a ¢asové
stabilnimu  myofibroblastickému  fenotypu predstavuji  vhodny nesavéi
experimentalni modelovy systém zaloZeny na primarnich buiikach vyuZzitelny pro
biologickeé studie myofibroblasti.

- Mikroc¢ipova analyza TGF-B-regulovanych gent v t&chto buiikach odhalila mnohé
nové i jiz znamé cile TGF-B-signalizace. Srovnani naSich dat a publikované
literatury odhalilo rozsahlou evolu¢ni konzervaci TGF-B-regulované transkripce v
ptacich a sav¢ich buinkach.

- Vysledky pokust s dlouhodobou inhibici TGF-B-signalizace v buiikich CEDM
ukazaly, Ze tato signalni draha moduluje myofibroblasticky fenotyp a stimuluje
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sekrecni funkce v téchto bunkéach, ale neni jedinym regulatorem udrZovani
myofibroblastické diferenciace.

- ZvySend exprese transkripéniho faktoru EGR4 v buiikich CEDM indukuje jejich
dediferenciaci doprovazenou ztratou viech typickych myofibroblastickych znakd.

- Zvysena exprese EGR4 zplsobuje silnou inhibici TGF-B-signalizace a také vede k
potladeni exprese gent, které koduji kli¢ové komponenty myofibroblastického
kontraktilniho aparatu.

- Mikroc¢ipova analyza genové exprese bunék CEDM se zvySenou hladinou proteinu
EGR4 poskytla data, kterd byla plné v souladu s pozorovanymi efekty a odhalila
nékolik gent regulovanych EGR4, které mohou zprostiedkovavat nékteré z téchto
efektt.

- Geny FOXG1, BAMBI, NAB1, NAB2 a DUSP5 mohou spole¢né piedstavovat
EGRA4-kontrolovanou regulaéni sit’ potlacujici autokrinni TGF-p-signalizaci.

Tieti studie analyzovala roli oblasti leucinového zipu proteinu v-Myb*™V v diferenciaci

AMV-infikovanych krvetvornych bunék do erytroidni a myeloidni linie. Zjistili jsme, Ze:

- Transkripéni faktor v-Myb*™V je schopen regulovat diferenciaci spoleného
myeloidniho progenitoru a vice diferencovanych progenitori pifeduréenych
k vyvoji do myeloidni linie.

- Nemutovany v-Myb™™V ¥idi vyvoj progenitorti do makrofagové linie.

- Mutace v oblasti leucinového zipu rusi vyhradni vyvoj smérem k makrofagim a
zpiisobuji, Ze takto mutovany v-Myb"MV také podporuje vyvoj erytrocyti,
trombocytl a granulocytd.

Ctvrta studie se zaméfila na regulaci vyvoje bunék neurélni listy do melanocytarni linie
proteiny c-Myb a v-Myb”™V. Odhalili jsme, Ze:

- Exprese proteinu c-Myb v buiikach ptaéi neuralni listy zvySuje pocet bungk, které
se vyvijeji smérem k melanocytim a podporuje jejich kone¢nou diferenciaci na
dendritické melanocyty.

- Onkoprotein v-Myb™™V prevadi v podstatd vsechny buiiky neuralni listy na
melanoblasty a zptsobuje jejich transformaci.

- Oba proteiny aktivuji v buiitkach ptaéi neuralni listy expresi genu c-kit a signalizaci
SCF - c-Kit.

- NaSe prace zavadi novy experimentalni model pro studium melanocytogenese a
transformace melanocyta.
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Introduction

EGR family of transcription factors

The EGR family of transcription factors consists of four proteins of molecular mass
approx. 50-55 kDa with highly homologous DNA binding domains. They were identified
in late 1980s and early 1990s as products of genes that rapidly respond to various types
of stimuli including serum, growth factors, ischemia and ionizing radiation (hence the
name “early growth response”). EGR proteins are prototypical Cys2-His2 zinc finger
transcription factors. The C-terminally located DNA binding domains consisting of three
zinc finger motifs are almost identical in all EGR proteins while the sequences outside
the DNA binding region are highly divergent. All EGR proteins recognize the same DNA
sequence GCG G/TGG GCG (EGR response element) [1]. The ability of EGR proteins to
activate or repress transcription of target genes depends on interactions with other
proteins. It was demonstrated that EGR1 recruits p300 and CBP coactivators to activate
the expression of target genes [2]. EGR2 has been demonstrated to use different
coactivators, namely HCFC1 and CITED1 [3-4]. Specific coactivators of EGR3 and
EGR4 have not been identified so far. An important role in the regulation of function of
EGR proteins is played by NAB corepressors which interact with R1 domain of EGR1,
EGR2 and EGR3 [5-6]. NAB proteins were demonstrated to contain an active repression
domain that recruits NURD complex (nucleosome remodeling and deacetylase) to bring
about histone deacetylation and subsequent repression of promoters regulated by EGR
factors [7-8]. The induction of the synthesis of NAB proteins was shown to be mediated,
at least for some of the stimuli, by EGR proteins, thus forming a negative feedback loop
[9].

MAPK (mitogen-activated protein kinase) signaling is probably the most universal
(in all respects) cell stimulation system. It is active in all eukaryotic cells from yeasts to
all types of vertebrate cells. It is activated by ligation of a broad spectrum of membrane
receptors and controls a huge range of processes including proliferation, differentiation,
inducible protein secretion, adhesion, apoptosis, survival, and immune cell activation,
just to name a few examples. EGR proteins are rapidly induced by stimulation of MAPK
signaling pathways in various (probably all) cell types. This induction is mediated by
coordinated binding of transcription factors Elk-1 or Sap-la (ETS family members),
which are phosphorylated and activated by MAPKSs, and SRF (serum response factor) to
neighboring ETS binding site (GGAA/T) and a CArG box (CC(A/T)¢GG), which
together form a so called serum response element. These composite binding sites are
present in a number of serum or growth factor inducible promoters including those
regulating the expression of EGR genes. EGR proteins thus activate or repress the
expression of their target genes in response to MAPK signaling pathway stimulation.
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Myb family of transcription factors

The discovery of Myb proteins originated from the research of avian leukemia
induced by the avian myeloblastosis virus. The Myb family of vertebrate transcription
factors consists of three homologous proteins: A-Myb, B-Myb and c-Myhb. In addition,
two proteins closely related to c-Myb are encoded by avian retroviruses AMV (avian
myeloblastosis virus) and E26 (avian erythroblastosis virus E26) and have been
accordingly designated v-Myb*™V and v-Myb®%. Myb proteins are modular proteins
composed of several structural and functional domains [10]. A-Myb and c-Myb show
striking overall similarity, while B-Myb is more divergent and only its DNA binding
domain shows high degree of homology to the other Myb proteins. The retroviral c-Myb
derived oncoproteins are, compared to c-Myb, trimmed at both ends. In addition, v-
Myb”MV contains eleven point mutations and short sequences of retroviral origin at both
ends [11]. The second oncoprotein, v-Myb®?, is a large fusion protein composed of a c-
myb derived sequence, almost complete chicken Ets-1 protein and retrovirus derived
sequences (from gag and env genes) at both ends [12]. The DNA binding domain of Myb
proteins which is of helix-turn-helix type is composed of three imperfect repeats (called
R1, R2 and R3) of 51-52 amino acids, but only the repeats 2 and 3 are necessary for
DNA binding (directly contacting the DNA in the major groove) [10, 13]. Myb proteins
recognize the YAACNG sequence with additional mild preference in the adjoining
nucleotides [14]. The transactivation domain located in the central part of c-Myb and v-
Myb proteins (amino acids 350-370 in chicken c-Myb) serves to recruit coactivators, an
activity necessary for the activation of target genes. It has been shown to directly interact
with so called KIX domain of CBP and p300 closely related coactivators [15]. The
sequences C-terminal to the transactivation domain of Myb proteins have been
designated “negative regulatory domain” (NRD). The main reason for such designation
was the observation, that C-terminal truncations of c-Myb protein markedly enhanced its
ability to neoplastically transform hematopoietic progenitors and also increased its
transactivation abilities [16-17]. Several functional domains were identified within NRD
[18-19]. Also, an intramolecular interaction of the N-terminal Myb DNA binding domain
with the C-terminus (amino acids 541-567) was reported [20]. The leucine zipper region
(LZR) is the best studied functional domain in NRD. It is supposed to mediate protein-
protein interactions and a few binding proteins were reported [21-23]. Although it is
negatively affecting the activation of transcription by Myb proteins (mutations in LZR
increase it), it is necessary for effective transformation of myeloid progenitors by v-
Myb”MV' [23-24]. Proteins of the Myb family significantly differ in their expression
profiles in developing as well as adult vertebrate organisms. A-Myb shows the most
restricted expression pattern being detected only in germinal B lymphocytes, male germ
cells, breast ductal epithelium and in several regions of the developing central nervous
system [25-26]. B-Myb gene expression, on the other hand, is found in all cell types and
protein level is proportional to the degree of cell proliferation. Strongest expression of B-
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Myb is detected in embryonic stem cells, developing tissues and in adult hematopoietic
precursor cells [27-28]. The c-Myb gene is highly expressed in immature, proliferating
epithelial, endothelial, neurogenic and hematopoietic cells and is downregulated as cells
become differentiated [29].

Hematopoiesis is the continuous formation of blood cellular components. All blood
cells are derived from hematopoietic stem cells. The intricate processes that control
lineage choice, differentiation and maturation of developing blood cells are only partially
understood. It is clear that, as in other cell differentiation systems, the basic regulatory
machinery is composed of extracellular ligands, their receptors, downstream signaling
pathways, and a network of transcription factors that ultimately transform all the signals
into gene expression patterns. Myb proteins were first discovered as the oncogenic
factors of AMV and E26 retroviruses, which induce leukemias in chickens. AMV
induces acute monablastic leukemia with very rapid progression [30]. E26 transformed
cells are a mixture of erythroblasts and myeloblasts (early precursor of granulocytes and
macrophages) and the former show multilineage differentiation potential [31]. Both viral
Myb proteins derived from c-Myb, a vertebrate transcriptional regulator with a critical
role in hematopoiesis. Mice lacking both c-myb alleles die at day 15 of embryonic
development due to the absence of definitive hematopoiesis [32]. Using conditional
knockouts and chimerical mice it was found that hematopoietic stem cells are present in
c-myb™” mice, albeit at reduced numbers and that also committed progenitors of
erythroid, myeloid and lymphoid lineages can be produced, but their further expansion
does not occur in the absence of c-Myb [33-34]. No mature c-myb™ cells of any
lymphoid or myeloid lineage could be detected in adult hematopoietic tissues. The
effects of c-myb ablation on hematopoiesis are cell autonomous and correlate with an
absence of uni- and multilineage progenitors [33].

The neural crest is a multipotent population of migratory cells unique to the
vertebrate embryo. Neural crest arises at the lateral edge of the neural plate and migrates
throughout the embryo to give rise to a wide variety of cell types including peripheral
and enteric neurons and glia, craniofacial cartilage and bone, smooth muscle, and
melanocytes [35]. Only partial knowledge of the processes underlying formation,
migration and differentiation of the neural crest has been accumulated so far. It has been
revealed that the development of neural crest from ectoderm is driven by inductive
signals coming from adjacent epidermis and underlying mesoderm (reviewed in [35]).
These signals are accounted for by secreted proteins of WNT (wingless-type murine
mammary tumor virus integration site), BMP (bone morphogenetic protein), and FGF
(fibroblast growth factor) families. One of the cell types that are produced by
differentiation of the neural crest is melanocyte. An intriguing ability of the v-Myb®%®
oncoprotein to transform melanocyte precursors was revealed in 1999 [36]. Experiments
performed in our lab at about the same time revealed that also v-Myb”™V is able to
effectively transform cells from early embryos giving rise to rapidly expanding
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populations of melanoblasts in culture (Karafiat et al., unpublished). A follow-up study
then focused on a hypothesized involvement of endogenous c-Myb in the regulation of
processes related to the formation and migration of the neural crest in chicken embryos.
An important role of c-Myb in epithelial-mesenchymal transition, a critical step in the
formation of the neural crest, was revealed [37].

Aims of the study

The main interest was to study gene expression circuitries underlying phenotypic
transitions of selected primary cells and cell lines to better understand regulations of
commitment, differentiation, and metastasis. Transcriptional regulators EGR1, EGR4, c-
Myb and v-Myb*™V proved to be useful molecular tools capable of inducing specific
transitions of cell phenotypes.

Specific aims:

1) To confirm preliminary data indicating that EGR1 might be involved in the regulation
of metastatic behavior of chicken sarcoma cell line PR9692. If true, then analyze further
the EGR1 role in this context with a main focus on EGR1-controlled gene expression.

2) To characterize the phenotype of presumable myofibroblasts derived from explants of
chicken embryo skin and to reveal the gene expression program that is regulated by the
TGF- signaling pathway in these cells. To extend the initial observation indicating that
sustained expression of EGR4 is inducing dedifferentiation in these cells and try to reveal
the underlying molecular mechanism.

3) To analyze the impact of mutations in the leucine zipper region of v-Myb*™V on
behavior of hematopoietic progenitors infected with AMV with respect to their
commitment to erythroid and myeloid lineages.

4) To analyze the effects of Myb proteins on the development of multipotential neural
crest cells and on gene expression during the early phase of Myb-induced melanocyte
differentiation.

Methods

Retrovirus-based expression vectors were used in each of the presented studies to
achieve a stable expression of genes of interest in model-system cells. One of the
advantages of using chicken as a model organism is the availability of several reliable
retroviral vectors, which offer convenient cloning, rapid propagation in cell populations,
and antibiotics-based selection of retrovirus-infected cells. The vector bearing the gene of
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interest is integrated in target cell’s genome and subsequent LTR-driven expression
provides easily detectable amounts of the encoded protein.

Oligonucleotide microarrays enable gene expression analysis of many thousands
(theoretically all) of genes in a small total RNA sample from a model organism in a
single experiment. The basic principle behind microarrays is hybridization between two
DNA strands, the property of complementary nucleic acid sequences to specifically pair
with each other by forming hydrogen bonds between complementary nucleotide base
pairs. After washing off of non-specific bonding sequences, only strongly paired strands
will remain hybridized. Fluorescently labeled target sequences that bind to a probe
sequence present on a defined spot generate a signal whose strength depends upon the
concentration of target sequence in the sample [adopted from Wikipedia]. There are
many manufacturers of oligonucleotide microarrays whose platforms differ in the way
they are produced and also in the number, length, and arrangement of probes as well as
topology of their physical support. We used Affymetrix GeneChips™ in all experiments.
In this case, the probes are synthesized in situ on a glass plate with the use of
photolithography. An excellent signal to noise ratio is achieved by including a group of
probes (called a probe-set) for each target, covering a few hundred nucleotides of
sequence. The signal corresponding to the amount of target sequence in the sample is
estimated from signals of individual probes in the probe-set with the use of statistical
methods.

The polymerase chain reaction (PCR) is an in vitro enzymatic reaction used to
amplify a small number of copies of a piece of DNA across several orders of magnitude,
generating millions of copies of a particular DNA sequence. We used PCR for two
different purposes in the presented work. The first use was molecular cloning of desired
cDNA sequences. The second use was the estimation of relative abundances of mMRNAs
of interest in samples under study. For this purpose, we used either RT-PCR (reverse
transcription followed by polymerase chain reaction) or gPCR (quantitative polymerase
chain reaction). In case of semi-quantitative RT-PCR, the amplification reaction products
are resolved on an agarose gel with electrophoresis and visualized by staining with
ethidium bromide, which enables only rough estimation of larger differences in gene
expression. The other approach, gPCR, is based on the automated measurement of
fluorescence of double-strand-DNA-binding dye (SYBR green) in each amplification
cycle. This method enables relatively precise estimation of the initial amount of cDNA
molecules in the studied samples and therefore is applicable also for analysis of smaller
differences in gene expression (two-fold or even smaller).

Western blot (or immunoblot) is a widely used technique to detect specific
proteins in samples under analysis. It uses gel electrophoresis (SDS-PAGE) to separate
denatured proteins by the length of the polypeptide chain. The proteins are then
transferred to a membrane (nitrocellulose or PVDF), where they are stained with
antibodies specific to the target protein.
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Flow cytometry is a powerful technique for the analysis of multiple parameters of
individual cells in heterogeneous populations. The flow cytometer performs this analysis
by passing thousands of cells per second through a laser beam and detecting the
fluorescence that emerges from each cell (previously labeled with conjugated antibodies
or directly with fluorescent dyes) as it passes through.

Immunofluorescence microscopy is a means to detect proteins directly in cells.
This technique uses the specificity of antibodies to their antigen to target fluorescent dyes
to specific protein targets within a cell. It enables studies of subcellular localization of
proteins and of topology and morphology of structures they are involved in.

Results and discussion

Sarcoma metastasis regulation by EGR1

A model system suitable for studying molecular mechanisms underlying cancer
metastasis was developed in the Laboratory of viral and cellular genetics at IMG ASCR
during 1990s. It is based on two v-src transformed chicken fibrosarcoma cell lines — the
highly metastatic parental PR9692 cells and the non-metastasizing clone, PR9692-E9.
Upon inoculation into the pectoral muscle of experimental animals, both cell lines form
rapidly growing primary tumors, but only the parental PR9692 cells give rise to lung
metastases. To identify differences in gene expression that might explain the disparity
between the PR9692 and PR9692-E9 cells with respect to their metastatic behavior, three
independent samples of each cell line were analyzed using oligonucleotide microarrays
(Affymetrix Chicken GeneChip™). Approximately 850 genes were found upregulated at
least 2-fold and 1350 genes downregulated at least 2-fold in PR9692-E9 cells compared
to PR9692. An inspection of the gene expression data revealed the transcription factor
EGRL1 to be downregulated (20-fold in microarray, approx. 3-fold in qPCR analysis) in
non-metastasizing cells, suggesting it might be important for metastasis. Based on these
observations we wondered whether increasing EGR1 expression in PR9692-E9 cells
could restore their metastatic potential. To increase the expression of EGR1 in PR9692-
E9 cells, we used the SFCV-LE retroviral vector containing cDNA encoding chicken
EGR1 tagged N-terminally with a myc-tag and G418 resistance gene (SFCV-ME-
EGR1). The presence of myc-tagged EGR1 in the resulting PR9692-E9-EGR1 cells was
confirmed by immunoblotting (Figure 1D). Experimental animals were then injected
with PR9692, PR9692-E9, or PR9692-E9-EGRL1 cells and their lungs inspected for the
presence of metastases 5 weeks post injection. High grade metastatic spreading was
detected in all animals injected with either PR9692 or PR9692-E9-EGR1 cells while no
significant metastasis was detected in animals injected with PR9692-E9 cells. The size
and number of metastatic foci in animals injected with PR9692-E9-EGR1 were
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comparable to those induced by PR9692 cells. To identify potential EGR1 target genes
involved in regulating metastatic dissemination we analyzed PR9692-E9-EGR1 cells by
microarray analysis. The resulting gene expression profile was then compared with the
gene expression data obtained previously from the PR9692 and PR9692-E9 cells.
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Figure 1.Genes associated with metastatic phenotype. A Genes with a high expression in
metastatic PR9692 and PR9692-E9-EGR1 cells but low expression in non-metastatic PR9692-E9
cells. B Genes with a lowered expression in metastatic compared with non-metastatic cells. Genes
further analyzed by PCR and gPCR are shown in boldface. C PCR analysis of differential gene
expression. cDNA samples obtained from three independent cell cultures of each cell line were PCR
amplified and resolved on an agarose gel. D Protein levels corresponding to selected differentially
expressed genes were analyzed by Western blotting. ME-EGRL1 stands for c-myc epitope-labeled
EGR1

The sustained expression of EGR1 in PR9692-E9 cells led to 2-fold or stronger
upregulation of approximately 2150 genes and at least 2-fold downregulation of
approximately 1850 genes. The comparison of all the expression data revealed that the
exogenous expression of EGR1 in the non-metastatic cell line reconstituted the
expression of a number of genes to levels comparable to the parental PR9692 metastatic
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cells. The genes that show similar expression in both metastatic cell lines (PR9692 and
PR9692-E9-EGR1) and are either downregulated or upregulated in the non-metastatic
cells (PR9692-E9) are supposed to be involved in a presumptive metastatic transcription
program. A list of these genes is presented in Figure 1A,B. For the further PCR and
gPCR verification of gene expression differences we chose several genes from both
groups (upregulated and downregulated). The results of PCR analysis confirmed the
microarray data (see Figure 1C). The list of genes showing similar expression in PR9692
and PR9692-E9-EGR1 and downregulation in PR9692-E9 contains genes already known
to play a role in tumor metastasis (e.g. MYL9, RIAM, MYO10, NCAM1, type VI
collagens, HAS2 and PCSK®6), genes that have not been correlated with metastatic
behavior so far (e.g. CMTM7, MSRB3, PRDM4, LRRN4), as well as genes of unknown
function (e.g. CCDC104, Cl6o0rf45, AP1S3, and CCDC109B). Probably the most
intriguing potential EGR1 target revealed here is the MYL9 gene. It encodes myosin
regulatory light chain (MRLC/MLC/MLC2), a target of regulatory phosphorylation by
the myosin light chain kinase (MLCK) and Rho-kinase (ROCK). This phosphorylation
drives actin cytoskeleton contractions and is important for adhesion maturation,
establishment of polarity and subsequent migration of the cells [38].

Transcriptional control of metastatic behavior has been extensively studied in
transformed epithelial cells. The transcription factors identified there to play important
roles in the metastatic spreading are in almost all cases basic regulators of mesenchymal
phenotype establishment and maintenance (twist, ZEB1, ZEB2, snail, slug, TCF3).
Although transformed mesenchymal cells express these transcription factors
constitutively not all mesenchymal tumors metastasize. For example, only approximately
20 percent of human extremity soft tissue sarcomas proceed to the metastatic stage [39-
40]. Similarly, our colleagues from the Laboratory of viral and cellular genetics at IMG
ASCR have observed in their chicken animal model that v-src induced primary
fibrosarcomas are non-metastasizing (unpublished observation). Given these
observations, it is obvious that the mesenchymal phenotype itself is not sufficient to
endow a transformed cell with metastatic abilities. This phenomenon suggests the
existence of an additional level of transcriptional regulation to control genes important
for metastatic dissemination. Results of our work suggest that the transcription factor
EGR1 may be a principle regulator of a whole suite of genes the expression of which is
required for effective cancer metastasis.
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Chicken embryo dermal myofibroblasts, regulation of their
phenotype by TGF-$ signaling pathway, and manipulation by
altered protein level of EGR4

Myofibroblast is a vertebrate cell type of critical importance in normal wound
healing but also the culprit behind life-threatening fibroproliferative diseases and an
active helper of cancer cells in malignant progression of human tumors. To perform a
research on myofibroblasts a suitable model system has to be employed. Although the in
vivo processes take place in a three-dimensional environment and entail multiple direct
and indirect intercellular interactions, it seems that the basic regulatory processes
maintaining myofibroblastic differentiation in a mesenchymal cell are cell-autonomous
and can be studied on a cell line or primary cells kept in cell culture. Primary fibroblasts
prepared from chicken embryo skin seemed to posses myofibroblastic features, especially
an intense production of collagenous extracellular material We chose to analyze the
phenotype of these cells in detail and to find out whether they could be used as an
experimental model in myofibroblast biology and biochemistry. A combination of strong
extracellular matrix (ECM) production and the presence of stress fibers formed by aSMA
(smooth muscle actin) in the cells is a unique property of myofibroblasts. To demonstrate
the myofibroblastic phenotype of cells derived from day 10 chicken embryo skin, we
established cell cultures and maintained them for up to four weeks. Samples of the cells
were analyzed weekly for aSMA fibers with indirect immunofluorescence microscopy
and ECM production was visualized with Sirius Red staining of material deposited by the
cells on the surface of cell culture dishes. As shown in Figure 2, nearly 100% of the cells
showed very strong immunofluorescence staining of aSMA fibers, and there were large
quantities of collagenous ECM detected at all time points. These results, supported by the
gene expression profiles described further, demonstrate that cells derived from explants
of chicken embryo skin are myofibroblasts, and that the homogeneity and temporal
stability of their phenotype warrants their use as an experimental model in myofibroblast
biology. | further use the abbreviation CEDM (chicken embryo dermal myofibroblasts)
in the following text.

The central regulator of myofibroblastic differentiation process from precursor
mesenchymal cells is the TGF- ligand. It is also known that a TGF-f autocrine loop is
established in differentiated myofibroblasts. TGF-B binding to its receptor composed of
two TGFBR1 and two TGFBR2 subunits induces phosphorylation of the SMAD2 and
SMADS3 proteins, which subsequently translocate into the cell nucleus and activate
transcription through specific binding sites in promoter regions of their target genes [41].
In addition, MAPK signaling is also activated by the TGF-f signal [42].
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Figure 2. Cells derived from chicken embryo skin show myofibroblastic features.
Immunofluorescence staining of alpha smooth muscle actin reveals prominent fibers in nearly all
CEDM cells (middle row). Concomitantly, the cells deposit large quantities of ECM, as documented
by Sirius Red staining of collagens after cell lysis (lower row). The stability of the phenotype over
three weeks of culture is demonstrated. DF1 fibroblasts were used as a negative control.

To identify TGF-B regulated genes in CEDM cells, we used a highly selective
TGFBR1 kinase inhibitor (2-(3-(6-methylpyridin-2-yl)-1H-pyrazol-4-yl)-1,5-
naphthyridine), further abbreviated to MPPN, and high throughput gene expression
profiling (GeneChip™ Chicken Genome Array, Affymetrix). To reveal the TGF-p
dependent gene expression program, we compared gene expression profiles of CEDM
cells treated for 48 h with 500 nM MPPN (dissolved in DMSO) or DMSO only. The
gene expression profile comparisons revealed a large number of genes that were
downregulated (421 probe sets) or upregulated (475 probe sets) in response to TGF-
signaling pathway inhibition. Genes encoding components of the ECM, ECM producing
and modifying enzymes and miscellaneous growth factors were present in the
downregulated group. In addition, multiple other genes encoding proteins of known and
unknown function were also downregulated. Many of the genes have been already shown
to be TGF-B-regulated in mammalian cells. Somewhat surprisingly, more than half of the
affected genes were found to be upregulated in response to the MPPN treatment. The
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traditional and still prevailing notion of myofibroblasts being just an activated form of
previously resting fibroblasts implies that genes should be mainly activated in response
to TGF-f stimulation and hence downregulated upon loss of TGF-f signaling. Our data
provide strong support for an alternative hypothesis seeing the process as a more intricate
differentiation involving both the upregulation and downregulation of genes. The
presence of genes forming the recently identified mesenchymal stem cell transcriptional
signature in the upregulated group provides further support for this hypothesis. There are
also genes associated with adipogenesis present in the upregulated group, but no signs of
adipocytic differentiation are observed even after 2 weeks of MPPN treatment and the
cells still remain myofibroblastic. Probably the best interpretation of the data is the
activation of mesenchymal differentiation plasticity in response to TGF-B signaling
inhibition in myofibroblastic cells, which, however, does not lead to a phenotypic switch
under the conditions used. To validate and further extend the microarray results, gene
expression changes were analyzed with PCR and the levels of selected protein products
determined. We also wondered whether genes revealed to be TGF-B-dependent in CEDM
cells would be responsive to TGF-B stimulation in fibroblasts. We compared the
responsiveness of selected genes to MPPN treatment in CEDM cells and to high
sustained TGF-B3 secretion (transcribed from integrated retroviral vector) in DF1 cells.
PCR analysis revealed that a large number of genes downregulated after the MPPN
treatment in CEDM cells were induced in DF1 fibroblasts in response to TGF-B3,
confirming the effectiveness and selectivity of the inhibitor and biological relevance of
the genes. Next, the genes upregulated in response to MPPN treatment in CEDM were
analyzed by semi-quantitative RT-PCR and the microarray results were confirmed. We
further wondered whether the long term treatment of CEDM cells with MPPN results in
their dedifferentiation to fibroblasts. Somewhat surprisingly, even two weeks of culture
with the continuous presence of MPPN in culture medium did not result in the loss of all
myofibroblastic features. PCR and Western Blot analyses revealed sustained
downregulation of genes encoding some ECM components, growth factors and the
cytoskeleton-related genes ACTG2 and TPM1, but essentially no change in the
expression of ACTA2, CNN1 and TAGLN, the genes responsible for aSMA fiber
assembly and contractility. Some of the major ECM constituents (type | collagens and
fibronectin) were also unaffected by the long term MPPN treatment. These results
suggest that in CEDM cells, the TGF-f signaling controls mainly the production of some
ECM components and other secreted proteins but is not the master regulator of the whole
myofibroblastic phenotype. In particular, the smooth muscle actin contractility
controlling gene expression program seems to be largely TGF-f independent.

In a follow-up study, we analysed our preliminary observation that sustained
expression of EGR4 in CEDM cells iinduces their dedifferentiation (a loss of
myofibroblastic differentiation). First, we characterized the phenotype of EGR4-
expressing CEDM cells. Using the same methods as described above, we observed
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significantly lower amounts of collagenous material deposited on the dish surface by the
EGR4-expressing cells compared to control cells (infected with empty vector). Anti-
aSMA immunofluorescence microscopy then revealed a strong reduction in the intensity
of fibers in EGR4-expressing cells as compared to the empty vector control cells, so the
myofibroblastic phenotype was strongly suppressed in EGR4-expressing cells.

To reveal the effects of stable expression of EGR4 on gene expression in CEDM
myofibroblasts, we employed oligonucleotide microarrays (Affymetrix GeneChip™
Chicken Genome Array). Expression profiles of EGR4 cells, as compared to control
cells, showed significant (> 2-fold) upregulation as well as downregulation of hundreds
of genes, with downregulation slightly prevailing. The most prominent effect of the
sustained expression of EGR4 was the downregulation of myofibroblast-specific genes
encoding structural (collagens, proteoglycans, fibronectin) and regulatory (e.g. TIMP3,
THBS2) ECM constituents, actin contractility associated genes (CNN1, TAGLN, TPM1,
ACTA2) and miscellaneous secreted ligands (NOV, CXCL12, BDNF, FGF7, VEGFC
etc.). A few known negative regulators of TGF-B signaling or associated pro-fibrotic
pathways appeared among the upregulated genes: FOXG1, BAMBI, NAB1 and DUSP5.
To validate the microarray results, we performed real-time PCR analysis of the
expression of selected genes in the same set of RNA samples and found that all the data
were in good agreement. Next we analyzed the status of the TGF-f signaling pathway in
EGR4 expressing and control non-expressing cells. We performed Western blot detection
of phosphorylated SMAD?2 and found that while a strong signal was detected in control
non-infected or empty vector infected cells, it was practically absent in EGR4 expressing
cells. To check the status of MAPK signaling in EGR4 expressing cells, we determined
the levels of phosphorylated and total ERK, JNK, and p38 MAP-kinase proteins. We
found that sustained expression of EGR4 suppresses phosphorylation of ERK and of the
long form of JNK, while their total levels remain unchanged. Phosphorylated p38 was
not detected in any of the samples.

To reveal the relative importance of individual EGR4 targets in the TGF-§
signaling suppression and myofibroblasts dedifferentiation effect, we analyzed
phenotypes of the CEDM cells constitutively expressing FOXG1, BAMBI, and NAB1.
Only the sustained expression of FOXG1 was able to effectively suppress ECM
production and aSMA fiber formation, while BAMBI and NAB1 showed no effect
FOXGL1 expression also resulted in a strong suppression of the SMAD2 phosphorylation
comparable to that elicited by the constitutive expression of EGR4. There was also a
suppression of the phosphorylation of ERK and the long form of JNK observed in
FOXG1 expressing cells as compared to control cells.

Understanding molecular mechanisms that can induce myofibroblast
dedifferentiation is of key importance for the future progress in therapy of fibrotic
diseases and probably also of carcinomas. Results of the two studies that we carried out
on CEDM cells suggest that inhibition of TGF-f signaling is not sufficient to induce the
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dedifferentiation of myofibroblasts as a sole treatment, but at the same time indicate that
it may be an important part of the dedifferentiation process. We demonstrated that EGR4
is able to completely suppress TGF-B signaling in myofibroblasts and revealed a few
potential mediators of this effect. Among them, the transcription factor FOXG1 seems to
play a dominant role, as it can elicit a phenotype comparable to that of constitutive EGR4
expression when expressed in CEDM cells from an integrated retrovirus vector. The role
of the other genes — BAMBI, NAB1, and DUSP5 - in the EGR4-induced myofibroblastic
dedifferentiation seems to be less important but cannot be ruled out.

Lineage commitment of hematopoietic progenitors and its regulation
by v-Myb*MY

Researching the role of the leucine-zipper region (LZR) of v-Myb in AMV-induced
monoblastic leukemia has been the main focus of the Laboratory of molecular virology
since early 1990s. The most important achievement of the early era was the
demonstration that LZR is absolutely required for effective transformation by v-Myb
[23]. An important finding was also made after construction of a series of small deletion
mutants in LZR and its vicinity, when it was revealed that some of these mutations
preserve basic transformation activity but the growth of the transformed cells in vitro and
their leukemogenicity in vivo are impaired to various extent [43].

In the follow-up study, presented here, these mutants were analyzed with respect to
their ability to support the expansion and differentiation of other hematopoietic
progenitors in addition to monoblasts. The term v-Myb will always mean v-Myb"MV
throughout the following text. The transforming potential of the v-Myb mutants was
analyzed in cultures of blastoderm cells from 20- to 28-hour-old chicken embryos. These
very early embryonic cells are a source of primitive hematopoietic progenitors that can
be transformed in culture. The mutants with intact LZR as well as wild-type v-Myb
caused an outgrowth only of cells resembling monoblasts. Interestingly, in cultures
infected with the LZR mutants, numerous hemoglobinized erythroid cells were present in
addition to myeloid cells. Some erythroid cells differentiated spontaneously into mature
erythrocytes during the 30-day culture period. In AP1 (deletion of amino acids 301-311
in v-Myb) cultures, numerous immature erythroid cells were present even after prolonged
culture periods. Blastoderm cells transformed by wild-type and AP1 v-Myb were further
characterized for their growth potential, morphology, and surface marker expression, and
also for expression of genes important for the development of the myeloid and erythroid
lineages. It was found that within the first 7 days after infection, wild-type v-Myb
cultures were composed of monoblast-like cells and some erythroid cells, whereas from
day 7 on only rapidly proliferating monoblasts were observed. In contrast, in AP1
cultures there was an initial outgrowth of primarily erythroid cells within the first 7 days
after infection. Then, a high proportion of cells underwent spontaneous differentiation
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into erythrocytes, and resulting cultures contained erythroid cells of different maturation
stages and monoblasts. At later time points, cells belonging to additional hematopoietic
lineages - thrombocytes, eosinophils, and heterophilic granulocytes (equivalent to
neutrophils in mammals) - were also observed. At later stages (30 days after infection)
wild-type v-Myb cultures contained only myeloid cells, whereas in AP1 cultures
erythroid cells were also detectable. AP1 cells expressed high levels of c-Myb, SCL, and
GATAL mRNAs, which are important for the development of the erythroid lineage. In
contrast, in wild-type v-Myb cells these mRNAs were essentially undetectable whereas
mRNAs for the myelomonocytic factors C/EBPf, PU.1, and EGR1 were abundantly
expressed.

In early cultures of AP1 v-myb-infected and to a lesser extent also of wild-type v-
myb-infected blastoderm hematopoietic cells, some cells expressed surface protein
markers of multipotent progenitors. To enhance the self-renewing capacity and/or delay
spontaneous differentiation of putative Myb progenitors, different growth factors and
combinations thereof were tested. TGFa, bFGF, and SCF, when applied simultaneously,
were effective in increasing growth rates of both wild-type and AP1 v-Myb cells positive
for MEP antigens. To find out whether Myb LZR influences levels of C/EBPB, PU.1,
EGR1, c-Myb, SCL, and GATAL mRNAs in progenitors and early erythroid cells, RNA
from cells grown for 21 and 30 days in growth factor mixture was analyzed. We found
that both wild-type and AP1 v-Myb cells abundantly expressed SCL and GATAl
MRNAs at both time points. In contrast, c-Myb mRNA was lower in wild-type v-Myb
cells than in AP1 cells on day 21, whereas its levels were essentially the same on day 30.
The mRNAs of myeloid factors C/EBP and PU.1 were more abundant in wild-type v-
Myb cells than in AP1 cells on day 21 and barely detectable in both cultures on day 30.
The data show that in v-Myb progenitors (day 21), wild-type LZR causes elevated levels
of C/EBPp and PU.1 mRNAs and a reduced level of c-Myb mRNA when compared with
expression of these molecules in cells containing the AP1 LZR mutant. This specific
expression pattern should predetermine the development of wild-type v-Myb progenitors
into eosinophils and the macrophage lineage, as C/EBPf and PU.1 were found to commit
progenitors into these lineages [44-45]. The above data document the ability of v-Myb
LZR to modulate expression of lineage-specifying factors.

To reveal the differentiation potential of exogenous Myb expressing progenitors,
they were grown for 14 days in the presence of TGFa, bFGF, and SCF, and then their
differentiation was induced by withdrawal of growth factors. As the phorbol ester TPA
was found to be a potent inducer of differentiation of E26-infected progenitors [31],
factor removal and TPA treatment were combined in some experiments. Resulting cells
were first analyzed for the presence of lineage-specific surface proteins. Immediately
prior to differentiation induction, both wild-type and AP1 v-Myb cells expressed the
erythroid JS4 marker and no myeloid MC51/2 marker. Several days after differentiation
induction by growth factor removal and TPA treatment, wild-type v-Myb cells lost the
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erythroid marker JS4 and upregulated the myelomonocytic marker MC51/2. These cells
clearly represented macrophage precursors as also judged by morphology. In contrast,
cells infected with AP1 v-myb still retained high JS4 expression and were negative for
MC51/2. Moreover, these cells kept their immature phenotype. In similar experiments,
differentiating cells were analyzed by cytochemical staining for the presence of
granulocytes and by immunofluorescence for thrombocytes 20 days after differentiation
induction. Following TPA treatment, only monoblast-like cells and no thrombocytes
were found in wild-type v-Myb cultures. In AP1 v-Myb cultures, however, numerous
heterophilic granulocytes were revealed by Astra blue staining. Using the 11C3 antibody
recognizing the GPlIb-Illa integrin on chicken thrombocytes, numerous positive cells
were also detected. The analyzed AP1 v-Myb cultures also contained monoblast-like
cells and erythroid cells. These findings indicate that AP1 progenitors have a broader
differentiation potential than wild-type v-Myb cells and can differentiate into all lineages
derived from the common myeloid progenitor. On the other hand, the wild-type v-Myb
protein prevents progenitors from differentiating into erythroid cells, thrombocytes, and
heterophilic granulocytes. The absence of heterophilic granulocytes in wild-type v-Myb
cultures strongly indicates that wild-type v-Myb LZR forces the bipotent
granulocyte/macrophage progenitor to differentiate only into the macrophage lineage.

The effect of Myb proteins on lineage commitment in neural crest
cells

As already mentioned in Introduction, we and others have revealed the ability of v-
Myb proteins to transform cells from early embryos giving rise to rapidly expanding
populations of melanoblasts in culture (Karafiat et al., unpublished and [36]). We have
also demonstrated an important role of c-Myb in epithelial-mesenchymal transition
during the formation of the neural crest [37]. In the subsequent study that further
followed the specific involvement of endogenous c-Myb in the development of
melanocytes and also their transformation by v-Myb"“V, we focused on the lineage
commitment of melanocyte progenitors and how it is affected by Myb proteins. The
terms v-Myb (protein) and v-myb (gene) will always mean the AMV version thereof
throughout the following text.

To find out whether Myb proteins can determine melanocyte lineage choice, c-myb
and v-myb genes were introduced into naive neural plates which contain only prospective
neural crest (NC) cells and no committed melanocyte progenitors. In neural plate
explants, both myb genes caused cell delamination and formation of pigmented cells.
Thus, the v-myb oncogene, like c-myb [37], can activate very early steps in the formation
of trunk NC, and both Myb proteins appear to sustain differentiation of early NC cells to
the melanocyte cell lineage. The early NC cells emigrating from trunk neural tube
fragments containing unfused neural folds were used for further experiments. NC cells
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delaminate from neural folds and invade surrounding tissues in waves. Cells of the early
wave differentiate mainly into neurons and glial cells of the peripheral nervous system
(in case of trunk NC). Cells of the second delayed wave differentiate into melanocytes.
This mode of NC emigration/differentiation is to some extent also recapitulated in tissue
culture. Cells of the early wave spontaneously differentiate in vitro mainly into glial
cells. However, as they contain oligopotent precursors, including bipotential
glial/melanocytic progenitors, they have the potential to develop along the melanocyte
cell lineage. We isolated early wave NC cells and used them to study the effects of Myb
proteins on cell lineage determination. The early wave cells were then infected with c-
myb and v-myb retroviruses and analyzed 7 — 12 days later. Both c-myb and v-myb
directed early wave cells to the melanocyte cell lineage. In c-myb cultures, pigment cells
represented about 50% of cells, while in v-myb cultures typically 90% of the cells were
melanoblasts. Next we analyzed the expression of selected genes engaged in
melanocytogenesis. The introduction of c-myb and v-myb genes into early wave cells
correlated with the accumulation of transcripts of the MITF gene — the pivotal factor for
the progression of melanocyte development. Messenger RNA of the tyrosinase gene —
the target gene of the MITF factor — was also strongly upregulated in c-myb and v-myb
cells. The activity of the MITF protein is controlled in several ways. Among them, MITF
modifications induced by SCF/c-Kit signaling represent an activating cue important for
the development of melanocyte cell lineage. Since c-kit expression depends on c-Myb in
immature erythroid cells, we asked whether there is a link between c-myb and c-kit
expression in NC cells as well. Infection of early wave cells with ¢-myb and v-myb
resulted in the accumulation of c-kit mMRNA, while no significant changes were observed
in the levels of SCF mRNA. To find out whether myb genes also promote accumulation
of the c-Kit protein at the cell surface, NC cells emigrating in early and late waves from
the HH10 neural tube explants were pooled and infected with control, c-myb and v-myb
retroviruses and analyzed by flow cytometry with the kit2c75 anti-chicken c-Kit
antibody. We observed a detectable level of c-Kit in control NC cells (present on late
wave cells, which contain committed melanocytes) and its significant increase following
introduction of c-myb and v-myb genes. To find out whether the increase of c-kit MRNA
depends on Myb proteins and is not solely caused by altered composition of cells in a
differentiating cell culture, first wave NC cells were exposed for 32 h to retroviruses
transducing the 4-hydroxytamoxifen (4-OHT)-inducible v-myb-ER and v-myb(N118D)-
ER (unable to bind the Myb recognition sequence) variants and then treated with 4-OHT
for 7 or 24 h. cDNAs were assayed for the relative concentrations of c-kit sequences by
semiquantitative and quantitative PCR. The results of the qPCR as well as the
semiquantitative PCR showed the increase in c-kit mMRNA concentration already 7 h after
4-OHT induction, which became more pronounced after 24 h of 4-OHT treatment. The 4-
OHT-inducible effects of v-Myb-ER were completely eliminated by the N118D mutation
in the v-Myb DNA binding domain. This supports the concept of direct involvement of
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v-Myhb in the activation of c-kit expression. As early NC cells produce SCF, the increased
levels of the c-Kit receptor caused by Myb proteins are likely to result in enhanced c-Kit
signaling. This might represent at least some of the mechanism through which Myb
proteins activate melanocytogenesis in NC cells. The complex effect of both myb genes
on NC formation and melanocyte development resembles their effects on hematopoietic
cells. The results of this work support the idea of overlapping genetic programs and
similar cell fate specification regulatory pathways in both cell compartments. We
hypothesize that at least in birds, c-Myb is involved in molecular mechanisms controlling
proliferation, survival and fate determination programs related in both hematopoietic and
NC progenitors.

Conclusions

The thesis presents results of a few studies that were conducted in parallel. The
first study analyzed the role of the transcription factor EGR1 in the regulation of
metastatic behavior in chicken sarcoma cell line PR9692. We have demonstrated that:

- Metastasizing cells PR9692 show increased expression of EGR1 at both mRNA
and protein levels as compared to non-metastasizing PR9692-E9 cells.

- Constitutive expression of EGR1 in metastasis-deficient PR9692-E9 cells activates
their metastatic potential to a level matching the metastasizing PR9692 cells.

- Comparison of gene expression profiles of metastasizing and non-metastasizing
cells revealed candidate EGR1-regulated genes whose protein products may be
responsible for the metastatic behavior of PR9692 cells.

The second study dealt with the mechanisms of maintenance of myofibroblastic
differentiation, the role of TGF-B signaling in this context, and manipulation of
myofibroblastic phenotype by altered protein level of EGR4. Main findings of this study
are as follows:

- Chicken embryo dermal myofibroblasts are a non-mammalian primary cell-based
experimental model system suitable for biological studies of myofibroblasts due to
the strongly-pronounced and time-stable myofibroblastic phenotype in culture.

- High-throughput analysis of TGF-p regulated genes in these cells revealed multiple
known and new TGF-B targets. Extensive evolutionary conservation of TGF-§
regulated transcription between avian and mammalian cells was revealed through
comparison of our data and those from published literature.

- Our results with long-term inhibition of TGF-$ signaling in CEDM cells revealed
that the pathway modulates the myofibroblastic phenotype and stimulates secretory
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functions in these cells but is not the sole regulator of the maintenance of
myofibroblastic differentiation.

- Increased expression of the transcription factor EGR4 in CEDM cells induces their
dedifferentiation accompanied by a loss of all typical myofibroblastic features.

- Increased expression of EGR4 causes a strong inhibition of TGF-B signaling and
also a suppression of the expression of genes encoding key components of the
myofibroblast contractile apparatus.

- High-throughput gene expression profiling of EGR4 expressing CEDM cells was
in agreement with the observed effects and revealed a few EGR4-regulated genes
that may mediate some of the effects.

- The genes FOXG1, BAMBI, NAB1, NAB2, and DUSP5 may together form an
EGRA4-regulated network counteracting autocrine TGF-p signaling.

The third study analyzed the role of the leucine zipper region of v-Myb*™V in the
commitment of AMV-infected hematopoietic progenitors to erythroid and myeloid
lineages. We have found that:

- The transcription factor v-Myb*“V is able to regulate the commitment of a
common myeloid progenitor and progenitors restricted to the myeloid lineage.

- Wild-type v-Myb”™V with the intact leucine zipper region directs development of
progenitors into the macrophage lineage.

- Mutations in the leucine zipper region compromise commitment toward
macrophages and cause v-Myb”™V to also support the development of erythrocytes,
thrombocytes, and granulocytes.

The fourth study focused on the regulation of commitment of neural crest cells into the
melanocyte lineage by Myb proteins. We have revealed that:

- The expression of c-Myb protein in avian neural crest increases the number of cells
committed to the melanocyte lineage and supports their further differentiation into
dendritic melanocytes.

- The v-Myb™V oncoprotein converts essentially all neural crest cells into
melanoblasts and causes their transformation.

- Both Myb proteins activate in neural crest cells the expression of the c-kit gene and
SCF - c-Kit signaling.

- Our work establishes a novel experimental model for studies of melanocytogenesis
and melanocyte transformation.
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