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ABSTRACT

Whnt/Planar Cell Polarity (PCP) signaling is involved in many cellular processes throughout
the development of the embryo. These include control of proliferation, differentiation,
migration and cell fate decisions. Deregulation of Wnt/PCP signaling can lead to many
developmental abnormalities and cancer. This thesis investigates the effects of altered Wnt/
PCP signaling during neurulation in mouse embryos, its importance in cell-cell adhesion and

its role in pediatric cancer.

The developing central nervous system (CNS) comprises different patterning centers
consisting of groups of cells with organizer-like properties. These produce signals that
influence the fate, histogenic organisation and growth of adjacent tissues, resulting in spatial
patterning. Members of the Wnt gene family are among few secreted proteins expressed in
patterning centers of the developing CNS, such as the pallial-subpallial boundary (PSB) and
the cortical hem. This suggests that they might have a role in demarcating and specifying

regions in the developing brain.

We decided to investigate the influence of Wnt/PCP signaling on forebrain development and
regionalization. The method we chose was transgenic overexpression of Wnt7a, Wnt7b and
later the PCP signaling component Vangl2, in neural progenitor cells. To our surprise we
found drastic changes in early embryonic stages with a decreased body size, smaller forebrain
structures and even neurulation defects starting from the midbrain region and further rostral.
Analyses of Wnt7a transgenic embryos (paper I) showed that the neural tube adherens
junctions, i.e. specialized tight junctions, were affected. This was manifested by decreased
expression and impaired distribution of actin microfilaments, N-Cadherin and beta-catenin —
the latter both a component of the cytoskeleton and a mediator of canonical Wnt signaling.
Since PCP signaling acts on actin and the cytoskeleton, we investigated the downstream
signaling components of this pathway and found an increased expression of Vangl2 and a
misdistribution of Scribblel.

In our following study (paper IV) we confirmed and further described the neurulation defects,
the deregulation of adherens junctions and the altered distribution of cytoskeletal
components, by analyzing transgenic mouse embryos overexpressing Vangl2 and Vangl2
mutant (loop-tail) mouse embryos. We could demonstrate that Vangl2 targets the Rho family

small G-protein Racl to sites of actin polymerization at the cell’s adherens junctions.

It is known that Wnt signaling can affect the proliferation and differentiation of neural
progenitor cells, and that beta-catenin signaling affects target genes that control these cellular
processes. Analyses of the neuronal population of transgenic Wnt7a and Wnt7b embryos
showed decreased numbers of newly born neurons (beta-tubulin III+ cells) and an aberrant

positioning along their migrational axis (paper II), which we concluded to be due to a delay



in neuronal differentiation. This mechanism was corroborated and further investigated in
Wnt7b transgenic embryos, which also displayed a decreased proportion of proneural
transcription factors Tbrl and Tbr2. However, the proportion of pax6 expression was similar

to the wild type, suggesting an unaffected neural progenitor cell pool (paper III).

Finally, we set out to investigate the influence of Wnt/PCP signaling on pediatric tumor cell
characteristics and viability (paper V). For long, the PCP signaling pathway has been
considered to counteract parts of the canonical Wnt signaling pathway, acting in part as a
tumor suppressor. In our study we characterized several medulloblastoma and neuroblastoma
cell lines for their native expression of Wnt/PCP components. We found that an increase in
PCP protein expression correlated with decreased levels of phosphorylated beta-catenin. In
neuroblastoma cells, PCP gene knockdown increased, while PCP gene over-expression
decreased tumor cell viability in an in vitro MTT assay. These results correlated well with
clinical data and survival estimates from open access databases, including gene array data

from several neuroblastoma patients.

In conclusion, the results presented in this thesis increase our knowledge on Wnt/PCP
signaling and how it can affect the correct closure of the neural tube. Also, we discuss its
influence on neural stem/progenitor cell behavior and differentiation, where imbalances on
Wnt/PCP components have great implications on the characteristics and viability of pediatric

tumors.
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SUMMARY OF THESIS - SWEDISH

Okad kunskap kring de molekylirbiologiska mekanismer som styr utvecklingen av det
centrala nervsystemet (CNS), ddribland hur hjdrnans olika regioner bildas, ar viktig for att
forstd uppkomsten av utvecklingsbiologiska och neuropsykiatriska storningar. Flera proteiner
som styr planldggning av framtida regioner i fostrets hjdrna ar konserverade 1 ryggradsdjur -
déribland medlemmar ur Wnt/PCP proteinfamiljen. I denna avhandling anvénds si kallade
transgentekniker som dndrar aktiviteten av dessa proteiner. Vi kan ddarmed studera hur de
paverkar beteenden hos nervsystemets stamceller, som celldelning, cellmigration och

celldifferentiering.

Forskning kring de proteiner som styr celldelning, utmognad och organisation av nervceller
under hjdrnans planldggning &r viktig for att forstd uppkomsten av och forbittra framtida

behandling av sjukdomar relaterade till hjdrnans och nervsystemets utveckling.

Utvecklingen av CNS styrs via en komplex kommunikation mellan olika cellpopulationer.
Specifika regioner i CNS utmirker sig med en unik uppséttning av genuttryck. Uttrycket hos
vissa Wnt gener, t.ex. Wnt7b, dr lokaliserat till specifika centra i den tidiga utvecklingen,
vilka senare definierar och organiserar viktiga strukturer och framtida regioner i fostrets

hjérna.

Det finns 19 olika Wnt gener hos ryggradsdjur, dér flera forekommer i néirliggande former
(exempelvis Wnt5a/Wnt5b och Wnt7a/Wnt7b). De dr forst beskrivna som cancergener.
Produkten av dessa Wnt gener - Wnt proteinerna - har en intercelluldr kommunikationsvéag,
vilket paverkar celler i den ndrmsta omgivningen. Resultatet av Wnt signalen é&r
koncentrationsberoende, och paverkas sédledes av omkringliggande cellers avstand till
ursprungssignalen. Storningar i Wnt proteinernas signalvdgar har bland annat visat sig
paverka anldggningen av kroppsorgan (som njurar, lungor, extremiteter och delar av

hjdrnan), utmognaden av nervsystemet, samt uppkomsten av cancer.

Whnt proteinerna ar sa kallade extracelluldra ligander och for att kommunicera sin verkan till
andra, ndrliggande, celler behdver de binda till en receptor - i det har fallet receptorer ur
Frizzled (frz) familjen. Wnt liganderna binder till frz receptorer med varierande specificitet.
Forst efter en korrekt interaktion mellan ligand och receptor kan den intracellulira
signalvdgen aktiveras, vilket ofta sker i flera steg och skapar pa sa sétt en slags forstarkning

eller amplifiering av den ursprungliga signalen.

Den forst beskrivna och bést utredda intracelluldra signalvigen for en Wnt-frz interaktion
bendmns den kanoniska végen eller “canonical signaling pathway” och gar via stabilisering
av proteinet beta-catenin. Inne 1 cellen ansvarar ett storre proteinkomplex for den

kontinuerliga nedbrytningen av fritt beta-catenin, vilket forhindrar vidare signalering. Nar en



frz receptor aktiveras av en Wnt ligand skickar den en signal som himmar proteinkomplexets
aktivitet. Ddrmed kan det uppsta ett overskott av fritt beta-catenin inne i cellen, som da far
mdjlighet att ta sig vidare in till cellkdrnan. Vil ddr inne kan det, via specialiserade proteiner
som reglerar genuttryck (transkriptionsfaktorer ur Tct/LEF familjen), utdva sin verkan och
aktivera uttryck (transkription) av mélgener. Denna kanoniska signalvdg har visat sig vara
overaktiv i flera cancersjukdomar. Det finns dven ytterligare en eller tva signalvédgar (det &r
osdkert om de utgdr en och samma eller tvd skilda signalvdgar). Dessa sé kallade icke-
kanoniska eller “non-canonical signaling pathways” gér via proteiner som Jun-kinase och/
eller Ca?*-joner och reglerar inte framst genuttryck utan istdllet cellens cytoskelett, vilket
paverkar cellmotilitet och cellmigration. Gemensamt for samtliga signalvdgar ér proteinet
Dishevelled (dsh), som likt ett vixelspar skiftar mellan de olika signalvigarna beroende pa
kombinationen Wnt ligand — frz receptor. Andra proteiner an Wnt som paverkar “non-
canonical” signalering dr PCP (Planar Cell Polarity) proteinerna. Dessa ansvarar for att
uppratthédlla polaritet och asymmetri 1 cellerna genom interaktion med cytoskelettet under

embryots och fostrets organutveckling.

Studier av genfunktion hos moss med s.k. knock-out teknik har lett till intressanta resultat.
Bland annat utvecklar Wntl-defekta mdss ingen mellanhjdrna, medan de som saknar
Wnt7b dor tidigt under fosterutvecklingen eftersom placentan och lungorna utvecklas
felaktigt. Olika Wnt gener sdsom Wnt3, Wnt7b och Wnt8b uppvisar specifika
uttrycksmonster under hjarnans tidiga utveckling. Det ligger dérfor néra till hands att anta

att de har betydelse for hjdrnans regionalisering.

I syfte att 6ka kunskapen om Wnt och PCP proteinernas betydelse for hjérnans tidiga
utveckling, har vi studerat transgena musembryon. De bendmns transgena da vi genom
molekyldrbiologiska gentekniker tillfort extra genetiskt material som tillater ett hogre
genuttryck av Wnt eller PCP proteiner 1 neuronala stam-/progenitorceller under den tidiga

hjarnutvecklingen.

Analys av transgena Wnt7a och Wnt7b embryon vid 10,5 dagars embryonal alder (E10.5)
visar pa en stord utmognad av nya nervceller utan att paverka celldelning (proliferation)
eller programmerad celldod (apoptos). De transgena embryona har ett utseende (fenotyp)
med forkrympta hjarnstrukturer. I de allra flesta fall har deras neuralrdr inte slutit sig som
det ska. I véra experiment har vi kunnat visa att slutningsdefekten beror pa en stord
reglering av cellernas formaga att binda till varandra. Denna styrs av en specialiserad del av
cytoskelettet som bendmns “adherens junctions”, och har stor betydelse for korrekt slutning

av neuralroret.



Vi har dragit slutsatsen att 6kat genuttryck av Wnt7a i neuronala progenitorer leder till en
forsenad nybildning av nervceller och en stord funktion hos neuralrdrets cytoskelett, vilket
leder till en slutningsdefekt av neuralroret (artikel I-1I). Vidare har vi kunnat bekrifta en
forsening av nybildningen av nervceller 1 Wnt7b transgena embryon. Den beror delvis pa
ett minskat uttryck av nervcellsspecifika transkriptionsfaktorer, vilka ska ansvara for att 6ka
produktionen av nervceller vid en viss korrekt tidpunkt under den normala utvecklingen
(artikel II).

Forandringar 1 PCP signalering leder ofta till felaktig reglering av cytoskelettets funktion,
vilket paverkar celladhesion och cellmigration. Hos transgena Wnt7a embryon kunde vi dven
visa pa en okad aktivitet hos Vangl2 genen samt felaktig lokalisering av proteinet Scribblel 1
neuralroret (bdgge tvd proteiner av PCP typ). Genom studier av okat eller minskat Vangl2
uttryck i transgena mdss samt liknande foréndringar i cellkultur, kunde vi bekréfta tidigare
resultat med Wnt7a samt foresla en mekanism (se Fig. 3) ddr Vangl2 proteinet paverkar
integriteten av cytoskelettet, celladhesion och migration. Detta kunde vidare kopplas till en
protein-protein interaktion och samlokalisering med proteinet Racl, som har en viktig roll for

styrningen av cytoskelettets funktion (artikel IV).

Utveckling av cancer utgér fran fordndringar i normala stamceller. Det ar kint att Wnt/PCP
signalering har en betydande roll vid cancerutveckling. PCP och “non-canonical” signalering
ar aven kidnd som en motpol till Wnt och canonical” signalering — dar komponenter ur PCP
signaleringsvigen visat sig ha cancermotverkande egenskaper. En okad forstéelse av hur
cancerceller avviker frdn den normala utvecklingen ger stora mojligheter for en béttre
sjukdomsprognos och forskning inom Wnt/PCP signalering kan lyfta fram nya angreppssitt i

jakten pa en battre behandling till flera cancersjukdomar.

I det sista delarbetet valde vi att analysera uttrycksmonster for olika PCP proteiner i tvé av de
vanligaste barncancerformerna, med ursprung i neuronal vdvnad — medulloblastom och
neuroblastom. Vi studerade flera cellinjer av medullo- och neuroblastom och kunde visa att
en 0kad PCP aktivitet korrelerar med minskad 6verlevnad av tumorceller 1 cellkultur. Likasa
var en minskat PCP aktivitet korrelerat till 6kad Gverlevnad av tumdrceller i cellkultur
(artikel V). Vara resultat 6verensstimmer med statistiska Overlevnadsdata hdmtade ur 6ppna
forskningsdatabaser, dér neuroblastomceller fran olika patienter analyserats med gene array
expression (analysmetod for tusentals olika gener). Statistiskt validerad data visade pa en
fordelaktigare prognos och en Okad Overlevnad 5 &r efter diagnos hos de

neuroblastompatienter med ett hogre uttryck av PCP gener.

Sammanfattningsvis kommer forskningen kring Wnt/PCP signalvégar utgdra en viktig grund
for framtida diagnostik och behandling av flera sjukdomar, framfor allt genom en 6kad
forstaelse av hur dessa proteiner paverkar stamceller — bade vid normal organbildning och vid

cancerutveckling.



SUMMARY OF THESIS - GREEK

H yvdon tov poplokdv pnyavicpdv mov AEYYovV TV avantuén tov eufpiov, ypnoiedet
OTNV KOTOVONON TOV OlTapoydV Kol TV VOowv 7ov Ba ekONA®BOLV 6T0 HEAALOVTIKO
KeVIpKo veupikd cvomuo (KNX). Yrdpyovv moAAE onuatodoTikd HOPLoKE HOVOTATLOL
EUTAEKOLEVO, OTO GYESOUO TOV TEPLOYDV TOV EYKEPAAOL TOL guPpvov. Méca e ot
aviket kot 1 opddo Wnt/PCP. Xty mépovoa d10akTopiky| Statptn] LEAETAGALE LE TN Xp1oM
SLYOVIOLOK®MV TEXVIKMV, TIG OAAAYEC TV Ek@pact) TV Yovidimv Wnt/PCP kot to tmg avtég
eMNPEAlOvV TN CLUTEPIPOPA TOV PAOCTIKGOV KLTTAP®V Ko TV e£€Ae1EN Tov KNX. EmimAdov,
eetdoape TV KLTTOPIKY OlOUPEST), TNV OlPOPOTOINGT KOl TNV UETAVOACTELCT TOV
BAacTikOV KLTTAp®V, TOL PonBovV GTNV KATAVONGCT TNG OUTIOAOYIOG Kol TNG UEAAOVTIKNG
Oepameiog aobeverwv mov oyetiCovion ko pe v €EEMEN TOL €YKEPAAOL KOL HLOPPDV

KopKivov.

H avantoén tov KNX eléyyetor and pio moAdTAOK) EMKOWVOVIO SLPOPETIKOV KVTTUPIKOV
minBvoudv. Zvykekpuéveg meployés tov KNX yapaktnpilovror amd éva povadikd potifo
YOVIOlOKNG €kepacng TG opadoag Wnt. Ov mpwteiveg ovtég eivor evtomiopéveg o€
OGLYKEKPIUEVOL KEVTIPO TOL gUPPvOV OTNV PO avamtuén, ta omoio kKabopilovv kot

0PYOVAOVOLV GNUOVTIKEG OOLES KO TEPLOYES TOV OLVOTTTUCOLUEVOL EYKEPAAOV.

Meypt otiypng etvan yvootd 19 dwopopetikd yovidie Wnt (610 6movOLA®TA) TOAAG GO To
omoia &yovv mopduoleg Hopeés (Yo mapddetypa, WntSa/Wnt5b | Wnt7a/Wnt7b). To. Wnt
éyovv meprypael apyikd ¢ yovidwn oyxetildpeva pe tov Kopkivo. H petaypaen xou
petdppaocn TV yovidiov Wt &xel og amotéleoua ta popla 1 tpoteiveg Wnt. H dpdon tov
npoteivov Wnt yivetor PHECH SOKVTTOPIKNG EMKOWVOVIOG Kol emnpedlel ta KOTTOPO TOL
apéoov mepPdAAovtog. Atlatopoyes o1 Opdorn HOPloKNG onuatoddtnong twv Wnt
empedlovy MV avantuén v SIPop®V OpYAV®mV TOL CAOUATOS (OTMG TO VEPPA, TOVG
TVEVHOVEG, TO OKPO KOl OlQopo TUMUHOTO TOL €ykepdAov). Emiong emmpedalovv v

opigavor Tov VEVPAAOYIKOD GUCTHHOTOS Kot TV ovamTuén Ko eEEMEN KapKivav.

O mpwteivec Wnt etvan eSwokutropikd pLoplo 1 0EGUEVTEG KO TPETEL VO OECUEVTOVV GE €Vol
OULYKEKPIUEVO VITOSOYEN Y10 VO ETIKOIVMVICOVV OTOTEAEGUATIKA LE T, YEITOVIKG KOTTOpa. H
oLYKEKPIHEVN opdada vodoyémv ovopaleton Frizzled (frz) kou amoteleiton amd Ok PEAN.
To owbpopa Wnt mpoodévovion pe ovykekpipévovg frz vmodoyelc pe SpopeTikd
amoteAécpota. Metd omd po cmotn oAiniemidpaon petafd Wnt kou frz, pmopei va

evepyomonBovv o1 EVOOKLTTAPIKES OTLLOTOOOTH|GELC.

H mpadm o kokvtepa dtepeuvnpévn evOOKLTTAPIKY ONUATOOTNGN TG OAANAERIOpaGNG
Wnt-frz ovopdleton «kavovikny (canonical Wnt signaling pathway). KatoAnyer oty
otabepomoinon g mpwteivng B-katevivine. ‘Eva chumieypo npoteivov daomd cuveymg v

erebbepn Kuttapomiacuatiky] P-katevivn. Otav  evepyomomnbel cwotd o KOTAAANAOG



vrodoyéag frz, 10Te OTEAVETOL £voL ONUO TOL OVOCTEAAEL TNV OPACTNPLOTNTO TOV
CUUTAEYHOTOC e OmoTEAESHO Vo avEdvovton to emimeda TG P-koteviviig m omoia. otn
ocuvéyxew umopel va g10éAbel otov Tupnva. Tov Kuttdpov. Exel, péow tov petaypagikomv
napayoviov Tcf/LEF, upmopel va evepyomombel m petoypagn yovidiov otoéywv. H
«KOVOVIKT  onuotodotnon &xel amodeydel 0Tt vmepAertovpyel o€ ObPopeg UOPPEG

Kapkivov.

Yrdpyet emiong TovAdyloToV Lo TPOGHETN HOPPY] OMUOTOdOTNONG OV OVOUACETOL «un
Kavovikn» (non-canonical Wnt signaling pathway). Agrtovpyel p€ow OAANAETIOPACEWDV e
dpopeg mpwteiveg Omwg tv Racl wor tv Jun-kinase M ko pécw oAAay®dV NG

CLYKEVIPOOTG TMV EVOOKLTTAPIK®V 10vVImV acPeotiov (Ca’t).

Kowd otoyyeio yio 6Aovg toug tpdmovg onpotoddtnong Wnt givon 1 mpoteivn Dishevelled
(dsh), n omoia Aertovpyel ¢ S10KOTTNG Kot LETAPEPEL, OvaAoYD Le TV aAAnAemidpacn Wnt-
frz, v kdBetn evookvTTOpIKN ONUATOSOTNOT. Mo GAAN opdda TPOTEIVOV TOL EUTAEKOVTOL
Kot emnpedloviol amd TV «un Kavovikniy» onupatodotnor, ovopdletor PCP (Planar Cell
Polarity proteins). Avtéc o1 mpwteiveg gival vevBuveg Yoo TNV SATHPNON NS KLTTOPIKNG

TOMKOTNTOG KO AGVUUETPIOG HEGO 0d TNV AAANAETIOPOOT) TOVG LLE TOV KUTTOPOCKEAETO.

[ToAAég peréteg yu to porlo tov Wnt €yovv yivel pe m ypnon dayovidlkav (OwvV pe
eCodelyelg ovykekpyévov yovidiov Wnt (vok-dovt). I'd mopddetypa, dev avomtdceTol o
peceyképarog (midbrain) ota movtikia pe eEdhenym Wntl, evd ota movrtikio pe e&dhenyn
Wnt7b vrdpyer mpémwpog Bdvatog katd tn didpkeln g euPpvoyéveons Adyw AovBoouévng
AVATTUENG TOV TAAKOUVTO KOl TOV TTveLpova. Adpopa yovidwa Wnt dnwg ta Wnt3, Wnt7b kou
Wnt8b mapovsldalovv HOVOSIKEG HOPQES EKEPAONG KATO TNV PO ovamtuén tov
gyke@dAov. Q¢ ek T0VTOV, UTOPOVUE VO VITOBEGOVLE OTL £XOVV CTLOGIO GTNV TEPLPEPELOKN

avATTLEN TOL EYKEPALOUL.

[N va amokToovpE TEPIGGOTEPES YVACELS CYETIKA LE TN AglTOvpYio KOt Tn oMuHocio Tomv
npoteivav Wnt kot PCP oty mpdun avdntuén tov eyke@diov, HEAETCAUE OLOLyOVIOOKAL
éuppva movtikiod. Ovopdlovtor S10yovidloKd O10TL e TEXVIKEG LOPLOKNG YEVETIKNG EYOVLLE
TPOGHECEL EMTALOV YEVETIKO VAIKO TO 0Tol0 emTpémel avénuévn Ekepaot TV yovidiov Wnt

(Wnt7a xon Wnt7b) | PCP (Vangl2) péca oto veupikd PAaGTIKG KOTTOPO.

2V TpdT eAon TG LEAETNG 1) avaAvoT| OlaryovidtaKk®v epPpowv Wnt7a ko Wnt7b, niwiog
10,5 nuepmv, mapovsioce o dotapayuévn wpipaven véov vevpavav (beta-tubulin-II11)
Yopic Kopio emidpacn oTnV Sl0UPEST] TOV KVTTAP®V 1 GTOV TPOYPOUUATIGUEVO KUTTOPIKO
Odvato (omémTwon). XtV EUEAVION TOLG, TO. Stoyovidtakd euPpdo €0V VITOOVATTUKTEG
EYKEPAAKEG OOUES KO OTIC TEPIGCOTEPES MEPUTTMGELG L0 EAATTOUATIKT] OAOKANP®GT] TOL
VELPIKOU COANVA. ATOOEIEQE OTL 1 AKEPOLATNTA TOL VELPIKOD GMOANVA EQPTATOL OO TN

dwtapaypévn poduion TG KLTTOPIKNG TPOCKOAANGONG o€ €va €EEOIKEVUEVO TUNUOL TOV



KuTTOpOcKeEAETOV oV ovopdlovior (dveg mpookOAAnonG (adherens junctions), ol Omoieg

GUVEIGPEPOVY GTI| GOGTH OAOKANPWGT] TOL VELPIKOD COANVA.

Eidape 011 1 avénuévn éxepaon g Wnt7a ota vevpikd PAactikd kvTTtopo odnyel o€
KaBuoTEPNON TG VELPOYEVESNG KOl GTNV OOTAPOYUEVT] AELTOVPYIOL TOV KVTTOUPOCKEAETOV,
KATL TOL emMpedlel TNV OAOKANP®GOTN Tov vevptkoh coArva (dpbpo 1 won II). EmmAéov,
Eyovpe mePLypayel TG N KOBLOTEPNON TOL GYNUOTIGUOV VEOV VELPIKOV KLTTAPWV OTO.
Swaryovidaxd EuPpvo Wnt7b opeidetanr ev pépel otV YEVIKN UEIOON TOV UETAYPUPIKMV
napoyoviov Tbr-1 xor Thr-2, ot omoiot eivar vevBuvol Yo v adENCT NS UETAYPAPNG

GLYKEKPIUEVOV YOVIOI®MV TOL TPOGyoLV TNV TTapaywyn vEmv vevpmvav (apbpo I1I).

Ot ahayég oty onpartoddton pésa and to PCP odnyovv cuyvd oty amoppObuon g
AEITOLPYIOG TOV KLTTOPOOKEAETOV, 1 omoior emNPedlel TNV KLTTOPIKN TPOCKOAANOT| Kot
petaxivnon-petavaotevon. o dwoyovidlokd Euppvo Wnt7a evtomicope pio ovénuévn
gkppaon ¢ Vangl2 kot évav avakpipn evromicpd g Scribblel (kot ot dVo eivon Tpwteiveg
tomov PCP). Méow peretdv avénuévng n petopévig ékppaocng tng Vangl2 ce dtoyovidlokd
movtiKia, Kafdg emiong HEca amd KOTTAPIKEG KOAMEPYELES, KATUANENUE GTO GUUTEPUGLLOL OTL
n mpoteivn Vangl2, énwg kor 1 Wnt7a, emnpedlel v oKEPOUOTNTO TOV KLTTOPOCKEAETOV,
TNV KUTTOPIKN TPOGKOAANGN, TNV LETAVAGTEVCT] KO TNV OAOKANPMGT TOV VEVPIKOD COANVA.
Evtormicape éva koo otoyxo tng Vangl2, v mpwteivn Racl. v ewova 3 meprypdopeton
éva povtédo opdong mov e€nyel v cwot Asttovpyia petald TV 000 TPWOTEIVGOV, TOL

KLTTOPOGKEAETOV Ko TNV dtopvbon tov (ovav tpookoAinong (dpbpo 1V).

H avéntoén kot e€€MEN tov kapkivov Paciletot oTiC Yovidlakég LETOAMAEELS GE PUGLOAOYIKE
PAaotikd kOTTOpa To omoia evtomiloviol G OPyaVAL TOU GMUOTOG LE EYYEVY] AVAYEVVNOT).
Eivar yvootd 611 1 «xovovikipy onpatodotnorn Wnt/PCP mailer onpovtikd poéoro oty
avdamrtuén tov Kapkivov. Ot mpwteiveg PCP kot 1 «un kovovikp»y onuotodotnon Umopovv va,
Opacoovv avtifBeTo HE TNV «KOVOVIKYY» ONUATOdOTNON Kol ®¢ €K ToUTOL Olabétovv
OVTIKOPKIVIKEC 1010t TeG. H Katavonomn yio 1o Tdg o KOPKIVIKA KOTTOPO SLapEPOLY OO TV
KAVOVIKY] ovamtuén, pog dtvel v gvkaipio yuo pio KaAvtepn mpodyvoon tov kapkivov. H
épevva otov Topén onpatodotnong Wnt/PCP umopei va mpoceépet véeg mpooeyyioel oty

avamTuén aroteAecUaTIKNG Oepameiog EVAVTL TOAMV HOPPOV KOPKIVOv.

v tedevtaio HEAETN HOG, EMALEQNE VO EEEPEVVIICOVUE TNV TPOTLTM EKPPOCTG LOpimV
PCP otic 600 mo xowvég HopeEéG TOL VELPOAOYIKOD KOPKivOL TG Tondikng mAkiog, to
puerofrocTdpoTo Kot To VeEupoPAacTOUTe. MEAETHGOE OOPOPETIKEG KVTTAPIKEG GEPESG
(amd drpopovg achevelc) pe pueAofAacTOOTO Kol VEVPOPALAGTOUATO LEPIKE 0O TOL OO0l
etyav awénpévn Exppaon mpoteivov PCP, n onola cuoyetiotnke pe petmpévn emPioon tov
KOPKIVIK®OV KUTTAPOV UEGH GE KVTTAPIKY| KaAMEPYELa (dpBpo V). Ta amoteAéopatd pog nTov
GUUPOVO L€ TO OTOTIOTIKA 0£0OUEVA piot avoryThg emMOTNUOVIKYG PBdong dedopévov (R2

database). Avt| mepiéyel NAPOPES KLTTOUPIKES GEPEG, CLUTEPIAAUPBOVOUEVOV KOl TMV



vevpoPAUCTOUATOV, Ol omoie Exouv pehetBel pe v péBodo avdivong Ekepacns yovidiov
o€ ovotovyieg (gene array). Ta vevpoPractopata pe ovénuévn ékepaot yovidiov PCP eiyov

KOADTEPT KOL TTLO EVVOIKT] TPOYVMOON EMPIMONG TEVTE YPOVIA LETE TNV Sdyvmon.

Oloxkinpavovtag, 1 opodn onpotoddtnon Wnt/PCP odnyel oty ouoioloyikn avantuén tov
KNZ, evdd dwtapayés ot onuatoddmon ovty emmpedlovy apvnTikd v avantoén tov
eykepalov. H dSwrtapaypévn onuotoddotnon evdéyetar vo glvar cvovomevBovn yo v
apvnTIKY €EEMEN VEVLPOLOYIKAOV VOCHV 1 KL GTIV VONTIKN LoTéPNON oto Toudid. Emiong dev
TPEMEL VO LOG OapevyeL OtL To. Wnt gival yvootd ¢ oyKoyovidlo omdte 1 KATOvONoN TOV
dpoOpwV TPOT®V onpatodotnong Wnt/PCP €yel peydin onpocio yoo v katavonon g
KOPKIVOYEVESNG, OAAL Kot OMOTEAEL [ol GNUOVTIKY PACT Yoo TNV Guveyn £pEvva TAV® GTa

BAaotikd KOTTOPOL.



BACKGROUND

DEVELOPMENT OF THE CENTRAL NERVOUS SYSTEM

Gastrulation and neurulation

Development of a mammalian embryo is dependent on the highly coordinated organization of
groups of cells and their internal communication. After implantation of the blastocyst
embryo, epiblast cells derived from the inner cell mass undergo dramatic morphological
changes in response to intrinsic and extrinsic (from the trophoblast cells) signals. During this
gastrulation process, three different germ layers (endoderm, mesoderm and ectoderm) are
formed (Tam and Loebel, 2007). The induction of the ectoderm by underlying signals from
mesoderm and rostral endoderm will produce a neural plate, a thickened, pseudostratified
region with a unique set of molecular markers. Proliferation and cellular movements will
elongate and narrow the embryo in a process termed convergent extension. Cellular changes
in the midline and the lateral parts of the neural plate will cause the bending of the plate at the
midline and the elevation of the lateral edges, which will eventually meet and fuse in a
process termed neurulation to produce the neural tube (Vieira et al., 2010; Copp et al., 2003;
Smith and Schoenwolf, 1997).

Induction and regionalization

The rostral part of the neural tube will give rise to the forebrain, midbrain and hindbrain
whereas the caudal part will give rise to the spinal cord. Patterning along the rostro-caudal
and dorso-ventral axes is accomplished by the restricted expression of transcription factors
and secreted molecules in the developing CNS, which outline the different subdivisions of the
future brain. Fibroblast growth factor (FGF), retinoic acid (RA) and Wnt signals are
responsible for inducing dorsal neural character whereas Shh is responsible for the ventral
neural character (Guérout et al., 2014; Vieira et al., 2010).

Corticogenesis

All higher mammalian functions reside in the cerebral cortex, the most superficial part of
the telencephalon where the projection neurons and interneurons have their soma. The
cerebral cortex develops in an inside-out fashion into a six-layered structure where early
born neurons reside in the deep layers (V & VI; and also layer I) and later ones born in

more superficial layers (II & III).



In mice, the first cortical neurons generate the preplate structure during midgestation. The
preplate will then split and give rise to the marginal zone (layer 1) and the subplate.
Specialized cells of the marginal zone, called Cajal-Retzius cells, will secrete Reelin
protein which is necessary for the subsequent inside-out development of the cortical layers.
The two main classes of cortical neurons are the GABA-ergic interneurons and the
Glutamatergic projection neurons. The vast majority of cortical interneurons in rodents
migrate tangentially from the ventral telencephalon to populate the developing cortex. The
projection neurons are exclusively derived from the dorsal telencephalon and migrate

radially into the cortical plate.

The position of each neuron and its function are regulated by complex intrinsic
mechanisms, which in turn regulate the location in the germinal zone and the timing of cell
cycle exit of all cortical progenitor cells. Expression of different intrinsic programs are
controlled by combinatorial expression of factors like Foxgl (Hanashima, 2004), Ngnl & 2
(Schuurmans, 2004), Tbrl (Hevner, 2001), Tbr2 (Sessa, 2008) and pax6 (Englund, 2005)
which are required for proper corticogenesis (reviewed in Campell, 2005; Marin and
Rubenstein, 2001).

THE CYTOSKELETON

The cytoskeleton is an intracellular scaffold that not only provides cell shape, stability and
rigidity, but is also a dynamic structure responsible for cell motility, cell polarity and cellular
differentiation (Stiess and Bradke, 2011). It is subdivided into three major components -
microtubules, intermediate filaments and microfilaments - responsible for separate functions
within the cell. The microtubules consist of hollow cylinders and have important cellular
functions within intracellular transportation of molecules and the arrangement of the mitotic
spindle at cell division (Poulain and Sobel, 2010). The intermediate filaments are rope-like
structures that provide mechanical strength to the cells (Yuan et al, 2012). The
microfilaments consist of actin filaments, concentrated at the cells periphery or cortex, and
confer changes in cell shape and motility (Luo, 2002). Microtubules and microfilaments are
composed of repeating numbers of smaller subunits and can rapidly undergo rearrangements
in response to the cell’s intrinsic and extrinsic environment. The dynamics of the cytoskeletal
system is maintained by accessory proteins that control the assembly of the cytoskeletal

protein subunits and their transportation to an active site of cytoskeletal polymerization.



Adherens junctions

The cytoskeleton makes contact with the extracellular environment via anchoring proteins
within the plasma membrane. The cadherins belong to the transmembrane adhesion protein

family that mechanically attaches individual cells to each other or to the extracellular matrix.

Adherens junctions are specialized adhesive structures that connect cadherins with the actin
microfilaments via alpha-catenin and beta-catenin, thereby connecting the cytoskeleton of
neighboring cells (Harris and Tepass, 2010). In the neural tube, adherens junctions are present
as ring-like structures surrounding the apical end of the cells, which face the lumen of the
neural tube. During nervous system development, defects in the integrity of adherens

junctions lead to defects in cranial neural tube closure (Ybot-Gonzalez and Copp, 1999).

WNT SIGNALING

The Wnt gene family encodes secreted lipid-modified glycoproteins and constitute
important intercellular signaling molecules involved in embryonic development. In
humans, 19 Wnt genes have been identified and many of these appear in homologous forms
like Wnt5a/5b and Wnt7a/7b (Miller, 2002). The Wnt genes are closely related to the
Drosophila Wingless gene (Wg). Wntl is the most studied member of the Wnt family. It
was originally isolated as a proto-oncogene in mouse (Nusse and Varmus, 1982). During
development, Wnts have diverse roles in governing cell fate (Castelo-Branco et al., 2003),
proliferation (Rajagopal et al., 2008), differentiation (Rosso et al., 2005) and axonal
migration (Zaghetto et al., 2007). Knocking out Wnt genes in mice have resulted in early
morphogenetic effects. Wntl knockout mice (Wntl -/-) do not develop a midbrain and
cerebellar structures, Wnt4a -/- mice lack kidneys and Wnt7a -/- mice have ventralized
limbs (Miller, 2002).

The Wnt ligands bind to cell-surface receptors of the Frizzled (Frz) family together with
LDL-receptor-related protein (LRP5/6) and Ryk co-receptors (Huelsken and Behrens,
2002). The Frz receptors comprise a large family of transmembrane receptors (10 members
are known to date), where the general structure resembles that of G-protein-coupled
receptors (Fanto and McNeill, 2004). Wnt signaling is modulated in the extracellular space
by diverse secreted proteins which either bind directly to Wnts or prevent their interaction
with the Frz receptors. These Wnt inhibitors include Secreted frizzled related proteins
(SFRP), Wnt-inhibitory factor-1 (WIF-1), Cerberus and Dickkopf (Dkk) (Fanto and
McNeill, 2004; Miller, 2002; Cadigan and Nusse, 1997).
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The Wnts act through distinct signaling pathways. The most studied pathway is often
referred to as the canonical pathway. All other pathways are referred to as non-canonical
pathways (Fanto and McNeill, 2004; Veeman et al., 2003; Cong et al., 2003; Miller, 2002;
Cadigan and Nusse, 1997).

Signaling through the canonical Wnt pathway depends on the level of beta-catenin in the
cell. In the absence of Wnt, beta-catenin is kept low because of phosphorylation-dependent
ubiquitination/proteasome degradation. Wnt signaling prevents the phosphorylation of beta-
catenin leading to its accumulation in the cytoplasm. The accumulated beta-catenin
translocates to the nucleus where it interacts with members of the Tcf/LEF family of
transcription factors, thereby activating target genes (Seto and Bellen, 2004). Dishevelled
(dsh) is an essential intracellular protein in the Wnt signaling cascade. It is a key player as it
responds to different Wnt and Frz signals by shuttling from intracellular vesicle
compartments to the cell membrane, acting like an on/off switch between the canonical and
non-canonical pathway (Pandur et al., 2002). The Wnt/Ca?* and the Wnt/planar cell polarity
(PCP) pathway are two of the non- canonical Wnt signaling pathways (Cong et al., 2003;
Montcougiuol et al., 2003; Pandur et al., 2002; Kiihl, 2002) . In the Wnt /Ca?* pathway dsh
stimulates calcium flux and activation of the Ca?*-sensitive enzymes such as protein kinase
C (PKC), calmodulin-dependent kinase II (CamKII) and calcineurin (Cong et al., 2003;
Kiihl, 2002). The Wnt/PCP pathway act on the cytoskeleton and reorganize it, thereby
affecting convergence and extension movements. Activation of Jun-N-terminal kinase
(JNK) and asymmetrical expression of cell membrane bound proteins like Vangl2 are parts
of the mechanism (Bastock et al., 2003; Cong et al., 2003; Montcouqiuol et al., 2003;
Veeman et al., 2003).

Planar cell polarity signaling

The Planar Cell Polarity (PCP) proteins establish polarity within a tissue plane by asymmetric
expression of core proteins such as Vangl2, Pricklel and Celsrl. They are involved in early
cell movements in gastrulation and neurulation and hence have a regulatory effect on the
cytoskeleton. Mutations in PCP genes result in disturbed convergent-extension movements
and neurulation defects. Mutants also lack the proper localization of the other wild type PCP
core proteins, reflecting an interdependence of asymmetrical localization of all PCP
components within the cell (Gray et al., 2011; Goodrich, 2008). This is evident in the
naturally occurring Vangl2 mutant mouse (Looptail mouse) that does not only display
neurulation defects but also an aberrant distribution of PCP components in the polarized

mammalian inner ear (Montcouquiol et al., 2003).
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Whnt signaling in the developing CNS

The Wnt genes 1, 3, 3a, 5, 5a, 7a, 7b and 8b are expressed in unique patterns in the
developing brain. Wnt genes 3, 3a, 7b and 8b exhibit sharp boundaries of expression in the
forebrain that may predict subdivisions of the region later in development (Parr et al., 1993).
In the spinal cord there is also a difference in Wnt expression patterns between dorsal and
ventral regions (Garda et al., 2002; Lee et al., 2000).

The developing CNS comprises different patterning centers consisting of groups of cells with
organizer-like properties that produce signals which influence the fate, histogenic
organization and growth of adjacent tissues, resulting in spatial patterning. Wnt7b, Wnt8b
and Wnt3 are expressed in such patterning centers, including the pallial-subpallial boundary
(PSB) and the cortical hem suggesting a possible role in demarcating and specifying regions
in the developing brain (Garda et al., 2002; Kim et al., 2001; Lee et al., 2000).

Wnt7a is first expressed in the CNS at E9.5, when expression in the ventral brain and spinal
cord begins (Parr et al., 1993). Wnt7a expression has also been observed in the telencephalon
(Grove et al., 1998). Wnt7a has been demonstrated to activate both canonical (Hirabayashi et
al., 2004; Caricasole et al., 2003; Lucas and Salinas, 1997) and non-canonical (PCP)
(Shariatmadari et al., 2005; Dabdoub et al., 2003; Kengaku et al., 1998) signaling. In E10.5
mouse embryos, Wnt7a has been shown to suppress cell cycle exit (Viti et al., 2003).
However, in E11.5 embryos, Wnt7a can direct the neuronal differentiation of cortical
precursors (Hirabayashi et al., 2004). Wnt7a mutant mice do not display any gross brain
abnormalities, but the formation of synaptic contacts between mossy fibers and granule cells
in the cerebellum is delayed (Hall et al., 2000).

During vertebrate embryonic development Wnt7b is expressed in the kidneys, lungs and the
CNS (Shu et al., 2002). Wnt7b is also expressed in the chorion where it is required for fusion
of the chorion and allantois during placental development. Knock-out mice lacking the third
exon of Wnt7b die in midgestation (before embryonic day 10.5; E10.5) due to placental
abnormalities (Parr et al., 2001). Another homozygous Wnt7b mutant, with the first exon
replaced by lacZ, dies at birth due to respiratory failure (Shu et al., 2002). In conditional
Wnt7b knock-out mice (Nes-Cre/Sox2-Cre), it was shown that Wnt7b together with Wnt7a
regulate angiogenesis in the CNS (Stenman, 2008).

Previous studies have revealed important roles for Wnt7b in patterning and specification of
cells in the CNS. Pax-6 mutant mice have defects forming the pallial-subpallial boundary
(PSB). These mice lack expression of secreted frizzled related protein-2 (SFRP-2) and
Wnt7b at the PSB and lose SFRP-2 expression in the diencephalon (Kim et al., 2001).
Wnt7b is also expressed in specific subsets of mediolateral (M-L) clusters of the cerebellar

cortex. It has been suggested that expression of Engrailed-2 (En-2) or Wnt7b in the newly
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born Purkinje cells (PC) defines a specific subset of M-L clusters (Millen et al., 1995;
Hashimoto and Mikoshiba, 2003). Other experiments have demonstrated that Wnt7b affects
proliferation of CNS progenitor cells and that FGF2 or Sonic hedgehog (Shh) mediates the
effect of Wnt molecules on progenitor cell maturation from the ventricular zone (VZ) to
subventricular zone (SVZ) progenitors (Viti et al., 2003). It is also possible that Wnt7b
regulates the expression of Emx2, a homeobox gene with restricted spatial expression
throughout the dorsal telencephalon (Theil et al., 2002). It has also been shown that Wnt7b
can regulate neuronal branching and increase dendritic development by activating the non-

canonical signaling pathway (Rosso et al., 2005).

Wnt/PCP signaling in pediatric tumors

Increased Wnt/beta-catenin signaling is found in many forms of cancer (Katoh, 2005),
including childhood cancers medullo- and neuroblastoma, where it is associated with
upregulation of proliferative genes. Medulloblastoma is the most frequent malignant brain
tumor in childhood and 10-15% of medulloblastomas show strong nuclear beta-catenin
staining (Fattet et al., 2009; Eberhart et al., 2000). In about 22% of these, mutations have
been found in the beta-catenin signaling pathway (Taylor et a., 2012; Giles et al., 2003;
Koesters and von Knebel Doeberitz, 2003). Neuroblastoma is a frequently lethal childhood
tumor and a subset of neuroblastomas display amplification of the MYCN proto-oncogene,
which accounts for a more aggressive phenotype. However, high-risk neuroblastomas without
MYCN amplification display increased levels of nuclear beta-catenin. This correlated with an
increased expression of MYC and other proto-oncogenes, that are targets of the canonical

Whnt signaling pathway (Liu et al., 2008).
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AIM

The main objective of this thesis was to characterize the function of Wnt/PCP signaling in

early CNS development utilizing transgenic overexpression of Wnt and PCP genes. Also, we

wanted to investigate how Wnt/PCP signaling interacted and interfered with tumor cell

properties.

Specific aims of the studies were:

14

To investigate the effects of Wnt signaling on neuronal progenitor cell differentiation

in early CNS development.

To investigate the mechanisms whereby Wnt/PCP signaling interact with the
cytoskeleton and regulate cell adhesion, the formation of adherens junctions and

neural tube closure.

To investigate PCP signaling in pediatric tumor cell lines and its effect on tumor cell

viability.



METHODOLOGY

In this section, a brief summary and aspects of the methodology will be highlighted. Detailed

information about each specific methods used can be found in the papers as listed below.

Generation of DNA expression constructs
Generation of transgenic and mutant embryos
Phenotyping and genotyping
Immunohistochemistry

In situ hybridization

Cell culturing and transfections
Immunocytochemistry

Aggregation and wound assays
Immunoprecipitation and GTPase activity assay
Western blotting

Fluorescence and confocal microscopy
Viability (MTT) assay

Luciferase assay

quantitative real-time PCR

Bioinformatics

Papers -V
Papers -V
Papers -V
Papers -V
Paper I-1V
Papers IV& V
Papers IV & V
Paper 1V
Papers 1IV& V
Papers 1IV& V
Papers I -1V
Paper V
Paper V
Paper V

Paper V
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IN VIVO AND IN VITRO MODELS

Transgenic mouse embryos

The Wnt genes seem to have important roles as determinants of cell proliferation and
differentiation during the development of CNS. Several studies have used the knockout
technique to describe different gene functions. But there is a limitation to this technique.
Many genes involved in animal embryogenesis are used over and over again during
development. If these genes are deleted, the early effects on pattern formation, proliferation
or cell survival are likely to overshadow any functions these genes might have later in
development. A way to overcome this is the use of conditional knock out techniques, which
confine the ablation of a specific gene to a specific developmental time window and cell

population.

A complementary approach in developmental gene studies is ectopic expression (or
transgenic overexpression) of the gene confined to a specific cell population during a certain
developmental time interval. This can be achieved by choosing an appropriate promoter/
enhancer. The resulting phenotype can then be ascribed to a specific function of the protein,
and functional or structural interactions with other proteins, in a given time frame and cell
type. A disadvantage is that the integration of the transgene into the genome is random and
could generate an insertional mutation that interferes with the function of an existing gene.
In the production of transgenic mice the gene construct is introduced in one-cell mouse
embryos by means of pronuclear injection. The injected DNA recombines in a random

fashion and integrates in the mouse genome.

Nestin is an intermediary filament and considered a marker of neural stem cells (NSCs).
Constructs with the nestin gene result in strong overexpression in NSCs between embryonic
days 7.5 (E7.5) and E16.5 (Johansson et al., 2002, Lothian et al., 1999; Lothian and Lendahl,
1997). Expression continues in areas that develop later, such as the cerebellum. Tissue
specificity of nestin expression is governed by enhancer elements located in its first and
second intron. The promoter is not relevant. The first intron directs expression to developing
muscle tissue and the second to neural stem cells. The vector (nes1852tk/lacZ) used in this
study includes only the second intron of the human nestin gene and has a documented
function (Lothian and Lendahl, 1997 ). The lacZ gene has been excised to create the
nes1852tk vector, which will be referred to as the /nes vector. It has further been altered by
the addition of an eGFP reporter gene separated by an IRES sequence, in order to label and

follow the Nestin+ progenitor cell pool.
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For this thesis, transgenic mouse embryos overexpressing Wnt7a, Wnt7b and Vangl2 were
generated by Karolinska Center for Transgene Technologies (KCTT), using DNA
constructs made by us. Briefly, a linearized DNA construct is microinjected into 1-cell
stage embryos, into the male pronucleus (slightly larger than the oocytes nucleus). These
fertilized oocytes are reimplanted into the oviducts of pseudopregnant dams (mated with

vasectomised males) and let to develop. The day of the vaginal plug was set to embryonic
day 0.5 (E0.5).

Pregnant dams with embryos of the desired gestational age were sacrificed by spinal
dislocation, and the embryos (<E14.5) were rapidly dissected out and immersed in ice cold
4% paraformaldehyde (PFA). Embryos older than E14.5 were rapidly dissected out,
decapitated and subsequently immersed in ice cold 4% PFA. The transgenic embryos were
identified by PCR, using yolk sac DNA as a template (100 ng). A sense primer
complementary to human nestin second intron was combined with an antisense primer
complementary to the gene of interest ORF. Embryos identified as transgenic by PCR were
further investigated by in situ hybridization. Only PCR positive embryos unambiguously

overexpressing the gene of interest were included in the transgenic group.

Mutant mouse embryos

The Looptail mouse provides a model for the most severe neural tube defect known as
craniorachischisis and was found to have a natural mutation in the Vangl2 gene (Kibar et al.,
2001). In paper IV we describe that altered distribution of cytoskeletal components correlates

with Vangl2 function.

All animals were treated according to the ethical approval from the Northern committee in

Stockholm and to European Communities Council guidelines (directive 86/609/EEC).

Neural, epithelial and tumor cell lines

Different cell lines were employed for this thesis depending on the specific purpose of the
study. The mouse neural stem cell line C17.2 was used to assess cytoskeletal interactions and
migration of neural cells, whereas the epithelial cell lines HEK293 and MDCK were used to
study adherens junctions and cell adhesion. Medullo- and neuroblastoma cells were assessed

for their native Wnt/PCP protein expression and used in the viability (MTT) assay.
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CELL AND TISSUE PROTEIN LABELING

Immunohistochemistry/immunocytochemistry

Cultured cells and mouse embryo tissue sections were processed according to the specific
protocols (see respective article), in order to label and study the distribution of a specific

protein within the cell and the specific structures of the developing brain.

All antibodies used in the experiments, have been previously used and validated for the
specific labeling of the desired epitope/protein, therefore experiments included only a
negative control where the primary antibody was omitted in order to subtract for the eventual
background staining of the secondary antibodies. However, one must be aware of the pitfalls
using unvalidated antibodies, or antibodies validated in other experimental setups. In such
cases, there is a risk of unspecific labeling, giving a false positive result. It is then
recommended to test each antibody used with a positive control (cells expressing the desired
protein), and negative controls, such as preincubation with the binding epitope peptide
fragment and/or immunostaining against knock out cells or tissue (lacking expression of the

desired epitope/protein).

GENE AND PROTEIN EXPRESSION STUDIES

In situ hybridization

Histological gene expression studies employ the technique of in sifu hybridization. Here one
can study the spatial and temporal distribution of a particular gene in both whole embryos
and organs or in tissue sections and cell cultures. An antisense probe, i.e. a short (100-300
base pairs) ribonucleotide sequence, is designed and let to hybridize with the sense strand of
the mRNA sequence encoded by the gene of interest. The in situ probe can be labeled in
different ways for subsequent detection and relative quantification. Traditionally probes are
labeled with a radioisotope (e.g. 33S), which enables for development on x-ray film and make
it possible to process the images for relative quantification. The other labeling method uses an
epitope tag, usually digoxigenin labeled UTP, during the synthesis of the antisense probe.
This enables both chemical and immunofluorescent labeling of the gene transcript and the
possibility to use several differently labeled probes, or to process the tissue for protein
expression analysis with immunohistochemical methods. In our studies we have used both
3S (paper I and II) and digoxigenin (paper III and IV) labeled probes, as well as
doublestaining with digoxigenin labeled probe and subsequent immonofluorescense (data not

shown).
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quantitative real-time PCR

Total RNA was prepared from cells with the RNeasy kit (Qiagen, Hilden, Germany) followed
by cDNA synthesis with the High capacity RNA-to-cDNA kit (Applied Biosystems). PCR
was performed with Power SYBR Green (Applied Biosystems, Life Technologies, Thermo
Fisher Scientific Inc., Waltham, MA USA) on a 7500 Real-Time PCR system (Applied
Biosystems) with primers (Applied Biosystems). Relative expression was calculated with the

2-AACt method.

Western blotting

For the analysis of protein expression from cell and tissue extracts, we performed protein
immunoblot staining on PVDF nitrocellulose membranes, where immobilized sample
proteins where transferred to after separation through SDS-polyacrylamide gel
electrophoresis. Immunoblots were exposed to x-ray films and further processed after
computer scanning with ImageJ (National Institutes of Health; http:// rsbweb.nih.gov/ij/)for

pixel density analysis and relative quantification of protein expression.

CELL ADHESION AND MIGRATION

Aggregation assay

One of many assays to study cell adhesion is through an aggregation assay. For the
experiments the use of a cell line that forms tight connections, such as MDCK cells, is a
prerequisite. Using different expression constructs, affecting the integrity of adherens/tight
junction formation, we could calculate an aggregation score, rating adhesive properties of the

different cytoskeletal and Wnt/PCP signaling components assayed.

Wound assay

An easy, fast and economical way to study cell migration in vitro is by using a wound healing
assay. This method is based on the properties of cells to migrate into a formerly colonized
area and replace the lost cells. For this experiment, described further in paper IV, we used
C17.2 cells which are suitable due to their high migration capacity (Ourednik et al., 2002).
The results were quantified both by a calculation of the recolonized area percentage based on
processed binary images in ImagelJ, and manually by counting the proportion of cells in the

wound area.
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CHEMILUMINESCENT REPORTER ASSAYS

Viability assay (MTT)

The effects of increased (RNA1) or decreased (over-expression) PCP gene expression on
neuroblastoma cell line viability was determined using a colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoleum (MTT) assay (Sigma-Aldrich). Briefly, cells
were seeded in 96-well plates, allowed to attach overnight, and transfected with cDNA or
RNAI constructs of PCP genes Vangl2, Pricklel and Scribblel. The medium was then
replaced by 50 pl serum-free medium containing 5 mg/ml MTT. Cells were incubated for 3 h,
and 150 pl isopropanol was then added to dissolve crystals. The plates were then shaken

overnight at 4°C, and absorbance was measured using a microplate reader at 570 nm.

Luciferase assay

Cells were seeded in 24-well plates, left to attach and transfected with a TCF reporter plasmid
(Super 8x TOPFlash; 400 ng) together with a Renilla-Luc plasmid (40 ng) using
Lipofectamine 2000 (Invitrogen). Twentyfour hours after transfection cells were drug treated
with either 25 uM or 50 pM Rho-associated coiled-coil kinase (ROCK) inhibitor Fasudil
(HA-1077, LC laboratories, Boston USA). A Dual Luciferase Assay Kit (Promega, Fitchburg,
Wisconsin USA) and a luminometer (Perkin Elmer, Waltham Massachusetts USA) were used
to measure luminescence. The values were normalized to the Renilla reporter before

calculating relative levels.

PROTEIN ACTIVITY AND INTERACTION

Immunoprecipitation

Protein-protein interactions can be determined by the immunoprecipitation method, whereby
a cell lysate is incubated together with an antibody for the protein of interest and then pulled
down by sepharose beads with high affinity for the antibody. We employed this method to
study interactions of different variants of Vangl2 and Racl in paper IV and different variants
of Vangl2 with Pricklel in paper V. Control experiments were done both by transfection of a
control plasmid and by precipitation with an unspecific IgG antibody. As described in the
respective paper, this method is suitable for investigating if a specific protein is part of the
same interacting complex as another protein. It is also possible to use mutated or truncated

protein forms to identify necessary binding/interacting regions.
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Rac and Rho activation assays

In order to study downstream signaling in the Wnt/PCP pathway we used a modified
immunoprecipitation protocol were sepharose beads coated with recombinant proteins with
high affinity for the active, GTPbound state of Racl or RhoA were used to pull down the
target protein. The immunoprecipitate was processed by Western blotting. Compared to a
standard Western blot, this is a far more delicate procedure, since all previous experimental

steps needs to be done on ice in order to preserve the GTP-bound state.

STATISTICAL METHODS

In all five studies, statistical differences between groups were determined using Student’s #-
test for equal variances or a variant known as Welch’s unpaired #-test for unequal variances.
Diftferences were considered to be statistical significant at P < 0.05*, P < 0.01 ** and P <
0.001 *** (two-sided). Data are presented as mean + SD. For the transgenic and mutant
embryos, only littermates at a specific age were compared between groups. Kaplan-Meier
survival estimates and gene correlation graphs were extracted from the R2 database (R2:

microarray analysis and visualization platform (http:/r2.amc.nl)).
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RESULTS AND DISCUSSION

WNT/PCP SIGNALING DISTURBS NEURULATION BY AFFECTING THE
CYTOSKELETON

In our first studies we investigated the aberrant phenotype of Wnt7a and later Wnt7b
transgenic embryos (papers I-IIl). As Wnt genes are expressed in different regions of the
developing brain, we expected that transgenic overexpression could interfere with the early
CNS regionalization. To our surprise transgenic embryos showed underdeveloped forebrain
structures and neurulation defects, further characterized as defects in the neural tube adherens
junctions — an essential cytoskeletal component in both neurulation and neural tissue rigidity.
Transgenic embryos showed decreased levels of the adherens junction components N-
cadherin and beta-catenin, the latter also a mediator of canonical Wnt signaling. The
cytoskeletal components N-Cadherin and beta-catenin were found to be mislocalized within
the neuroepithelium. Relative quantification of in situ hybridizations indicated an increase of
N-Cadherin expression throughout the neural tube. Since focal presence of the N-cadherin
protein at the adherens junctions was clearly lowered, our results suggest that N-cadherin
levels were increased in the neural tube, but not in the adherens junctions. We conclude that a
mislocalization of N-cadherin protein but not a reduction in N-cadherin mRNA expression

was the cause of the absence of N-cadherin in the adherens junctions (paper I).

Transgenic overexpression of the Wnt7a homologue Wnt7b produced an embryo phenotype
with no neurulation defects, but still the embryos were small in size with underdeveloped
forebrain structures. Embryos analyzed at later stages had normal morphology and the neural
expression pattern of different histological markers were similar between littermates. This
suggested either lethality or inactivity of the Wnt7b transgene at later developmental stages.
However, one transgenic Wnt7a embryo that was analysed at E12.5 displayed a considerably
larger brain than its wild type littermates. As for the E8.5-E10.5 Wnt7a transgenic embryos,
we could describe the phenotype of the E12.5 transgenic embryo with a similar disturbance in
the adherens junctions and an impaired neurulation. We presented a hypothetic model of

brain alteration in the transgenic Wnt7a embryos described in the following schematic image
(Fig. 1).
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Figure 1. Model of the alterations in the brain development of Wnt7a transgenic mice.

(A) A schematic representation of neurulation in wild type embryos. The neural plate/tube is drawn in yellow
and red, where yellow indicates apical and red basal. (B) A hypothetic depiction of cranial neurulation in the
E12.75 nestin-Wnt7a embryo. The neural folds fail to elevate properly (2) as observed in E8.75-E9.75 nestin-
Wnt7a embryos. Without the rigidity imposed by the adherens junctions, the neural tube walls splay outwards. If
they meet and fuse mediolaterally (3), a neural “cap” with a reversed apico-basal polarity is created. This
process will also lead the medial part of the neural tube to bud off (3 and 4). This secondary neural tube will
have a normal apico-basal polarity (4) and might continue to develop structures resembling those arising during
normal brain development (see Figs. 7G and 7R in Shariatmadari et. al., 2005). An impaired cranial neurulation
leads to the aberrant brain morphology. Increased proliferation contributes to the phenotype.

INCREASED WNT SIGNALING IN NEURAL PROGENITOR CELLS DELAYS
NEUROGENESIS

It has been shown that Wnt signaling can affect the proliferation and differentiation of neural
progenitor cells and that beta-catenin signaling affects target genes that control these cellular
processes. Transgenic overexpression of beta-catenin (under control of the nestin enhancer) in
neural progenitor cells increases their proliferation, and in particular favours symmetrical cell
divisions. This, expands the progenitor cell pool which results in an enlarged cortex (Chenn
and Walsh, 2002, 2003).

Transgenic Wnt7a and Wnt7b embryos analyzed at E10.5 for proliferative markers such as
BrdU (paper I) or phospho-Histone 3 (paper II & III) did not show any differences in
proliferative rates compared to their wild type littermates, which suggested indirectly that
Wnt7a/Wnt7b did not act through increased stabilisation of beta-catenin before E10.5.
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However, neural differentiation was impaired in both Wnt7a and Wnt7b transgenic embryos,
indicated by a decreased number of beta-tubulin III positive cells in the transgenic forebrains
compared to wild type litter-mates (paper II & III). Also, the transgenic embryos were
smaller in size than their wild type littermates. Since the proliferative and also apoptotic rates
of neural progenitor cells were unaffected, one can speculate whether the proportion of
symmetric versus asymmetric progenitor cell divisions was shifted so that the impaired

neural differentiation was a consequence of premature cell cycle exit.

Several transcription factors and morphogens have important functions during the initial
expansion of the neural progenitor cell pool. Disturbances in their expression may cause
premature cell cycle exit and therefore a decreased proportion of symmetrical divisions,
depleting the progenitor cell pool and decreasing the size of the developing embryo
(Hatakeyama et al., 2004). Tbrl and Tbr2 are forebrain-specific transcription factors which
drive the production of both cortical plate neurons and intermediate progenitor cells (IPCs)
respectively. In the transgenic Wnt7b embryos, expression of Tbrl and Tbr2 was grossly
reduced (42.7% and 19% of wild type expression respectively (paper II)). However, the
transgenic embryos displayed a proportion of pax6 expressing cells similar to wild type
littermates, implying an unaffected neural progenitor cell pool (Fig. 2). Taken together, the
results (paper Il & III) indicate that the impaired neuronal differentiation might be due to a
delay in neurogenesis, neither owing to an increased progenitor symmetrical divisions nor

depletion of the progenitor cell pool by premature cell cycle exit.

In order to confirm our hypothesis we could have performed double immunolabelling against
BrdU and Ki67 in our transgenic embryos. We had previously delivered BrdU to all of the
pregnant dams either 4 or 24 hours prior to sacrifice, and at the desired embryonal day of
investigation. Preliminary results for two Wnt7b transgenic embryos and wild type littermates
analysed at E10.5 showed a similar proportion of BrdU*/Ki67" double labelled progenitor
cell nuclei and thus no indication for increased cell cycle reentry. The numbers of BrdU*/
Ki67- nuclei were also similar to wild type which indicated that there was not an obvious

increase of premature neural progenitor cell cycle exit (data not shown).
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Figure 2. Wnt7b transgenic embryos show decreased labeling against beta-tubulin-III, Tbr1 and Tbr2.

Wild-type (A) and transgenic (F, K and P) E10.5 embryos; micrographs of 10-12 um transversal tissue sections
labeled with antibodies against beta-tubulin-III (Tujl), phospho-Histone-3 (P-H3), pax6, Tbrl and Tbr2 and
visualized with fluorescent conjugated secondary antibodies respectively. DAPI nuclear counterstain was used
for tissue visualization. Wild-type E10.5 mouse embryos showed an even distribution of Tujl+ neurons
populating the preplate (arrow in B) as opposed to the Wnt7b transgenic embryos where Tujl+ neurons are
sparse and scattered (arrows in G, L and Q). The wild-type expression of Tbrl and Tbr2 is visible in the
emerging forebrain/cortical structures (arrow heads in D and E). In Wnt7b transgenic embryos the expression of
Tbrl and Tbr2 was decreased and in some parts completely absent (arrows and arrow heads in I-J, N-O and S-T
respectively). P-H3 and pax6 expression was similar in both wild-type and transgenic embryos (arrows in B, G,
L and Q; arrowheads in C, H, M and R respectively; arrow in C indicates pax6 expression in developing eye).
U-Y; Quantification of cellular marker expression, P < 0.001 (***). Abbreviations; WT — wild-type, Tg —
transgenic; tel — telencephalon; di — diencephalon; cpp — cortical preplate; fb — forebrain; r — rostral; ¢ — caudal;

Scale bars are 200 pm.
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INTERACTION BETWEEN VANGL2 - RAC1 AND THE ORGANIZATION OF
ADHERENS JUNCTIONS

Vangl2 is an essential component of the Wnt/PCP pathway, which acts via activation of the
Rho family of small GTPases RhoA and Racl (Habas et al., 2003). In our study (paper IV),
both decrease and increase of Vangl2 levels resulted in aberrant cellular distribution of actin
microfilaments, Racl and other cytoskeletal components. We could demonstrate that Vangl2
was present in a protein complex with Racl and that the PDZ-binding domain of Vangl2 was
essential for this interaction. However, the overall expression level of Racl and Racl
activation were not affected by Vangl2. On the basis of these observations, we propose a
model in which Vangl2 does not affect Racl activity directly, but recruits Racl to locally
increase its concentration at the membrane or other cellular compartments. We suggest that
Vangl2, which is located at adherens junctions, is required for the proper recruitment of Racl

to the adherens junction (Fig. 3).

Racl-N17 Racl RNAI
+Vangl2 GOF +Vangl2 GOF

Normal  Vangl2 LOF Vangl2 GOF Racl-N17

Figure 3. Model of interaction between Vangl2 and Racl.

The model shows six different conditions of Vangl2 and Racl expression with our proposed mechanism of
interaction. Actin microfilaments are displayed as strings of pearls (green). In the normal condition, Vangl2
targets Racl to the plasma membrane and promotes the formation of adherens junctions, in which
microfilaments link to cadherin via catenins. In Vangl2 loss-of-function (LOF), Racl lacks a membrane
targeting signal and the adherens junctions fail to form. In Vangl2 gain-of-function (GOF), excess Vangl2 and
Racl at the membrane results in disordered microfilaments. When Rac-N17 is expressed, the dominant negative
Racl (dnRacl) competes with endogenous Racl for Vangl2's binding site and inhibits the formation of adherens
junctions. Vangl2 GOF rescues Racl blockade (Rac-N17 or Racl RNAI) by recruiting remaining endogenous
Racl to the adherens junctions.
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Active Racl is known to promote actin polymerization at the cell periphery (Hall and Nobes,
2000). The crucial function of Racl in the actin cytoskeleton and cell adherence has been
demonstrated previously (Jou and Nelson, 1998), and is also confirmed in our experiments
with RNAi knockdown of endogenous Racl or dominant-negative Racl. Importantly,
previous studies have demonstrated that the actin cytoskeleton is disrupted both by increased

and decreased Racl signaling (Jou and Nelson, 1998).

Cell adhesion and cell migration are biological processes that are hijacked in cancer cells in
order to promote tumor characteristics, such as invasiveness and metastasis. Deregulation of
Wnt/PCP signaling has been shown to contribute to cancer development (Katoh, 2005). In
our study (paper IV) we showed that proper Vangl2 expression was important for cell
adhesion and cell migration, assessed through aggregation and wound healing assays. Our
results suggested that Vangl2 gain-of-function (GOF) affected cell adherence in a Racl-
dependent manner, and that the PDZ-binding domain was essential for this. Also, Vangl2
overexpression increased cell migration and this effect could be antagonized by coexpression

of dominant negative Rac1-N17 (dnRacl; Fig. 4).

Loss of Vangl2 function in human cancer cell lines increased the cell migration and promoted
matrix metalloproteinase-dependent extracellular membrane invasion (Cantrell and Jessen,
2010). Also, components of the PCP pathway, including Vangl2, were upregulated in B
lymphocytes of patients with chronic lymphocytic leukemia (CLL) and this feature was
required for the migration and transendothelial invasion of CLL cells (Kaucka et al., 2013).
Increasing evidence has been gathered for Vangl2 and Scribblel expression suggesting that
deregulation of these polarity genes plays a role in tumor cell motility, metastasis and clinical
prognosis (Feigin et al, 2014; Godde et al., 2014; Hatakeyama et al., 2014).
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Figure 4. Vangl2 affects cell adhesion and migration in interaction with Racl

Aggregation assays with MDCK cells. (A-D) Control cultures display a high proportion of aggregated cells (A),
whereas Vangl2 (B) or dominant negative (dn)Rac1N17 (C) significantly reduced cell aggregation. (D) Vangl2
combined with dnRacIN17 resulted in a close-to-normal level of cell aggregation. (E,F) constitutively active
(ca)Rac1V12 reduced cell aggregation (E), which was further enhanced by Vangl2 (F). (G) Graph with the
respective aggregation indexes. (H-M) Vangl2 (I), dnRhoAN19 (J) or caRhoAV 14 (L) reduces cell aggregation
compared to control transfected cells (H). Addition of Vangl2 does not modify the effects of dnRhoAN19 (K) or
caRhoAV14 (M). (N) Quantification of the results. (O,P) Vangl2 RNAIi reduces cell aggregation compared to
control transfected cells. (Q-S) Vangl2-EGFP (Q) and dnRacIN17 (R) alone reduces aggregation, whereas the
combination of Vangl2-EGFP and dnRacIN17 results in close to normal aggregation levels (S)(T) Vangl2A4-
EGFP results in normal aggregation (95% of control). (U) However, Vangl2A4-EGFP is not able to counter the
effects of dnRacIN17. (V) Quantification of the results. (W-Z ) Vangl2 increases cell migration in a wound
assay. Pictures of the same area were taken at the start of the experiment (T=0, W-Z), and after 18 hours (T=18
hours, W'-Z"). Vangl2-transfected cells (X') colonize the inflicted wound to a higher extent than the control
transfected cells (W'). Dominant negative Racl blocked the effects of Vangl2 in cell migration (Z'), but did not
by itself affect cell migration (Y”). (AA) Quantification of the results. Scale bars: 100 pm. Error bars in G, N,
V and AA represent std **P<0.03-0.05, ***P<0.01.

WNT/PCP GENE EXPRESSION IN PEDIATRIC TUMOR CELL LINES AND
TUMOR CELL VIABILITY

Understanding the mechanisms that regulate and promote tumor development is of great
importance for establishing future prognostic markers and therapeutic interventions in
childhood cancers. Increased Wnt/beta-catenin signaling is found in many forms of cancer
(Katoh, 2005), including the childhood cancers medullo- and neuroblastoma where it is
associated with upregulation of proliferative genes such as MYCN. Analysis of
medulloblastoma and neuroblastoma cell lines for their native active beta-catenin and core
PCP protein expression revealed an inverse correlation between Pricklel, Vangl2 and beta-
catenin expression levels (paper V). Further, we showed that in vitro manipulation of PCP
gene expression affected tumor cell viability in a MTT assay. Pricklel, Vangl2 or Scribblel
RNAI knockdown in neuroblastoma cells increased the relative absorbance and indirectly
cell viability by 31 to 42 %, compared to control cells treated with a scrambled RNAi
sequence (Fig. 3; P<0.0001). Overexpressing hPrickle1, hVangl2 or hScribblel with cDNA
constructs, decreased the relative absorbance and indirectly the cell viability by 39 to 68 %,
compared to cells treated with vehicle (Fig. 3; Ppricklei=0.0044; Pvang2<0.0001;
Pscribble1=0.0003).
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Loss of polarity gene function has been associated with induction of dysplasia, increased
tumor cell motility and metastasis ( Feigin et al, 2014; Godde et al., 2014; Hatekayama et
al., 2014).

Analysis of Wnt/PCP genes in open access gene array databases (e.g. R2: microarray
analysis and visualization platform (http://r2.amc.nl)) show that high expression of PCP
genes in neuroblastoma patient material are associated with a better clinical prognosis (5-

year survival) compared to neuroblastoma patients with lower expression.

Many PCP genes interact with each other and have interdependence both for their
asymmetric localization within the cell, and for their capacity to establish cell and tissue
polarity. In our study, we could by means of immunoprecipitation show that Pricklel was
found in the same protein complex as Vangl2, a protein known to interact with the
cytoskeleton (Lindqvist et al., 2010). A different study with hepatocellular cancer cells
showed that Pricklel was a negative regulator of beta-catenin stabilization, mediated
through its interaction with Dishevelled (dvI3; Chan et al., 2006).

Further experiments are needed in order to investigate whether Prickle]l mediates its action
through cytoskeletal interaction with Vangl2 or via Dishevelled and beta-catenin in
neuroblastoma cells. We are also interested in studying the genetic profile of aggressive and
highly metastatic medullo- and neuroblastoma cells versus their counterparts that rarely

metastasize. This can be done by gene expression array analysis.
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CONCLUSIONS

This thesis describes the role of Wnt/PCP signaling in neurulation, cell adhesion,

neural differentiation, neural cell migration and pediatric tumor cell line characteristics and

viability. The main findings can be summarized as follows:

» Transgenic overexpression of Wnt7a and Vangl2 resulted in neurulation defects due to

impaired adherens junctions and neural tube rigidity.

» Transgenic overexpression of Wnt7b resulted in a similar, but milder, phenotype
compared to the Wnt7a transgenic embryos. Neurogenesis was impaired and the

expression of neural specific transcription factors was decreased.

» Studies of Vangl2 gain- and loss of function, both in vivo and in vitro, described a
Vangl2-dependent interaction and redistribution of Racl within the cell to active sites

of actin microfilament rearrangement at the cellular cortex.

* Neuroblastoma and medulloblastoma cells showed differential expression of beta-
catenin and PCP components. Manipulation of PCP gene expression in neuroblastoma
cells correlated with tumor cell viability and predicted clinical prognosis (open access

gene array data).
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RELEVANCE AND FUTURE PERSPECTIVES

The results presented in this thesis aim to increase our understanding of the mechanisms
governing Wnt signaling and patterning in the developing brain. Studies of Wnt/PCP
signaling pathways may increase our knowledge of the etiology and treatment of diseases
related to the brain and its development, e.g. neural tube defects, plus neurological and

psychiatric diseases.

When utilizing transgenic overexpression techniques, one can in a fast and fairly economic
way study an ectopic or increased gene expression in vivo depending on the spatial and
temporal characteristics of the promoter/enhancer that is used. The drawback of a non-
inducible transgenic technique is the lack of temporal control, with a rather early onset and
offset of the transgene product. Also, the injected transgene DNA recombines in a random
fashion and integrates in the mouse genome at different chromosomal locations when
studying embryos from primary injections. This could result in phenotypical differences, as
the transgene could integrate in a DNA region containing other silencer or enhancer

elements, which can affect the overall expression of the transgene product.

This shortcoming can be overcome by analyzing milder transgenics postnatally in order to
establish a transgenic mouse line which one can produce transgenic embryos from
(Hamasaki et al., 2004). An even better way is to choose a transgenic system which allows
more control over the temporal and spatial expression of the gene. These inducible
expression systems, such as the tet transactivator system, or Cre/loxP system have great
advantages but can still be expensive and time consuming, with an extensive breeding in

order to produce a stable transgenic mouse background.

Wnt/PCP signaling has been implicated in both embryogenesis and carcinogenesis.
Disturbances in Wnt/PCP signaling have been shown in many cancer forms, such as
mammary gland tumors (Zhan et al., 2008), colorectal cancer (Piazzi et al., 2013), prostate
cancer (Pearson et al., 2011), neuroblastoma (Liu et al., 2008) and medulloblastoma (Giles
et al., 2003). The latter represent the most common form of malignant brain tumor in
children (Koesters and von Knebel Doeberitz, 2003). Genetic profiling of different tumor
cells can be of great value in terms of understanding tumor cell characteristics, which may

lead to better prognostic predictions and development of tailored therapeutic strategies.

In summary, the results described in this thesis will increase our knowledge on how
proliferation and differentiation of neural progenitor cells is controlled, which will be of
relevance for stem cell research. It will also further our understanding of the mechanisms
that control cell adhesion and motility, features that are often deregulated in carcinogenesis

and metastasis.
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