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1 UVOD

Bunééné signalizacni kaskady ptedstavuji klicovy molekularni mechanismus, ktery
koordinuje veSkeré zivotni procesy v builkkach, a tim 1 v celém organismu. Aktivita
signalnich kaskad je nezbytnd pro regulaci bunécného riistu, diferenciaci bunék ¢i jejich
fizené odumirani, a to jak v pribéhu embryogeneze, tak v dospélém organismu. Signalni
drahy zprostfedkovavaji odpovéd” bunék na okolni podnéty, jsou nezbytné pro
mezibunénou komunikaci a bez synchronizované aktivity slozité signalizatni masinérie si
nelze predstavit masivni bunéfnou expanzi spojenou s tvorbou tkani béhem vyvoje
kazdého jedince. Jednou z téchto signaliza¢nich kaskad je vysoce evoluéné konzervovana
signaliza¢ni drdha Wnt. Ptredklddana prace ve strucnosti uvadi do problematiky
molekularnich mechanismu signalizace Wnt. Experimentalni ¢ast byla zamétfena zejména
na signalizaci Wnt v bunééném jadfe a vztah mezi signalizaci Wnt a jinymi bunénymi
regulacnimi drahami.

Zakladem této prace je soubor ¢ty publikaci, jejichz hlavnim spojujicim motivem je

studium komponent a mechanismii, které ovlivitujici signalizaci Wnt.

1. Valenta, T., Lukas, J. and Korinek, V. (2003) HMG box transcription factor TCF-4's
interaction with CtBP1 controls the expression of the Wnt target Axin2/Conductin

in human embryonic kidney cells. Nucleic Acids Res, 31, 2369-2380.

2. Valenta, T., Lukas, J., Doubravska, L., Fafilek, B. and Korinek, V. (2006) HIC1
attenuates Wnt signaling by recruitment of TCF-4 and beta-catenin to the nuclear

bodies. Embo J, 25, 2326-2337.

3. Asahina, M., Valenta, T., Silhankova, M., Korinek, V. and Jindra, M. (2006) Crosstalk
between a nuclear receptor and beta-catenin signaling decides cell fates in the C. elegans

somatic gonad. Dev Cell, 11, 203-211.



4. Doubravska, L., Simova S., Cermak, L., Valenta T., Korinek V., Andera L. (2006) Wnt
signaling suppresses TRAIL-induced apoptosis of human pre-B cells (impact of beta
catenin stabilization and MEK 1/ERK activation). Apoptosis. submitted

Cilem uvedenych praci bylo rozsifeni naSich poznatkid o regula¢nich mechanismech
signalizace Wnt, a to zejména na urovni bunééného jadra. Hlavni diraz byl kladen na
interak¢ni partnery, ktefi maji potencial inhibovat signalizaci Wnt. Opomenuto neziistalo

ani studium vzajemné interference mezi signalizaci Wnt a jinymi signalnimi kaskéddami.



2  LITERARNI PREHLED

Signalni draha iniciovana sekretovanymi ligandy Wnt patfi mezi vyznamné regulatory
bunécéné proliferace a diferenciace, a to jak v pribéhu embryogeneze, tak v dospélém
zivo¢isném organizmu. Nepostradatelnost signalizace Wnt pti regulaci bunéénych procesi
doklada vysoka evolucni konzervovanost zakladnich mechanisml této signalizace i
jednotlivych proteind, které se signalizace Gcastni[1, 2].

Ptislusnost k rodin¢ proteini Wnt je urcena spise jejich strukturnimi, nez funkénimi
vlastnostmi. Neni proto piekvapivé, Ze zahdjeni signalizace vazbou ligandu Wnt na
receptor (respektive receptorovy komplex) muze iniciovat nékolik, do jisté miry
nezavislych procest. Jednim z nich je signalni drdha Wnt/B-katenin, oznacovana téz jako
kanonicka signalizace Wnt. V ptipadé kanonické signalizace dochézi po interakci ligandu
Wnt s receptorovym komplexem ke stabilizaci kli¢ového proteinu, B-kateninu, jeho
kumulaci v cytoplazmé a nasledné translokaci do bunécného jadra. V jadre se B-katenin
vaze na transkrip¢ni faktory Lef/Tcf a zahajuje tak transkripci specifickych genti [3].

Alternativu ke kanonické signalizaci Wnt predstavuje nékolik signalnich drah, které jsou
souhrnné¢ zndmé jako nekanonickd signalizace Wnt. Jedna se nejméné o tfi rozdilné
mechanismy, u kterych se na pfenosu signalu vyznamnou mérou podileji proteiny zndmé
z jinych signaliza¢nich drah. Piestoze se nekanonické signalizacni drahy vyznamné Gcastni
regulace fady vyvojovych procesit béhem embryogeneze (neurulace), nejsou zdaleka tak
charakterizovany jako kanonickd drdha [4, 5]. Protoze dalsi ¢ast ptredkladané prace je
zaméfena predevsim na studium procest v rdmci signalizace Wnt/B-katenin, lze ptipadné
zdjemce o detaily tykajicich se ostatnich typl signalizace Wnt odkézat na pfislusnou
literaturu [6, 7]. Prubézné aktualizované informace zamétené na signalizaci Wnt lze rovnéz
nalézt na internetové strance ‘“The Wnt homepage*‘*

(http://www.stanford.edu/~rnusse/wntwindow.html).




2.1 Mechanismy kanonické signalizace Wnt (Wnt/B-katenin)

Kanonickou signalizaci Wnt (¢i jinak téz signalizaci Wnt/B-katenin) lze pravem oznacit
za jeden z rozhodujicich signaliza¢nich mechanismti ovliviiyjicich osud buiky (anglicky
cell fate decision) u mnohobunécnych zivocich. Komponenty této signalizace se uplatiuji
pfi regulaci mnoha procesit u tak evoluéné¢ vzdalenych organizmii jako jsou zahavci
(Cnidaria), hlistice Caenorhabditis elegans, octomilka (Drosophila melanogaster) a
obratlovci véetné savct [8, 9]. Signalizace Wnt/B-katenin hraje nezastupitelnou roli béhem
fady déja v pribéhu embryonalniho vyvoje. U octomilky je kanonicka signalizace
nezbytnd mimo jiné pro ustaveni polarity télnich segmenti nebo pro synaptogenezi béhem
larvalniho vyvoje [1, 10]. V ptipad¢ obratlovcl je zodpovédna napiiklad za ur€eni télni
polarity v pribéhu gastrulace, ¢i kontrolu télni segmentace [11, 12]. V dospélém
organismu je aktivita kanonické drahy nezbytna pro udrzeni samoobnovujiciho potencialu
kmenovych bunc¢k vitadé tkani [13-15]. Svou roli uplatiiuje rovnéz pii nekterych
regeneraCnich procesech. Nefyziologickd aktivace signalizace Wnt je Casto spojena
s nekontrolovanym rlstem bun¢k, nddorovou transformaci a vznikem nadorti [13, 14, 16,
17]

Jak jiz bylo vyse zminéno, klicovou udalosti v ramci prenosu signalu je v pfipadé
kanonické Wnt-signalizace stabilizace proteinu [-katenin v cytoplazmé cilové buiky.
V situaci, kdy bunky nejsou stimulovany prostiednictvim ligandu Wnt, je vétSina
B-kateninu lokalizovana jako soucast mezibunécnych spojii a B-katenin tak prakticky
neuplatituje svoji signaliza¢ni funkci, nebot’ hladina volného B-kateninu v cytoplazmé je
posttranslacné udrzovana na nizké Urovni [18, 19]. Na udrzeni nizké hladiny
cytoplazmatického [-kateninu se podili multiproteinovy degradacni komplex, jehoz
soucasti je strukturni protein Axin, nadorovy supresor APC, proteinkinazy
CKla, GSK3p [20-24]. V nestimulovanych buiikach je [-katenin prostiednictvim téchto
proteinkinaz fosforylovan. Fosforylovany -katenin je nasledn¢ modifikovan ubikvitinem,
a poté degradovan v proteazomu[25-27].

Vazba ligandu Wnt na receptorovy komplex slozeny z receptoru Frizzled a koreceptoru
LRP vede k interakci proteinu Dishevelled s intracelularni ¢asti receptoru Frizled [28-31].
Dishevelled se timto krokem aktivuje a zahajuje dosud ne zcela pfesné popsany proces
vedouci zablokovani aktivity degrada¢niho komplexu. Vysledkem zminéného procesu

je pokles fosforylace [-kateninu a nasledné zastaveni jeho degradace [32, 33]. SoucCasné



dochazi k vazbé Axinu na koreceptor LRP, coz pfispivd k rozpadu degradacniho
komplexu[34]. Vysledkem obou jmenovanych procest je stabilizace cytoplazmatického -
kateninu, rtist jeho koncentrace a jeho néslednd translokace do jadra. V bunécném jadie se
B-katenin vaze s transkripnimi faktory z rodiny Lef/Tcf. Tyto transkripéni faktory nemaji
samy o sob¢ schopnost zahdjit transkripci a funguji tak jako transkripéni represory. AvSak
pravé tvorba heterokomplext s B-kateninem jim umoZiluje iniciovat transkripci fady Wnt-
specifickych genti[35-37]. Mezi cilové geny signalizace Wnt patii mimo jiné geny pro
vyznamné regulacni proteiny ovlivitujici bunéény cyklus a bunécnou proliferaci [38-41].

Je ovSem potieba zduraznit, ze kanonicka signalizace Wnt je mnohem vice komplexnim
procesem nez predstavuje vySe uvedené schéma zdkladni kaskady déja, ke kterym v burice
dochdzi po stimulaci ligandem Wnt. Ve skute€nosti je draha Wnt také velmi regulovanym
procesem, a to na vSech urovnich — extracelularni, cytoplazmatické i jaderné. V ramci
kanonické kaskady se vyznamné uplatiuje fada proteinti, které tuto signalizaci usmérnuji

¢1 ptimo blokuji.

Sousedni buika Sousedni bufka

Obrazek 1. ZjednoduSené schéma
kanonické signalizace Wnt

(A) V pripadé, ze ligand Wnt neni
pfitomen, dochazi ke konstitutivni
degradaci  B-kateninu,  kli¢ového
modulatoru  signalni drahy Wnat,
degradaénim komplexem slozenym

wrian o . z proteinii Axin, APC a kindz GSK3p
} a CKlo. p-katenin je timto
[-katenin P ||.|m..£_.‘ komplexem fosforylovan a nasledné

ﬂ-ka:mm ) “u-katenin ) degradovan v proteasomu.
Axin = H_X (B) Vazba ligandu Wnt na
T ‘Y‘”"e'“ Dvl cytoskelet membranovy receptorovy komplex
l Fz/LRP zpusobi aktivaci
: vnitrobunééného  proteinu  Dvl a
inaktivaci degrada¢niho komplexu

Kadheriny Kadheriny

Axin
imm:; " —> e GSK-3) ( pkatenin
CK1u = |-katenin vyvazanim molekuly Axinu na
GSK3y ._) arc ©X1D / intracelularni ¢ast receptoru LRP.
PG Dochazi k akumulaci p-kateninu, ktery
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gend.
(upraveno podle reference [13])




2.1.1 Extracelularni a membranové komponenty kanonické signalizace Wnt

2.1.1.1 Ligandy Wnt

Nazev jak pro tyto proteiny, tak pro celou signalni drédhu, v niZ proteiny Wnt stoji na
pocatku jako ligandy zahajujici signalizaci, vznikl jiz pocatkem devadesatych let jako
sloZenina z nazva pro dva ptavodné nezavisle popsané geny, a to wingless a int-1. Gen
wigless (wg) byl identifikovan jako jeden z dilezitych faktorti ovliviiujicich polaritu
télnich ¢lanki (segment polarity gene) u octomilky. Zatimco v ptipadé normélnich jedincii
se u larvy octomilky stiidaji v epidermis ventralni kutikuly nahé a dentikuldrni segmenty,
tak v ptipadé mutantd wingless jsou vSechny segmenty dentikularni. Né&které z alelickych
forem tohoto genu se mohou projevit u mutantnich jedincii bezkiidlym fenotypem [42,
43]. Druhy z genii byl popsan pfi studiu nadorti v epitelu mlééné Zlazy u mysi. V fadé
téchto nddort vyvolanych retrovirem MMTV (Mouse Mammary Tumor Virus) je ¢asto
jako dusledek integrace proviru nefyziologicky aktivovana transkripce prilehlého lokusu,
ktery koduje sekretovany protein nazvany Int-1 (ndzev podle preferovaného mista
integrace) [44-46]. Pozd¢jsi prace potvrdily homologii obou gend, ¢imZ byl rovnéz popsan
prvni gen rodiny Wnt, a to v tomto ptipadé gen wntl [47].

V soucasné dobé¢ je zndmo u obratlovcl okolo dvaceti gent koddujicich proteiny Wnt
(¢lovek a mys jich maji 19, Xenopus sp. 16, Gallus sp. 11, Danio sp. 12), které mizeme
rozdelit podle aminokyselinové sekvence do dvandcti nezavislych podskupin, z nichz ma
pouze Sest své orthologni partnery u modelovych bezobratlych (Drosophila melanogaster a
Caenorhabditis elegans). Prekvapiva je vSak skuteCnost, Ze u primitivnich
mnohobunéénych zivo€ichi mitizeme nalézt spektrum geni  wnt velmi podobné
obratlovelim. Jako priklad lze uvézt zastupce Zahavci - mofskou sasanku rodu
Nematostella, ktera ve svém genomu obsahuje dvanact gend wnt, které nalézaji své
orthologni partnery u jedenacti z celkovych dvanacti podskupin wnt-gent obratlovct.
Recentni prace naznacuji pfitomnost genti wnt jiz v genomu zivociSnych hub (Porifera)
[48]. Je tedy pravdépodobné, Ze relativné vysoka komplexita genli wnt je evolu¢né velmi
stard. Zatimco u vyvojové linie vedouci k obratlovelim zstala tato genetickd komplexita
zachovana, v piipad¢ prvoustych zivocichii doslo k jeji vyznamné redukci. U rostlin a
jednobunéénych organismi nebyla dosud exprese wnt-genii spolehlivé prokazana. Na

zakladé fylogenetické analyzy miizeme tedy proteiny Wnt povazovat za signalni molekuly
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specifické pro Metazoa, které se podileji na kontrole organizace télniho planu jiz vice nez

650 miliont let [8, 49, 50]

2.1.1.2 Biogeneze ligandi Wnt

Proteiny Wnt jdou hydrofobni, na cystein bohaté sekretované molekuly, které mohou
pusobit na cilové buiiky v blizkosti 1 ve vétsi vzdalenosti od mista sekrece (tzv. short-range
nebo long-range signaling) [49, 51-53]. Pfes svoji omezenou solubilitu ptisobi podobné
jako koncetranéni morfogeny a vyznamné tak ovliviuji vznikajici tkédnovou polaritu
v pribé¢hu embryogeneze. Pro aktivitu ligandi Wnt je velmi dulezity zpiisob jejich
biogeneze, v rdmci niz hraji velkou roli proteinové modifikace. Proteiny Wnt jsou, tak jako
ostatni sekretované molekuly, syntetizovany s N-koncovym signdlnim peptidem, ktery
urcuje lokalizaci nascentniho Wnt-polypeptidu do endoplazmatického retikula, kde je poté
signalni peptid odStépen plisobenim peptidazy. V endoplazmatickém retikulu jsou proteiny
Wnt modifikovany acylaci. V tomto procesu hraje kliCovou roli protein porcupine.
Porcupine je v membrané endoplazmatického retikula vdzana acyltransferaza, ktera je
zodpovédna za kovalentni pfipojeni palmitdtu na konzervovany cystein (pfipadné vice
cysteinll) v N-koncové ¢asti Wnt-proteinu. Nékteré mutace v sekvenci proteinu porcupine
zpisobuji poruchy v sekreci proteini Wnt, coz vede k jejich hromadéni v cytoplazmé
bun¢k. Modifikace palmitatem nejen zvySuje hydrofobicitu proteini Wnt, ale je rovnéz
nezbytna pro jejich dalsi biogenezi, sekreci a spravnou signaliza¢ni aktivitu. [54-56]. Dalsi
vyznamnou modifikaci proteini Wnt, kterd nasleduje po acylaci, je N-glykosilace na
asparaginech. Sekre¢ni drdha Wnt-proteini dale pokracuje v Golgiho komplexu, kde se
uplatituje role neddvno popsaného proteinu wntless (wls) nezavisle téz popsaného jako Evi
(Evenness interrupted). Wls/evi je membranovy protein lokalizovany do membran Golgiho
komplexu, ktery interaguje s proteiny Wnt. Je-li exprese Wls/evi experimentalné snizena
prostfednictvim interferujicich molekul RNA nebo pokud je jeho aktivita ovlivnéna
mutaci, dochazi k poruse v sekreci proteinit Wnt a k jejich akumulaci v bunikach, které tyto
ligandy produkuji. Ackoliv piesnd uloha proteinu wls/evi neni dosud znama, je
pravdépodobné, ze tento protein specificky usmérnuje sekreci vznikajicich ligandd.
Wis/evi by rovnéZ mohl ovliviiovat tvorbu exportnich vackl (exocytic vesicles),

prostiednictvim kterych jsou proteiny Wnt transportovany ven zbunky [57, 58].
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Pozoruhodna je skuteCnost, ze pravdépodobné jiz na turovni téchto vackt dochézi
k rozdéleni proteini Wnt na ty, které budou plisobit v blizkosti mista sekrece (short range
signaling) a na ligandy, jejichz aktivita se uplatni ve vétSi vzdalenosti od mista sekrece
(long range signaling). Pro morfogenni aktivitu na vétsi vzdalenosti je nezastupitelna role
tzv. retromerového komplexu, coz je konzervovany multiproteinovy komplex, ktery se
uplatituje pfi vnitrobunééném proteinového transportu véetné transcytdzy a transportu
proteint mezi endozémy a Golgiho komplexem. Mutace ovlivitujici aktivitu
retromerového komplexu, nebo nefyziologicky zplisobend inaktivace komponent tohoto
komplexu (naptiklad proteinu vps-35) rusi schopnost ligandd Wnt ptsobit na vétsi
vzdalenosti, a to jak v pripadé C.elegans, tak u obratlovci. Aktivita retromerového
komplexu je nutnd pouze u bunék produkujicich ligandy Wnt, v nichZ je retromerovy
komplex dilezity pro sekreci aktivnich proteintt Wnt [59, 60].

Nedavno byl u octomilky popsan pod nazvem Sprinter dal§i transmembranovy protein
dalezity pro maturaci proteini Wnt. Tento evolu¢né konzervovany protein je lokalizovan
v plazmatické membrang, jeho inaktivace vede k zablokovani sekrece ligandi Wg
(ortholog Wntl u octomilky) a k hromadéni Wg v produkujicich bunikach. Tento fenotyp je
tak velmi podobny situaci u Wls/evi [61].

Disledkem proteinovych modifikaci v prubéhu sekrece je skuteCnost, Ze proteiny Wnt
jsou sekretovany jako vysoce hydrofobni molekuly, coZ vyrazné omezuje jejich solubilitu a
schopnost voln¢ difundovat k cilovym bunikdm. Tyto proteiny se tak prakticky nevyskytuji
mimo bunku jako volné molekuly. Modifikace palmitatem navic zvysuje jejich schopnost
vazat se do membranovych struktur [56]. Jednou z membranovych struktur dilezitych pro
transport ligandi Wnt mezi buitkami jsou lipoproteinové utvary oznacované jako
argosomy. Pivodni pfedstavy, ze argosomy jsou jakési exocytarni vacky, které se tvoii z
bunécné membrany v pribéhu sekrece proteini Wnt, byly recentné vyrazné¢ modifikovany.
Argosomy (u octomilky zndmé téz pod nazvem lipoforiny) vznikaji pravdépodobné az
mimo buniku jako jednovrstevné fosfolipidové membranové vacky obsahujici cholesterol a
trigliceridy. Vyznamnymi komponenty argosomul jsou také apolipoproteiny, které zde
funguji jako dilezité strukturni proteiny. Ligandy Wnt jsou v argosomech lokalizovany
pravé prostiednictvim palmitatového zbytku. Nefyziologickd inaktivace néckterych
komponent argosomil siln¢ omezuje transport ligandi Wnt k cilovym buitkam.
Zablokovani tvorby argosomi rovnéz vyrazné¢ méni podobu gradientu proteini Wnt
(pravdépodobné nejen) u octomilky, ¢imz se rovnéz méni charakter exprese (expression

pattern) nékterych cilovych genti [62-64].
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Pti transportu a tvorb¢é gradientu proteini Wnt se také uplatituji nékteré slozky
extracelularni matrix. Heparan-sulfatové proteoglykany (HSPG) byly popséany jako jedna
z komponent extracelularni matrix, ktera je schopna véazat proteiny Wnt. HSPG jsou
rovnéz schopny na sebe navazat lipoproteinové partikule, tedy pravdépodobné i argosomy.
Dosud neni pfesné¢ znamo, zda jsou proteiny Wnt asociovany s HSPG pifimo, ¢i prave
prostiednictvim argosomil. Genetické studie u octomilky prokazaly nezastupitelnost
HSPG pro spravnou tvorbu morfogenniho gradientu proteinli Wnt. Absence proteoglykanti
Dally nebo Dlp, ¢i mutace v enzymech nezbytnych pro biogenezi HSPG, vedou u
octomilky k fenotypu, ktery pfipomind mutanty octomilek bez funkcéniho proteinu Wg
(ortholog lidkého proteinu Wntl). Recentni prace naznacuji moznost, ze se Dally a DIp
podileji také na transportu ligandt Wnt. HPGS tedy mohou tvofit jakousi sit’ nutnou nejen
pro distribuci proteini Wnt, ale i pro formovani jejich funkéniho gradientu [65-68].
Aktivita proteoglykanti Dally a Dlp jako spolutviirci gradientu Wnt miize byt dale
modulovana. Sekretovany enzym Notum je schopen modifikovat podobu sacharidovych
fetézcl u Dally a Dlp, ¢imz vyznamné formuje charakter gradientu Wnt. Za normalnich
okolnosti koreluje u octomilky exprese notum s expresi wnt. ZvySend hladina proteinu
Notum vede k u octomilky k potlaceni fyziologické aktivity proteint Wnt, sniZzena
exprese nebo nékteré mutace pusobi opacné [69, 70]. Pfes mens$i mnozstvi dat Ize
konstatovat, Ze rovnéZ u obratlovci mohou HSPG vyrazn€ modulovat signalni drahu Wnt
[71-73].

Pozoruhodna je skuteCnost, ze se zakladni principy biogeneze, transportu a tvorby
morfogenniho gradientu proteini Wnt uplatiiuji nejen v pfipadé této signalni drihy.
Sekre¢ni mechanismus proteint Wnt je velmi podobny biogenezi jinych vyznamnych
signalnich molekul — Hedgehog. Rovnéz pro spravnou funkci ligandd Hh je nutna
modifikace palmitatem, pfi jejich transportu se uplatiiuji argosomy jejich gradient mize

byt modifikovan prostiednictvim HSPG. [63, 74, 75]

2.1.1.3 Receptorovy komplex

Ligand Wnt se na cilovych bunikdch vaze se specifickymi receptory, respektive
s receptorovym komplexem, a spousti tak samotnou signalizaci. Pravé slozeni

receptorového komplexu rozhoduje o tom, zda bude po vazbé ligandu zahédjena kanonicka
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nebo nekanonickd forma signalizace Wnt. Jeden typ ligandu Wnt muze iniciovat jak
signalizaci zavisejici na -kateninu, tak signalizaci na [-kateninu nezavislou, jak dokazuji
experimenty s vyuzitim purifikovaného proteinu WntSa, ktery byl diive povazovéan za
klasicky pfipad inicidtora nekanonické signalizace [6, 76, 77]. Skutecnost, Ze v prub¢hu
vyvojovych procest stoji nékteré ligandy Wnt spiSe na zacatku kanonické, respektive
nekanonické, signalizace bude tedy pravdépodobné urcena rozdilnym zastoupenim
komponent receptorovych komplexii, ¢i rtznou cetnosti konkrétnich forem téchto
komplexii v cilovych bunikach. Urcitou roli miZe rovnéZ mit rozdilnd afinita konkrétnich
typt ligand Wnt ke konkrétnim receptoriim. Pro pfesnéjsi popis interakci mezi ligandy
Wnt a jejich receptory je potieba ziskat vice detailnéjSich experimentalnich dat.

Geneticka a biochemickd data podporuji hypotézu, ze primarnim receptorem pro
ligandy Wnt je recetor Frizzled (Fz), pficemZ se tento receptor uplatiiuje v kanonické
signalizaci Wnt i v jejich nekanonickych formach. Receptory Frizzled patii do skupiny
receptort asociovanych s G-proteiny (G-Protein Coupled Receptors) a s ostatnimi zastupci
tohoto typu receptori sdili n€kolik charakteristickych strukturnich znaki. V ptipadé
receptorll Frizzled miiZzeme rozeznat tfi zékladni strukturné-funk¢ni oblasti. Glykosilovana
N-koncova ¢ast receptoru je extracelularni a obsahuje ve své aminokyselinivé sekvenci
charakteristickou doménu bohatou na cystein (CRD). Ta je schopna s vysokou afinitou
vazat ligandy Wnt. Stfedni ¢ast receptoru Frizzled obsahuje ve své proteinové sekvenci
sedm hydrofobnich a—helixi, které sedmkrat prochazeji cytoplazmatickou membranou a
jsou tak rozhodujici pro membranovou lokalizaci receptoru. C-konec receptoru je
orientovan cytoplazmaticky, je mimo jiné asociovan s heterotrimernimi G-proteiny a
zprostfedkuje pienos signdlu k dal$im komponentdm signalizace Wnt [28, 78, 79].
Genetickd komplexita genti wnt ma sviij protéjsek v poctu gend pro receptory Frizzled.
Sav¢i genom obsahuje piiblizné deset gent frizzled, genom octomilky ¢tyfi geny. Piestoze
postradame detailnéj$i biochemicka data, zdd se, Ze jednotlivé receptory Frizzled se
chovaji pon€kud “promiskuitné®, tedy ze jeden konkrétni receptor Fz miize vazat vice
riznych typt ligand Wnt a naopak. [28, 30, 79, 80]. Naptiklad u octomilky, kde je ovSem
redundance jak v piipadé ligandi Wnt, tak receptort Fz nizsi, interaguji s jednim typem
ligandu Wnt (konkrétné s Wg) dva ze ¢tyf moznych Fz receptort (Fz1 a Fz2). Aby doslo
k zablokovéani signalizace iniciované Wg musi byt oba receptory mutovany nebo
inaktivovany, pricemz vysledny fenotyp je totozny s fenotypem wg mutantt [80].

Receptor Frizzled ovSem neni schopen aktivovat kanonickou signalizaci sam. Pro jeji

zah4jeni je nutna kooperace s koreceptorem LRP (Low density liporotein Related Protein).
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V ptipadé obratlovci zname dva Cleny proteini LRP, a to LRP5 a LRP6. U octomilky
existuje jeden zéastupce Arrow [81]. Koreceptory LRP jsou transmembranové proteiny
s jednou transmembranovou doménou, jejich extracelularni ¢ast je pomérné velkd a je
schopna véazat ligandy Wnt, avSak s vyrazné nizsi afinitou nez CRD doména receptort Fz.
Cytoplazmaticka doména proteinti LRP je relativné kratkd, ma ale nezastupitelnou roli pfi
procesech vedoucich ke stabilizaci -kateninu, jak bude popsdno pozd¢ji. Nezbytnost této
domény pro aktivaci signalizace dokladaji experimenty zalozené na expresi mutantnich
forem LRP5 a LRP6 postradajicich intracelularni doménu. Tyto formy LRP se chovaji
jako tzv. dominantné negativni, to znamend, Ze zcela blokuji kanonickou signalizaci [31,

81, 82].

2.1.1.4 Extracelularni inhibitory a aktivatory signalizace Wnt

Signalni draha Wnt miiZze byt inhibovana jiz na extracelularni Grovni, a to nejen prostou
regulaci exprese receptorovych proteinti Fz a LRP, ale také prostfednictvim specifickych
antagonistickych molekul. Takovymi molekulami jsou naptiklad solubilni proteiny sFRP
(soluble Frizzled Related Proteins). Podobné jako receptory Frizzled obsahuji proteiny
sFRP ve své sekvenci doménu CRD. Prostiednictvim této domény sFRP vazi ligandy Wnt
a brani tak jejich asociaci s membranovymi recepory Fz a LRP. Proteiny sFRP tedy plisobi
jako inhibi¢ni receptory. Proteiny sFRP jsou specifické pro obratlovce, kde maji dilezitou
roli pii modulaci signalizace Wnt v priibéhu embryogeneze [83, 84].

Jinym typem solubilnich antagonisti jsou proteiny Dickkopf. Tyto molekuly jsou
schopny se piimo vazat na receptory LRP. Proteiny Dickkopf rovnéz interaguji s jinym
membranovym proteinem Kremen a ve spolupraci s nim iniciuji internalizaci receptori
LRP, a tak vyrazn¢ limituji aktivitu signalizace Wnt. Zajimavé je, Ze proteiny Dickkopf se
vyskytuji pouze u obratlovcl a primitivnich bezobratlych (Cnidaria), u pokrocilejSich
forem bezobratlych nebyly dosud nalezeny. [85, 86].

Svoji vazbou na receptor LRP blokuje signalizaci Wnt také sekretovany protein Wise
[87, 88].

Protein WIF (Wnt Inhibitory Factor) je solubilnim antagonistou, ktery funguje podobné
jako sFRP. WIF je schopen vazat ligandy Wnt na svoji specifickou doménu, ktera je ovSem

odlisna od domény CRD, a pusobi tak jako inhibi¢ni solubilni receptor. Strukturné
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podobnou Wnt-vazajici doménu jako WIF obsahuji ve své extracelularni ¢asti receptorové
tyrosin kindzové ze skupiny Ryk (Related to tyrosine kinase). Nékteré prace naznacuji, ze
by kindza Ryk mohla fungovat v pfipad¢ sav¢ich bun¢k jako alternativni (ko-)receptor
signalizace Wnt/B-katenin. OvSem tato hypotéza je pro omezené mnozstvi dat stile
oteviena [89, 90].

Existuje n€kolik proteinii odlisnych od ligandd Wnt, které jsou schopny aktivovat
receptorovy komplex Fz/LRP. Jednim z nich je na cystein bohaty protein Norrin, ktery je
schopen se vazat na nékteré receptory Frizzled, mediovat asociaci Frizzled/LRP a zahéjit
tak kanonickou signalizaci Wnt [91]. Jinymi agonistickymi molekulami jsou R-spondiny.
R-spondiny jsou schopny pusobit synergicky sligandy Wnt. V nékterych ptipadech
plisobi samy o sobé jako aktivatory cilovych geni pro Wnt, a zahajuji signalizaci

podobnym zplisobem tedy vazbou na receptory Frizzled a LRP [92-94].

2.1.2 Cytoplazmatické komponenty kanonické Wnt-signalizace

2.1.2.1 B-katenin a jeho degrada¢ni komplex

Klicovou molekulou v ramci kanonické signalizace Wnt je [-katenin. B-katenin ma
v bunkach dvé zékladni funkce. Jako strukturnim protein je soucasti mezibunécnych
adhezivnich spojeni (adherent junctions). B-katenin je zakladnim vazebnym partnerem pro
cytoplazmatické casti riznych kadherinli, jako naptiklad pro membrénové véazany E-
kadherin a podili se tak na tvorbé zakladni kostry adhezivnich spoji. Prostfednictvim
modulace své vazby na o-katenin, mize B-katenin vyznamné ovliviiovat podobu
aktinového cytoskeletu. [95-98]. Nemén¢ vyznamnd je signalizani funkce [-kateninu,
kterd byla poprvé popsana pii genetickych studiich na octomilce. Jedinci s mutaci v genu
armadillo (musi ortholog obratlovéiho genu pro f-katenin) nevykazovali zadné
vyznamnéj$i poruchy v mezibunééné adhezi, pfesto vSak umirali v pribehu vyvoje na
defekty, které¢ se fenotypové shodovaly s poruchami zpiisobenymi mutantnim genem
wingless [99, 100]. Signaliza¢ni role B-kateninu/armadilla jako aktivatoru transkripce
v ramci signalizace Wnt byla pozd¢ji potvrzena nejen u octomilky, ale 1 u obratlovcu [36,

101].
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Charakteristicka struktura p-kateninu je tvofena N-termindlni regulacni oblasti,
centralni casti, ktera obsahuje 12 tzv. armadillo-repetic (Armadillo repeats). VéEtSina nize
popisovanych interakci B-kateninu s ostatnimi proteiny (vcetné E-kadherinu, APC a
transkripcnich faktort Lef/Tcf) je lokalizovéna pravé do této oblasti, a navic jsou nékteré
z téchto interakci vzdjemné exkluzivni. C-terminalni Cast P-kateninu obsahuje silnou
transaktivacni doménu [102]. Signalizacni a strukturni aktivita jsou na sob¢ nezavislé a od
sebe od¢litelné, respektive se alespon ¢astecné vzajemné vylucuji. Existuji mutantni formy
proteinu Armadillo, které maji vliv pouze na adhezivni funkci tohoto proteinu a
neovliviluji funkci signalizacni, respektive vice versa [103, 104]. Ptirozen¢ doslo
k oddé¢leni adhezivni a signaliza¢ni funkce v pripadé Caenorhabditis elegans, ktery ma
ne¢kolik riznych B-kateninid, znichz se jeden (HMP-2) uplatiiuje pouze jako soucdst
adhezivnich spoju, zatimco ostatni (WRM-1, BAR-1, SYS-1) funguji v ramci signalizace
Wnt [105-107].

V situaci, kdy buniky nejsou stimulovany prostiednictvim ligandu Wnt, je vétSina -
kateninu lokalizovéna jako soucast adherentnich spojl (v heterokomplexech s a-kateninem
a E-kadherinem). B-katenin tak prakticky neuplatituje svoji signalizacni funkci, nebot
hladina volného monomerniho B-kateninu v cytoplazmé je posttranslacné udrzovéna na
nizké urovni [18, 19]. Na udrZeni nizké hladiny cytoplazmatického B-kateninu se podili
multiproteinovy degradacni komplex, jehoz soucasti je strukturni protein Axin, tumor
supresor APC, proteinkinazy zrodiny kasein kindz (CKla -0, —¢), a proteinkindza
GSK3pB (nebo GSK3a) [20-24]. V nestimulovanych bunkéach je B-katenin fosforylovan
nejprve prostiednictvim kasein kindzy (nejcastéji CK1a) na N-koncovém serinu 45, poté
nasleduje rozhodujici fosforylace pomoci kindzy GSK3[3 (Glycogen synthase kinase 3B) na
N-koncovych serinech 33 a 37 a na threoninu 41[108, 109]. Dvoukrokova fosforylace -
kateninu je signalem pro jeho ubikvitinaci, na které se podili ubikvitin ligdza B-TrCP (J3-
Transducing repeat Containing Protein). Takto oznaceny B-katenin je nédsledn¢ degradovan
v proteazomu [25-27].

Piestoze rozhodujicim signdlem pro degradaci [-kateninu je jeho fosforylace
prostiednictvim proteinkindz, strukturni funkce Axinu a APC je esencidlni pro spravny
pribéh celého procesu. Axin je schopen interagovat nejen se vSemi ostatnimi ¢leny [-
katenin-degradacniho komplexu, ale prostfednictvim tzv. DIX domény s proteinem

Dishevelled [33, 110]. Relativni exprese axinu v burnikach je obvykle nizka. Axin je tedy
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pravdépodobné rozhodujicim limitnim faktorem, ktery ovliviiuje rychlou agregaci nebo
naopak destabilizaci degrada¢nho komplexu [20, 21]. Axin sam o sobé mulze byt
fosforylovan prostfednictvim asociovanych kindz, tato fosforylace je nezbytnad pro
interakci Axinu s B-kateninem [111, 112]. V sav¢ich bunkach byly nalezeny dva geny pro
axinové proteiny, a to axinl/axil a axin2/konduktin. Zatimco axinl je exprimovan
konstitutivng, transkripce genu axin2 je ptimo stimulovana signalizaci Wnt, coz je typicky
piiklad negativni zpétné vazby v ramci signalizace Wnt. V situacich in vivo jsou pfitom
oba proteiny funkéné ekvivalentni [113].

Dalsi strukturni protein p-katenin-degradaniho komplexu je nadorovy supresor APC
(Adenomatous Polyposis Coli). Gen pro apc, ktery koduje obrovity protein (u clovéka
2843 aminokyselin) je ¢asto mutovan ve vétsSin€ tzv. sporadickych tumort tlustého streva,
germinalni mutace jedné alely genu apc se vyskytuje u pacientt s tzv. rodinnou polypézou
tlustého stteva (FAP, Familiar Adenomatous Polyposis) [114, 115]. APC je dynamicky
adaptorovy protein, ktery zprostfedkovava interakce s jinymi regulatory signalizace Wnt
nejen v cytoplazmé, ale 1 v bunééném jadre. Strukturné je APC tvofen nékolika funkénimi
motivy. Obsahuje deset opakujicich se 15-20 aminokyselinovych motivi, které vazi -
katenin. Mezi t€mito repeticemi jsou stfidavé lokalizovana tii mista interagujici s Axinem.
Na molekule B-kateninu je vazebné misto pro APC lokalizovano do takika stejnych
armadillo-repetic jako vazebné misto pro E-cadherin. B-katenin se tak nemize soucasné
vazat na molekuly degrada¢niho komplexu a komponenty mezibunéénych spoji [116].
Rovnéz APC muze byt fosforylovan, a tato fosforylace umoziuje uvolnéni ubikvitinem
modifikovaného B-kateninu z degrada¢niho komplexu. Jak nefosforylovany B-katenin, tak
nefosforylovany APC se vazi na Axin, dochazi k dvoukrokové fosforylaci [B-kateninu, a
zaroven CK1a fosforyluje APC. Fosforylace zvysuje afinitu APC k B-kateninu, a souc¢asné
vede k uvolnéni Axinu z degradacniho komplexu. Axin pak miize okamzit¢ vazat dalsi
volny B-katenin. Jednou z dilezitych roli pro APC by tedy mohlo byt uvolnéni
fosforylovaného [B-kateninu z degrada¢niho komplexu [20, 21, 117, 118]. Defekty ve
funkci APC lze u néktery nadorovych buné¢nych linii alespon castecn¢ kompenzovat
zvySenou expresi genu pro axin [21].

Na stabilitu cytoplazmatického B-kateninu mohou mit vliv také proteinfosfatizy,
plisobici antagonisticky proti aktivit¢ kindz CKlaa GSK3B.Je znamo, ze se
fosfataza PP2A podili na zvySeni hladiny cytoplazmatického B-kateninu po stimulaci Wnt.

Fosfatdiza PP2A ma navic schopnost se vazat na Axin a APC. Pfestoze nejsou presné
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znamy mechanismy regulujici aktivitu PP2A je mozné, ze fosforyla¢ni status B-kateninu je
za urcitych okolnosti vysledkem protichtidnych aktivit kinazy GSK3p a fosfatazy PP2A
[119-121].

2.1.2.2 Stabilizace (3-kateninu jako rozhodujici udalost kanonické signalizace Wnt

Kanonicka signalizace Wnt je zahajena, jak bylo vySe uvedeno vazbou ligandu Wnt na
receptor Frizzled a koreceptor LRP. Experimenty zaloZené na transfekcich riznych forem
chimérnich receptorii Frizzled a LRP naznacuji, Ze ligandy Wnt by mohly uc¢inkovat jako
jakysi svornik pfiblizujici k sobé oba tyto receptory. Ackoli piimy experimentalni dikaz
kanonickou drdhu [122, 123]. Vz4jemné pfibliZeni obou receptorti v§ak neni dostacujici
podminkou. Pro iniciaci signalizace je nutnd endocyt6za receptorového komplexu. Pokud
dojde k blokaci endocytézy, je rovnéz zablokovana signalizace Wnt v cilovych buitkach
[124, 125]. Prakticky okamzité po vazbé ligandu Wnt na receptorovy komplex nasleduje
nekolik dé&ja, jejichz vysledkem je destabilizace B-katenin-degradacniho komplexu. Vazba
ligandu Wnt vede béhem nékolika minut k fosforylaci intracelularni ¢asti koreceptoru
LRP, kterd obsahuje pét charakteristickych fosforyla¢nich motivii PPP(S/T)P, jez jsou
fosforylovany prostfednictvim kindzy GSK3p. Soucasné dochazi k fosforylaci sousednich
motivi kindzou CKly. Tato c¢lenka rodiny kasein kindz je zvlastni tim, ze je diky
palmitylaci asociovédna s plazmatickou membranou. Pro aktivaci signalizace Wnt je nutna
fosforylace obéma kinazami. Na takto fosforylovany protein LRP se vaZze s vysokou
afinitou Axin, coz je jednou z pficin destabilizace B-katenin-degradacniho komplexu. Jak
je patrné, v tomto piipadé se CK1ly a GSK3 uplatiiuji nikoliv jako blokatory signalizace
Wnht, ale piesné naopak. Velmi diilezitou roli zde hraje membranova lokalizace uvedenych
kindz [82, 108, 126].

Dalsi déje vedouci k blokaci aktivity B-katenin-degradacniho komplexu, jsou (soucasné
s predchozimi) iniciovany prostfednictvim receptoru Frizzled (Fz). Receptor Frizzled
aktivuje po vazbé ligandu Wnt fosforylaci proteinu Dishevelled. Dishevelled je stézejni
modulétor jak kanonické signalizace Wnt, tak jejich nekanonickych forem. Sav¢i genom
obsahuje tfi geny pro Dishevelled (Dvl-1,-2,-3) u octomilky je gen jeden (Dsh).

Fosforylovany Dvl se stavd aktivnim a prostfednictvim své PDZ domény se vaze na
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receptor Fz. Aktivni, a zaroven prostfednictvim receptoru Fz s membranou asociovany
Dvl, plisobi jako adaptorovy protein, ktery vaze dal$i komponenty. Dvl prostfednictvim
své DIX (Dishevelled-Axin) domény vaze Axin, je také schopen vazat CK1, a tak pfispiva
k blokaci B-katenin-degrada¢niho komplexu. Dvl rovnéz asociuje s vnitrobunéénym
inhibitorem kindzy GSK3p, proteinem GBP/Frat [33, 110, 127]. Zatim neni pfesné¢ zndmo
jakym mechanismem je Dvl aktivovan. Epistatickd analyza u octomilky naznacuje, ze by
urcitou roli mohly hrat G-proteiny asociované s receptorem Fz [128]. Roli G-proteint
v kanonické signalizaci Wnt potvrzuji i experimenty provedené na bunécnych liniich.
Zvysena exprese nebo konstitutivni aktivita proteinu Gyo vede k aktivaci transkripce
cilovych gent signalizace Wnt [129]. Jako moZné kinazy aktivujici Dvl byly dale popsany
CKle¢ a kinaza Par-1 [130-132].

Vysledkem vySe popsanych procest je zablokovani degradace [B-kateninu a rist
koncentrace volného monomerniho -kateninu. Nasleduje jeho translokace do bunééného
jéadra, kde B-katenin asociuje s transkripcnimi faktory Lef/Tcf. [36, 101, 133].

V tad¢ laboratofi bylo dokumentovano, Ze pokud je proces degradace [-kateninu
narusen mutaci, dochézi k nefyziologické aktivaci signalni drahy Wnt. Mimoradné dilezité
je, ze tato aberantni signalizace velmi Casto vede ke vzniku nédorti v riiznych typech tkani
[13, 134]. K relativné nejlépe prozkoumanym nddorovym onemocnénim souvisejicim
s patologicky zvySenou transkripcni aktivitou B-kateninu jsou jiz zminéné dédicné nebo
sporadické nadory tlustého stfeva, které jsou iniciovdny mutacemi v nadorovém supresoru
APC [37]. Mutace blokujici aktivitu jiné komponenty degrada¢niho komplexu, Axinul,
byly popsany v mnoha typech karcinomu jater [135, 136]. Nékteré melanomy, nadory
vajecnikli a také malé procento nadorii stfeva obsahuje specifické mutantni formy [3-
kateninu. Jedna se vétSinou o mutace v N-koncovych serinech nebo threoninech, diky nimz
takto mutovany protein vykazuje vysokou stabilitu, hromadi se v jadie bunky a spousti tak
transkripci zdvislou na faktorech Lef/Tcf. V téchto ptfipadech pak B-katenin pisobi jako
konstitutivné aktivni onkogen. [137, 138].
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2.1.3 Nuklearni komponenty kanonické signalizace Wnt

2.1.3.1 Jaderny import -kateninu

Mechanismus jakym se nefosforylovany [-katenin dostava z cytoplazmy do bunécného
jadra neni dosud presné objasnén. K problematice importu B-kateninu do buné¢ného jadra
a na druhé stran€ rovnéz 1 k jeho exportu zpét do cytoplazmy existuje fada vzajemné si
odporujicich praci. Zda se pravdépodobné, ze jaderny import B-kateninu je nezavisly na
mechanismu, ktery vyzaduje transportni systém NLS-importin/karyopterin. B-katenin sam
o sobé vykazuje jistou podobnost s karyopteriny a pravdépodobné je schopen piimo
interagovat s komponenty jadernych pért. Pro tuto interakci a rovnéz pro jaderny import je
dilezita ptitomnost poslednich tfi armadillo-repetic a C-konce B-kateninu [139-142]. B-
katenin miize byt rovnéZz exportovan ven zjadra, a to zpiisobem zavislym na vlastni
»exportni“ doméné [143].

V momenté, kdy je P-katenin v jadfe, mize byt jeho jadernd lokalizace fixovana
prostiednictvim nékterych proteinti, se kterymi B-katenin interaguje. Jednim znich je
Pygopus a dal§imi jsou transkripéni faktory Lef/Tcf. Existuje ovSem také celd fada
proteinli, jez maji schopnost zadrzovat P-katenin, a to bud’ v jadife nebo naopak
v cytoplazmé. Mezi tyto tzv. retencni proteiny patii predevSim Axin a APC, které se
mohou mimo cytoplazmu nachdzet pomérné ¢asto rovnéz v bunééném jadie, obzvlasté
v situaci, kdy je B-katenin-degradac¢ni komplex neaktivni [116, 144-146]. Na to, v jakém
bunééném kompartmentu dojde k retenci -kateninu pomoci téchto proteind, ma nejvetsi

vliv jejich lokdlni koncentracni gradient (jadro/cytoplazma) [142].

2.1.3.2 Transkripéni faktory Lef/Tef

Jak jiz bylo zminéno B-katenin ma na svém C-konci transaktivacni doménu, postrada
ale doménu DNA-vazebnou, kterda by f-kateninu umoznila iniciovat transkripci
specifickych cilovych gentl. Proto se -katenin vaze s transkripénimi faktory Lef/Tcf, které

B-katenin lokalizuji k pfislusnym cilovym promotorim.
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Zatimco genomy bezobratlych koduji vzdy jeden transkripéni faktor Lef/Tcf (POP-1v
ptipadé Caenorhabditis elegans, Pangolin u octomilky), genom obratlovcii obsahuje Ctyfi
geny: Lef-1 (Lymphoid enhancer factor), Tcf-1, Tcf-3, Tcf-4 (T-cell factor-1, -3, -4) [147].
Prestoze se u savcl dramaticky li§i exprese jednotlivych typt Lef/Tcf b&hem
embryondlniho vyvoje 1 v dospélosti, jejich biochemicka aktivita je vysoce podobna. Tato
skuteCnost je podeptena poznatky ziskanymi u mySi pfi inaktivaci jednotlivych
transkripcnich faktori Lef/Tcf pomoci homologni rekombinace (tzv. knock out). Ze
ziskanych vysledkd vyplyva, ze naptiklad transkripéni faktory TCF-1 a LEF-1 jsou
¢astené redundantni a mohou vzdjemné kompenzovat ztratu své funkce [148]. Oba tyto
faktory jsou vyznamné pro rust a diferenciaci hematopoietickych bun¢k (TCF-1 hlavné pro
T-lymfocyty, LEF-1 pro B-lymfocyty) [149-151]. TCF-4 je nezbytny pro obnovu epitelu
sttevnich bunék, kde je exprimovan v epitelidlnich kmenovych buiikédch stfevnich krypt. Z
jinych typt tkani je mozné zminit epitel mlécné zlazy, kde je TCF-4 rovnéz vyznamné
exprimovan. [152, 153]. TCF-3 je dualezitym regulatorem polarity télni osy b&hem
embryonalniho vyvoje [154, 155].

VSechny transkripéni faktory Lef/Tcf sdili nékolik zakladnich spolecnych
charakteristickych rysi. V promotorové oblasti cilovych genti se vazi prosttednictvim své
DNA vazebné domény oznacované jako HMG-box na vysoce konzervovany sekvencni
motiv  A/T A/T CAAA(G) [133, 156]. HMG-box se vaze do malého zlabku v ramci
DNA-Sroubovice. Transkripéni faktory Lef/Tcf nemaji Zddnou transaktivacni doménu,
nejsou tedy samy o sob¢ schopny iniciovat transkripci. Transkripci zahajuji pouze ve
formé komplexu s B-kateninem, ptfi¢emz se B-katenin vaze svoji centralni ¢asti (piiblizné
armadillo-repetice 3 az 10) na N-koncovou oblast faktorti Lef/Tcf. Dalsi charakteristickou
vlastnosti je jejich pomérné vysoka mira alternativniho sestfihu pre-mRNA na 3’- konci, a

to obzvlasté v piipad¢€ obratlovet [157, 158] .

2.1.3.3 Transkripce mediovand [3-kateninem a jeji modulace

V situaci, kdy neni aktivovana signalizace Wnt, a tudiz nedochazi k vazb¢ B-kateninu
na Lef/Tcf, funguji tyto transkripéni faktory spiSe jako transkripéni represory. Proteiny
Lef/Tcf tvoii represivni komplex s proteiny Groucho/Grg/TLE. Tyto proteiny se vazi na N-
koncovou oblast Lef/Tcf, pfiblizn€ do stejnych mist jako B-katenin. Groucho/Grg/TLE
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patfti mezi transkripni korepresory, které jsou schopny interagovat s chromatinen
prostiednictvim asociovanych histon deacetylaz (HDACI, HDAC3). Histon-deacetylazy
remodeluji strukturu chromatinu do velmi kompaktni podoby, a tim jej méni do
transkripcné inaktivniho stavu [159-161].

V piipadé, ze doslo k aktivaci signalizace Wnt, -katenin je translokovan do jadra, kde
vytla¢uje proteiny Groucho/Grg/TLE z jejich vazby na transkripénich faktorech Lef/Tcf.
B-katenin se sam na tyto transkripéni faktory vaze a méni je tak z represort v transkripcni
aktivatory. Vazba [-kateninu je spojena s rozsahlou remodelaci chromatinu a jeho
pfeménou do transkripéné aktivniho stavu. C-konec B-kateninu je asociovan s fadou
chromatin remodelujicich proteini. Vazi se na né¢j mimo jiné histon acetylaza CBP/p300 a
protein Brg-1 spolu s dal§imi kompomponentami chromatin remodelujictho komplexu
SWI/SNF. [162-165]. Velmi vyznamna je schopnost B-kateninu rekrutovat k mistim
transkripce komponenty trithoraxového HMT (histone methyl transferase) komplexu, a to
konkrétné proteiny MLL1/MLL2 (mixed lineage-leukemia), které patii ke skupiné¢ SET-1
methyltransferaz. Proteiny ze skupiny SET-1 jsou schopny zprostfedkovat trimethylaci
histonu H3 na jeho ¢tvrtém lysinu (H3K4Me3). Tato chromatinova modifikace je typicka
pro otevienou chromatinovou strukturu, a takovy chromatin je transkripcné vysoce aktivni
[166]. P-katenin také piivadi k mistu transkripce obecné transkripcni faktory jako
napiiklad TBP [167]. Navic B-katenin prostfednictvim proteinu Parafibromin/Hyrax (jeho
kvasinkovy homolog je znam jako Cdc73), ktery je integralni soucasti aktivac¢niho
polymerazy II [168]. Na C-konec B-kateninu se rovnéZ vazi komponenty mediatorového
systému (MED 12), ktery byl ptivodné popsan u kvasinek jako komplex, ktery propojuje
aktivitu transkripénich regulatort s obecnymi transkri¢nimi faktory a s RNA-polymerazou
II [169-171]. Transkripcni faktory Lef/Tcf jsou tedy spiSe nez klasickymi transkripénimi
faktory jakymisi spojovniky, které ptivadéji transkripéni aktivatory nebo represory k
cilovym mistim [172].

Proteinovy komplex Tcf/B-katenin (nebo Lef/B-katenin) je pravdépodobné plné
transkripéné kompetentni jiz sdm o sobé, ale v bunééném jadie existuje cela fada proteint,
které jsou schopny ovliviiovat jim mediovanou transkripci. Tyto proteiny asociuji bud’ s 3-
kateninem nebo s Lef/Tcf, a svoji aktivitou mohou Uroven transkripce zesilovat nebo
reprimovat. Klasickym piikladem transkripénich aktivatorti je dvojice proteini Legless

(lidsky ortholog je znam jako Bcl9) a Pygopus. Tato proteinova dvojice byla popsana
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poprvé u octomilky pfi genetické analyze zaméfené na hledani modulatorti signalizace
Wnt. Fenotyp octomilek s inanktivovanym genem legless nebo pygopus velmi ptipomina
nékteré¢ z mutantnich fenotypti wingless. Protein Legless se vaze na prvni ¢tyfi armadillo-
repetice B-kateninu, na Legless se pfipojuje protein Pygopus. Oba proteiny vyznamné
ovliviiuji schopnost p-kateninu aktivovat transkripci. Pygopus je schopen zesilovat (-
kateninem mediovanou transkripci, zarovén je proteinem urcujicim lokalizaci proteinu
Legless. Molekularni mechanismus jakym Legless a Pygopus realizuji svoji aktivitu neni
dosud znadmy, urcitou roli by mohla hrat jejich interakce s dalsimi modulatory transkripce,
nebo piiméd aktivacni tloha nékteré z funkénich domén téchto proteini [173-176].
Inhibi¢né piisobi proteiny Chibby a ICAT (Inhibitor of B-catenin and Tcf). Maly jaderny
protein Chibby se specificky vaze na -katenin a brani jeho vazb¢ s transkripénimi faktory
Lef/Tcf [177]. ICAT funguje obdobnym zptsobem, ale navic brani interakci B-kateninu
s n¢kterymi chromatin-remodela¢nimi proteiny (CBP/p300) [178].

Jinym represivnim mechanismem plsobi proteiny, které posttranslaéné modifikuji
transkripéni faktory Lef/Tcf, a tim ovliviluji jejich aktivitu. Fosforylace transkripéniho
faktoru TCF-4 (rovnéz tak LEF-1) na serinovych a threoninovych zbytcich prostiednictvim
kindzy NLK (NEMO-Like Kinase) snizuje schopnost komplexu TCF-4/B-katenin vazat
DNA a NLK tak inhibuje kanonickou signalizaci Wnt. V piipadé Caenorhabditis elegans
vede dokonce fosforylace transkripéniho faktoru POP-1 kinazou LIT-1 (ortholog NLK)
k jeho exportu ven z jadra prostiednictvim 14-3-3 proteinu Par-5 [179, 180]. Na druhou
stranu fosforylace transkripcnich faktorti Lef/Tcf nema vzdy represivni efekt. Fosforylace
proteinu LEF-1 na jeho N-koncovych serinech kindzou CK2, vtomto pftipade
lokalizovanou v jadfe, vyrazné zvySuje schopnost LEF-1 vazat B-katenin, a navic brani
vazbé represorti Groucho/Grg/TLE na LEF-1. CK2 tedy svym ptlisobenim v tomto ptipade
zvySuje transkripéni aktivitu [181]. Dalsi proteinovou modifikaci proteinti Lef/Tcf, jeZ ma
vliv na transkrip¢ni aktivitu je sumoylace, €ili modifikace prostfednictvim SUMO (Small
Ubiquitin-related Modifier). Tento typ modifikace je velmi podobny ubikvitinaci, ale
enzymy, které sumoylaci katalyzuji jsou substratové specifické. Modifikace sumoylaci
ovlivituje buné¢énou lokalizaci, funkci a stabilitu takto modifikovanych proteinti. Sumo E3
ligdzovy protein PIASy (Protein Inhibitor of Activated STAT y) se podili na sumoylaci
proteintt LEF-1 a TCF-4. Zatimco v ptipadé LEF-1 ma tato modifikace represivni efekt na
transkripci mediovanou [-kateninem, tak v piipadé TCF-4 je sumoylace stimuldtorem

transkripce. Sumoylace proteini Lef/Tcf je ovSem procesem velmi dynamickym, a tyto
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transkrip¢ni faktory mohou byt opét de-sumoylovany prostiednictvim proteinu Axam [182,

183].

2.1.3.4 Deaktivace transkripce mediované [B-kateninem

Pro regulaci tady bunéénych procesi je velmi dulezity dynamicky piechod od
transkripéné aktivniho k transkripéné inaktivnimu stavu a naopak. V ptipad¢ transkripce
mediované B-kateninem se ob¢ situace lisi, jak jiz bylo naznaceno, rozdilnym zastoupenim
transkripcénich aktivatorii a represort. Zatimco transkripcni faktor LEF-1 je permanentné
vazany na pfislusné promotory, slozeni regulacnich proteini se periodicky méni. Prace
Sierry a kol. naznacuje, jakym zplsobem k takové zméné dochazi v situaci, kdy dojde
k zablokovani kanonické signalizace Wnt, a tim blokaci transkripce na predtim aktivnich
promotorech. Pii studiu déjti na promotoru cilového genu signalizace Wnt, a sice c-myc ,
byla pfekvapivé demonstrovana vyznamnad jadernd aktivita proteinu APC pii blokaci
transkripce. Protein APC je rekrutovan do mista specifického promotoru. Zde APC
asociuje s proteinem LEF-1, a iniciuje vyménu transkripénich aktivatori za represory.
APC pravdépodobné vytésituje B-katenin z vazby na LEF-1 a zéaroven s sebou rekrutuje
dva dulezité proteiny: ubikvitin ligdzu B-TrCP a transkripni korepresor CtBP (C-
terminal Binding Protein). Transkripéni korepresor CtBP poté transientné interaguje
s proteinovym komplexem na transkripénim faktoru LEF-1. Represivni aktivita CtBP ma
ztejmé rozhodujici roli na blokaci transkripce. CtBP miZe asociovat s histon
deacetyldzami, a tak modifikovat chromatin v transkripéné neaktivni. Jiz dfive byla
popsana schopnost CtBP byt také v komplexu s demetylazou LSDI1 (Lysin Specific
Demethylase 1) a ptfedpoklada se, ze pravé aktivita tohoto enzymu ruSi modifikaci
H3K4Me3, coz opét vede k transkripéni represi. Tuto hypotézu podporuje skutecnost, ze
asociace CtBP na LEF-1-specificky promotor koreluje s vyraznym poklesem trimethylace
lysinu na histonu H3. CtBP pozdé&ji z promotorové oblasti disociuje a je nahrazen represory

Groucho/Grg/TLE [166].
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2.1.3.5 Cilové geny kanonické signalizace Wnt

Vyslednym efektem, vSech udalosti v pribéhu kanonické signalizace Wnt, je
transkripce specifickych genti. Rada z tdchto genti koduje bun&éné protoonkogeny (c-jun)
nebo naopak nadorové supresory . Mezi cilové geny patii vyznamné regulatory proliferace
(c-myc, cyklinD1). Kanonicka signalizace je charakteristickd velkou mirou autoregulace,
nepiekvapi proto, ze mezi cilové geny patii také fada negativnich a pozitivnich regulacnich
proteint, které se uplatfiuji v této signalni draze. Jako piiklad lze uvést Axin2, Frizzled, /-
TrCP. Aktivace transkripce riznych cilovych genl signalizace Wnt je ovSem znaéné
zavisla na bunééném typu, a tak stejny ligand Wnt miize stimulovat v riznych bunkach
transkripci riznych gent. Svou roli zde mtze hrat rizna mira komplexity promotorovych
oblasti a rovnéz také aktivita jinych transkripcnich faktorti na promotorech integrujicich

signaly z vice riiznych typi signdlnich kaskad [38, 40, 41, 184-188].
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3 VYSLEDKY A DISKUSE

3.1 Interakce TCF-4, transkripépniho faktoru obsahujiciho HMG box,
s korepresorem CtBP1 kontroluje expresi cilového genu signalizace Wnt
Axin2/Konduktin v lidskych emryonalnich ledvinnych buiikach

Transkripénich faktory Lef/Tcf rozeznéavaji v oblasti cilového promotoru stejny vysoce
konzervovany sekvencni motiv. To samoziejm¢é plati také pro vSechny Ctyfi zastupce
téchto transkripénich faktort, které se uplatiiuji v ptipadé regulace transkripce u savc,
vcetné Cloveka (LEF-1, TCF-1, TCF-3, TCF-4). Jak naznacuji experimenty zaloZené na
aberantni inaktivaci gent Lef/Tcf u mySich modeld, je aktivita téchto transkripénich faktort
casto redundantni a jeden transkripcni faktor miiZze alespon ¢aste¢né¢ kompenzovat absenci
jiného transkripéniho faktoru, jako je to v ptipadé¢ LEF-1 a TCF-1 [148, 189]. Je tedy
otazkou, zda jsou vSechny transkripcni faktory Lef/Tcf shodné, nebo jestli je jejich aktivita
specificky mistné a asové regulovana v riznych bunéénych typech. Odpovédi by mohla
byt existence proteind, které by specificky intreragovaly s jednotlivymi proteiny Lef/Tcf, a
tak by byly schopny modulovat aktivitu konkrétnich transkripénich faktora Lef/Tcf.

V této préci jsme se pokusili nalézt takové proteiny, které¢ by specificky interagovali
pouze s transkripénim faktorem TCF-4 a ovliviiovali by tak jen jeho aktivitu. Porovnani
sekvenci vSech lidskych zéastupcti Lef/Tcf ukézalo nejvétsi rozdily v C-koncové sekvenci
téchto proteinti. Navic nckteré prace naznaCovaly, Ze exprese nckterych TCF-4-
specifickych gent je zavisla na pfitomnosti specifické C-koncové oblasti tohoto proteinu
[190]. Proto byla testovana pravé tato oblast proteinu TCF-4. Na zéklad¢ dat ziskanych
prostfednictvim kvasinkového dvouhybridniho systému byl identifikovan proteinem, ktery
specificky interaguje s C-koncem faktoru TCF-4, transkripcni korepresor CtBP.

CtBP (C-terminal Binding Protein) byl ptivodné¢ popsan jako protein ktery interaguje
s adenovirovym onkoproteinem E1A a vyznamné ovlivituje jeho aktivitu [191, 192]. Role
CtBP je vSak v buiice velmi komplexni a CtBP moduluje transkripci mnoha dilezitych
proteinti, které hraji roli pfi regulaci bunééného cyklu nebo bunécné adhezivity [193].
CtBP je transkripcni korepresor se slabou NAD/NADH dehydrogenazovou aktivitou, ktera
ma vliv na jeho represivni funkci a ovlivituje rovné€z schopnost CtBP interagovat s jinymi
proteiny. Represivni aktivita CtBP je zprostiedkovana ptevazné aktivitou snim

asociovanych histon deacetylaz (HDAC class I, HDAC class II). CtBP je také schopen
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rekrutovat k cilovym genim komponenty chromatin remodelujiciho komplexu znamého
jako Polycomb, ktery zplsobuje transkripni inaktivaci chromatinu [194-196]. CtBP
rovnéz zabraiiuje interakci chromatinu s histon methyltransferazami (CBP/p300), které pak
nemohou stimulovat transkripci [197]. Genom octomilky obsahuje jeden gen pro CtBP.
V genomu savct se vyskytuji dva geny CtBP1 a CtBP2, které koduji funkEné totozné a
strukturng velice podobné proteiny. Protein CtBP2 se li§i pfitomnosti kratké N-terminalni
sekvence. Oba proteiny jsou spolu schopny dimerizovat. Je pozoruhodné, Ze se aberantni
inaktivace genu CtBP2 projevuje u mysi fenotypem, ktery velmi pfipomina fenotyp mysi
s mutacemi v komponentach signalizace Wnt [192, 198].

CtBP1 a také CtBP2 se vazi na specificky kratky interakéni motiv PXDLS (PLDLS,
PXSLXXK). Jak ukézala analyza sekvence proteinli Lef/Tcf, tento motiv se dvakrat
vyskytuje v C-koncové oblasti TCF-3 a rovnéz tak TCF-4. Zda se tedy, Ze proteiny CtBP
by mohly byt specifickymi regulatory pro tyto dva reprezentanty transkripcnich faktorti
Lef/Tcf. Jiz diive byla popsana interakce CtBP a TCF-3 in vitro. Relevance této interakce
byla potvrzena u Xenopus laevis, kde je aktivita XCtBP nutna pro represivni pusobeni
XTCF-3 [199]. TCF-3 je charakteristicky tim, ze v bunice funguje prevazné jako
transkripéni represor, a to nejspiSe i v ptipadé, kdy tvoii heterokomplex s B-kateninem.
[155, 200, 201]. Polozili jsme si tedy otazku, zda CtBP miize modulovat také aktivitu TCF-
4, ktery je ve form¢ heterokomplexu s -kateninem transkripéné vysoce aktivni.

Nasledné experimety potvrdily schopnost CtBP1 i CtBP2 (nepublikovano) interagovat
specificky s TCF-4 in vitro . Pro interakci je nezbytné nutna pfitomnost C-konce proteinu
TCF-4, ktery obsahuje dvé potencidlni CtBP-vazebna mista. Pokud byla tato ¢ast proteinu
TCF-4 odstranéna nebo vyménéna za C-konec proteinu LEF-1, ktery neobsahuje Zadna
predpokladana CtBP-vazebna mista, pak k vazbé CtBP1 na TCF-4 nedochazi.

Dale jsme sledovali vliv CtBP1 na transkripci zprostiedkovanou transkripénim faktorem
TCF-4. Jako zékladni modelovy systém pro testovani aktivity CtBP jsme pouzili
bunécnou linii odvozenou z lidskych embryondlnich ledvin, HEK293. Tyto bunky
exprimuji v dostatecné mitfe transkripéni faktor TCF-4, jak jsme potvrdili pomoci
imunoblotu. Jsou-li tyto buiiky stimulovany ligandem Wntl, dochazi k aktivaci transkripce
z promotori obsahujicich vazebnd mista pro Lef/Tcf. Intenzitu této transkripce lze
kvantifikovat pomoci luciferazového reportéru pTOPFLASH, u né&jz je exprese Luciferazy
kontrolovana syntetickym promotorem, ktery obsahuje tandem Sesti optimalnich Lef/Tct-
vazebnych mist (kontrolni reportér pFOPFLASH ma tato mista mutovana) [37]. Pomoci

zminénych reportéri jsme prokazali, Ze zvySend exprese CtBP1 v builkdch HEK 293
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inhibuje transkripci iniciovanou ligandem Wntl. Pro detailngjsi studium mechanismt této
represe jsme piipravili buiiky s regulovatelnou expresi CtBP1 (293-EGFP-CtBP1), kde je
mozné v homogenni bunééné populaci exprimovat CtBP1 na urovni blizké pfirozené
situaci v bunikach. Je-li v téchto builkdch exprimovan CtBP1, dochazi opét k represi
transkripce u specifického reportéru. Represivni pisobeni CtBP na transkripci Lef/Tcf-
specifického promotoru je spojeno s aktivitou histon deacetyldz. Pokud byly buiky 293-
EGFP-CtBP1 kultivovany s inhibitorem histon deacetylaz Trichostatinem A, zvySena
exprese CtBP1 nevede k represi transkripce iniciované ligandem Wntl. CtBP1 je rovnéz
schopen reprimovat transkripci piirozenych cilovych gent signalizace Wnt v buiikach 293-
EGFP-CtBP1. Jak jsme ukazali v ptipadé genu Axin2, dochazi po stimulaci ligandem Wntl
k nékolikandsobnému zvyseni hladiny mRNA pro Axin2. Pokud ovSem buiiky exprimuji
CtBP1, transkripce genu AXin2 je vyrazn¢ reprimovana.

Zjisténi, ze CtBP1 je schopen reprimovat transkripci indukovanou ligandem Wnt bylo
pozdéji potvrzeno jinymi laboratofemi. Je otazkou, zda je zakladem represivniho ptisobeni
CtBP pifima interakce s transkripénim faktorem TCF-4. Ani v na$i laboratofi jsme totiZ
nebyli schopni prokazat piimou interakci CtBP1 s TCF-4 in vivo. Hamada a Bienz
ptedpokladaji, ze CtBP1 interaguje stumor supresorem APC a spole¢né vytésituji [-
katenin z vazby na transkripénim faktoru [202]. V neddvné dobé byla rovnéz popsana
uloha CtBP pfi deaktivaci -kateninem mediované transkripce. V tomto piipadé protein
APC ptivadi CtBP a B-TrCP spolu s ostatnimi proteiny k heterokomplexu LEF-1/3-katenin
a méni jej ztranskripéné aktivniho v transkripéné inaktivni. CtBP je ovSem soucasti
represivniho komplexu jen transientné¢ [166]. V tomto piipadé by to mohlo byt,
pochopitelné, nebot’ se zde autoti zaméfili na transkripéni faktor LEF-1, ktery neobsahuje
CtBP-vazebny motiv. Je samoziejm¢é mozné, ze i v piipad¢ represe transkripce mediované
komplexem TCF-4/B-katenin je role pfimé interakce mezi TCF-4 a CtBP jen aditivni a
CtBP blokuje transkripci mechanismem zalozenym na APC. Na druhou stranu byla
prokazana piima kolokalizace CtBP1 a TCF-4 v nékterych typech stfevnich nadoru,
respektive v buitkach z nich odvozenych. Navic byla u téchto naddorti popsdna mutantni
forma TCF-4, ktera postrada CtBP-vazebny motiv. Pokud je tato forma TCF-4 v buiikdch
exprimovana, CtBP1 neni schopen reprimovat transkripci iniciovanou signalizaci Wnt.
Tento vysledek by potvrzoval dilezitost pfimé interakce mezi CtBP a TCF-4 pro represivni
aktivitu CtBP [203]. Role proteinti CtBP pii regulaci signalizace Wnt miize byt velmi

komplexni, jak ukazuji studie popisujici aktivitu CtBP na pfirozenych cilovych genech
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signalizace Wnt u octomilky. CtBP zde muze transkripci nejen reprimovat, ale mize mit

také prekvapive sviyj podil pii transkripéni aktivaci [204].

30



Nucleic Acids Research, 2003, Vol. 31, No.9 2369-2380
DOI: 10.1093/nar/gkg346

HMG box transcription factor TCF-4’s interaction
with CtBP1 controls the expression of the Wnt target
Axin2/Conductin in human embryonic kidney cells

Tomas Valenta, Jan Lukas and Vladimir Korinek*

Institute of Molecular Genetics Academy of Sciences of the Czech Republic, Videnska 1083, 142 20 Prague 4,

Czech Republic

Received January 14, 2003; Revised and Accepted March 13, 2003

ABSTRACT

Members of the Tcf/Lef family of the HMG box tran-
scription factors are nuclear effectors of the Wnt
signal transduction pathway. Upon Wnt signaling,
TCF/LEF proteins interact with p-catenin and
activate transcription of target genes, while, in the
absence of the Wnt signal, TCFs function as
transcriptional repressors. All vertebrate Tcf/Lef
transcription factors associate with TLE/Groucho-
related co-repressors, and here we provide evidence
for an interaction between the C-terminus of the
TCF-4 HMG box protein and the C-terminal binding
protein 1 (CtBP1) transcriptional co-repressor.
Using Wnt-1-stimulated human embryonic kidney
293 cells, we show that CtBP1 represses the tran-
scriptional activity of a Tcf/B-catenin-dependent
synthetic promoter and, furthermore, decreases the
expression of the endogenous Wnt target, Axin2/
Conductin. The CtBP1-mediated repression was
alleviated by trichostatin A treatment, indicating
that the CtBP inhibitory mechanism is dependent on
the activity of histone deacetylases.

INTRODUCTION

Members of the Wnt family of growth factors control
numerous developmental processes and aberrant activation
of Wnt genes, and Wnt signaling is also implicated in
deregulated cell growth and cancer (reviewed in 1,2).
Insights into the mechanisms of the Wnt signaling pathway
have emerged from genetic studies in Drosophila, biochemical
experiments in cell culture, ectopic gene expression in early
Xenopus embryos and from target gene inactivation in mice
(3). A striking characteristic of Wnt signaling is its conserv-
ation during evolution. Components of the Wnt signaling
pathway have been found in such evolutionary distant species
as slime mould Dictyostelium, diploblastic metazoan Hydra,
Caenorhabditis elegans and in higher vertebrates, including
mammals (4—6). This indicates that the Wnt signaling cascade
is one of the primary regulatory mechanisms controlling cell
fate decisions in multicellular organisms.

A brief outline of the canonical Wnt pathway is the
following (for more detailed information, refer to the Wnt
homepage at http://www.stanford.edu/~rnusse/wntwindow.
html). The interaction of extracellular Wnt ligands with the
Frizzled/LRP receptor complex results in increased intra-
cellular levels of B-catenin in the target cell (7-9). In
unstimulated cells, free cytoplasmic [-catenin is marked on
N-terminal serine and threonine residues by phosphorylation,
and then ubiquitinated and rapidly degraded by the protea-
some pathway (10-13). The B-catenin degradation machinery
includes casein kinase Io. (CKIo) and a multiprotein cyto-
plasmic complex containing serine—threonine kinase GSK-3,
Axinl (or its homolog Axin2/Conductin) and the APC tumor
suppressor (14-20). When cells are stimulated by Wnt
proteins, the cytoplasmic phosphoprotein Dishevelled is
recruited to the plasma membrane and, by a so far unknown
mechanism, inhibits the function of the GSK-3/Axin/APC
complex (21,22). The unphosporylated stable B-catenin mol-
ecules accumulate in the cytoplasm and also translocate into
the nucleus. Nuclear B-catenin forms heterocomplexes with
TCF/LEF proteins (23-25). The TCF/B-catenin heterodimers
act as bipartite transcription factors and activate the expres-
sion of the specific Wnt responsive genes (26,27).
Approximately 50 Wnt targets have been identified to date,
and several of these genes encode proteins related to cell cycle
regulation, e.g. c-myc, Cyclin D1 and Pitx2 (28-31).

Relay and final processing of the Wnt signal in the target
cell is controlled at several levels. In the extracellular space,
proteins of the Dkk, WIF and SFRP families interact directly
with Wnt ligands or their receptors and inhibit transmission of
the signal into the cell (32-37). In the cytoplasm, LIT-1/
Nemo-like kinase phosphorylates TCFs and regulates the
DNA binding and subcellular distribution of TCF/LEF factors
(38-40). B-Catenin activity in the nucleus may be promoted by
interaction with a number of proteins including Pontin52,
Brg-1, Pygopus, p300 and Lines (41-45). B-Catenin-mediated
transcription is repressed by Reptin52 (a Pontin52 homolog),
ICAT, XSox17a/B and XSox-3 protein (46,47). Other inter-
acting partners modulate the function of TCF/LEF proteins.

In mammals, the Tcf/Lef family consists of four genes:
Tcf-1, Lef-1, Tcf-3 and Tcf-4. All TCF/LEF proteins display
several common structural features (48,49). They contain a
nearly identical DNA-binding domain, the HMG box,
recognizing the consensus sequence A/T A/T CAAA. The
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extreme N-terminus harbors the B-catenin interacting domain.
Although capable of binding to DNA, TCF/LEF proteins
possess only limited ability to activate transcription. They
might rather be viewed as nuclear vehicles targeting other
auxiliary proteins to a specific set of promoters. B-Catenin
possesses a strong transcription activation domain, so it is an
example of an activating interacting partner. In contrast, all
mammalian TCFs also associate with TLE/Groucho co-
repressors and, in the absence of the Wnt signal, repress the
transcription of the Tcf-dependent synthetic reporter or
endogenous Tcf targets (50). TLE/Groucho proteins interact
with the hypoacetylated N-terminal tail of histone H3 and
also with human histone deacetylase 1 (HDAC 1) and its
Drosophila homolog Rpd3 (51,52). This suggests that the
function of TLE/Groucho is to form a specialized repressive
chromatin structure that prevents the inappropriate activation
of B-catenin/TCF target genes.

The participation of Wnt signaling in multiple develop-
mental programs leads to the question of how B-catenin/TCF
complexes discriminate between different subsets of all
potential Wnt target genes at a given time and cellular
background. Functional differences between individual TCF/
LEF proteins could be one possible explanation. Although Tcf/
Lef mRNAs are expressed in complex and often overlapping
patterns during embryogenesis and in adult tissues, gene
targeting experiments in mice revealed that Tcf-1, Lef-1 and
Tcf-4 execute different developmental programs and their
functions are only partially redundant (53-55). Additionally,
several observations indicated that TCFs interact with distinct
partners and show individual context-dependent DNA-binding
and transactivation properties. For example, it has been
reported that LEF-1 cooperates with microphthalmia-
associated transcription factor (MITF) to up-regulate the
dopachrome tautomerase gene promoter in melanocytes (56),
and that activation of the T-cell receptor alpha enhancer by
LEF-1 depends on ALY, a nuclear protein that specifically
associates with LEF-1 and AML-1 (57). The activity of LEF-1
is suppressed by its association with PIASy, a nuclear matrix-
associated SUMO E3 ligase, which sequesters LEF-1 into
nuclear bodies (58) and, furthermore, direct interaction of
LEF-1 with HDAC 1 mediates a repressive effect of LEF-1 in
the absence of Wnt signaling (59). Another Tcf family
member, TCF-3, interacts with casein kinase 1€ (CKlg), and
phosphorylation of TCF-3 by CKle stimulates its binding to
B-catenin (60). In Xenopus laevis, XTCF-3 requires XCtBP to
function as a transcriptional repressor (61). Recently, Hecht
and Stemmler showed that TCF-4 and LEF-1 exhibit signifi-
cant differences in regulating the promoter of two Wnt-
responsive genes, Cdx-I and Siamois, in human embryonic
kidney cells (62). Cdx-1 activation strictly depended on the
promoter-specific transactivation domain located at the TCF-4
C-terminus. In addition, multiple isoforms are generated from
Tcf/Lef mRNAs by way of alternative splicing or by use of
dual promoters, and these isoforms display diverse functional
properties (63—65). Thus, selective interaction of members of
the Tcf/Lef family with various partners and their intrinsic
DNA-binding properties can support the execution of different
developmental programs.

To study the regulatory mechanisms of Wnt signaling, we
screened for proteins interacting with human TCF-4. In this
report, we show that the C-terminal binding protein 1 (CtBP1)

associates with the TCF-4 C-terminus and that CtBP1
overexpression in Wnt-1-stimulated 293 cells represses tran-
scription from the Wnt-responsive reporter and also decreases
the activity of the endogenous Axin2 promoter. The CtBP1-
mediated repression is alleviated by trichostatin A treatment,
indicating that the CtBP inhibitory mechanism is dependent on
the action of histone deacetylases.

MATERIALS AND METHODS
Plasmids

Constructs encoding proteins containing N-terminal EGFP
were generated in pEGFP/C vector (BD Clontech). Myc-
tagged cDNAs were prepared in pK-Myc vector. This vector
was created by replacing the EGFP region in pEGFP/C with a
T7 promoter and Myc tag coding sequence. Full-length
cDNAs without N-terminal tags contained either natural
initiator or a PCR-introduced consensus Kozak sequence. The
expression plasmids for Tcf-4 were derived from human Tcf-
4E cDNA (GenBank accession No. NM_030756) using
naturally occurring restriction enzyme sites: Smal (position
236 bp from ATG), Nsil (995) and Ndel (1159). Plasmids
encoding full-length or truncated forms of mCtBP1 were
prepared in an analogous way using Bg/Il, Pvull, Kpnl and
PstI internal restriction enzyme sites. Detailed information
about the constructs is available upon request. The mouse
Lef-1 cDNA was obtained from a mouse testis cDNA library
(a gift from Stoil Dimitrov, IMG AS CR, Prague, Czech
Republic). The TCF4-LEF-1 chimeric construct was gener-
ated by an exchange of the 3’ coding region in Tcf-4 with the
C-terminal coding sequence of mouse Lef-I using the Apal.l
restriction enzyme site conserved in both genes. Human
B-catenin ¢cDNA was obtained from a bone marrow
MATCHMAKER cDNA library (BD Clontech). Human
CtBPI1 cDNA was amplified from the cDNA of 293 cells,
mouse CtBP2 was cloned from day-19 mouse embryo cDNA.
Mouse Wnt-1 cDNA was a gift from Marc van Dijk
(University Hospital Utrecht, Utrecht, The Netherlands). For
retroviral transduction, Wnit-1 or EGFP-tagged mCtBP1 were
ligated into pLNIT (generously provided by Fred H. Gage,
The Salk Institute, La Jolla, CA) or pLNCX vector (BD
Clontech). Platinum Pfx DNA Polymerase (Invitrogen) was
used for all PCR amplifications. PCR-derived constructs were
verified by sequencing.

Yeast two-hybrid screen

A pre-transformed mouse 17-day embryo MATCHMAKER
cDNA library (Clontech) was screened with the last 185 amino
acids of the human TCF-4 protein fused to the GAL-4 DNA-
binding domain (DBD) in pGBKT?7 as bait. Positive clones
were subjected to the specificity test using the GAL-4 DBD or
GAL-4 DBD-lamin fusion protein as bait. Those clones that
interacted specifically with the GAL-4 DBD-TCF-4 bait were
sequenced.

Cell culture, transfections and retrovirus infection

Human embryonic kidney (HEK) cell lines 293, monkey
kidney cells COS-7, rat fibroblast cell line Rat2, EcoPack-293
and AmphoPack-293 (Clontech) cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented



with 10% fetal bovine serum (Hyclone). Transfections were
performed using the lipofectamine reagent (Invitrogen), as
described by the manufacturer. For retrovirus production,
ecotropic EcoPack-293 or amphotropic AmphoPack-293
packaging cells were seeded in 6-well plates 12 h prior to
transfection and then transfected with 3 g of a particular
retroviral expression construct. After 24 h, the growth medium
was replaced with 2 ml of fresh medium. After a further 24 h
incubation, the supernatant containing non-replicating forms
of the virus was harvested. Target cell lines were infected in
6-well plates with the virus supernatant in the presence of 5 ug
of polybrene (Sigma) per ml. Twenty-four hours later, the
medium was replaced by complete DMEM supplemented with
either G418 (concentration 1 mg per ml) or hygromycin B
(0.5 mg per ml; both antibiotics were purchased from
Invitrogen) and doxycycline (Sigma), concentration 1 ug per
ml [expression of the transduced cDNAs in pLNIT is regulated
by doxycycline (66)]. After a 10 day selection, the growing
(resistant) cells were washed extensively with DMEM and
subsequently cultivated in fresh selective medium without
doxycycline. The expression of the transferred genes was
confirmed by western blot analysis.

Reporter gene assays, trichostatin A treatment and
Whnt-1 stimulation experiments

For reporter gene assays, 293 cells were seeded into 24-well
plates (approximately 103 cells per well) and transfected 2 h
later with a lipofectamine mixture containing 50 ng Renilla
pRL-SV40 plasmid (Promega) as an internal control, 400 ng
luciferase reporter plasmid and up to 1 pg of the particular
expression vector. The total amount of DNA was kept constant
by adding empty expression vector where necessary. The
firefly luciferase reporter constructs pTOPFLASH and
pFOPFLASH, containing either three copies of the optimal
Tcf motif GATCAAAGG or three copies of the mutant motif
GGCCAAAGG, respectively, were described previously (27).
The lipofectamine—DNA mixtures for reporter gene assays in
293-EGFP-CtBP1/Dox contained 50 ng Renilla pRL-SV40
internal control plasmid and 400 ng luciferase reporter
plasmid only, i.e. no empty vector was added. COS-7 cells
were seeded in 12-well plates and transfected by lipofection
with 50 ng Renilla pRL-SV40 plasmid, 400 ng luciferase
reporter plasmid and various combinations of the following
plasmids (see Fig. 5A): TCF-4 expression vector (400 ng),
[B-catenin expression vector (800 ng) and CtBP1 expression
vector (0.5-2 ug). Additional empty pK-Myc plasmid was
added when necessary to make the total amount of DNA
equivalent. Firefly and Renilla luciferase activities in cell
lysates were determined 15 h post-transfection using the dual
luciferase system (Promega), according to the protocol
supplied by the manufacturer, and a single tube luminometer
Sirius (Berthold). All reporter gene assays were done in
triplicate. The reporter gene activities shown are average
values, along with the standard deviations from at least three
independent experiments after normalization against the
Renilla luciferase activities. Treatments with the deacetylase
inhibitor trichostatin A (Sigma) were performed using the
drug at 300 nM concentration for 12 h. Wnt-1 stimulation
experiments were performed as follows. 3 X 10° 293 cells
were seeded into 6-well plates and transfected by
lipofectamine-DNA mixtures. The amounts of individual
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DNAs in the mixtures were proportionally increased by a
factor of three as compared to the experiments in 24-well
plates. Four hours post-transfection, the cells were washed
extensively with DMEM and then 1 X 10° Rat2-Wnt-1/Const
cells expressing stable levels of Wnt-1 protein were plated
over the target cells. Parental Rat2 cells were used as a
negative control. After co-cultivation for 3-30 h, the cells
were harvested together and further processed for the reporter
gene assay, RNA isolation, electrophoretic-mobility shift
assay (EMSA) or immunoblotting. When feeders with
inducible Wnr-1 expression (Rat2-Wnt-1/Dox) were used,
the experimental procedure was modified as follows. We
regularly grew the feeder cells in a complete medium
supplemented with 2 ng of doxycycline per ml. This low
concentration of the antibiotic was sufficient to suppress
Wnt-1 production, and, additionally, Wnt-1 protein started
to appear almost instantly upon the removal of doxy-
cycline. Transfected 293 cells were covered with Rat2-Wnt-1/
Dox cells and co-cultivated in medium without doxycycline.
Cell cultures growing in the presence of doxycycline (5 ng
per ml) were used as negative controls. The regulation of
CtBP1 expression in 293-EGFP-CtBP/Dox cells was rather
‘leaky’, thus we cultivated these cells in higher concentrations
of Dox (1 pg/ml). The full induction of the CtBP1 transgene
was then achieved during 15 h growth in the absence of
doxycycline.

GST interaction assays

Full-length GST-mCtBP1 and GST-mCtBP2 fusion proteins
were expressed in the BL21 (DE3) strain of Escherichia
coli using the pET-42b vector (Novagen). Full-length or
truncated TCF-4 and full-length mCtBP1 protein were
produced in vitro using the TNT Coupled Reticulocyte
System (Promega) and corresponding pK-Myc constructs.
All coupled transcription—translations were performed in a
total volume of 50 ul using 10 ul of [3S]methionine (ICN
Biomedicals) per reaction. Twenty microliters of radiolabeled
TCFs or mCtBP1 were incubated with GST-mCtBP1 or
GST-mCtBP2 proteins bound to glutathione—Sepharose 4B
beads (Amersham Pharmacia Biotech) in GST binding buffer
[phosphate-buffered saline, pH 7.4, 0.5% (v/v) Nonidet P-40,
20 uM NADH (Sigma) and Protease Inhibitor Cocktail
(Sigma)] for 1 h at 4°C. Beads were collected by centrifug-
ation and washed five times in GST binding buffer. Bound
proteins were separated by SDS-PAGE and analyzed by
autoradiography.

Antibodies and immunoblotting

The following commercially available antibodies were used:
B-catenin, CtBP, mouse monoclonal (Santa Cruz); EGFP,
mouse monoclonal (BD Clontech); Myc tag, mouse mono-
clonal 9E10 (Roche Molecular Biochemicals); TCF-4, mouse
monoclonal (Sigma); Wnt-1, rabbit polyclonal (Santa Cruz);
and LEF-1, goat polyclonal (Santa Cruz). To monitor protein
expression, 2 X 10° 293 cells, seeded into 6-well plates, were
transfected with 3 pg of expression vector. Twenty-four hours
later cells were harvested and disrupted directly in
SDS-PAGE sample buffer. The cell lysates were cleared of
cell debris and chromosomal DNA by ultracentrifugation at
200 000 g, then loaded onto SDS-PAGE gels, transferred to
polyvinylidene fluoride membranes (Pall Gelman Laboratory)
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and immunoblotted with the appropriate antibodies. Proteins
were visualized with an enhanced chemiluminiscence system
(Pierce).

EMSA

The nuclear extracts were prepared according to Dignam et al.
(67), snap frozen in liquid nitrogen and stored at —70°C. The
final buffer composition was 20 mM HEPES, 100 mM KClI,
0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF and 20%
glycerol. Extracts were prepared from intact nuclei that were
washed three times to avoid contamination with cytoplasmic
B-catenin. As the optimal Tcf/Lef probe, we used a double-
stranded 19-nucleotide oligomer AGAACCCTTTGATCTT-
AGG,; the control probe was AGAACCCTTTGGCCTTAGG.
The oligonucleotides were end-labeled using T4 polynucle-
otide kinase (Fermentas) and [y->2P]ATP (3000 Ci/mmol; ICN
Biomedicals). A typical binding reaction contained 8 pg of
nuclear protein, 1 ng of radiolabeled probe and 300 ng of poly-
(deoxyinosic—deoxycytidylic) acid (poly [dIdC]; Sigma) in
25 ul of binding buffer (60 mM KCI, 1 mM EDTA, 1 mM
DTT, 10 mM HEPES, pH 6.9 and 10% glycerol). Samples
were incubated for 30 min at room temperature, an antibody
was added and the samples were incubated for a further
30 min. The binding reactions were loaded onto 5%
polyacrylamide gels with 0.5X Tris—borate—.EDTA running
buffer. Electrophoresis was carried out at 15°C at 220 V
constant voltage. Gels were transferred onto Whatman paper,
dried and exposed to the BAS-phosphoimager screen (Fuji).

Real-time quantitative RT-PCR

One hundred micrograms of total RNA from Wnt-1-
stimulated 293 or control cells isolated by the guanidine
thiocyanate (Fluka) method (68) were further purified using
the Micro-to-Midi total RNA isolation system (Invitrogen).
Random or oligo dT-primed cDNA was prepared in a 20 pl
reaction from 2.5 pg of total RNA using Superscript 11
RNAseH™ reverse transcriptase (Invitrogen). One percent of
the resulting cDNA was used for one quantitative PCR
reaction. The 10 pl reaction mixtures also contained 1X
Platinum Quantitative PCR SuperMix-UDG (Invitrogen),
acetylated BSA (final concentration 3 pg per ml; New
England Biolabs), Sybr Green I (final dilution 1:40 000;
Amresco) and 5 pmol of each specific primer. All primers
were calculated using Primer 3 computer services at http://
www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi/primer3_
www.cgi. The primer pairs were designed and tested to be
specific for human genes, i.e. the primers did not prime on rat
or mouse cDNA. We used primers for the following human
genes (the primers are written in the 5’ to 3" direction, the first
primer is derived from the plus and the second primer from the
minus DNA strand): Axinl, CCTGTGGTCTACCCGTGTCT,
GCTATGAGGAGTGGTCCAGG; Axin2, CTGGCTTTGGT-
GAACTGTTG, AGTTGCTCACAGCCAAGACA; GAPDH,
CACCACACTGAATCTCCCCT, CCCCTCTTCAAGGGG-
TCTAC; CyclinDI, CCATCCAGTGGAGGTTTGTC, AGC-
GTATCGTAGGAGTGGGA; SDHA, AGATTGGCACCT-
AGTGGCTG, ACAAAGGTAAGTGCCACGCT; CtBPI,
CCTTCGCGTTCCTCGTTA, AAGAACGTTCATGGGAG-
AATAA; Tef-1, CCTCTGCCTCCCTAGCTTTT, ATGGGG-
GAGATGGGTAGAGA; Lef-1, CTGCTAGAGACGCT-
GATCCA, TGGCTCTTGCAGTAGACGAA. cDNAs were

produced from at least two independent RNA isolations, and
the PCR reactions were performed in triplicate for each primer
set. The specificity of the PCR products was verified by
sequencing. Two housekeeping genes, Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and Succinate dehydro-
genase complex, subunit A (SDHA), were used as internal
control genes to standardize the quality of different cDNA
preparations (69). The cycling was performed in a LightCycler
instrument (Roche Molecular Biochemicals). The results were
analyzed using the LightCycler 3 software package. The
relative abundance of Axinl/ and Axin2 mRNA in 293 cells
stimulated by Rat-2-Wnt-1/Const cells versus control 293
cells (co-cultivated with the parental Rat2 cell line) was
derived from the average CT values of each triplicate after
normalizing against the levels of SDHA cDNA. Results of a
representative experiment are shown.

RESULTS

TCF-4 interacts with the transcriptional co-repressors
CtBP1 and CtBP2

To gain insight into the molecular function of TCF-4 protein,
we started a search for novel TCF-4-interacting proteins using
a yeast two-hybrid system. We selected a 180 amino acid
region distal to the HMG box covering the C-terminus of
TCF-4 as bait. This region has a unique primary structure
within the Tcf/Lef family and displays only limited homology
to the C-terminus of TCF-3, the closest relative of TCF-4
(Fig. 1). One strong positive obtained from a day-17 mouse
embryo cDNA library corresponded to CtBPI, a widely
expressed transcriptional co-repressor. The cDNA encoded
the entire 430 amino acid CtBP1 polypeptide. The CtBP1-
Gal4 activation domain fusion protein interacted specifically
with the TCF-4 bait and not with the Gal-4 DBD alone or with
the Gal-4 DBD-lamin fusion protein, respectively (see
Materials and Methods).

We further attempted to delineate the minimal region of
CtBP1 required for association with TCF-4. We generated a
series of N- and C-terminal deletions of CtBP1 fused to the
Gal4 activating domain and tested their interaction with Gal4
DBD-TCF-4 in a yeast two-hybrid system. Each truncation of
CtBP1 displayed a dramatically reduced ability to bind TCF-4
(data not shown). This indicates the complex multidomain
mode of interaction between CtBP1 and TCF-4.

Human CtBP1 was originally discovered during a screen for
cellular proteins that complex with the C-terminal region of
the adenoviral E1A protein (70). Subsequently, a highly
homologous human polypeptide termed CtBP2 was identified
by analysis of EST database sequences (71). Other vertebrates
such as rodents and Xenopus also contain two CtBP homologs,
while invertebrates have a single CtBP gene. The CtBP
proteins bind to a short sequence motif PLDLS conserved
among the E1A proteins of all human and primate adeno-
viruses. Different variants of this motif are also present in
other CtBP-interacting partners that function mainly as
negative regulators of transcription (reviewed in 72). Two
putative CtBP-binding sequences are also present in the
C-termini of TCF-3 and TCF-4 proteins (Fig. 1); Brannon and
others showed that simultaneous mutations in both these sites
abolished the association of XTCF-3 with XCtBP, a Xenopus
homolog of CtBP1, in vitro (61).
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Figure 1. Amino acid comparison of the C-terminal regions of human TCF-4 and TCF-3. Amino acid identities are indicated by corresponding letters; amino
acid similarities are indicated by double dots (closely related residues) or single dots (distantly related residues). Sequences were aligned with CLUSTALW.
Overlining indicates highly conserved HMG box sequences; two putative CtBP binding sites are boxed. The arrows depict the amino acid sequence used in a

yeast two-hybrid screen.

Given the putative CtBP-binding motifs in the C-terminus
of TCF-4, we tested the interaction using bacterially purified
GST-CtBP1 or GST-CtBP2 and various forms of TCF-4
translated in vitro (Fig. 2A). As shown in Figure 2B, a GST
fusion protein containing complete CTBP1 interacted with
[33S]methionine-labeled full-length TCF-4 (FLTCF-4) or with
its C-terminal fragment (ANyng.TCF-4). Truncated proteins
that lacked either sequences distal to the HMG box (TCF-4-
LEF-1 chimera) or the entire C-terminal region (ACy; TCF-4)
failed to interact with mCtBP1. GST-tagged CtBP2 showed an
identical mode of interaction (not shown), and, additionally,
we observed efficient heterodimerization of CtBP1 and CtBP2
in vitro (Fig. 2B). Taken together, these data indicate that
TCF-4 associates with CtBP1 and CtBP2 proteins and that the
TCF-4 C-terminus is indispensable for the interaction.

Whnt signaling is activated in 293 cells co-cultivated with
Whnt-1 protein-producing feeder cells

By retrovirus infection we generated several polyclonal rat
fibroblast cell lines with constitutive (Rat2-Wnt-1/Const) or
doxycycline-repressible (Rat2-Wnt-1/Dox) expression of the
mouse Wnt-1 gene (Fig. 3A). Because Wnt molecules possess
only limited solubility and mostly stay attached to the cell
surface of the producing cell, we activated Wnt signaling in
293 cells by co-cultivation with Wnt-1-expressing feeder cells.
The human embryonic kidney 293 cells selected for the
study activate the Tcf/B-catenin-dependent reporter if tran-
siently transfected with Wnt-1 expression plasmid, and,
additionally, express high levels of Tcf~4 mRNA and produce
predominantly a longer variant, i.e. the TCF-4E form, of
TCF-4 protein, which contains both CtBP-binding motifs
[(27); Fig. 3B].

As shown in Figure 3C, Wnt-1-producing feeders stimu-
lated the Tcf-reporter pTOPFLASH 6-7-fold as compared to
control feeders. Co-transfection of an expression construct
encoding dominant negative TCF-4, which lacks the
N-terminal [-catenin interacting domain (ANg,,,TCF-4),
completely abrogated the reporter gene activity, whereas a

[B-catenin expression plasmid strongly enhanced transcription
from the pTOPFLASH reporter. The activity of the negative
control reporter pPFOPFLASH did not display any significant
changes. We also employed a gel retardation supershift assay
to determine whether Wnt signaling induces a nuclear TCF-4/
[B-catenin complex in stimulated 293 cells. We did not detect
TCF-DNA complexes in nuclear extracts prepared from
parental Rat2 fibroblast cells or Rat2-Wnt-1-transfected cells
(not shown), therefore we performed gel retardations with
compound nuclear extracts isolated from 293 and feeder cells.
Using an optimal Tcf-motif as probe, we readily obtained two
types of TCF-DNA complexes from parental and from both
unstimulated and stimulated 293 cells; one of these complexes
could be supershifted with a monoclonal antibody recognizing
human TCF-4 (Fig. 3D). Although 293 cells express all four
Tcf/Lef genes, previous studies showed that TCF-1 and TCF-3
remain associated with insoluble nuclear components and are
not eluted from nuclei by conventional extraction procedures
(73,74). Thus, we concluded that the second gel-retarded
complex contained endogenous LEF-1 protein and we
attempted to supershift this complex with an antibody
recognizing LEF-1. Addition of the LEF-1-specific antibody
to the binding reaction led to almost complete diminishing of
the original protein-DNA complex while the TCF-4-DNA
complex stayed intact (Fig. 3D). We assumed that the second
TCF-DNA complex indeed contains LEF-1 protein, and that
the interaction between LEF-1 and the DNA probe was
destabilized by the antibody added. Stimulation of 293 cells by
Rat2-Wnt-1 cells resulted in the appearance of additional
bands that could be further supershifted with a B-catenin
antibody (Fig. 3D). Taken together, these data provide clear
proof that the exogenous Wnt signal delivered by the
Whnt-1-producing feeder cells, is effectively transmitted into
human 293 cells, stimulates the formation of TCF/B-catenin
complexes and subsequently activates the transcription of
Wnt-responsive promoters. We further used this cellular
system to study the effects of CtBP1 on Wnt-induced
transcription.
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Figure 2. The C-terminus of TCF-4 interacts with CtBP1. (A) A schematic
representation of the human TCF-4 deletion constructs used in this study.
All constructs contained the N-terminal Myc-tag (not depicted). B-cat,
[B-catenin interaction domain; TLE/Groucho, TLE/Groucho binding domain;
CtBP, CtBP-binding sites; HMG, DNA-binding domain; LEF, LEF-1
C-terminus. (B) In vitro interaction of TCF-4 with CtBP1. GST-CtBP1 and
GST-CtBP2 fusion proteins were conjugated to glutathione—Sepharose
beads and incubated with the indicated 33S-labeled TCF-4 proteins trans-
lated in vitro. After washing and recovery of the beads, associated proteins
were resolved by SDS-PAGE and analyzed by autoradiography. In lanes 1,
4,7, 10 and 13, 10% of the input labeled proteins was applied directly onto
the gel. Full-length TCF-4 (lane 3) and the TCF-4 C-terminal fragment
(lane 12) bind to GST-CtBP1. TCF4-LEF-1 chimera (line 6) or the
N-terminal fragment of TCF-4 lacking CtBP-binding sites (lane 9) do not
interact with GST-CtBP1. In vitro labeled CtBP1 associates with
GST-CtBP2 (lane 15). None of the proteins bind to GST-bound Sepharose
beads (lanes 2, 5, 8, 11 and 14). The positions of molecular weight markers
in kDa are indicated at the left.

CtBP1 represses TCF/B-catenin-dependent transcription
by a trichostatin A-sensitive mechanism

CtBP proteins function as short-range transcriptional co-
repressors, therefore we examined the functional relevance of
the TCF-4-CtBP1 interaction in reporter assays. It has been
reported previously that N-terminal modification of the CtBP1
protein may change its association with histone deacetylases
(75); for that reason, we tested the activity of three different
CtBP1 constructs encoding mCtBP1 with an N-terminal Myc-
tag, EGFP-tagged mCtBP1 and, finally, full-length human
CtBP1 without N-terminal modification. All three constructs
repressed transcription from the Tcf-dependent pTOPFLASH
reporter in a concentration-dependent manner in both
unstimulated and stimulated 293 cells, whereas the activity

of the control reporter pFOPFLASH was not affected by
CtBP1 (Fig. 4A, only data for human CtBP1 are shown).
CtBP1 was originally described as a protein interacting with
the adenoviral oncogene E1A. Since 293 cells express E1A,
we used an alternative cell system to avoid the possibility that
the observed effects are dependent on E1A expression. We
utilized the previously established transient P-catenin—Tcf
reporter assay. In this assay, co-transfection of TCF-4 and
B-catenin into COS-7 cells results in transactivation of the
Tcf-dependent luciferase reporter gene (Fig. 4B). Upon
addition of increasing amounts of CtBP1, the luciferase
activity decreases proportionally only when the construct
encoding full-length TCF-4 (FLTCF-4) capable of binding to
CtBP was co-transfected. Transactivation mediated by
B-catenin and C-terminally truncated TCF-4 (TCF4-LEF)
was not affected by CtBP1. The reporter gene assays indicated
that Tcf/B-catenin transcriptional activity is down-regulated
by TCF-4-CtBP1 interaction. To study the mechanisms of
CtBP1 action in greater detail, we generated 293 cells with
inducible expression of EGFP-tagged mCtBP1. We obtained
four polyclonal cell lines (293-EGFP-CtBP1/Dox) producing
EGFP-mCtBP1 protein in the quantities representing
approximately one-half of the amount of endogenous CtBPs
(Fig. 5A). For further analysis we utilized a mixture of these
cell lines. We further compared EGFP-CtBP1 production
from the CtBPI transgene with the EGFP-CtBP1 levels
obtained in transient transfections. Results of a western blot
analysis showed that transfection of 0.5 pug of the CtBP1
expression construct generated cellular amounts of
EGFP-CtBP1 protein similar to the levels obtained in 293-
EGFP-CtBP1/Dox cells upon removal of doxycycline.
Transfection of a larger quantity of the construct produced
even more EGFP-CtBPl protein than the amount of
endogenous CtBPs (Fig. 5A). Nevertheless, the relatively
moderate expression of the EGFP—CtBP] transgene signifi-
cantly decreased pTOPFLASH transcription in Wnt-1-
stimulated cells, whereas the activities of this reporter in
293-EGFP-CtBP1/Dox cells growing in the presence of
doxycycline, i.e. with repressed CtBP1, were comparable to
values obtained in the parental cell line (Fig. 5B). We readily
obtained almost identical amounts of TCF/B-catenin com-
plexes in Wnt-1-stimulated 293-EGFP-CtBP1/Dox cells
independently of the expression status of the CtBP1 transgene
(not shown). This indicates that CtBP levels do not interfere
directly with the formation of such complexes or with the
upstream steps of Wnt signaling. We further determined
whether the mechanism of CtBP1 repression relies on histone
deacetylases. As shown in Figure 5C, treatment with
trichostatin A, a histone deacetylase inhibitor, alleviated the
repressive effect of CtBP1 in 293-EGFP-CtBP1/Dox cells.
The trichostatin A treatment also completely neutralized the
repressive effect of CtBP1 in transient transfection assays
(Fig. 5D). We conclude that CtBP1 acts as a repressor of Wnt-
mediated transcription via recruitment of histone deacetylases
to the target promoter.

Besides CtBP, 293 cells express other TCF-4-interacting
proteins, the TLE/Groucho co-repressors (52). Therefore, we
asked next whether both types of negative regulators utilize
the same inhibitory mechanisms. We examined the impact of
different TCF-4 deletions on the activity of the pTOPFLASH
reporter in unstimulated and stimulated 293 cells (see Fig. 2A



for details about the constructs used). TCF-4 constructs, when
overexpressed in 293 cells, decreased the basal and the Wnt-1-
primed activity of pTOPFLASH but, strikingly, TCF4-LEF,
which interacts only with TLE/Groucho and lacks the
C-terminal CtBP-binding domain, appeared to be more potent
repressor than full-length TCF-4 (Fig. 5E). In addition, only
repression mediated by full-length TCF-4, i.e. by a protein
containing both TLE/Groucho and CtBP interaction regions,
has been almost completely alleviated by the trichostatin A
treatment. These results indicate that the TLE/Groucho
proteins may utilize different mechanisms than do CtBPs to
repress the Tcf-responsive promoter and/or that the action of
these repressors might be mutually exclusive.

CtBP1 down-regulates the expression of Axin2, a
Tcf/B-catenin target in 293 cells

We examined the expression levels of several human genes
related to Wnt signaling in Wnt-1-stimulated 293 cells. We
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designed sets of human-specific primers that selectively
amplified cDNA produced from 293 mRNA and did not
function with rat or mouse cDNAs, respectively (see Materials
and Methods). This allowed us to assess the level of
expression of the selected human genes even in 293/Rat2
mixed RNA samples. Upon Wnt-1 stimulation, we noticed
significant changes in expression of several genes: (i) we
detected a moderate up-regulation of presumptive Wnt targets
Cyclin D1, Tcf-1 and Lef-1 (see Supplementary Material) and
(ii) we also detected strong transcriptional activation of Axin2/
Conductin. Axin2 was recently identified by DNA-array
technology as a gene positively regulated by TCF/B-catenin
complexes in colorectal and liver tumors and in rat RK3E
epithelial cells (76,77). We tested the time course of induction
of the Axin2 transcript in stimulated cells (Fig. 6A). We
detected an 8-fold increase in Axin2 mRNA as early as 3 h
after stimulation (a 3 h interval was a minimal time period
necessary for attachment of feeder cells onto the 293 cells).
The maximal quantity of Axin2 mRNA was reached after 9 h
of co-cultivation. Following this time point, Axin2 levels
started to decrease but, nevertheless, after 15 h still remained
approximately six times higher than in control 293 cells.
Expression of the Axinl gene, an Axin2 homolog, did not
change significantly at any time point tested. We further

Figure 3. Wnt-1 protein-producing Rat2 feeder cells activate Wnt signaling
in 293 cells. (A) Wnt-1 expression is strictly regulated in Rat2 fibroblasts
by doxycycline. Western blot analysis of total cell lysates from parental
Rat2 cells (lane 1), Rat2 cells with doxycycline-regulated Wnt-1 expression
(Rat2-Wnt-1/Dox, lanes 2-5) and Rat2 cells with constitutive production of
Wnt-1 (Rat2-Wnt-1/Const, lane 6). The Rat2-Wnt-1/Dox cells were grown
at different concentrations (1 pg, 1 ng and 10 pg per ml) or in the absence
of doxycycline, as indicated at the bottom. SDS-PAGE and immunoblotting
with Wnt-1 antibody resolved cell lysates. The arrow shows the position of
the putative Wnt-1 protein; the positions of shorter degradation products are
indicated by open arrowheads. Molecular weight markers in kDa are at the
left. (B) 293 cells express a longer form of TCF-4 protein. A total cell
lysate from COS-7 cells transfected with expression vector encoding full-
length TCF-4E protein (lane 1), and from cytoplasmic and nuclear fractions
prepared from 293 cells (lanes 2 and 3, respectively) were resolved by
SDS-PAGE and immunoblotted with an anti-TCF-4 antibody recognizing
an epitope proximal to the HMG box. Molecular weight markers in kDa are
at the left. (C) Wnt-1 expressing Rat2 cells induce the activation of the Tcf
reporter in 293 cells. The human embryonic kidney 293 cell line was co-
transfected with the expression plasmids indicated on the y-axis and the Tcf
reporter construct pTOPFLASH (containing wild-type Tcf-binding sites) or
pFOPFLASH (with mutated Tcf motifs) as a negative control. Four hours
post-transfection, DNA mixtures were removed and Rat2-Wnt-1/Dox
fibroblasts were subsequently plated over the 293 cells. Cultures were
further grown either in the absence (Wnt-1 induction) or presence of
doxycycline (control) for 15 h, then the cells were harvested together and
processed to assay the reporter gene activities. Luciferase activities [shown
on the x-axis as relative light units per second (RLU/s)] were corrected for
the efficiency of transfection using the internal control Renilla pRL-SV40
expression plasmid. Average values and their standard deviations from three
independent experiments are shown. (D) Wnt-1 induces nuclear TCF-§3-
catenin complexes in 293 cells. A gel retardation assay performed with
nuclear extracts from parental 293 cells (left) and from 293 cells co-
cultivated with Rat2-Wnt-1/Dox cells growing in the presence (control,
middle) or absence (Wnt-1 induction, right) of doxycycline. Samples in
lanes 1, 8 and 13 were incubated under standard conditions. Anti-f-catenin
antibody was added to the samples in lanes 2, 10 and 15. Anti-TCF-4
antibody was added to the samples in lanes 3, 7 and 12. Anti-LEF-1
antibody was added to the sample in lane 5. Filled arrowheads indicate the
positions of the TCF/B-catenin complexes. A control antibody (anti-HA tag)
was added to the samples in lanes 9 and 14. Asterisks indicate non-specific
bands also observed with a probe mutated in the Tcf-binding site (lanes 4, 6
and 11).
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Figure 4. CtBP1 represses TCF/B-catenin transcription. (A) CtBP1 represses
TCF/B-catenin transcription in 293 cells. Human 293 embryonic kidney
cells were co-transfected with the indicated amounts of CtBP1 expression
plasmid and the Tcf reporter construct pTOPFLASH or the negative control
reporter pFOPFLASH using the lipofectamine reagent. Four hours post-
transfection, DNA-lipofectamine mixtures were removed and 293 cells
were covered with Rat2-Wnt-1/Dox fibroblasts containing the Wnt-1 gene
driven by the doxycycline-repressed promoter. The cultures were further
grown in the presence (control) or absence of doxycycline (Wnt-1 stimu-
lated). Following co-cultivation for 15 h, the cells were harvested, and
luciferase (firefly) and Renilla luciferase activities were determined in cell
lysates. (B) CtBP1 can repress transactivation mediated by TCF-4 and
B-catenin in COS-7 cells. COS-7 cell line was co-transfected with the Tcf
reporter constructs and a specific TCF-4 construct, B-catenin and with the
indicated amount of CtBP1 plasmid. Luciferase and Renilla luciferase
activities were determined in cell lysates 15 h following transfection. Whole
cell extracts were analyzed by western blotting with TCF-4 monoclonal
antibody (inset). All transfections were done in triplicate. Relative luciferase
light units per second (RLU/s) are average values corrected for the
efficiency of transfection by determining the luciferase/Renilla ratio.

examined the influence of CtBP1 overexpression on the
activation of the Axin2 gene. Axin2 mRNA in 293-
EGFP-CtBP1/Dox cells stimulated by Rat2-Wnt-1/Const
feeder cells and with the repressed EGFP-CTBP] transgene
was up-regulated 6-fold (compared to the same cells co-
cultivated with parental Rat2 fibroblasts). However, the
induction of CtBPI in Wnt-1-activated cells significantly
down-regulated Axin2 expression (Fig. 6B). These results
indicate that a cellular dose of CtBPs modulates the activity of
the Axin-2 promoter and, by implication, might selectively
regulate the expression of other Wnt target genes.

DISCUSSION

In this report we provide evidence for an interaction between
the TCF-4 protein, a member of the Tcf/Lef family of nuclear
mediators of Wnt signaling, and the transcriptional co-
repressor CtBP1. Using Wnt-1-stimulated human embryonic
kidney 293 cells, we demonstrate that CtBP1 represses the
transcriptional activity of a Tcf/B-catenin-dependent synthetic
promoter and, furthermore, decreases the expression of the
endogenous Wnt target Axin2. We further show that the
inhibitory effect of CtBP is neutralized by the histone
deacetylase inhibitor trichostatin A.

TCF/LEF proteins represent a specific type of transcription
factor. They harbor B-catenin and TLE/Groucho interaction
domains that determine whether, under given circumstances,
the protein will act as a transcriptional activator or repressor.
TCFs display essentially identical DNA-binding specificities,
thus they have been considered as equivalent nuclear
components of the Wnt signaling pathway. However, recent
studies revealed functional differences among TCF family
members. The most obvious feature of individual TCFs is their
ability to associate with various cellular proteins. From that
point of view, LEF-1 and TCF-3 proteins have been the
most thoroughly studied Tcf/Lef family members (see
Introduction). The main focus of this study is TCF-4 protein.

The limited solubility of Wnt proteins is a critical obstacle
to studying the biological function of these molecules in vitro.
We developed a dual cell system for Wnt pathway activation
in which the target cells are stimulated by cells producing Wnt
factors and growing in close proximity. This type of stimu-
lation presumably corresponds well to the situation occurring
in vivo in solid tissues and organs. At first, we generated rat
fibroblast cell lines with constitutive or inducible Wnt-1
expression, and, using a Tcf/B-catenin-dependent reporter
assay and a B-catenin supershift assay, we showed that these
cell lines evidently activate Wnt signaling in neighboring 293
cells. B-Catenin overexpression from a transiently transfected
construct resulted in a robust activation of the Tcf/B-
catenin-dependent reporter, which was further augmented if
the cells were simultaneously stimulated by Wnt-1-producing
feeders (Fig. 3C). This indicates that B-catenin is indeed a key
and also a limiting molecule in Wnt signaling. We further
utilized this cell system to test the function of CtBP1 in the
context of a Wnt-responsive promoter. Since 293 cells express
E1A protein and CtBP1 was originally described as a protein
interacting with this adenoviral oncoprotein, we used the
COS-7 cell system in parallel to avoid the possibility that
the observed effects are dependent on E1A expression. The
repressive effect of CtBP1 depended directly on the expres-
sion levels obtained from either transiently or steadily
transfected CtBP1 plasmids. This dosage-dependent repres-
sion corresponds well to the phenotype of mice harboring
various combinations of CtBP] and CtBP2 mutant alleles.
CtBP1-null mice are small but viable, whereas CtBP2 mutants
die by E10.5 due to aberrant extraembryonic development.
Different CtBP1/CtBP2 compound mutant mice display
additional dose-sensitive defects in a wide range of develop-
mental processes (78). It is surprising that although 293 cells
produce an abundance of LEF-1 (79), which is a protein that
does not interact with CtBP, higher amounts of CtBP1
efficiently suppressed transcription from the Wnt-responsive
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Figure 5. Histone deacetylases inhibitor trichostatin A alleviates the repressive effect of CtBP1 on the Wnt-responsive promoter. (A) 293-EGFP-CtBP1/Dox
cells produce EGFP-tagged mCtBP1 in quantities that represent one-half of the amount of endogenous CtBPs. Total cell lysates from 293 cells expressing
EGFP-CtBP1 from a doxycycline-repressive promoter growing in the absence (EGFP—CtBP1 induced, lane 1) or presence (EGFP-CtBP1 repressed, lane 2)
of doxycycline (1 pg/ml) and from the parental 293 cell line transiently transfected with different amounts of plasmid encoding EGFP-tagged CtBP1 (lanes
3-5, micrograms of transfected construct are indicated on the top) were analyzed by western blot analysis. The anti-CtBP monoclonal antibody used to
visualize proteins on the blots recognizes both human CtBP1 and CtBP2 proteins. The positions of molecular weight markers in kDa are indicated at the left.
(B) Expression of the EGFP-CtBP1 transgene down-regulates activity of the Wnt-resposive promoter in 293-EGFP-CtBP1/Dox cells. 293-EGFP-CtBP1/Dox
cell line was transfected with the indicated Tcf reporter constructs. Four hours post-transfection, DNA mixtures were removed, the cells washed extensively
and Rat2-Wnt-1/Const fibroblasts (steadily producing the Wnt-1 protein) or parental Rat2 cells were subsequently plated over the 293 transfectants. Cultures
were further grown for 15 h either in the absence (EGFP-CtBP induction: yes) or presence (EGFP-CtBP induction: no) of doxycycline (1 ug/ml).
(C) Trichostatin A treatment releases the repressive function of EGFP-CtBP1. The experiment was performed as described above in (B) except that tricho-
statin A (final concentration 300 nM) was added simultaneously with the feeder cells. (D) Trichostatin A treatment alleviates the CtBP1-mediated repression
in transient transfection assay. Human 293 embryonic kidney cells were co-transfected with the indicated amounts of CtBP1 expression plasmid and the Tcf
reporter constructs using the lipofectamine reagent. Four hours post-transfection, DNA-lipofectamine mixtures were removed and 293 cells were covered
with Rat2-Wnt-1/Dox fibroblasts. The cultures were further grown in the presence (control) or absence of doxycycline (Wnt-1 stimulated). Trichostatin A
(300 mM final) was added simultaneously with the feeder cells. Following co-cultivation for 15 h, the cells were harvested and luciferase and Renilla lucifer-
ase activities were determined in cell lysates. (E) Tcf-mediated repression is partially insensitive to trichostatin A. Human 293 embryonic kidney cells were
co-transfected with empty expression vector pK-Myc or TCF-4 deletion constructs indicated on the y-axis and the Tcf reporter plasmid pTOPFLASH. TCF-4
proteins were produced at comparable levels in the transfected cells as shown by western blot analysis (right panel). Four hours post-transfection, cells were
covered with Rat2 cells (control) or Rat2-Wnt-1/Const cells (Wnt-1 stimulated), and half of the samples were further treated with trichostatin A (TSA, final
concentration 300 nM). Following an additional 12 h, the cells were harvested, and luciferase and Renilla luciferase activities were determined in cell lysates.
Transfections were done in triplicate. Average luciferase light units per second (RLU/s) corrected to Renilla luciferase activities and their standard deviations
are shown.

elucidated. In Drosophila, Groucho functionally interacts with
the histone deacetylase Rapd3 (51). Recruitment of Rapd3 to

reporter to basal levels (Fig. 4A). This fact might be explained
by the greater ability of TCF-4 to form a ternary complex with

DNA and B-catenin (80).

TCF-4 (and TCF-3) resembles two other repressors, Hairy
and Brinker, which also interact with both TLE/Groucho and
CtBP proteins (81,82). The precise mechanisms of how TLE/
Groucho and CtBP contribute to gene repression remain to be

target promoters would result in the formation of a more
compact chromatin structure followed by a transcriptionally
repressed state. The recruitment of histone deacetylases is
likely to be the main function of the TLE/Groucho proteins,
although only the partial release of TLE/Groucho-Rapd3
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Figure 6. CtBP1 down-regulates the expression of Axin2 in 293 cells.
(A) Wnt-1 activates Axin2 mRNA in 293 cells. The results of quantitative
real-time PCR performed with cDNA generated from 293 cells stimulated
by Wnt-1-producing feeder cells (Rat2-Wnt-1/Const) or by control Rat2
cells are shown. The 293 and feeder cells were co-cultivated for the indi-
cated period of time, then harvested and random primed cDNA was pre-
pared from total RNA. The PCR reactions were performed for each primer
set in triplicate using cDNAs produced from at least two independent RNA
isolates. (B) EGFP-CtBP1 decreases responsiveness of the Axin2 gene to
the Wnt-1 stimulation but has no effect on the expression of the Axinl gene.
293-EGFP-CtBP1/Dox cells were co-cultivated with feeder cells stably pro-
ducing Wnt-1 protein (Rat2-Wnt-1/Const) or control Rat2 fibroblasts as a
negative control. Cells were co-cultivated for 15 h in the presence (EGFP-
CtBP1 repressed) or absence (EGFP-CtBP1 overexpressed) of doxycycline
(1 pg/ml). The random primed cDNAs generated from the relevant RNAs
were analyzed. The PCR reactions were performed for each primer set in
triplicate using cDNAs produced from at least two independent RNA isol-
ates. The results of a representative experiment are shown. The results were
analyzed using the LightCycler 5.1 software package, and the values of a
representative experiment are shown. The relative abundance of Axin/ and
Axin2 mRNA in Wnt-1-stimulated versus control cells was derived from the
average CT values of each triplicate after normalizing to the levels of
SDHA cDNA.

repression by the histone deacetylase inhibitor trichostatin A
indicates that additional mechanisms of repression may exist.
CtBP also induces transcriptional silencing in a histone
deacetylase-dependent or -independent manner. CtBP1 asso-
ciates with class I and class II histone deacetylases, and CtBP-
related down-regulation of certain promoters has been
reported to be sensitive to trichostatin A (83). In contrast,
repression of several other promoters was insensitive to
trichostatin A treatment (75). We detected a complete release
of the CtBP-mediated repression by trichostatin A. This
clearly indicates the involvement of the histone deacetylases
in the repression mechanism. Since 293 cells express both
TLE/Groucho and CtBP proteins (52 and this manuscript), we
further evaluated the contribution of the TLE/Groucho and
CtBP co-repressors to the repression of the activity of the
pTOPFLASH reporter. Overexpression of TCF-4-LEF dele-
tion containing only the TLE/Groucho interaction domain
significantly inhibited the basal and Wnt-1-dependent activity
of the Tcf reporter. This is in agreement with the observation
that the C-terminally truncated forms of XTCF-3 keep their
repressive potential in Xenopus embryos, even if they lack the
CtBP-interacting domains (61). Surprisingly, the putative
repressive action of TLE/Groucho was only partly suppressed
by trichostatin A, and a greater sensitivity to this chemical was
only revealed by the full-length TCF-4-mediated repression
(Fig. 5E). This implies the possibility of parallel repressive

action of CtBP and TLE/Groucho, which might contribute to
the regulation of different Wnt targets. Since the TLE/
Groucho and CtBP-binding sites are quite far apart in TCF-4
and TCF-3 proteins, we assume that there is no steric
competition for these sites as in Hairy protein (82).

We took advantage of the different origin of human 293 and
rat feeder cells and used real-time quantitative RT-PCR to
analyze the changes in expression of selected genes upon Wnt
stimulation. The strongest up-regulation was observed for
Axin2 mRNA. This finding was rather expected because Axin2
was recently identified as a gene activated by PB-catenin
overexpression in the related rat RKE3 cells (76). We further
evaluated the impact of CtBP1 overexpression on Axin2
activation and detected a strong reduction in the levels of
Axin2 mRNA. Such a robust effect was surprising because the
quantities of the ectopically expressed CtBP1 protein repre-
sented approximately one-half of the amount of endogenous
CtBPs. 293 cells express all four TCF/LEF proteins, although
at different levels, TLE/Groucho, and both CtBP1 and CtBP2
co-repressors (V. Korinek, unpublished data). TCF-4 associ-
ates with TLE/Groucho proteins and also with CtBPs, and
these proteins also form homo- or heterodimers. The strength
of the interaction between CtBPs and their partners can be
further potentiated by the levels of nuclear NAD(H) (84,85).
We propose that the composition of various Wnt signaling
pathway components and their expression levels dictate the
primary sensitivity of a given cell to the Wnt signal. The
balance in such a system can be disturbed by changing the
levels of only one component. Likewise the defects in other
negative regulators of Wnt signaling (e.g. in the tumor
suppressor APC), mutations that inactivate CtBP proteins
could also lead to inappropriate activation of the Wnt pathway.
On the other hand, non-physiological increases in the expres-
sion levels of CtBPs might by implication result in a significant
reduction in Wnt signaling output in the stimulated cell.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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SUPPLEMENTARY MATERIAL

Wnt-1 upregulates Wnt-targets Cyclin D1, Lef-1 and Tcf-1 mRNA in 293 cells

A, Results of quantitative real-time PCR performed with cDNA generated from 293 cells
stimulated by feeder cells stably producing Wnt-1 protein (Rat2-Wnt-1/Const) or by control Rat2
cells are shown. The 293 and feeder cells were co-cultivated for the indicated period of time, then
harvested, and random primed cDNA was prepared from total RNA.
B, CtBP1 overexpression has no obvious effect on the levels of Cyclin-1, Lef-1, Tcf-1, CtBP1, and
CtBP2 RNA in Wnt-1-stimulated 293 cells. 293-EGFP-CtBPL/Dox cells were co-cultivated with
Rat2-Wnt-1/Const or control Rat2 fibroblasts as a negative control for 15 hours in the presence
(EGFP-CtBP1 repressed) or absence (EGFP-CtBP1 over-expressed) of Doxycycline (1 pg/ml). The
random primed cDNAs generated from the relevant RNAs were analysed. The picture shows the
relative abundance of Cyclin D1, Lef-1, Tcf-1, CtBP1 and CtBP2 mRNAs in Wnt-1-stimulated
293-EGFP-CtBP1/Dox cells versus control 293-EGFP-CtBP1/Dox in two situations. (1) when
EGFP-CtBPL1 is expressed (-Dox) or (2) repressed (+Dox).

Theresults were analyzed using the LightCycler 5.1 software package, and the values of a
representative experiment are shown. The relative abundance of Cyclin-1, Lef-1, Tcf-1, CtBP1 and
CtBP2 mRNA in Wnt-1-stimulated versus control cells was derived from the average CT vaues

of each triplicate after normalizing to the levels of SDHA cDNA.
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3.2 HICI1 sniZuje aktivitu signalizace Wnt prostiednictvim strhavani TCF-4 a j3-
kateninu do jadernych télisek

Neékolik praci publikovanych v poslednich letech ukazalo, Ze represivni aktivita
zprostiedkovana proteiny CtBP1 a CtBP2 muze byt vyrazné ovlivnéna zménami v jejich
vnitrobunécné lokalizaci. Proteiny CtBP se mohou nachéazet jak v cytoplazmé, tak
v bunééném jadre, kde se podileji na represi transkripce. V1iv na lokalizaci téchto proteinti
mohou mit proteinové modifikace. Zatimco fosforylace prostfednictvim Pakl kinazy
relokuje CtBP1 do cytoplazmy, sumoylace je urcujici pro jadernou lokalizaci CtBP1 [205-
207]. Distribuce CtBP miize byt rovnéz ovlivnéna piimou interakci s proteiny schopnymi
vazat CtBP. Protein nNOS zadrzuje CtBP1 v cytoplazmé, naproti tomu protein HICI
relokuje CtBP1 do specifickych jadernych télisek (Hicl bodies) [208, 209]. Prepokladali
jsme, ze zmény Vv lokalizaci proteinu CtBP1 by mohly ovliviiovat jeho represivni aktivitu
na transkripci mediovanou TCF-4/B-kateninem. Proto jsme se v nasledujici praci zaméfili
na pusobeni proteinu HIC1.

HIC1 (Hypermethylated In Cancer 1) byl identifikovan jako potencidlni nadorovy
supresor, jehoz gen je Casto epigeneticky inaktivovan prostiednictvim methylace
promotorové oblasti, a to v fad€ riznych typt nadora. [210]. Gen HIC1 kdduje transkripéni
faktor ze skupiny proteint BTB/POZ (Broad-complex, Tramtrack, Bric a brac/Poxvirus,
and Zinc finger). Protein HIC obsahuje na svém N-konci doménu BTB/POZ, ktera je
zodpoveédna za multimerizaci a interakce s ostanimi proteiny. Multimerizce proteinu HIC1
se projevuje morfologicky v podobé specifickych distinktnich jadernych struktur. V
centralni casti proteinu HIC1 je lokalizovan specificky motiv  GLDLSKK, jenz
zprostiedkovava vazbu s proteiny CtBP. C-konec obsahuje nékolik DNA-vazebnych
motivl typu “Zn-finger” . [209, 211, 212]. Experimenty s aberantni inaktivaci genu HIC1
u mysi potvrdily jeho roli jako bunééného tumorového supresoru. Zatimco mysi Hicl”
umiraji v pribé¢hu embryonalniho vyvoje nebo perinatalng, tak u heterozygot Hicl™ se v
dospélosti objevuje fada malignich spontannich tumord, které jsou pohlavné specifické.
Pro tyto tumory je charakteristicka silna methylace zbyvajici alely Hicl, ktera vede k uplné
absenci exprese HIC1l v téchto nadorech. [213]. Gen HIC1 je lokalizovan v oblasti
chromozomu 17p13.3, ktera je casto deletovana u pacientdl s Miller-Diekerovym
syndromem. K projeviim tohoto syndromu patii fada mozkovych a obli¢ejovych defekti,
které jsou prakticky totozné s defekty u mysi Hicl” [214]. Aktivita proteinu HICI1 je

spojena s aktivitou jiného tumor supresoru — p53. HICI tvoii transkripéné represivni
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komplex s histon deacetylazou SIRTI, ktery reprimuje transkripci genu SIRTI1.
V normalnich buiikéch je tak hladina proteinu SIRT1 udrZovdna na nizké Grovni. V fadé
nadort, u nichz je gen HIC1 epigeneticky inaktivovan, je naopak uroven exprese SIRT1
zvySend. Deacetylaza SIRT1 je schopna deacetylovat tumor supresor p53 a zpisobuje tak
jeho inaktivaci. V normalnich bunikach je navic protein p53 schopen stimulovat expresi
HIC1. Vztah mezi p53 a HIC1 je tedy typickym ptikladem autoregula¢ni smycky. [215-
218].

V nasi praci jsme potvrdili, ze HIC1 je schopen relokovat CtBP1 do specifickych
nuklearnich struktur. V ptipadé koexprese HIC1 a CtBP1 soucasné¢ s TCF-4, dochazi ke
zméné lokalizace TCF-4 a transkripcni faktor TCF-4 je rovnéz relokovan do jadernych
télisek. HICI je schopen zménit lokalizaci TCF-4 v bunééném jadie nezavisle na CtBP1,
jak jsme ukézali v bunkach CtBP(-/-), kter¢ maji prostiednictvim rekombinace
inaktivovany geny CtBP1 a CtBP2. K podobnému zavéru vedly experimenty zalozené na
expresi riaznych mutantnich forem TCF-4 a HIC1. Protein CtBP1 ma ovSem v procesu
relokace TCF-4 dilezitou strukturni roli a je vyznamny pro efektivitu této relokace.
V buiikéach, v nichz je CtBP1 expremovan, zpisobuje HIC1 takika uplnou relokaci TCF-4,
na rozdil od bun¢k CtBP(-/-), kde je relokovana jen urcita ¢ast TCF-4.

Protein HIC1 piimo interaguje s TCF-4 a to jak in vitro tak in vivo. Koimunoprecipitace
provedena z extraktli bun¢k CtBP(-/-) navic potvrdila, Ze zprostfedkujici role CtBP pro
interakci mezi HIC1 a TCF-4 neni v bunikach nutna.

HIC1 vyraznym zptsobem redukuje Uroven transkripce mediované komplexy Tct/p-
katenin. Represivni aktivita HIC1 byla prokdzana pomoci dvou rtznych luciferazovych
reportérti obsahujicich bud’ synteticky Lef/Tcf responsibilni promotor, nebo promotor genu
Axin2, ktery je cilovym genem signalizace Wnt. V nékolika bunéénych liniich jsme
prokéazali schopnost nadorového supresoru HIC1 blokovat transkripci cilovych geni
signalizace Wnt. Potvrzenim represivni funkce HIC1 byly rovnéz vysledky experimentli
zalozenych na nefyziologickém snizeni exprese HIC1 pomoci RNA-interference
v primarnich (nenddorovych) bunécénych liniich. Tyto buniky pfirozené¢ exprimuji HICI a
ten je, stejné jako v pfipad€ nefyziologicky exprimovaného proteinu, lokalizovan ve
specifickych nuklearnich strukturdch. Snizeni exprese HIC1 vede nejen k vymizeni téchto
struktur z bunééného jadra, ale zvySuje transkripéni aktivitu Tcf-specifického genu Axin2 u
bunék stimulovanych ligandem Wnt3a. Pfi studiu exprese cilovych geni signalizace Wnt
jsme potvrdili, Ze jejich exprese je siln€ zavisld na bunééném typu. Pokud byly buiky

stimulovany ligandem Wnt3a, pak doslo u bunék HEK293 k aktivaci transkripce gent Sp5,
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Axin2 a CyklinD1. Stejny typ aktivace vedl naproti tomu u primarnich bunék pouze
k transkripci genu Axin2.

HIC1 by mohl inhibovat transkripci tak, Ze by svoji interakci s TCF-4 branil vazbé -
kateninu na transkripéni faktor TCF-4, a tim by blokoval tvorbu transkripéné aktivnich
heterokomplext TCF-4/B-katenin. Jak jsme ukézali v pfipadé¢ buné¢k DLD-1, u kterych je
diky mutaci proteinu APC signalizace Wnt konstitutivné aktivni, HIC1 timto zpiisobem
transkripci nereprimuje. Pokud je HIC1 v téchto buiikdch exprimovan, je lokalizovan
v komplexu spole¢n¢ s TCF-4 a [B-kateninem. Ptesto v téchto bunkdch HIC1 ucinné
inhibuje transkripci Wnt-specifického genu Tenascin C. Jinym moznym zpUsobem
pusobeni represoru HIC1 by mohla byt jeho pfima represivni aktivita na promotorech
cilovych genti Wnt-signalizace. HIC1 je schopen pfimo inhibovat transkripci, jak bylo
ukazano v ptipadé genu SIRT1. Je rovnéZ znamo, Ze jiny ¢len rodiny transkripcnich faktori
BTB/POZ protein Kaiso interaguje piimo se sekvencné specifickymi elementy cilovych
genil signalizace Wnt. Chromatinova imunoprecipitace ovSem ukdzala, ze protein HICI
neni pfimo ani nepfimo (tzn. prostiednictvim TCF-4) asociovan s promotorovymi oblastmi
Wnt-specifickych geni. Na druhou stranu pokud je v buiikach DLD-1 exprimovan HICI
dochdzi k vyrazné redukci v mnozstvi B-kateninu a TCF-4, které jsou asociovany
s promotorem Wnt-specifického genu TenascinC.  Podobné vysledky jsme ziskali
v ptipadé€ genu Sp5 u bunék HEK?293 v nichz byl ektopicky exprimovan HICI1 a -katenin.

Mechanismus represivniho pusobeni tumor supresoru HIC1 na transkripci Wnt-
specifickych gent je tedy pravdépodobné zalozeny na relokaci komplext Tcf/B-katenin do
jiz zminénych specifickych nuklearnich struktur, které jsou prostorové a funkéné vzdalené
od mist, kde dochazi k transkripci Wnt-specifickych genli. Tato relokace je umoznéna
piimou interakci mezi proteiny HIC1 a TCF-4. B-katenin je mimo specifické promotorové
oblasti relokovan pravdépodobné prostfednictvim TCF-4, ackoliv se nedd vyloucit
existence zatim neznamého faktoru, ktery by tento proces medioval nezavisle na TCF-4.
Strukturni funkce proteinu CtBP muze zvysit efektivitu této relokace, a tim také efektivitu
transkripcni represe zpiisobenou proteinem HICI.

Vziajemna interakce mezi efektory signalizace Wnt a proteinem HIC1 mize byt
vyznamnd v procesu nddorové transformace. Epigeneticka inaktivace genu HIC1
v bunikach s nefyziologicky aktivovanou Wnt-signalizaci mize ptispét spolu se ztratou

aktivity tumor supresoru p53 ke vzniku nadort.
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HIC1 attenuates Wnt signaling by recruitment
of TCF-4 and p-catenin to the nuclear bodies
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The hypermethylated in cancer 1 (HICI) gene is epigen-
etically inactivated in cancer, and in addition, the haploin-
sufficiency of HICI is linked to the development of human
Miller-Dieker syndrome. HICI encodes a zinc-finger tran-
scription factor that acts as a transcriptional repressor.
Additionally, the HIC1 protein oligomerizes via the
N-terminal BTB/POZ domain and forms discrete nuclear
structures known as HIC1 bodies. Here, we provide evi-
dence that HIC1 antagonizes the TCF/B-catenin-mediated
transcription in Wnt-stimulated cells. This appears to be
due to the ability of HIC1 to associate with TCF-4 and
to recruit TCF-4 and p-catenin to the HIC1 bodies. As
a result of the recruitment, both proteins are prevented
from association with the TCF-binding elements of the
Whant-responsive genes. These data indicate that the intra-
cellular amounts of HIC1 protein can modulate the level
of the transcriptional stimulation of the genes regulated
by canonical Wnt/f-catenin signaling.
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Introduction

The Wnt signaling pathway plays essential roles in different
developmental processes, including cell determination, stem
cell survival and organogenesis. In addition, mutational
activation of this pathway is implicated in deregulated cell
growth and cancerogenesis (reviewed in Logan and Nusse,
2004; Reya and Clevers, 2005). The stabilization of B-catenin
is central to the canonical Wnt pathway. In the absence of
Wnt signals, B-catenin is phoshorylated by a complex of
proteins, including adenomatous polyposis coli (APC), glyco-
gen synthase kinase-33 and axin. Phosphorylation of
B-catenin results in its ubiquitylation and degradation by
the proteasome. Wnt factors inhibit the APC complex. The
result of such inhibition is the stabilization of B-catenin,
which accumulates in the cell and translocates into the
nucleus where it associates with transcription factors of the
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TCF/LEF family. TCF/LEF proteins function as nuclear effec-
tors of the Wnt signaling pathway. The DNA-binding specifi-
city of these polypeptides is defined by the HMG box, an 80
amino-acid domain whose primary sequence is virtually
identical in all TCF/LEF family members (reviewed in
Clevers and van de Wetering 1997). TCF/LEF factors possess
only a limited ability to activate transcription. They act as
‘connectors’ linking other polypeptides to a distinct set of
promoters. B-Catenin contains a strong transcription activa-
tion domain, thus its interaction with TCFs results in tran-
scription of the Wnt-responsive genes. Many of these genes
execute Wnt-mediated cell specification during development
or regulate cell proliferation (for more detailed information,
refer to the Wnt homepage http://www.stanford.edu/ ~ rnusse/
wntwindow.html). In contrast, mammalian TCFs also bind to
TLE/Groucho corepressors and, in the absence of the Wnt
signal, repress the transcription of TCF-specific promoters
(Roose et al, 1998). Additionally, two TCF/LEF family mem-
bers, TCF-3 and TCF-4, associate with C-terminal binding
proteins (CtBPs) (Brannon et al, 1999; Valenta et al, 2003).

The CtBP proteins bind to a short sequence motif PLDLS
conserved among the E1A proteins of all human and primate
adenoviruses. Different variants of this motif are also present
in many other CtBP-interacting partners that function mainly
as sequence-specific DNA-binding transcription factors.

In this study, we focused on one of the CtBP-associating
proteins, hypermethylated in cancer 1 (HIC1), which redir-
ects CtBP to a specific set of nuclear dot-like structures called
HIC1 bodies (Deltour et al, 2002). The HICI gene was
identified as a candidate tumor suppressor gene frequently
epigenetically silenced or deleted in different types of solid
tumors (Herman and Baylin, 2003). HICI encodes a zinc-
finger transcription factor that belongs to a group of proteins
known as the BTB/POZ family (Broad-Complex, Tramtrack,
Bric a brac/poxvirus, and zinc finger) (reviewed in Albagli
et al, 1995). A 714 amino-acid human HIC1 polypeptide
contains the N-terminal BTB/POZ domain involved in dimer-
ization and in protein-protein interactions. The C-terminal
region interacts with a specific DNA sequence; the GLDLSKK
motif responsible for the interaction with the CtBP proteins
is located in the central part. Gene inactivation experiments
in mice recently confirmed that HIC1 is a genuine tumor
suppressor. Heterozygous Hicl 7/~ mice develop malignant
spontaneous tumors after a year of life (Chen et al, 2003,
2004). These tumors show dense methylation of the remain-
ing wild-type Hicl allele promoter accompanied by a com-
plete absence of Hicl expression in the cancer tissue. HICI
gene resides within a 350kb region on chromosome
17p13.3, deleted in most patients with Miller-Dieker syn-
drome (MDS) (Dobyns and Truwit, 1995). This links
(in addition to tumorigenesis) the haploinsufficiency of
HICI to the development of MDS.

In the present study, we show specific binding between
HIC1 and a principal Wnt signaling pathway component,
TCF-4. We further demonstrate that overexpression of HIC1
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suppresses the TCF-mediated transcription, and vice versa,
the inactivation of endogenous HIC1 by RNA interference
(RNAI) increases the basal expression of the Axin2 gene and
elevates the transcriptional response of this Wnt signaling
target to Wnt stimulation. A deletion mutant of HIC1 lacking
the oligomerization BTB/POZ domain can neither form
the nuclear bodies, nor antagonize Wnt signaling, nor
interact with TCF-4 in vivo. This clearly indicates that the
HIC1 inhibitory function depends on the ability to form
nuclear bodies and to recruit TCF-4 into these structures.
Interestingly, B-catenin is also relocated by HIC1, but this
sequestration seems to be indirect and mediated via its
interaction with TCF-4. In addition, we provide evidence
that CtBP1 increases the efficiency of recruitment of the
TCF-4 into the HIC1 bodies and further strengthens the
suppressive effect of the HIC1 protein on Wnt signaling.
Finally, using chromatin immunoprecipitation (ChIP), we
show that as a consequence of the relocation into the HIC1
speckles, TCF-4 and B-catenin are prevented from binding
to the promoters of the TCF-responsive genes.

Results

HIC1 sequesters TCF-4 into nuclear bodies

Exogenous CtBP1 is distributed in the cytoplasm and in the
nucleus in a mostly diffused pattern. Only a fraction of
nuclear CtBP1 is localized into distinct structures, described
previously as CtBP bodies (Sewalt et al, 1999). Cotransfection
of the full-length HIC1 construct results in complete reloca-
tion of CtBP1 into the nuclear HIC1 bodies (Figure 1B). This
relocation is dependent on the direct interaction between
HIC1 and CtBP1, as the HIC1-ACtBP polypeptide lacking the
CtBP-interacting motif loses the translocative properties of
the wild-type HIC1 protein. The HIC1 mutant with a deletion
encompassing the N-terminal oligomerization BTB/POZ
domain still preserved the ability to ‘pull’ CtBP1 into the
nucleus. However, the localization of both proteins was
diffuse and no formation of nuclear punctuated structures
was observed.

Previously, we have shown an interaction between CtBP1
and TCF-4 in yeast and in vitro (Valenta et al, 2003). However,
we and others in following studies were unable to detect the
association of these proteins in mammalian cells. We took
advantage of the clear nuclear targeting of CtBP1 by HIC1 and
visualized TCF-4 and CtBP1 using confocal microscopy.

In CtBP-positive COS-7 cells, TCF-4 was efficiently seques-
tered into the HIC1 bodies (Figure 2B). Triple staining and the
overlay of the images showed that in these bodies TCF-4,
HIC1 and CtBP1 co-localized. CtBP interacts with both,
TCF-4 and HIC1 proteins, thus we supposed that the TCF-4
recruitment was mediated by CtBP. As expected, mutated
TCF-4 (TCF-4mutCtBP), which is unable to bind CtBP,
was not sequestered into the HIC1 bodies even in the CtBP1
background (Figure 2C). Surprisingly, in CtBP(—/—) cells
(these cells were derived from CtBP1~/~CtBP2™/~ embryos
(Hildebrand and Soriano, 2002)), wild-type HIC1 and TCF-4
still partially colocalized in the nuclear dots. We examined
next, whether variants of HIC1 differ in their ability to
concentrate TCF-4 into the HIC1 bodies in CtBPI(+ ) cells.
Whereas wild-type proteins perfectly colocalized in nuclear
dots, the HIC1-ACtBP mutant displayed only limited capabil-
ity to sequester nuclear TCF-4.

©2006 European Molecular Biology Organization
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Figure 1 HIC1 targets CtBP into the nuclear bodies. (A) A sche-
matic representation of the human HIC1 constructs used in this
study. tag, Flag or EGFP tag; BTB/POZ, the BTB/POZ domain; CtBP,
CtBP-binding site; ZF, five C,H, Kriippel-like zinc fingers. Right,
Western blots of total cell extracts after transfection with the Flag-
HIC1 constructs, probed with anti-Flag or with anti-a-tubulin as
internal control. (B) Confocal microscopy images of CtBP(—/—)
cells trasfected with constructs indicated on the left and subse-
quently stained with mouse anti-Flag and rabbit anti-CtBP antibody.
The DRAQS nuclear stain was gained in the blue channel. Mutant
HIC1-ACtBP polypeptide lacking the CtBP-interacting motif displays
the punctuated expression of the wild-type HIC1 protein (compare
(e) and (i)) but does not influence the distribution of CtBP (compare
(b) and (j)). As seen in (j, k), a fraction of nuclear CtBP is still
localized in the CtBP bodies (arrows in insets (c, k)), which
evidently differ from the HIC1 bodies. Bar, 10 um.

Taken together, these results suggested that TCF-4 and
HIC1 could form nuclear aggregates even in the absence of
CtBP; nevertheless, CtBP mediates more efficient recruitment
of TCF-4 into the HIC1 bodies.

TCF-4 binds directly to HIC1

The existence of HIC1/TCF-4 complexes in mammalian
cells was evidenced using co-immunoprecipitation of HIC1
with endogenous TCF-4. By using anti-TCF-4 antibody, a
robust coisolation of TCF-4 with wild-type HIC1, and with
HIC1-ACtBP, was obtained from lysates of human 293 cells;
the truncated HIC1-APOZ protein did not co-immuno-
precipitate with TCF-4 (Figure 3A). TCF-4 was also isolated
from the Flag-tagged HIC1 using anti-Flag or anti-HIC1 anti-
bodies. Furthermore, we immunoprecipitated the endogen-
ous HIC1/TCF-4 complexes from whole-cell lysates prepared
from mouse embryos on day 12.5 p.c. We also performed
coimmunoprecipitation experiments in mouse CtBP(—/—)
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Figure 2 TCF-4 and HIC1 form nuclear protein complexes in mammalian cells. (A) TCF-4 expression constructs. The TCF-4mutCtBP
polypeptide has a triple amino-acid substitution of each CtBP-binding motif as indicated. tag, myc or EGFP tag; B-cat, p-catenin interaction
domain; TLE/Groucho, TLE/Groucho binding domain; CtBP, CtBP binding sites; HMG, DNA-binding domain. Right, Western blots of total cell
extracts after transfection with the indicated TCF-4 constructs, probed with anti-TCF-4 or with anti-a-tubulin. (B) CtBP, HIC1 and TCF-4
colocalize in COS-7 cells. (C) Simultaneous interaction between CtBP, TCF-4 and HICI is essential for the efficient nuclear sequestration of TCF-
4 into the HIC1 bodies. Confocal microscopy images of CtBP(—/—) and CtBP1(+ ) cells transfected with the indicated constructs (left) and
stained with anti-Flag and anti-TCF-4 antibody. The right panel shows the overlap of fluorescence intensity peaks along profiles as indicated
in the merged micrographs. The nuclear sequestration of TCF-4 by HICI1 is less efficient in CtBP(—/—) than in CtBP(+ ) cells (compare (e, f, g, h)
to (i, j, k, 1)). The formation of the TCF-4/HIC1 bodies in CtBP(+ ) cells strictly depends on the presence of the intact CtBP-binding sites in
TCF-4 (m, n, o, p). Notice only a partial colocalization of TCF-4 and HIC1-ACtBP (q, 1, s, t). Bar, 10 um.

and CtBP1(+ ) cells, and we detected association of EGFP-
tagged HIC1 and TCF-4 in both CtBP-negative and CtBPI-
positive cells. The coimmunoprecipitation was specific for
HIC1, because a parallel assay did not show any binding of
a control, EGFP-nls protein to TCF-4 (Figure 3B, only results
from CtBP(—/—) cells are shown). These results implied a
direct interaction between TCF-4 and HICI.

The direct binding between TCF-4 and HIC1 was studied
in vitro by pull-down assays between bacterially expressed
GST-tagged TCF-4 and in vitro translated HIC1. GST-TCF-4
associated only with in vitro translated full-length HIC1 and
not with the N-terminally truncated HIC1-APOZ (Figure 4B).

2328 The EMBO Journal VOL 25| NO 11 | 2006

As was shown by others, the deletion of the BTB/POZ domain
involved in the homo- and heteromeric interactions often
prevents the association of HIC1 with other partners,
although this domain is not directly included in the pro-
tein—protein interaction (Deltour et al, 2002). Due to exten-
sive degradation of GST-HIC1 in bacterial lysates, we could
not test the binding of the full-length HIC1 immobilized
on the glutathione-Sepharose beads to in vitro translated
TCF-4. Nevertheless, we prepared GST-fusion proteins con-
taining partly overlapping N-terminal, internal, and C-term-
inal HIC1 fragments (Figure 4A), and used these more stable
proteins in pull-down assays. As shown in Figure 4B, all three
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GST-HIC proteins interacted with full-length TCF-4; however,
the strongest interacting domain was localized in the internal
and C-terminal region of HIC1. Importantly, TCF-4mutCtBP
binds to GST-HIC1 proteins equally well as the wild-type
protein. Two nonoverlapping TCF-4 fragments were used to
delineate domains involved in binding to HIC1. Whereas the
C-terminus of TCF-4 interacted strongly with the GST-linked
C-terminal part and the HIC1 internal fragments, a substan-
tially less avid interaction was observed between the TCF-4
C-terminus and the GST-HIC1 N-terminus. Finally, the
N-terminal part of TCF-4 did not show any affinity to HICI.
TCF-4 and HIC1 bind specific DNA sequences and their
interaction domains were mapped in part to the DNA-binding
regions of these proteins. To exclude the possibility that the
association between TCF-4 and HIC1 is indirect and might
be mediated by a DNA bridge from contaminating DNA, we
performed a GST-pull-down with translated HIC1-mutZF3
protein containing a single amino acid exchange in the
third zinc finger (Figure 4A). This mutation abolishes the
DNA binding of the mutated protein to its recognition motif
(Pinte et al, 2004). We also treated translated TCF-4 and
glutathione-Sepharose bound GST-HIC1 with DNase I prior to
the pull-down. As shown in Figure 4C, the HIC1-ZF3 associ-
ates with GST-TCF-4 with a comparable avidity to the wild-
type protein and, moreover, the DNase I treatment even
slightly improved in vitro binding of TCF-4 and HIC1.

Altogether, the data reported here indicated that HIC1
interacts directly with TCF-4 in a complex multidomain
mode of interaction. These data also implied that this inter-
action is not dependent on the presence of the intact CtBP-
binding sites in TCF-4.

©2006 European Molecular Biology Organization

HIC1 inhibits TCF/p-catenin-driven transcription

To examine whether HIC1-mediated sequestration of TCF-4
affects the Wnt-dependent transcription, pTOPFLASH was
cotransfected with each of the HIC1 constructs into 293
cells, the cells were subsequently stimulated by the Wnt
ligand and the levels of the TCF-mediated transcription
were determined. In 293 cells, Wnt3a-containing medium
induced robust 25-five fold activation of the Tcf reporter
pTOPFLASH as compared to the control medium (Figure 5).
The cotransfection of wild-type HIC1 resulted in a substantial
decrease of the pTOPFLASH activity, the HIC1-ACtBP was
less than half as effective as wild-type HIC1, and finally,
the HIC1-APOZ mutant appeared to be completely inefficient
in the downregulation of the pTOPFLASH-driven trans-
cription. We did not observe any effect whatsoever on
the pTOPFLASH reporter in the nonstimulated cells. Never-
theless, HIC1 repressed the Wnt-induced transcription of
a luciferase reporter containing a Skb promoter region
of the well-established Wnt target Axin2 gene (Figure 5)
(Jho et al, 2002). Conversely, the HIC1 overexpression
did not disturb the transcription from the negative-control
reporter pFOPFLASH, or from the synthetic reporter
GlE1B-Luc activated by Gal4-DBD-VP16 fusion protein
(data not shown).

HIC1 contains five Kriippel-like C,H, zinc fingers in its
C-terminal part. Recently, Pinte et al (2004) investigated the
DNA binding properties of the isolated zinc finger domain
and defined a specific DNA motif recognized by HIC1. Full-
length HIC1 binds probes with a single recognition site
poorly; however, the wild-type protein interacts cooperatively
with complex probes containing multiple HIC1-specific

The EMBO Journal VOL 25 | NO 11| 2006 2329
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Figure 4 In vitro interaction of TCF-4 and HIC1. (A) Structures of HIC1 and TCF-4 proteins used in the in vitro pull-down assays (see also the
diagrams of the additional HIC1 and TCF-4 constructs depicted in Figures 1A and 2A). (B) Pull-down assays between bacterially expressed GST-
fusion and in vitro translated proteins, as indicated. Ten percent of the total reactions were loaded in lanes denoted ‘input’. (C) Right, TCF-4/
HIC1 interaction is resistant to DNase I treatment; left, the intact DNA-binding domain of HIC1 is not essential for the interaction with TCF-4.

sequences. In contrast, the N-terminally truncated HIC1-APOZ,
lacking the BTB/POZ domain, interacts preferentially with a
probe containing a single HIC1-binding site. We performed an
electrophoretic mobility-shift assay (EMSA) with in vitro

translated TCF-4 and HIC1. HIC1-APOZ, and with
efficiency, full-length HIC1, bound to a simple HIC1

a lower

-specific

probe, but these proteins did not interact directly with probes

containing single or multiple TCF recognition
(Supplementary Figure 1).

motifs

The inhibitory effect of HIC1 on the transcriptional activa-

tion of pTOPFLASH was also found in DLD-1 cells,

that is,

cells with a mutant APC gene. The lack of functional APC
protein in these adenocarcinoma cells results in the accumu-
lation of B-catenin and in constitutive activation of the
TCF-dependent target genes (van de Wetering et al, 2002;
Rosin-Arbesfeld et al, 2003). By retroviral transduction, we

generated DLD/HIC1 cells containing

the HICI-EGFP

regulated by AP21967, a synthetic dimerizer (Ariad). We

2330 The EMBO Journal VOL 25| NO 11 | 2006

examined the levels of the TCF/B-catenin-dependent tran-
scription simultaneously in three independent DLD/HIC1
cell lines at three different levels of HIC1-EGFP expression
(dimerizer concentrations: 0, 0.25 and 25nM). The result of
a representative experiment is shown in Figure 6A. At
maximum induction when HIC1 was produced in amounts
comparable to the physiological levels of endogenous HIC1 in
primary human WI38 cells (Figure 9C), the pTOPFLASH
activity decreased to approximately 40% when compared to
the DLD/HIC1 cells growing without the inducer (Figure 6A).
Transcription from the negative control reporter pFOPFLASH
did not change during the experiment. Since DLD-1 cells
express high amounts of both TCF-4 and B-catenin (Korinek
et al, 1997), we asked first whether HIC1 can function by
decreasing the intracellular levels of B-catenin and/or TCF-4.
Using anti-TCF-4 and f-catenin antibodies, we performed
immunoblotting of cell lysates prepared from DLD/HIC1
growing with dimerizer for 5 days or without HIC1 induction.

©2006 European Molecular Biology Organization
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Figure 5 HIC1 represses the Wnt-stimulated transcription. Reporter gene assay with the Wnt-responsive promoters. 293 cells were
cotransfected with the reporters and the HIC1 constructs as indicated and stimulated for 24 h with Wnt3a-conditioned or control medium.
Luciferase (firefly) activities were corrected for the efficiency of transfection using the internal control Renilla luciferase expression plasmid.
The reporter activity in unstimulated mock-transfected cells was arbitrarily set to 1. The histograms represent mean values of triplicate

experiments and SDs (standard deviations) are shown by error bars.

The analysis revealed that HIC1 overexpression does not
reduce the overall levels of the endogenous TCF-4 and
f-catenin proteins in the cells (Figure 6A). However, HIC1
sequestered endogenous B-catenin and TCF-4 into the nuclear
HIC1 bodies (Figure 6B and Supplementary Figure 2). Using
anti-GFP antibody, we coimmunoprecipitated B-catenin, HIC1
and TCF-4 in one complex from 293 cells (Figure 6C). As we
did not observe a direct interaction between B-catenin and
HIC1 in vitro using pull-down assays (Supplementary Figure
3), we concluded that B-catenin associates with HIC1 indir-
ectly, possibly by binding to TCF-4.

In summary, these data indicated that HIC1 specifically
represses TCF-mediated transcription. Intriguingly, the re-
pression is dependent on the recruitment of the TCF-4 to
the HIC1 bodies rather than on the direct interaction of HIC1
with the promoters of the repressed genes.

HIC1 regulates Axin2 transcription

The HICI gene is silenced by promoter methylation in most of
the tumor-derived cell lines tested so far; nevertheless, we
detected HICI mRNA expression in human medulloblastoma
DAQY cells, human primary fibroblast WI38 cells and also
in mouse embryo STO cells. Using anti-HIC1 antibody, we
visualized the nuclear HIC1 bodies in all these cells (see
higher magnification insets in Figures 7B and 8A; staining of
STO cells is not shown). Treatment of DAOY cells with 5-aza-
2'-deoxycytidine (5-aza-2'-dCyt), that is, with an agent block-
ing DNA methylation, resulted in two-fold increase in the
levels of HICI mRNA (Figure 7A). This increased HICI
expression was also detected at the protein level and the 5-
aza-2'-dCyt-treated cells contained a higher amount of larger
HIC1 bodies than untreated cells (Figure 7B, insets). We
further tested the effect of HIC1 knockdown on Wnt signal-
ing. We found that in WI38 cells the HICI mRNA level was
reduced to 20% upon transfection with HIC1 short inhibitory
RNAs (siRNAs), compared to an irrelevant control (a mixture
of anti-GFP and anti-luciferase siRNAs) (Figure 8A). The
effective downregulation of HIC1 in the transfected cells
was confirmed by Western blotting and confocal microscopy
(Figure 8A, inset). Recently, it was shown by Chen et al
(2005) that HIC1 binds the SIRT1 promoter and directly

©2006 European Molecular Biology Organization

represses its transcription. Thus, as expected, upon HIC1
knockdown we observed increased levels of the SIRTI
mRNA; we also noted a 60% increase of basal transcription
of Axin2, the Wnt signaling pathway target gene (Figure 8A).
Interestingly, upon Wnt stimulation, the HIC1 siRNAs re-
markably (almost two-fold) elevated only the transcriptional
response of the Axin2 promoter, while the expression of the
SIRTI and two housekeeping genes remained unchanged
(Figure 8B). Such robust activation of Axin2 was quite
astonishing as the HIC1 siRNAs treatment already increased
the levels of the Axin2 mRNA in unstimulated cells. These
data, obtained with physiological amounts of HIC1 and with
the endogenous Wnt signaling target, supported our observa-
tions about HIC1 antagonizing Wnt signaling.

HIC1 diverts TCF-4 and B-catenin from

the Wnt-responsive promoters

The mechanism of the HIC1 action on the endogenous TCF-
responsive promoters was first studied by ectopic expression
of full-length HIC1 in 293 cells. At the mRNA level, HIC1
overexpression partly blocked the increase in abundance of
three Wnt signaling responsive genes Axin2, Sp5 and Cyclin
DI (Shtutman et al, 1999; Leung et al, 2002; Weidinger et al,
2005) observed in control cells upon 12- or 24-h stimulation
with Wnt3a (Figure 9A). The inhibition appeared to be
incomplete because about 50% transfection efficiency was
routinely achieved for the 293 cells (data not shown). Thus,
although HIC1 obviously inhibited the Axin2, SpS or CyclinD1
stimulation in the transfected cells, the overall amounts of
the corresponding mRNAs were moderately elevated in
Wnt3a-treated cell cultures. The mRNA abundance of
GAPDH and CtBP2, that is genes with no direct relationship
to Wnt signaling, did not change in the experiment.

To clarify the mechanisms of the HIC1-mediated repres-
sion, ChIP was performed on a cluster of TCF-binding sites in
the Sp5 promoter (Supplementary Figure 4) (Takahashi et al,
2005). The ChIP assay showed that HIC1 did not associate
with the Sp5 promoter; furthermore, the binding of endogen-
ous TCF-4 to this promoter was decreased by wild-type HIC1
overexpression and not by HIC1-APOZ in both stimulated and
nonstimulated 293 cells (Figure 9B, only data for Wnt3a-

The EMBO Journal VOL 25 | NO 11| 2006 2331
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Figure 6 HIC1 represses TCF/B-catenin signaling in DLD-1 adenocarcinoma cells. (A) Right, transgenic DLD/HIC1 cells growing at higher
concentrations of a synthetic compound AP21967 (dimerizer) contain increasing amounts of the HIC1 protein as evidenced by Western blots of
total cell extracts probed with anti-HIC1 antibody. Middle, HIC1 expression does not influence the protein levels of TCF-4 and B-catenin. Left,
the constitutive activity of the TCF-dependent reporter pTOPFLASH is suppressed by increasing amounts of the HIC1 protein. Average
luciferase light units per second (RLU/s) corrected for the efficiency of transfection determined as the luciferase/Renilla ratio from five
experiments are given (right, pPFOPFLASH values). (B) Colocalization of HIC1 with endogenous B-catenin. Confocal micrographs of DLD-1 cells
transfected with the full-length Flag-HIC1 construct stained with anti-Flag and anti-B-catenin antibody. Bar, 10 pm. (C) HIC1 expression does
not disrupt the binding between TCF-4 and f-catenin. Coimmunoprecipitation of endogenous TCF-4 with ectopically expressed p-catenin is not
affected by co-expression of HIC1 (compare left and middle panel). The coimmunoprecipitation is specific for B-catenin as indicated by a
control experiment using the EGFP-nls instead of -catenin-EGFP fusion protein (right).

induced cells are shown). We then co-transfected HIC1 and
B-catenin, and performed ChIP with an antibody directed
against this Wnt effector protein. The results unambiguously
showed the presence of fB-catenin on the Sp5 promoter in
control cells (transfected with an empty vector or with the
HIC1-APOZ mutant which is deficient in TCF binding). In
contrast, wild-type HIC1 completely eliminated association of
exogenous B-catenin with the TCF-responsive element of the
SpS gene (Figure 9B).

In DLD-1 cells, we did not detect any Sp5 mRNA and,
moreover, expression of Axin2 and Cyclin DI seemed to be

VOL 25 | NO 11 | 2006

independent of the TCF/B-catenin as the transient transfec-
tion of a dominant-negative form of TCF-4 (AN-TCF-4) did
not reduce transcription of these Wnt signaling target genes.
However, AN-TCF-4 inhibited production of Tenascin C, a
recently identified TCF/B-catenin target gene active in colon
carcinoma cells growing at the invasive front of the tumors
(data not shown) (Beiter et al, 2005). For the ChIP assay we
used DLD/HIC1 cells with regulated expression of the HIC1-
EGFP transgene. Predictably, HIC1 expression did not inhibit
the activity of the in DLD-1 cells TCF-independent Axin2 and
Cyclin D1 promoters (Figure 9C). This was not caused by

©2006 European Molecular Biology Organization
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Figure 7 The nuclear HIC1 bodies in DAOY cells. (A) Increased
expression of HICI mRNA and protein in the cell line DAOY after
treatment with 1 uM 5-aza-2’-deoxycytidine for 6 days. The expres-
sion was analyzed by qRT-PCR (left) or by Western blotting using
anti-HIC1 antibody. In lane 3, a lysate from 293 cells transfected
with 0.5pg of the Flag-HIC1 construct was loaded. (B) Confocal
micrographs of DAOY cells treated with 5-aza-2’-deoxycytidine
(c, d) or with a vehicle (a, b) stained with the affinity purified
anti-HIC1 antibody. Bar, 10 um.

a dysfunction of the HIC1-EGFP fusion protein as HIC1-EGFP
efficiently attenuated pTOPFLASH transcription (Figure 6A)
and the ectopically expressed HIC1-EGFP construct displayed
the same activity as wild-type HIC1 in suppressing.
Nevertheless, HIC1 efficiently blocked transcription from
a promoter of the Tenascin C gene (Figure 9C). ChIP analysis
of the proximal TCF-dependent DNA element in the Tenascin C
promoter (Supplementary Figure 4) revealed a clear binding
of TCF-4 and B-catenin in parental DLD-1 cells. In DLD/HICI,
upon induction with the dimerizer HIC1 significantly
decreased the association of both TCF-4 and B-catenin with
the Tenascin C promoter, but no interaction of this promoter,
with HIC1 was observed (Figure 9D). Simultaneously,
the functionality of HIC1-EGFP to bind its cognate DNA
motif was confirmed by ChIP of the HIC1-recognition element
in the SIRT1 promoter (Figure 9D). These data indicate that
as a result of the recruitment to the HIC1 bodies, TCF-4 and f-
catenin are prevented from associating with TCF target genes.

Discussion

Since the canonical Wnt/B-catenin signaling alone is unlikely
to regulate multiple developmental programs initiated by the
Wnt ligands, we searched for additional proteins that could
modulate the function of the TCF/LEF factors. In the present
study, we identified tumor suppressor HIC1 as a new nuclear
modulator of the Wnt signaling pathway.

©2006 European Molecular Biology Organization
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Nuclear sequestration of TCF-4 into the HIC1 bodies
HICI encodes a zinc-finger transcription factor that acts as a
transcriptional repressor. Additionally, the HIC1 protein binds
CtBP and via its N-terminal BTB/POZ domain forms nuclear
aggregates known as HIC1 bodies. Here, we present convin-
cing data based on confocal microscopy showing the coloca-
lization of the Wnt signaling effector protein, TCF-4, HIC1
and CtBP1 in these nuclear bodies. We further show that
HIC1 directly associates with TCF-4 in vitro and in vivo.
However, the efficient sequestration of TCF-4 into the HIC1
bodies depends on the presence of the CtBP in the TCF-4/
HIC1 complex. Strikingly, in CtBP-positive cells, wild-type
HIC1 and the TCF-4mutCtBP protein (this variant lacks the
CtBP-binding motifs but is still able to interact with HIC1
in vitro (Figure 4A and B)) do not display an overlapping
localization (Figure 2C). We speculate that CtBP induces
a specific spatial arrangement of the HIC1 bodies. Such
arrangement possibly favors the recruitment of TCF-4 via
the interaction with CtBP. This conclusion is supported by
a different morphology of the HIC1 aggregates, which in
the presence of CtBP show more compact appearance
than the HIC1/TCF-4 bodies without CtBP (Figure 2C).
The absence of HICI and TCF-4mutCtBP colocalization
argues against the obvious objection that overexpressed
proteins aggregate and sequester other proteins that they do
not normally interact with.

Using in vitro pull-down assays, we mapped the main
regions of the interaction to the C-terminal parts of HIC1
and TCF-4. Surprisingly, whereas GST-HIC C-terminal and
GST-HIC internal fragments interacted with in vitro translated
TCF-4, the N-terminally truncated HIC-APOZ variant failed
to interact with full-length GST-TCF-4. We assume that the
anchoring of the HIC1 protein fragments to GST-beads possi-
bly prevents the incorrect folding induced by the deletion of
the structurally essential BTB/POZ domain.

Many nuclear factors involved in pre-mRNA splicing,
regulation of transcription, apoptosis or cell cycle progression
are localized in distinct structures called speckles or nuclear
bodies (reviewed in Lamond and Spector, 2003). Using con-
focal microscopy we visualized HIC1 bodies at endogenous
expression levels in the nuclei of three different cell types. Is
the physical sequestration of the transcription factors main
function of the HIC1 bodies or are there some other physio-
logical roles for these structures? What is the proportion
between the ‘free’ HIC1 protein (i.e. HIC1 associated with
promoters or other factors) and HIC1 aggregated in the
bodies? More experimental work needs to be carried out to
answer these questions.

HIC1 represses TCF-mediated transcription

The results presented here show that full-length HIC1 sub-
stantially reduced the levels of TCF-mediated transcription of
two different TCF/B-catenin-regulated reporters (Figure 5),
and furthermore, several selected endogenous Wnt signaling
target genes were also affected by HIC1 expression (Figures 8
and 9). Importantly, HIC1 knockdown in normal cells en-
hanced the levels of the transcriptional stimulation induced
by the Wnt3a ligand (Figure 8B). Thus, HIC1 specifically
repressed transcription dependent on TCF and this repression
occurred at physiological levels of the HIC1 protein.
Interestingly, we observed that the activator role of Wnt
signaling was dependent on the particular cellular back-
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Figure 8 HIC1 knockdown increases the TCF-mediated transcription. (A) Human primary cells WI38 were transfected with HIC1 siRNAs or
control siRNAs and the changes in the levels of HICI mRNA or protein were tested 24 h post-transfection. Left, results of the qRT-PCR analysis.
The relative abundance of the given mRNA in HIC1 siRNA versus control siRNA-transfected cells was derived from the average CT values of
four independent experiments after normalizing to the levels of B-actin cDNA. Right, Western blots of nuclear extracts prepared from the
indicated cells. Bottom, confocal micrographs of WI38 cells transfected with the indicated siRNAs and stained with the affinity purified anti-
HIC1 antibody. Bar, 10 um. (B) The activity of the Wnt-dependent promoter of the Axin2 gene is increased by HIC1 knockdown. Results of qRT-
PCR analysis performed with cDNA generated from WI38 cells transfected with the indicated siRNAs upon 24-h stimulation with Wnt3a. Six
PCR reactions were done for each primer set. The relative abundance of the indicated mRNA in Wnt3a-stimulated versus control cells was
derived from the average CT values after normalizing to the levels of B-actin cDNA.

ground. For example, the stimulation by Wnt3a activated
transcription of Sp5, Axin2 and Cyclin DI in 293; in primary
fibroblast WI38 cells, only robust transactivation of the Axin2
gene was detected, while the expression levels of Sp5 and
Cyclin DI remained under detection limits. In colon carcino-
ma DLD-1 cells, that is, in cells with constitutive active Wnt
signaling, ectopic expression of a dominant-negative (block-
ing) form of TCF-4 inhibited expression of Tenascin C but not
Axin2 and Cyclin D1 mRNA. This clearly indicates that gene
expression is in general regulated by inputs from various
cellular pathways that integrate in the regulatory regions of
a particular gene. Nevertheless, HIC1 regulated the transcrip-
tional response of all tested genes showing the reactivity to
the Wnt signal in the given cell type.

Mechanisms of HIC1-mediated inhibition

It was well documented that Kaiso, a member of the BTB/
POZ protein family, interacts with sequence-specific elements
in several Wnt target genes (Park et al, 2005). In Xenopus,
Kaiso and TCF act in concert on the siamois promoter.
The Kaiso’s general role is not completely understood, but
it is likely to also include a direct binding and the recruit-
ment of corepressors such as N-CoR to a subset of
Wnt targets. Recently, Chen et al (2005) showed that
HIC1 forms a transcriptional repression complex with
SIRT1 deacetylase. This complex directly binds and
represses transcription from the promoter of the SIRTI
deacetylase gene.

2334 The EMBO Journal VOL 25| NO 11 | 2006

ChIP analysis revealed that HIC1 does not bind directly
or indirectly (i.e. via TCF-4) the regulatory elements in the
TCF-responsive genes. In contrast, HIC1 partly reduces the
occupancy of the promoter of the Sp5 gene by endogenous
TCF-4. This partial sequestration was expected as only a
fraction of the cells expressed exogenous HIC1. In addition,
HIC1 eliminated binding of ectopically expressed f-catenin to
the SpS promoter.

ChIP analysis of the TCF-binding element in the Tenascin C
promoter in DLD/HIC1 cells showed a substantial decrease
in association of TCF-4 and B-catenin upon HIC1 induc-
tion. Taken together, these data indicate that HIC1-mediated
sequestration prevents TCF-4 from binding its target
promoter. Although f-catenin targeting to the HIC1 bodies
seems to be indirect and mediated via its interaction with
TCF-4, we cannot completely exclude participation of an
unknown factor involved in relocation of B-catenin into the
HIC1 bodies (Figure 10). These results imply that HIC1-
mediated sequestration can uncouple the TCF/B-catenin-
regulated promoters from various inputs related to Wnt
signaling, but still may leave such promoters responsive to
other regulatory signals.

Materials and methods

Plasmids and RNAi

All constructs were made by standard molecular biology techni-
ques. Triple amino-acid substitutions (Qsgo t0 Nsq9, P51 t0 Asio, Lsiy
t0 Ss11, Qsgs t0 Nsgg, Psgz t0 Asgy, Lsgg t0 Ssgg) were introduced into
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Figure 9 HIC1 sequesters TCF and B-catenin from the TCF-dependent promoters. (A) HIC1 blocks transcriptional activation of the Wnt
signaling target genes. Results of qRT-PCR analyses performed with cDNA generated from 293 cells transfected with the indicated constructs
upon 12- or 24-h stimulation with Wnt3a. Four to six PCR reactions were performed for each primer set. The relative abundance of the
indicated mRNA in Wnt3a-stimulated versus control cells was derived from the average CT values after normalizing to the levels of B-actin
cDNA. (B) HICI is not associated with the Sp5 promoter but sequesters TCF-4 and B-catenin from the TCF-specific DNA element of this
promoter. ChIP analysis of chromatin isolated from 293 cells transfected with the indicated constructs. The diagram at the left represents real-
time PCR values obtained with primers spanning the respective DNA element, normalized to the inputs. The image on the right depicts relevant
PCR products after 29 cycles of amplification. (C) HIC1-EGFP blocks transcription of the Tenascin C promoter in DLD-1 cells. Left, results of
gRT-PCR analyses performed with cDNA prepared from DLD/HIC1 cells growing in the presence of the dimerizer (25 nM; HIC1 induction) or
without induction. Right, Western blot analysis of nuclear extracts isolated from DLD/HIC1 and WI38 cells. (D) HIC1 sequesters TCF-4 and
B-catenin from the Tenascin C promoter. Left, ChIP analysis of chromatin isolated from DLD/HICI cells prior to and upon HIC1-EGFP induction.
The diagram at the left represents real-time PCR values obtained with primers spanning the proximal TCF-binding element in the Tenascin C
promoter, normalized to the inputs. The image on the right depicts relevant PCR products after 29 cycles of amplification. Right bottom,
although HIC1-EGFP is not associated with the Tenascin C promoter, it binds its recognition element in the SIRT1 promoter.
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Figure 10 A model for HIC1 suppression of the transcriptional
response induced by Wnts. The regulation of a complex promoter
integrating inputs from the Wnt and other signaling pathways is
depicted. At low levels of HIC1 the activity of the promoter depends
mainly on the Wnt signaling components. High levels of HIC1
uncouple the promoter from Wnt signaling. X depicts a hypothetical
factor mediating besides TCF-4 the interaction between B-catenin
and HIC1.

each of the CtBP-binding sites in TCF-4mutCtBP by using a site-
directed mutagenesis kit (Stratagene). For gene knockdowns HIC1
siRNAs were purchased from Ambion. See the Supplementary data
for more detailed description of the plasmids used in this study.

Cell culture and transfections

Cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (Hyclone) and
antibiotics. All cell lines were regularly checked for the presence
of mycoplasma. Transfections were performed using the Lipo-
fectamine reagent (Invitrogen) as described by the manufacturer.
DLD/HIC1 cells were produced using ARGENT Regulated Tran-
scription Retrovirus Kit (Ariad). CtBP(—/—) cells derived from the
CtBP1~/~CtBP2~/~ embryos were kindly provided by J Hildebrand.

Production of Wnt3a-conditioned medium

Mouse Wnt3a-producing L cells (L Wnt-3A; ATCC No. CRL-2647)
were cultured in complete DMEM supplemented with G418 (0.5 mg
per ml; Alexis). Control and Wnt3a-conditioned medium was
prepared according to the protocol provided by the supplier.

Luciferase assays

Reporter gene assays were performed as described previously
(Valenta et al, 2003). To assay TCF-mediated transcription,
firefly luciferase pTOPFLASH and pFOPFLASH (Korinek et al,
1997) and the Axin2 promoter reporter constructs (Jho et al,
2002) (a gift from F Costantini) were used. The G1-E1B-Luc reporter
and the Gal4-DBD-VP16 construct were kindly provided by
C Svensson.

EMSA

Full-length TCF-4, full-length human HIC1 and HIC1-APOZ protein
were produced in vitro using the Quick TNT Coupled Reticulocyte
System (Promega). The assay was performed as reported previously
(Valenta et al, 2003).
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GST interaction assays and DNase | treatment

GST-TCF-4, GST-B-catenin, GST-HIC1-N-term (aa 1-398), GST-HIC1-
C-term (aa 396-714) and GST-HICl-internal (aa 234-551) fusion
proteins were expressed in the BL21 (DE3) strain of Escherichia coli
using the pET-42b vector (Novagen). Relevant proteins were
produced in vitro using the Quick TNT Coupled Reticulocyte
System (Promega). The detailed protocol for the GST pull-downs
was described previously (Valenta et al, 2003). DNase I treatment
of GST-bound or in vitro translated proteins was performed in 1 x
DNase I buffer (Invitrogen), for 30 min at RT with 0.2 U of DNase I
(Invitrogen) per 1 ul of the reaction mixture.

Antibodies

Antisera to TCF-4, HIC1, CtBP1, B-catenin and EGFP were produced
by immunization of rabbits with bacterially expressed proteins;
mouse mAbs to TCF-4 and HIC1 were prepared using standard
techniques from splenocytes of mice immunized with a bacterially
produced TCF-4 fragment (aa 31-333) and HIC1 fragment (aa
230-404) respectively. The following commercially available mouse
monoclonal antibodies were used: anti-B-catenin (Santa Cruz
Biotechnology), anti-dephospho-f-catenin (Alexis), anti-CtBP (San-
ta Cruz Biotechnology), anti-GFP (BD Clontech), anti-Myc 9E10
(Roche Molecular Biochemicals), anti-Flag M2 (Sigma), anti-Flag
(Exbio Praha).

Immunofluorescent microscopy

Cells grown on coverslips were fixed 24 h after transfection in cold
methanol (—20°C, Smin) and then briefly in acetone (—20°C).
Fluorochromes were ALEXA 488, 594, and 680 dyes (dilution 1:500;
Invitrogen), Cy5 dye (1:500, Amersham Pharmacia Biotech). The
samples were mounted in MOWIOL (Calbiochem) containing
nuclear staining dye DRAQ 5 (1:750; Alexis). Immunofluorescences
were visualized using a confocal laser scanning microscope (TCS
SP; Leica). All images were scanned separately in the ‘sequential
scanning mode’ for the green, red and blue channels using a x 100/
1.40 oil-immersion objective. The ratio of colocalization was
quantified by measuring the overlap in the fluorescence inten-
sities of corresponding channels along selected profiles using
Leica confocal software. Image files were processed with Adobe
Photoshop.

RNA purification and real-time qRT-PCR

Standard procedures were used for RNA purification and reverse
transcription. The primers used are listed in Supplementary
Table S1 (Supplementary data). The cycling was performed in an
Mxp3000 instrument (Stratagene).

ChiP

293 cells stimulated with Wnt3a-conditioned or control medium,
DLD-1 and DLD/HIC1 cells were subjected to the ChIP assays
according to Kirmizis et al (2004). See the Supplementary data for
the primer sequences.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Supplementary information

Materials and Methods

Plasmids and mutagenesis

Full-length HIC1, HIC1-ACtBP (deleted aa 222-228) and HIC1-APOZ (aa 136-714) constructs
encoding proteins of human origin containing N-terminal or C-terminal EGFP were generated by
standard cloning procedures in pEGFP-C1 and pEGFP-N3 vector (BD Clontech), respectively.
Constructs encoding HIC1 with an N-terminal Flag-tag (in pcDNA3) (Deltour et al., 2002) were
provided by D. Leprince. Plasmids encoding HIC1 tagged with a C-terminal Flag were generated by
subcloning into pCMV-Flag-5a vector (Sigma). Myc- and EGFP-tagged constructs encoding full-
length mouse or human CtBP1 and human TCF-4 were described previously (Valenta et al., 2003).
Plasmids encoding the N-terminal (TCF-4-N-term; aa 1-333) or C-terminal fragment of human TCF-
4 (TCF-4-C-term; aa 333-596) were prepared in the pK-myc vector (Valenta et al., 2003) by standard
cloning techniques. For retroviral transduction, EGFP-tagged human HIC1 was ligated into the
pLHIT variant of pLNIT vector (provided by F.H.Gage); untagged mouse CtBP1 was expressed from
pBABE-puro retroviral plasmid (a gift from J. Hildebrand). Details of plasmids and sequences of

primers used for the mutagenesis are available on request.

Primers for ChIP

The primers used for the PCR amplification were: Sp5 promoter, sense: 5’-
TCCAGACCAACAAACACACC -3’ and antisense 5’- GCTTCAGGATCACCTCCAAG -37;
Tenascin C promoter, sense: 5-ACTGGGGCTGGAACAAAGAT-3’ and antisense 5’-
AGCGAGTACAGGGACTGAGC-3’; SIRT1 promoter, sense: 5’- GATAGAAACG
CTGTGCTCCA-3’ and antisense 5’- CCTTCCTTTCTAGCGTGAGC-3’; negative control
regions were derived from the distal exon of the Axin2 gene, sense: 5’-
CTGGCTTTGGTGAACTGTTG-3’ and antisense 5’- AGTTGCTCACAGCCAAGACA-3’, or
from the distal exon of the Tenascin C gene, sense: 5-CAGTAGAGGCAGCCCAGAAC-3’
and antisense 5’- AGAGAGAGGGGTTGTGCTGA-3".

Supplementary Table S1 A set of oligonucleotide primers used for RT-PCR



gene

origin

sequence

Axinl

human

forward
reverse

5-CCTGTGGTCTACCCGTGTCT-3'
5-GCTATGAGGAGTGGTCCAGG-3'

mouse

forward
reverse

5-ACCCAGTACCACAGAGGACG-3'
5-CTGCTTCCTCAACCCAGAAG-3'

AXin2

human

forward
reverse

5-CTGGCTTTGGTGAACTGTTG-3'
5-AGTTGCTCACAGCCAAGACA-3

mouse

forward
reverse

5-TAGGCGGAATGAAGATGGAC-3'
5-CTGGTCACCCAACAAGGAGT-3

beta-actin

human

forward
reverse

5'-GGCATCCTCACCCTGAAGTA-3'
5-AGGTGTGGTGCCAGATTTTC-3'

mouse

forward
reverse

5-GATCTGGCACCACACCTTCT-3
5-GGGGTGTTGAAGGTCTCAAA-3

CtBP2

human

forward
reverse

5-CCATCCAGTGGAGGTTTGTC-3'
5-AGCGTATCGTAGGAGTGGGA-3'

Cyclin D1

human

forward
reverse

5'-CCATCCAGTGGAGGTTTGTC-3'
5-AGCGTATCGTAGGAGTGGGA-3'

GAPDH

human

forward
reverse

5'-CACCACACTGAATCTCCCCT-3
5-CCCCTCTTCAAGGGGTCTAC-3

mouse

forward
reverse

5-AACTTTGGCATTGTGGAAGG-3'
5-ATCCACAGTCTTCTGGGTGG-3'

HIC1

human

forward
reverse

5-CGACGACTACAAGAGCAGCA-3
5-TGCACACGTACAGGTTGTCA-3'

mouse

forward
reverse

5-CAACCTGTACGTGTGCATCC-3'
5-ACGTGTGCATTCAGCTGTTC-3'

HIC2

human

forward
reverse

5-CTCCACAGTGTTCCAGCAGA-3'
5'- CAGCAGCTTGCCTGTGTAGA-3'

SDHA

human

forward
reverse

5-AGATTGGCACCTAGTGGCTG-3'
5-ACAAAGGTAAGTGCCACGCT-3'

mouse

forward
reverse

5-AAGGCAAATGCTGGAGAAGA-3'
5-TGGTTCTGCATCGACTTCTG-3'

SIRT1

human

forward
reverse

5-GCAGATTAGTAGGCGGCTTG-3'
5-AGCGCCATGGAAAATGTAAC-3'

Sp5s

human

forward
reverse

5-ACTTTGCGCAGTACCAGAGC-3'
5-ACGTCTTCCCGTACACCTTG-3'

TCF-4

human

forward
reverse

5-TAGCTTTAGCGTCGTGAACC-3'
5-GGGGGCAAATTAAGAAAAGTG-3'

Tenascin C

human

forward

5-GTCACCGTGTCAACCTGATG-3'




reverse 5-GTTAACGCCCTGACTGTGGT-3'

Supplementary figures

Supplementary Figure S1 TCF-4 and HIC1 differ in the DNA-binding specificities.

A gel-retardation assay performed with the TCF-4 and HIC1 proteins translated in vitro. As the
optimal Tcf/Lef probe, a double-stranded 12-nucleotide oligomer 5’-ACCCTTTGATCT-3" was
used; the control probe was 5’-ACCCTTTGGCCT-3’. A PCR fragment amplified from
pTOPFLASH (Upstate Biotechnology) containing 6 copies of the Tcf/Lef interaction motif was
used as the multiple TCF-specific (6xTOP) probe. The wild-type HIC1 probe was double-
stranded oligonucleotide 5’-GGGCCTGGGGGCAACCCAATCAC-3’, the negative control
HICImut was 5-GGGCCTGGGGATGACCCAATCAC-3’. TCF-4/DNA and HIC1/DNA
complexes and the positions of the free probes are indicated by arrows. Stars indicate non-

specific bands.
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Supplementary Figure S2 HIC1 bodies in DLD-1 adenocarcinoma cells contain endogenous
TCF-4. Colocalization of HIC1 with endogenous TCF-4. Confocal micrographs of DLD-1 cells

transfected with full-length Flag-HIC1 construct stained with anti-Flag and anti-TCF-4 . Bar,

merle

10pum.

Supplementary figure 2
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Supplementary Figure S3  HIC1 and f-catenin do not interact directly. Pull-down assays

between bacterially expressed GST-fusion and in vitro translated proteins as indicated. Ten
percent of the total reactions were loaded in lanes denoted “input”. The gel images marked
“long exposure” were obtained after a three-day exposition to the BAS-phosphoimager screen,
the image named “short exposure” was gained after a standard overnight exposition. No
obvious interaction was detected between B-catenin and HIC1, although the same isolate of

GST-B-catenin clearly interacted with full-length TCF-4. A structure of the dominant negative



TCF-4-AN construct lacking the main -catenin interaction domain (used as a negative control)

is also shown (bottom).
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orientation of these sites is indicated by (+) or (-). Areas used for ChIP are shown above the

relevant promoter.
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3.3 Interakce mezi nuklearnim receptorem a 3-kateninovou signalizaci rozhoduje o
osudu bunék v somatické gonadé Caenorhabditis elegans

Gonada hlistice Caenorhabditis elegans je modelovym piikladem situace, kdy z jedné
matefské buiiky vznikaji asymetrickym bunéénym délenim dvé odlisné buiky dcefiné.
Takto vzniklé dcefiné bunky se vzajemné lisi pfitomnosti a aktivitou riznych molekul,
které urcuji rizny vyvojovy potencial kazdé z téchto bunck. Asymetrické bunécné dé€leni je
opakem situace, kdy z matefské bunky vznikaji dvé naprosto identické dcefiné buiiky,
jejichz rozdilny osud je pak az nésledné urcen rlznymi vngj$imi faktory [219, 220].
Gonada C. elegans se vyviji ze dvou somatickych bunéénych prekurzor (oznacovanych
jako Z1 a Z4), které ohranicuji prekurzory zdrode¢nych bun¢k (Z2 a Z3). Distalni dcefiné
buiiky prekurzori Z1 a Z4 se po dal$im asymetrickém déleni méni v unikatni buiky
oznacované jako DTC (Distal Tip Cell), pficemz jedna DTC je vysledkem nékolika déleni
buiky Z1 a druhd DTC bunka vznika z bunky Z4. V pripadé¢ hermafrodita (v populaci
vyrazné pievazujici pohlavi) C. elegans, je kazda z DTC bunék lokalizovana na opacném
konci gonady a je zodpovédna za rist jednotlivych gonadélnich ramen a stimulaci déleni
zarodeCnych bunck. Proximalni dcefiné buiiky vzniklé z bun€k Z1 a Z4 se dale dvakrat
déli a z takto vzniklych bunék dava jedna vznik kotvici bunice (anchor cell) AC. Aktivita
AC bunky je nezbytna pro indukci vulvy [221, 222].

Pro uréeni osudu bunky, a to rovnéz v ptipadé C. elegans je rozhodujici aktivita
evoluéné konzervovanych signalnich kaskad. Jednou ztakovych klicovych kaskad je
signalizace Wnt. Soucasny model popisujici vyvoj gonady C. elegans vychazi ze
skutecnosti, ze u piimych dcetfinych bunék vzniklych zbunck Z1/Z4 je asymetricky
distribuovan transkripéni faktor POP-1, ktery je jedinym zastupcem transkrip¢nich faktort
Lef/Tctf u C. elegans. Zvlastnosti signalizace Wnt u C. elegans je existence nékolika
signaliza¢nich B-kateninti (WRM-1, SYS-1 a BAR-1). Pfi vyvoji gonady se uplatiuji dva
z téchto B-katenind. V bunice s distalnim osudem (buiika DTC) se WRM-1 spolu s kindzou
LIT-1 podili na fosforylaci transkripéniho faktoru POP-1. Fosforylovany POP-1 je
exportovan ven z bunécného jadra. Zbyvajici nefosforylovana frakce POP-1 se vaze na
druhy typ B-kateninu, SYS-1, ktery je v bunkéch exprimovan konstantné na relativné nizké
urovni. Heterokomplexy POP-1/SYS-1 aktivuji transkripci distalné specifickych gent.
V proximalnich (AC) bunkéch k fosforylaci POP-1, a tim k jeho exportu z jadra nedochazi.
Mnozstvi POP-1 v jadfe proximalnich bun¢k tak mnohonasobné prevysSuje mnozstvi SYS-

1, a tudiz vétSina volného proteinu POP-1 plsobi jako transkripéni represor. Ovlivnéni
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funkce gend pop-1, sys-1, wrm-1, lit-1 mutaci nebo nefyziologickou inaktivaci vede
k takzvanému Sys (Symetrical sisters) fenotypu, kdy se vSechny somatické prekuzorové
buiiky gonady (dale jen SGP, Somatic Gonad Precursors) méni v buniky s proximalnim
osudem (AC) a to na tkor buné¢k distalnich (DTC). Signalizace Wnt v tomto ptipad¢ tedy
funguje jako rozhodujici faktor pro urceni distalniho osudu SGP. [106, 107, 223, 224].

Spolu s kolegy z Biologického centra v Ceskych Budg&jovicich jsme si polozili otazku,
zda existuje n¢jaky faktor, jenz by naopak determinoval proximalni osud somatickych
prekurzori gonady. Jak se ukézalo takovym faktorem je protein NHR-25 (Nuclear
Hormone Receptor 25), transkripéni faktor ze skupiny jadernych receptor pro hormony.
NHR-25 je v gondd¢ exprimovan v prekurzorovych bunkach Z1 a Z4, jak na urovni
mRNA, tak proteinu. Pokud je u C. elegans NHR-25 nefyziologicky inaktivovan objevuji
se vjeho gonad¢ nadbyteéné distalni buiiky, a to na tkor bunc¢k proximdlnich. Jedinci
s takto inaktivovanych genem nemaji funk¢éni gonddu a jsou sterilni. Tento fenotyp je
piesné komplementarni k Sys fenotypu, tedy k fenotypu jedincti, u nichz doslo k mutaci
nebo inaktivaci genii pro komponenty signalizace Wnt. Vysledkem Sys fenotypu je také
nefunk¢ni gonada a reprodukéni sterilita. Pokud ovSem nefyziologicky inaktivujeme NHR-
25 u jedinct se Sys fenotypem, dochazi k normalnimu vyvoji gonady. Tento vysledek
naznacuje, Ze pro spravny vyvoj gonady u C. elegans je dilezita rovnovaha mezi aktivitou
NHR-25 a signalizaci Wnt.

V dalsi casti prace jsme se zaméfili na studium vzdjemného vztahu mezi NHR-25 a
signalizaci Wnt. Data ziskana prostfednictvim kvasinkového dvouhybridniho systému
naznacovala moznost interakce mezi NHR-25 a nékterymi komponentami signalizace Wnt.
Pozd¢ji jsme potvrdili, ze NHR-25 je schopen piimo interagovat s obéma B-kateniny, které
jsou dulezité pii vyvoji gonady, tj. s WRM-1 a SYS-1. Schopnost vzajemné interakce mezi
témito proteiny je zdkladem pro modulaci transkripcni aktivity proteinu NHR-25 a rovnéz
tak heterokomplexu POP-1/SYS-1. Pomoci luciferazovych reportérti jsme ukazali, Ze se
jednotlivé B-kateniny 1iSi ve svém vlivu na transkripci iniciovanou z NHR-25- senzitivnich
promotort. Zatimco WRM-1 tuto transkripci inhibuje, tak SYS-1 ptisobi jako aktivator. Na
druhé stran¢ ovSem také protein NHR-25 vyznamné pasobi na transkripci cilovych
promotort signalizace Wnt. NHR-25 reprimuje transkripci mediovanou komplexy POP-
1/SYS-1 (4. komplexy Tcf/B-katenin).

Vliv jaderného receptoru NHR-25 na transkripci aktivovanou signalizaci Wnt a naopak

pusobeni signalizace Wnt na transkripci mediovanou NHR-25 je pravdépodobné kli¢ovym
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mechanismem pfi regulaci vyvoje gonady u C. elegans. PoruSeni vzajemné rovnovahy
mezi obéma procesy vede kvaznym defektim, jak vyplyvd =z experimentil
s nefyziologickou inaktivaci NHR-25 a komponent signalizace Wnt. Modelové si miizeme
predstavit dvé vzajemné kompatibilni situace (viz obr.6 v publikaci), jak by mohla
interakce mezi NHR-25 a signalizaci Wnt urCovat vyvoj prekurzorovych bunék gonady.

Prvni situace vychazi z predpokladu, ze NHR-25 pusobi jako modulédtor signalizace
Wnt a sdm neaktivuje transkripci. V tomto piipad¢ v distalnich bunikach udrzuje WRM-1
spolu s kindazou LIT-1 nizkou jadernou koncentraci transkripéniho faktoru POP-1, ktery
tvoii heterokomplexy s limitnim mnozstvim proteinu SYS-1, a tak dochazi k transkripci
distalné specifickych gend. V distalnich buiikach zarovén WRM-1 brani proteinu NHR-25
v represi transkripce POP1/SYSI-specifickych genli. Naproti tomu v proximalnich
bunécnych prekurzorech, NHR-25 blokuje transkripci distalné specifickych gend, nebot’ na
sebe vaze protein SYS-1 a tim jesté zvySuje mnozstvi volného transkripéniho faktoru POP-
1 v jadie. Volny POP-1 pak neni schopen iniciovat transkripci. Je také mozné, ze NHR-25
inhibuje transkripci POP1/SYS1-specifickych genit v proximalni buiice svoji piimou
interakci s transkripénim komplexem.

Druhy mozny zpusob regulace vyvoje gonady u C. elegans piedpoklada existenci
proximalné specifickych genti, které ovSem doposud nebyly popsany. V tomto ptipadé¢ by
v proximalni bunice NHR-25 v komplexu spolu se SYS-1 inicioval transkripci proximalné
specifickych gentll, zatimco volny POP-1 by reprimoval expresi gent distalnich. OvSem
v distalni bunce by signalizace Wnt prostiednictvim proteinu WRM-1 branila transkripéni
aktivité jaderného receptoru NHR-25, a tak by se veskery SYS-1 v distalni buiice vazal na
POP-1 a heterokomplexy POP-1/SYS-1 by pak mohly iniciovat transkripci distalné
specifickych gend.

Predklddand prace ukazala vyznam interakce mezi jadernym receptorem NHR-25 a
riznymi [-kateniny a vyznam této interakce pro spravny vyvoj gonady u C. elegans.
Ovsem tato interakce se zda byt evolucné pomérn¢ konzervovanou. Synergicka aktivita
mezi [B-kateninem a sav¢imi orthology proteinu NHR-25 byla dokumentovana nékolika
pracemi. U savcu existuji orthology dva, a to protein LRH-1 (Liver Receptor Homolog 1)
a SF-1 (Steroidogenic Factor 1). V ptipadé LRH-1 vede jeho asociace s P-kateninem
k zesileni transkripce specifickych gent, a navic LRH-1 je schopen svoji vazbou na [-
katenin zesilit transkripci cilovych geni signalizace Wnt. Oba tyto procesy vedou

k aktivaci transkripce G; cyklinli a pfispivaji tim k indukci bunécné proliferace [225].
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Vzéajemna kooperace mezi jadernym receptorem SF-1 a (-kateninem (a tim i signalizaci
Wnt) je nezbytna pfi vyvoji saméich pohlavnich organt [226-228]. Rovnéz jiné typy
jadernych receptorti mohou interferovat se signalni drdhou Wnt. Tak napiiklad androgenni
receptor (AR) za urcitych okolnosti kompetuje s transkripénim faktorem TCF-4 o
stabilizovany nuklearni -katenin, a tak blokuje signalizaci Wnt. Navic komplexy AR/j-
katenin jsou vyznamnymi aktivatory transkripce. PfestoZze se interakce mezi AR a
komponentami signalni drahy Wnt mtize odehravat jesté¢ na nékolika dalSich urovnich, je
pravdépodobné, ze ma nezanedbatelny vyznam pii vzniku nékterych prostatickych nadort
[229-231].

Vyvazena interakce mezi signalni drahou Wnt a aktivitou jadernych receptora je tedy
molekularnim mechanismem, ktery hraje vyznamnou roli pii regulaci fady vyvojovych

procesti.
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Summary

B-Catenin signaling determines the proximal-distal
axis of the C. elegans gonad by promoting distal fate
in asymmetrically dividing somatic gonad precursor
cells (SGPs). Impaired function of the Wnt effector
POP-1/TCF, its coactivator SYS-1/B-catenin, and of up-
stream components including B-catenin WRM-1
causes all SGP daughters to adopt the proximal fate.
Consequently, no distal tip cells (DTCs) that would
lead differentiation of gonad arms form in the affected
hermaphrodites. Here, we show that deficiency of the
nuclear receptor NHR-25 has the opposite effect: extra
DTCs develop instead of proximal cells. NHR-25
knockdown restores DTC formation and fertility in
pop-1 and sys-1 mutants, suggesting that a balance
between NHR-25 and B-catenin pathway activities is
required to establish both proximal and distal fates.
This balance relies on direct crossregulation between
NHR-25 and the distinct B-catenin proteins WRM-1 and
SYS-1. The nuclear receptor-p-catenin interaction may
be an ancient mechanism of cell-fate decision.

Introduction

Diverse cell types can arise either from initially identical
daughter cells that receive different instructions or by in-
trinsically asymmetric cell divisions whereby the two
daughters inherit different molecular determinants and
with them unequal developmental potentials (Kem-
phues, 2000; Betschinger and Knoblich, 2004; Roegiers
and Jan, 2004). Conserved transduction pathways, such
as Wnt signaling (Logan and Nusse, 2004), are critical for
cell-fate decisions. In canonical cascades, a Wnt glyco-
protein signals its receptor to stabilize 3-catenin, which
in turn cooperates with TCF/LEF transcription factors to
activate a specific set of genes; in the absence of the
Wnt signal, TCF/LEF proteins repress these genes. In
C. elegans, polarity of asymmetric cell divisions is dic-
tated by noncanonical Wnt pathways involving distinct
B-catenins WRM-1 and SYS-1 and a MAPK-related

*Correspondence: jindra@entu.cas.cz (M.J.); masako@paru.cas.
cz (M.A)

kinase, LIT-1 (Thorpe et al.,, 1997; Rocheleau et al.,
1997, 1999; Meneghini et al., 1999; Ishitani et al., 1999;
Korswagen et al., 2000; Korswagen, 2002; Siegfried
and Kimble, 2002; Herman and Wu, 2004; Kidd et al.,
2005). These pathways converge at the TCF/LEF homo-
log POP-1, whose asymmetric distribution is key to the
polarity of cell fates (Lin et al., 1995, 1998; Meneghini
et al., 1999; Herman, 2001; Maduro et al., 2002; Lo et al.,
2004; Siegfried et al., 2004; Kidd et al., 2005; Shetty
et al., 2005).

The gonad of C. elegans is a remarkable example of
how a single asymmetric cell division establishes the
axis of the entire organ. The gonad develops from two
somatic gonad precursors (SGPs) Z1 and Z4 that flank
germline founder cells Z2 and Z3 (Kimble and Hirsh,
1979) (Figure 1A). Distal daughters of Z1 and Z4 cells
by their next division produce a unique distal tip cell
(DTC), one per each lineage. In hermaphrodites, the
two DTCs reside at the opposite poles of the gonad
and guide elongation of its arms and proliferation of
the germline. Thus, each gonadal arm is organized along
a proximal-distal axis. The proximal SGP daughters di-
vide twice to produce cells of which one is selected as
the anchor cell (AC) (Figure 1A) that will induce the vulva
(Kimble, 1981).

The current model for axis formation in the somatic
gonad (Kidd et al., 2005) relies on asymmetric distribu-
tion of POP-1 between the immediate Z1/Z4 daughter
cells (Siegfried et al., 2004). Based on evidence from
the early embryo, this asymmetry can be generated by
LIT-1- and WRM-1-dependent nuclear export of POP-1
(Rocheleau et al., 1999; Maduro et al., 2002; Lo et al.,
2004) in the distal daughters, where the remaining nu-
clear POP-1 combines with limiting amounts of p-cate-
nin SYS-1 to activate distal fate genes. One such POP-
1 target required for DTC formation is a Hox gene,
ceh-22/tinman (Lam et al., 2006), originally uncovered
as sys-3 (Siegfried et al., 2004). In the proximal daugh-
ters, SYS-1-free nuclear POP-1 is thought to be arepres-
sor (Kidd et al., 2005). Impaired function of lit-1, wrm-1,
pop-1, sys-1, or ceh-22 leads to a Sys (symmetrical sis-
ters) phenotype, when all SGP daughters adopt the
proximal fate, thus increasing the number of AC precur-
sors at the expense of DTCs (Miskowski et al., 2001;
Siegfried and Kimble, 2002; Siegfried et al., 2004). Con-
versely, misexpression of SYS-1 or CEH-22 transforms
proximal cells into extra DTCs (Kidd et al., 2005; Lam
et al., 2006). As no factor that would be required for
the proximal fate commitment has yet been reported,
the proximal fate appears to be a signaling-independent
“default state.”

Here, we show that the establishment of both the dis-
tal and the proximal cell fates requires a proper balance
between POP-1 activity and the action of the nuclear re-
ceptor NHR-25. Depletion of NHR-25 causes extra DTCs
to form at the expense of the proximal AC precursors
and reverts the Sys phenotype of the p-catenin/MAPK
pathway mutants. NHR-25 antagonizes POP-1- and
SYS-1-dependent transcription, while WRM-1 inhibits
and SYS-1 stimulates activation by NHR-25. Since
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NHR-25 belongs to an ancient nuclear receptor family
whose members functionally interact with p-catenin in
mammals, the crosstalk between NHR-25 and B-catenin
signaling, uncovered in the C. elegans gonad, may pres-
ent a broadly conserved principle of cell-fate decision.

Results

Impaired nhr-25 Function Causes an “All-Distal” Sys
Phenotype

Unlike normal hermaphrodites with two DTCs, up to
55% of worms that were subjected to nhr-25 RNAI si-
lencing from the time of hatching developed three or
four DTCs (Figure 1, Table 1, and Table S1). The ectopic
DTCs could not be distinguished from normal DTCs by
morphology or expression of a transgenic GFP marker
derived from the Delta-like gene lag-2 (Blelloch et al.,
1999) (Figure 1B). Consistently, these cells were func-

Table 1. nhr-25 Genetically Interacts with wrm-1 and lit-1 during
Gonad Development

RNAi Targets® DTC Number (% Animals)

Injection Feeding Missing (0-1) Extra (3-4) n
None empty vector 1 0 516
nhr-25 6° 55 228
wrm-1 empty vector 91 0 214
nhr-25 27 14 193
lit-1 empty vector 23 0 66
nhr-25 3 14 347

2Homozygous rde-1 hermaphrodites were injected with either wrm-
1 or lit-1 dsRNA and mated to rde-1** males carrying the lag-2::gfp
DTC marker on plates seeded with either control bacteria with the
empty pPD129.36 vector or bacteria expressing nhr-25 dsRNA.

P Maternal contribution of nhr-25 dsRNA prevents formation of the
gonad primordium.

Distal _
—  —

Figure 1. Excessive DTCs Form Instead of
the Proximal Anchor Cell in nhr-25(RNAi)
Hermaphrodites

(A) The asymmetric division of the somatic
gonad precursors Z1 and Z4 occurs during
the L1 stage at around 8 hr posthatching
(Kimble and Hirsh, 1979). The following divi-
sions produce two distal tip cells (DTC) and
proximal cells, one of which is selected as
the anchor cell (AC).

(B) Two DTCs and one AC in a normal worm
(top) are visualized by lag-2::gfp and cdh-
3::gfp markers, respectively. nhr-25 RNAi ap-
plied by feeding since the time of hatching
causes one (middle) or two (bottom) extra
DTCs to form at the expense of the AC (ar-
rows indicate the normal AC position).

(C) In situ hybridization reveals that nhr-25
mRNA is expressed in the early gonad pri-
mordium (brackets). Bar = 20 um.

(D) The endogenous NHR-25 protein is de-
tected in the nuclei of Z1 and Z4 (arrows)
but not in the Z2/Z3 germline precursors (ar-
rowheads). The yellow line shows the approx-
imate shape of the gonad primordium, and
lag-2::gfp expression marks Z1 and Z4 cells.
(E) NHR-25 is also present in the immediate
Z4 (yellow lines) and Z1 (out of focus) daugh-
ters. Bars in (D) and (E) = 10 um. In all panels,
anterior is to the left.

tional in promoting germline differentiation and in lead-
ing the migration of gonadal arms; in case of four
DTCs, two arms extended in the anterior and two in
the posterior direction. The total number of DTCs never
exceeding four and the simultaneous loss of the AC
(Figure 1B and Table S1) argued that nhr-25 RNAI dis-
rupted the asymmetry of the fate-determining Z1/Z4 di-
vision that occurs at about 8 hr posthatching (Kimble
and Hirsh, 1979) (Figure 1A) and not by causing prolifer-
ation of already distally specified cells. To confirm this
idea, we applied nhr-25 RNA. at increasing intervals af-
ter hatching. The latest time at which the DTC number
could be altered (three DTCs in 3% of animals, n =
196) was 4 hr posthatching; starting from 7 hr, it was
too late for nhr-25 RNAI to affect the critical Z1/Z4 divi-
sion (Table S1).

To verify the specificity of the nhr-25 RNAi effect, we
repeated feeding with dsRNA spanning two nonoverlap-
ping regions of the nhr-25 mRNA. Regardless of whether
the region included the conserved DNA binding domain,
the same gonad phenotype was observed (data not
shown). Moreover, we used a related nuclear receptor
gene, nhr-23, for control. While nhr-23 RNAi caused ex-
pected Dumpy (Dpy) defects (Kostrouchova et al., 1998),
it could not elicit the extra DTC phenotype at any time.

Because silencing of nhr-25 causes extra DTCs to
form at the expense of proximal Z1/Z4 descendants, it
disrupts the gonad asymmetry in a sense opposite to
all thus far reported Sys defects. These results therefore
suggest that the normal role of NHR-25 is to promote the
proximal fate or to antagonize the distal fate. Consistent
with such a role, nhr-25 mRNA is present in the SGPs
(Figure 1C). The NHR-25 protein can be detected in the
nuclei of Z1 and Z4 (Figure 1D) as well as in the nuclei
of their daughter cells (Figure 1E), but not in the Z2
and Z3 precursors of the germline.
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nhr-25 Antagonizes pop-1 and Other

B-Catenin/MAPK Pathway Genes

While nhr-25 is required for the specification of the prox-
imal fate, pop-1, sys-1, wrm-1, and lit-1 all promote the
distal fate. To test for genetic interaction between nhr-
25 and the B-catenin/MAPK pathway, we primarily
chose a pop-1 mutation (g645) and a sys-1 mutation
(g544), which both are fully penetrant for the gonadal
Sys defect (Miskowski et al., 2001; Siegfried and Kimble,
2002). Because all SGP daughters become proximally
specified and none yields a DTC in either pop-1(q645)
or sys-1(q544) homozygous hermaphrodites, all adults
lack both gonadal arms and are sterile. We found that
nhr-25 silencing applied from the time of hatching (but
not after the critical Z1/Z4 division; Table S2) allowed
61% (n = 44) of pop-1(q645) hermaphrodites to develop
one or both gonadal arms, i.e., clear evidence that
DTCs also were formed (Figure 2). In addition, fertility
was restored in 23 out of 141 examined pop-1(q645);
nhr-25(RNAI) adults, indicating that the germline differ-
entiated properly. The same suppression of the Sys phe-
notype was also observed in sys-1(q544) mutants sub-
jected to nhr-25 RNAi (Figure 2 and Table S2). This
effect was specific to nhr-25, since the Sys phenotype
of neither mutant could be reversed by RNAi targeting
of the related nuclear receptor NHR-23 (data not shown).

The observed suppression was striking since the pop-
1(q645) mutation was 100% penetrant for the Sys defect
in animals with undisturbed nhr-25 function. It implied
that the MAPK/B-catenin pathway, which is essential
for DTC formation, can signal even in the pop-1(q645)
background. This finding and also the fact that the
pop-1(q645) allele caused a single conservative substi-
tution of aspartic acid 9 to glutamic acid (D9E) (Siegfried
and Kimble, 2002) prompted us to examine whether the
POP-1(q645) mutant protein might be partly functional.
We therefore tested POP-1(q645) along with a noncon-
servative mutant version, POP-1(D9A), for the ability
to activate a TCF-dependent pTOPFLASH reporter in
SYS-1/B-catenin-dependent manner. Whereas the
POP-1(D9A) protein did not activate at all, the ability of
POP-1(q645) to induce pTOPFLASH expression in the
presence of SYS-1 was only lowered as compared to
wild-type POP-1 (Figure 3).

Simultaneous RNAi silencing of pop-1 and nhr-25 re-
duced the effect of pop-7 RNAi on DTC loss as well as
the effect of nhr-25 RNAi on DTC surplus, respectively
(Table S3). In comparison to pop-1 RNAI, sys-1 knock-
down was more effective in suppressing the extra DTC
phenotype caused by nhr-25 RNAi. Conversely, silenc-
ing of nhr-25 only mildly suppressed the effect of sys-1
RNAi on DTC loss (Table S3). Since sys-1 is dose-sen-
sitive and haploinsufficient (Kidd et al., 2005), these
differences may reflect a relatively higher sensitivity of
sys-1 to RNAI.

The above results further confirmed that NHR-25 an-
tagonized POP-1 and SYS-1. A similar relationship was
also found between nhr-25 and genes encoding the ki-
nase LIT-1 and the B-catenin WRM-1 (Table 1). nhr-25
RNAi reduced to about one-third the effect of wrm-1
RNAi and abolished the effect of lit-1 RNAi on DTC
loss. Conversely, silencing of either wrm-1 or lit-1 re-
duced frequency of the extra DTC phenotype caused
by nhr-25 RNAi from 55% to 14% (Table 1). Together,

pop-1(q645)

-

pop-1(q645); nhr-25(RNAi)

Figure 2. nhr-25 Counteracts pop-1 and sys-1 during Gonad Devel-
opment

The absence of DTCs and hence of the gonad arms caused in her-
maphrodites by pop-1(q645) (top left) or by sys-1(q544) (not shown)
(Miskowski et al., 2001) mutations can be reverted by nhr-25 RNA..
Three DTCs may develop and consequently two gonadal arms mi-
grate in the same direction in some sys-1(q544); nhr-25(RNA.i) (bot-
tom) or pop-1(q645); nhr-25(RNAi) (not shown) hermaphrodites. Ar-
rowheads point to DTCs; asterisk indicates an embryo.

these results suggested that NHR-25 opposed p-cate-
nin/MAPK signaling during cell fate decision in the so-
matic gonad precursors. Since nhr-25 RNAI did not ap-
pear to alter the distribution of a transgenic GFP::POP-1
fusion protein (Siegfried et al., 2004) (Figure S1), NHR-25
likely acted in parallel to B-catenin/MAPK signaling and
POP-1.

NHR-25 Binds B-Catenins WRM-1 and SYS-1

We next asked whether NHR-25 interacts with the -cat-
enin/MAPK pathway by making direct contact with
some of its components. Yeast two-hybrid assay
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Figure 3. POP-1(q645) Mutant Protein Retains Partial Function

When transfected to HEK239 cells, the POP-1(q645) mutant bearing
a D9E substitution could still activate the pTOPFLASH reporter in
a SYS-1/B-catenin-dependent manner (gray columns), albeit at a re-
duced rate compared to wild-type POP-1 (black columns). Mutation
of D9 to alanine (D9A) abolished the activation completely (open col-
umns). Inset shows that protein expression levels did not differ
among the three POP-1 variants. pFOPFLASH was used for negative
control. Luciferase activities normalized for the Renilla internal con-
trol are expressed relative to the activity of wild-type POP-1 in the
absence of SYS-1, arbitrarily set to 1. Values are average plus stan-
dard deviation of three independent experiments, each of which was
done in triplicate; the amounts of transfected plasmid DNAs are
given for the entire triplicate experiment.
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i - NHR-25 w= rially produced GST-WRM-1 and GST-SYS-1
NHR-25 s s o NHR-25AL ‘ fusion proteins, but not with another p-cate-
1 2 3 4 5 6 7 8 2 3 a4 nin BAR-1. Bottom gel shows Coomassie

blue staining of the GST fusion proteins.

(C) NHR-25 immunoprecipitated with full-length WRM-1 (W, lane 3) but not with its truncated version WRM-1(AR) (AR, lane 4). Lysates from trans-
fected HEK239 cells were precipitated with anti-NHR-25 or an unrelated (a-IR) antibody. Control cells received no NHR-25 (lanes 7 and 8). Epi-

tope-tagged WRM-1 proteins were detected with «-Myc antibody.

(D) SYS-1 (detected with «-Myc) immunoprecipitated with NHR-25 (N, lane 1) but not with NHR-25AL lacking the ligand binding domain (AL, lane
2). Because the NHR-25 antibody is directed against the deleted ligand binding domain (Silhankova et al., 2005), NHR-25 was tagged with EGFP
to allow immunoprecipitation and detection with an anti-EGFP antibody. No complex was recovered from the transfected cells with the control

«-IR antibody.

revealed binding of NHR-25 to 3-catenin/WRM-1 but not
to POP-1 or LIT-1 proteins (Figure 4A); SYS-1 could not
be tested because when fused to the Gal4 DNA binding
domain, it strongly activated gene expression in the
yeast. WRM-1 was only a moderate transcriptional acti-
vator, and by deleting 23 amino acids from its carboxyl
end, we obtained WRM-1AC that did not activate alone
but still interacted with NHR-25 (Figure 4A). Removal of
either the N-terminal 216 amino acids (WRM-1AN) or the
C-terminal 236 amino acids from WRM-1 abolished the
interaction. WRM-1 lacking both ends and containing
the armadillo repeats (WRM-1AR) was also incapable of
binding NHR-25 (Figure 4A). GST pull-down with in vitro-
translated NHR-25 and bacterially produced B-catenin
proteins was performed to confirm that the binding
was direct. In this assay, NHR-25 bound WRM-1 and
SYS-1 but not another C. elegans p-catenin, BAR-1
(Figure 4B). Finally, interaction of NHR-25 with WRM-1
and SYS-1 was verified by coimmunoprecipitation in
transfected cell culture. Consistent with the yeast two-
hybrid data, WRM-1 but not WRM-1AR could be immu-
noprecipitated with NHR-25 by using a NHR-25-specific
antibody (Figure 4C, lanes 3 and 4). SYS-1 coimmuno-
precipitated with NHR-25, but not with its C-terminally
truncated version lacking the ligand binding domain
(NHR-25AL) (Figure 4D, lanes 1 and 2). As the NHR-25-
specific antibody reacted poorly with the truncated
NHR-25 protein, EGFP-tagged proteins and an anti-
EGFP antibody were used in these experiments. Never-
theless, coimmunoprecipitation with SYS-1 was specific
to full-length NHR-25 because in a parallel assay, neither
EGFP-NHR-25AL nor a control, EGFP protein, bound to
SYS-1 (Figure 4D and data not shown).

Crosstalk between NHR-25 and B-Catenins WRM-1
and SYS-1 at the Level of Transcriptional Activation
The antagonism between NHR-25 and B-catenin/MAPK
signaling that was uncovered by genetic experiments

suggested that WRM-1 might be a negative regulator
of NHR-25. We tested the relationship between NHR-
25 and WRM-1 in cell transfection assays with NHR-
25-dependent luciferase reporters, one containing a
tandem of Ftz-F1/SF-1 consensus binding sites (desig-
nated 2xTCA) or their mutated version 2xTCT (Fig-
ure 5A), and the other based on five SF-1 binding sites
from the mouse CYP21 gene (Figure 5B). NHR-25 alone
stimulated transcription of both reporters in a dose-de-
pendent manner (not shown and Figure 5B). Activation
by an intermediate dose of NHR-25 was progressively
suppressed by increasing doses of WRM-1 (Figures 5A
and 5B), while the truncated WRM-1AR version that
failed to bind NHR-25 (Figures 4A and 4C) had no effect.
In contrast, the other B-catenin SYS-1 stimulated
NHR-25-dependent transactivation of both reporters
(Figures 5A and 5B). Thus, the two functionally distinct
B-catenins modulated NHR-25 activity in opposite
ways.

In addition to being regulated by WRM-1 and SYS-1,
NHR-25 itself might antagonize POP-1 by interfering
with transcription activated by the POP-1/SYS-1 nuclear
complex. We verified this possibility by using the pTOP-
FLASH reporter. While full-length NHR-25 clearly in-
hibited pTOPFLASH activation by POP-1 and SYS-1,
NHR-25 lacking its ligand binding domain (NHR-25AL)
had no effect (Figure 5C). The inhibition likely occurred
through NHR-25 binding to SYS-1, since full-length
NHR-25 but not NHR-25AL coimmunoprecipitated with
SYS-1 (Figure 4D, lanes 1 and 2).

Discussion

Role of NHR-25 in the Early Somatic Gonad

The effect of NHR-25 in the early gonad opposed
that of MAPK/B-catenin signaling because only distal
cells formed when NHR-25 function was reduced, and
only proximal cells resulted from the compromised
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MAPK/B-catenin pathway activity. Perturbing NHR-25
and this pathway simultaneously permitted both the
distal and proximal fates to be established. Strikingly,
depletion of NHR-25 restored gonad differentiation in
pop-1(q645) mutants that otherwise never develop
DTCs (Siegfried and Kimble, 2002). Although mutation
of the invariably conserved aspartate to a glutamate
residue disrupted POP-1 binding to SYS-1/B-catenin
in yeast (Kidd et al., 2005), we suspected that the
POP-1(q645) mutant protein was still partly active.
That this was indeed true was not surprising given the
conservative nature of the substitution and the fact
that POP-1(q645) weakly bound B-catenin BAR-1 (Kidd
et al., 2005). Interestingly, ceh-22b::VENUS expression
was not completely abolished in pop-1(q645) worms
(Lam et al., 2006), indicating that the mutant protein
was also partly functional in vivo.

Since neither the mutationally induced POP-1 defect
nor RNAi knockdown of nhr-25 (whose deletion is em-
bryonic lethal, Asahina et al., 2000) represent complete
loss-of-function situations, epistasis between NHR-25
and POP-1 is not obvious. Like SYS-1, NHR-25 does
not seem to be required for POP-1 asymmetry. In fact,
NHR-25 role in POP-1 distribution between the SGP
daughters may not be expected since neither equal
POP-1 distribution (Siegfried et al., 2004) nor its re-
versed asymmetry (Chang et al., 2005) transforms prox-
imal cells to distal. Defects in the MAPK/B-catenin
pathway and NHR-25 complement each other: whereas
nhr-25 knockdown allows more cells to become DTCs in
pop-1, sys-1, lit-1, or wrm-1 RNAi backgrounds, silenc-
ing of any of these genes reduces the frequency of extra
DTCs caused by shortage of NHR-25. In our view, these
interactions reflect a mutual balance that must exist be-
tween competing NHR-25 and MAPK/B-catenin pro-
grams in order for both fates to be established.

To explain how this balance may be achieved, we pro-
pose two alternative but compatible models (Figure 6).
Both models rely on unequal distribution of WRM-1
and LIT-1 between daughters of asymmetric cell divi-
sions, which has been demonstrated in the early embryo
(Lo et al., 2004; Nakamura et al., 2005) and in several cell
types during postembryonic development (Takeshita

Distal cell

Proximal cell

I

Figure 6. Model for NHR-25 Interaction with the B-Catenin/MAPK
Pathway during Cell-Fate Specification of the Somatic Gonad
Precursors

(A) NHR-25 promotes proximal fate as a negative modulator of SYS-
1/POP-1 activity in the proximal Z1/Z4 daughter cell. In the distal
daughter, WRM-1 and LIT-1 mediate nuclear export of excess
POP-1, allowing the remaining POP-1 to combine with SYS-1 and
to activate distal genes (based on the model in Kidd et al., 2005).
NHR-25 may be inactivated by WRM-1 binding (dotted line).

(B) NHR-25 promotes proximal fate by regulating its own target
gene(s). SYS-1 enhances NHR-25 activity. In the distal cell, WRM-
1 prevents NHR-25-dependent activation of “proximal genes.”
Both the A and B models may apply together.
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and Sawa, 2005). In all cases (including the distal daugh-
ters of Z1 and Z4, H. Sawa, personal communication),
WRM-1 and LIT-1 accumulate in the nuclei of those cells
that display less nuclear POP-1, presumably due to LIT-
1- and WRM-1-mediated nuclear export of POP-1 (Ro-
cheleau et al., 1999; Lo et al., 2004).

In model A, NHR-25 ensures the correct fate of the
proximal SGP daughter by preventing POP-1/SYS-1-de-
pendent activation of distal genes (Figure 6). In the distal
cell, WRM-1 plays two roles. First, as proposed by Kidd
and colleagues, WRM-1 and LIT-1 mediate nuclear ex-
port of excess POP-1, allowing the remaining POP-1/
SYS-1 complex to trigger distal genes (Kidd et al.,
2005). Second, WRM-1 may prevent NHR-25 from bind-
ing SYS-1 and thus from inhibiting POP-1 activation.
Whether WRM-1 and SYS-1 compete for NHR-25 bind-
ing remains to be tested, but this idea is suggested by
apparently stronger NHR-25 interaction with WRM-1
as compared to SYS-1 in vitro (Figure 4B). If WRM-1 pre-
vails in the distal cell nucleus, NHR-25 would be more
likely combined with it rather than with SYS-1. Model B
predicts that the absence of nuclear WRM-1 in the prox-
imal cell allows NHR-25 to turn on its own proximal tar-
get gene(s). In this case, SYS-1 can enhance NHR-25
activity. In the distal cell, WRM-1 would prevent
NHR-25-dependent activation of these proximal genes.
Since we have not yet identified any direct NHR-25 tar-
get, there is no definite proof for model B.

Future studies on NHR-25 may help us resolve some
open questions about gonad development. According
to the recent model (Kidd et al., 2005), high nuclear
POP-1 is a repressor of distal genes in the proximal
SGP daughter. However, POP-1-dependent repression
could not be demonstrated for the freshly characterized
distal gene ceh-22b (Lam et al., 2006). Whether NHR-25
represses ceh-22b or whether it acts upon POP-1-inde-
pendent targets needs to be tested. Another question
concerns a missing signal that would polarize the early
somatic gonad. Although upstream Wnt signaling com-
ponents such as LIN-17/Frizzled (Sternberg and Horvitz,
1988; Siegfried and Kimble, 2002) and DSH-2/Dishev-
eled (Chang et al., 2005) contribute to SGP asymmetry,
none of the five known C. elegans Wnts appears to be
required for it (Siegfried and Kimble, 2002). Recently,
mammalian NHR-25 homologs have been shown to
bind phospholipid ligands (Krylova et al., 2005; Li
et al., 2005). If NHR-25 requires an activating ligand,
then this molecule, rather than a Wnt, might be the miss-
ing polarizing cue for the somatic gonad precursors.

NHR-25 Interaction with B-Catenin Signaling
Is Evolutionarily Conserved
The present study introduces NHR-25 as a new player
and, to our knowledge, as the first C. elegans nuclear re-
ceptorto be involved in 3-catenin signaling. Homologs of
NHR-25, the steroidogenic factor 1 (SF-1) and the liver
receptor homolog 1 (LRH-1), have been shown to inter-
act with B-catenin in mammalian models. Thus, a func-
tional relationship between p-catenin and the NR5 family
of nuclear receptors is common to worms and mammals.
Synergy between SF-1 and B-catenin is important for
male sexual differentiation, e.g., for TCF4-dependent ex-
pression of a Miillerian inhibiting substance receptor
(Hossain and Saunders, 2003). Conversely, the B-cate-

nin-SF-1 complex stimulates SF-1-dependent activation
of the Dax-1 (Mizusaki et al., 2003) and «-inhibin (Gum-
mow et al., 2003) genes. Interestingly, the Wnt4 signal
opposes male sexual development by repressing the co-
operation between B-catenin and SF-1 (Jordan et al.,
2003). A two-way synergy between B-catenin and LRH-
1 has been proposed to stimulate cell proliferation in
mice: whereas [B-catenin enhances expression of an
LRH-1 target gene, cyclin E1,LRH-1 serves as acoactiva-
tor to the TCF4-B-catenin complex on the cyclin D1
promoter (Botrugno et al., 2004). This LRH-1-TCF4
crossregulation perhaps best parallels a scenario in
which NHR-25 and POP-1 act on their own target genes
(Figure 6).

In the light of the above examples of mutual synergy, it
was somewhat surprising that NHR-25 inhibited POP-1-
and SYS-1-dependent gene expression, whereas WRM-
1 inhibited the transcriptional activity of NHR-25. One
reason may be that in contrast to mammals, the nonca-
nonical C. elegans pathway employs structurally un-
usual and functionally distinct B-catenin molecules
(Korswagen et al., 2000; Natarajan et al., 2001; Kidd
et al., 2005). Unlike WRM-1, SYS-1 (which serves as co-
activator to POP-1) stimulated NHR-25-dependent re-
porter expression, a situation similar to the synergy be-
tween B-catenin and SF-1 (Gummow et al., 2003;
Hossain and Saunders, 2003; Jordan et al., 2003; Mizu-
saki et al., 2003) or LRH-1 (Botrugno et al., 2004). Addi-
tionally, Gummow and colleagues showed that in-
creased levels of TCF4 disrupted the synergy between
SF-1 and B-catenin on the SF-1-responsive «-inhibin
promoter (Gummow et al., 2003). Therefore, both posi-
tive and negative regulation can occur between nuclear
receptors NHR-25 or SF-1 and B-catenin signaling.

Accumulating literature shows that modulation be-
tween Wnt/B-catenin signaling and numerous types of
nuclear receptors proceeds in both directions: nuclear
receptors block or stimulate Wnt signaling, while Wnt
pathways positively or negatively affect the transcrip-
tional activity of nuclear receptors (reviewed in Mulhol-
land et al., 2005). This regulatory interplay emerges as
an important means of controlling cell differentiation.
Our study shows that the B-catenin-nuclear receptor
crosstalk has been conserved in distant animal phyla
and that the C. elegans system allows us to link it with
developmental decisions of specific cells in vivo.

Experimental Procedures

Worms and RNA Interference
C. elegans was reared at 20°C according to standard protocols
(Brenner, 1974). The following strains were used. GS2806 dpy-
20(e1362); arls51[dpy-20(+); cdh-3::gfp] (Pettitt et al., 1996) strain
was a gift from I. Greenwald (Columbia University, New York, NY).
JK3785 sys-1(q544)/hT2(qls48); qls90 (Lam et al., 2006) was kindly
provided by J. Kimble (University of Wisconsin, Madison, WI).
JK2868 qls56[lag-2::gfp] (Blelloch et al., 1999), JK2944 pop-
1(q645) (Siegfried and Kimble, 2002), JK3437 him-5(e1490); qls74
(Siegfried et al., 2004), and WM27 rde-1(ne219) (Tabara et al.,
1999) were obtained from the Caenorhabditis Genetics Center, sup-
ported by the National Institutes of Health. GS2806 and JK2868 were
crossed to generate a strain carrying both cdh-3::gfp and lag-2::gfp.
The N2 variety Bristol was used as the wild-type.

RNA interference (RNAI) by feeding was essentially performed as
described (Timmons et al., 2001). pPD129.36 vector (a gift from
A. Fire, Carnegie Institution of Washington, Baltimore, MD) was
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used for dsRNA expression in Escherichia coli HT115 (a gift from D.
Court, National Cancer Institute, Frederick, MD). Bacteria carrying
a pPD129.36 construct were grown to ODgoo = 0.4 in LB medium
containing 50 pg/ml carbenicillin and 12.5 ug/ml tetracycline, and
dsRNA was induced for 4 hr with 0.4 mM isopropyl-p-D-thiogalacto-
side (IPTG). Bacteria were concentrated by centrifugation and
seeded on nematode growth medium (NGM) agarose plates con-
taining both antibiotics and 0.4 mM IPTG. Bacteria carrying
pPD129.36 without an insert were used for control.

To synchronize the worms, eggs from hermaphrodites were har-
vested by using the hypochlorite method and were placed on non-
seeded NGM plates. Larvae that hatched within the first 2 hr were
discarded. Fresh L1 larvae that hatched within 30 min were then col-
lected, transferred to seeded plates, and kept at 20°C. For RNAi
applied at later times than immediately from hatching, the fresh L1
larvae were first fed (for 4, 7, 10, or 20 hr) on plates seeded with
IPTG-induced control HT115 bacteria carrying the empty pPD129.36
vector and then transferred to dsRNA-expressing bacteria.

For double-target RNAI, cultures of E. coli expressing dsRNAs
were pooled at equal ratio of cells, concentrated by centrifugation
and seeded. Alternatively, zygotic RNAi was performed by injecting
rde-1(ne219) (Tabara et al., 1999) hermaphrodites with in vitro-syn-
thesized wrm-1 or lit-1 dsRNA. Injected worms were then mated
with wild-type males carrying the lag-2::gfp transgene on plates
seeded either with IPTG-induced bacteria containing the empty
pPD129.36 vector or on bacteria that expressed nhr-25 dsRNA.

Plasmid Constructs

The following yk clones were used to prepare RNAi constructs in
pPD129.36: yk342d8 (nhr-25), yk1529d11 (lit-1), yk1201e5 (wrm-1).
For pop-1 and sys-1 RNAIi constructs, cDNAs were amplified from
N2 worms by using RT-PCR.

cDNAs containing the complete open-reading frames of each
gene were obtained from N2 worms by using RT-PCR and were se-
quenced in their entirety before cloning into expression vectors. De-
letion mutants of each protein were generated either by subcloning
restriction fragments of the cDNAs or by PCR with internally posi-
tioned primers; in the latter case, the resulting DNA was rese-
quenced. Plasmids for yeast two-hybrid assays were prepared in
the pGADT7 (Gal4AD fusion) and pGBKT7 (Gal4DBD fusion) vectors
(Clontech). The Gal4AD fusion vectors included: pGADT7(T-ant),
control construct with SV40 large T-antigen; pGADT7(NHR-25AD),
NHR-25(117-572), deletion of the DNA binding domain;
pGADT7(WRM-1), full-length WRM-1; and pGADT7(SYS-1), full-
length SYS-1. The Gal4DBD fusion vectors included: pGBKT7(Lam),
control construct with human lamin C; pGBKT7(WRM-1), full-length
WRM-1; pGBKT7(WRM-1AC), WRM-1(1-773), deletion of the 23 C-
terminal amino acids; pGBKT7(WRM-1AN), WRM-1(217-796), dele-
tion of the 216 N-terminal amino acids; pGBKT7(WRM-1AC236),
WRM-1(1-560), deletion of the 236 C-terminal amino acids;
pGBKT7(WRM-1AR), WRM-1(135-560), deletion of the 134 N-termi-
nal and of the 236 C-terminal amino acids; pGBKT7(POP-1), full-
length POP-1; and pGBKT7(LIT-1), full-length LIT-1.

For transfections of mammalian cells, the following constructs en-
coding Myc epitope-tagged proteins were prepared in the pK-Myc-
C3 vector (Valenta et al., 2003): pK-Myc-C3(SYS-1), full-length
SYS-1; pK-Myc-C3(WRM-1), full-length WRM-1; and pK-Myc-
C3(WRM-1AR), WRM-1(135-560), deletion of the 134 N-terminal
and of the 236 C-terminal amino acids. The following HA-tagged pro-
teins were expressed from pHAK-B vectors, HA-tag variants of the
pK-Myc-C plasmids: pHAK-B2(NHR-25), full-length NHR-25; pHAK-
B2(NHR-25AL), NHR-25(1-320), deletion of the ligand binding do-
main; and pHAK-B3(POP-1), full-length wild-type POP-1. Mutant
forms POP-1(D9E), corresponding to POP-1(p645) (Siegfried and
Kimble, 2002), and POP-1(D9A) were generated by PCR with forward
primers, in which the ninth GAT codon had been mutated either to
GAA (glutamic acid) or to GCT (alanine) and expressed from pHAK-
B3. The pEGFP-C2 plasmid (Clontech) was used for expression of
full-length NHR-25 and its truncated version NHR-25AL, N-terminally
fused with EGFP.

Yeast Two-Hybrid Assay
Yeast two-hybrid analyses were performed by using the Match-
maker Two-Hybrid System 3 (Clontech). Yeast transformation was

done with the lithium acetate method as described by the manufac-
turer. Bait (Gal4 DNA binding domain fusion) and prey (Gal4 activa-
tion domain fusion) plasmids in the 2:1 ratio, respectively, were
cotransformed in a single step. Transformants were selected on
SD/-Leu/-Trp plates after incubation at 30°C for 3 days. Several
single colonies were picked for each transformant, resuspended in
100 pl of water, and cell numbers were counted. Suspensions
were diluted about ten and 100 times to equal cell concentrations,
and 5 pl aliquots from each dilution were spotted onto SD/-Leu/-
Trp and SD/-Ade/-His/-Leu/-Trp plates. Yeast growth was photo-
graphed after 3 days of incubation at 30°C.

GST Pull-Down Assay

GST alone and full-length GST-BAR-1, GST-WRM-1, and GST-SYS-
1 fusion proteins were expressed from pET-42b (Novagen) in E. coli
strain BL21-CodonPlus (Stratagene) and bound to Glutathione-Se-
pharose 4B beads (Amersham Pharmacia Biotech). The full-length
NHR-25 protein was produced from the pHAK-B2(NHR-25) con-
struct in vitro by using the T7 TNT Coupled Reticulocyte System
(Promega). Standard 50 pl transcription-translation reactions were
supplemented with 4 pl [33S]-methionine (ICN Biomedicals) per reac-
tion. Four microliters of the radiolabeled NHR-25 were incubated
with the immobilized GST-fused proteins in 20 mM HEPES (pH
7.9), 150 mM KClI, 10% glycerol, 0.2% Tween-20, 1 mM DTT, Prote-
ase Inhibitor Cocktail (Roche) for 1 hr at 4°C. Beads were collected
by centrifugation and washed six times, 10 min per wash, in
20 mM HEPES (pH 7.9), 200 mM KCl, 10% glycerol, 0.2% Tween-
20, 1 mM DTT at 4°C. Bound proteins were separated on 10%
SDS-PAGE and analyzed by autoradiography.

Cell Culture, Transfections, and Luciferase Assays
Human embryonic kidney (HEK) cell line 293 (EAAC) was maintained
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% fetal bovine serum (Hyclone) and antibiotics. Only myco-
plasma-free cells were used in the experiments. Transfections
were performed with the Lipofectamine reagent (Invitrogen).
Reporter gene assays were performed as described previously
(Valenta et al., 2003) with the firefly luciferase pTOPFLASH and
pFOPFLASH reporters (Korinek et al., 1997) to assay POP-1/TCF-
mediated transcription. The transcriptional activity of NHR-25 was
tested with two types of reporters. First, pOLDO-luciferase con-
structs were driven by two copies of the SF-1/Ftz-F1 binding con-
sensus sequence TCAAGGTCA or by two copies of the ROR binding
site TCTAGGTCA, a gift from M. Van Gilst (Fred Hutchinson Cancer
Research Center, Seattle, WA) (Van Gilst et al., 2002). Second,
a 5xSF-1 luciferase reporter containing five copies of the SF-1 re-
sponse element from the mouse CYP21 gene (lkeda et al., 1993)
was provided by G. Hammer (University of Michigan, Ann Arbor, MI).
Cells were seeded onto 12-well plates (approximately 2 x 10° cells
per well) and in triplicates were transfected 4 hr later with a Lipofect-
amine mixture containing 50 ng pTK-Renilla plasmid (Promega) as
an internal control, 400 ng luciferase reporter plasmid, and up to 3
g appropriate expression vector(s) (these DNA amounts therefore
apply to the whole set of three wells). The total amount of DNA
was kept constant by adding empty expression vector where neces-
sary. Twenty-four hours posttransfection, the cells were harvested
and processed by using the Dual Luciferase Reporter Assay System
(Promega). All reporter gene assays were done in triplicates, and
data were presented as average values with standard deviations
from a minimum of three independent experiments after normaliza-
tion against the Renilla luciferase activities.

In Situ Hybridization

In situ hybridization of nhr-25 mRNA was performed on wild-type
(N2) animals with a digoxigenin-labeled cDNA probe (clone
yk663g4) as previously described (Asahina et al., 2000 and http://
nematode.lab.nig.ac.jp/method/index.php).

Antibody Staining and Coimmunoprecipitation

Rabbit antiserum against a portion of the ligand binding domain of
NHR-25 was described previously (Silhankova et al., 2005). For im-
munostaining of C. elegans, this antiserum was purified on a PRO-
SEP-rA High Capacity recombinant protein A column (Millipore). Lar-
vae were prepared and stained as described (Silhankova et al.,


http://nematode.lab.nig.ac.jp/method/index.php
http://nematode.lab.nig.ac.jp/method/index.php

Developmental Cell
210

2005), except that the purified anti-NHR-25 antibody was diluted
1:200, and detection was with 1:500 goat anti-rabbit IgG conjugated
with biotin (Molecular Probes), followed by 1:500 streptavidin-Alexa
568 (Molecular Probes). Worms were mounted in the VectaShield
(Vector) medium containing 1 ug/ml DAPI for DNA counterstaining.
Images were captured with Axioplan 2 Zeiss fluorescent micro-
scope.

Epitope-tagged proteins were detected with anti-Myc 9E10
(Roche), anti-HA 12CA5 (Roche), and anti-GFP JL-8 (Clontech)
mouse monoclonals or with rabbit antiserum against bacterially ex-
pressed full-length EGFP. For coimmunoprecipitations, 0.5-1.0 x
107 cells were harvested, washed twice in ice-cold PBS, and lysed
in extraction buffer: 20 mM Tris-HCI (pH 7.5), 200 mM NaCl, 0.5% Tri-
ton X-100, 0.2 mM EDTA, 0.75 mM B-mercaptoethanol, and protease
inhibitors (Roche) for 10 min on ice. Lysates were briefly sonicated
on ice, incubated in a rotator for 15 min at 4°C, and centrifuged
(13,000 rpm, 4°C, 20 min). The supernatant was transferred to a fresh
tube and incubated with the appropriate antibody coupled to protein
A Sepharose beads (Pierce) (20 pl rabbit antiserum were preincu-
bated with 25 pl of beads for 1 hr at 4°C and then washed three times
with the extraction buffer). The mixture was incubated in a rotator for
3 hr at 4°C, centrifuged, the supernatant was removed, and the pre-
cipitate was washed four times with 1 ml extraction buffer containing
0.3% Tween-20 (Fluka) instead of Triton X-100. Proteins were boiled
in SDS sample buffer, separated on SDS-PAGE, and transferred to
polyvinylidene fluoride membranes (Pall Gelman Laboratory). After
incubation with the appropriate primary antibodies, proteins were
detected with horseradish peroxidase-conjugated goat anti-mouse
(BioRad) or goat anti-rabbit (Sigma) polyclonal antisera, followed by
visualization with an enhanced chemiluminescence system (Pierce).

Supplemental Data

Supplemental Data include one figure and three tables and are avail-
able at http://www.developmentalcell.com/cgi/content/full/11/2/
203/DC1/.
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Supplemental Data
Crosstalk between a Nuclear Receptor
and p-Catenin Signaling Decides Cell Fates

in the C. elegans Somatic Gonad

Masako Asahina, Tomas Valenta, Marie Silhankova, Vladimir Korinek,and Marek Jindra

nhr-25(RNAi)

Figure S1. POP-1 Asymmetry in the Somatic Gonad Precursors

Freshly hatched larvae of the JK3437 strain that expresses a GFP::POP-1 fusion protein
were fed either control bacteria containing the pPD129.36 empty vector (left panel), or
bacteria expressing nhr-25 dsRNA (right panel). Brackets show pairs of unequally
divided daughters of the Z1 and/or Z4 cells. Expected asymmetry of GFP::POP-1
(stronger signal in the nuclei of the proximal daughters) is visible in control (A and B) as
well as in RNALI treated L.1 worms (E and F). However, in some animals the asymmetry
was not apparent regardless whether they were subjected to nhr-25 RNAI. The
experimental cohort of animals showed the typical frequency of the nhr-25 gonadal
defect.
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Table S2. nhr-25 Genetically Interacts with pop-1 and sys-1 during Early Gonad
Development

Fertility3 Arm elongation

hours’ % n % n
pop-1(q645); empty vector’ 0 0 126 0 28
pop-1(q645); nhr-25(RNAi) 0 16 141 61 44
pop-1(q645); empty vector 10 0 20 0 20
pop-1(q645); nhr-25(RNAI) 10 0 26 0 26
sys-1(q544); empty vector 0 0 30 0 30
sys-1(q544); nhr-25(RNAi) 0 20 30 37 30

'Time of RNAI application since hatching (0 hours).

*Worms fed on control bacteria containing the empty pPD129.36 vector.
3Offspring of fertile pop-1(q645); nhr-25(RNAi) and sys-1(q455); nhr-25(RNAi)
parents all displayed the Sys gonadal defect.




Table S3. Effects of nhr-25, pop-1 and sys-1 RNAi on DTC Number

RNAI targets' DTC number (% animals)

missing (0-1) extra (3-4) n
nhr-25 + empty vector” 3 35 511
pop-1 + empty vector 44 0 220
sys-1 + empty vector 56 0 245
nhr-25 + pop-1 10 22 294
nhr-25 + sys-1 42 4 262

"For double knockdown experiments, equal amounts of bacteria from two cultures
were mixed.

*To allow comparisons between double and single knock-down experiments, equal
amounts of control bacteria containing the empty pPD129.36 vector were added.




3.4 Signalizace Wnt blokuje apoptozu indukovanou ligandem TRAIL v lidskych
malignich hematopoietickych burnikach

Signalizace Wnt je dulezitym kontrolnim mechanismem, ktery ovliviiuje proliferaci a
prezivani fady bunécnych typl, mimo jiné se uplatiiuje pii regulaci téchto procesii u pre-B
bunck a nékterych typech chronickych leukémii [151, 232, 233]. Proliferacni stimulace
bunck prostfednictvim signalizace Wnt tak miZze interferovat sjinymi bunénymi
mechanismy, které¢ fidi osud buiiky, jako naptiklad s programovanou bunécnou smrti -
apoptézou. Rozhodnuti o tom, zda buiika ptezije, ¢i podstoupi apoptozu, je tedy vysledkem
integrace apoptotickych a proliferacnich stimulti. V této praci jsme se zaméfili na studium
vlivu signalizace Wnt na apoptézu vyvolanou ligandem TRAIL u hematopoietickych
bunék. Ligand TRAIL (Tumor necrosis factor- Related Apoptosis-Inducing Ligand) patii
do skupiny ligandt pfibuznych k TNF (Tumor Necrosis Factor) a tak jako vétSina téchto
ligandii indukuje u senzitivnich bun€k apoptozu zprostfedkovanou tzv. receptory smrti
(death receptors). TRAIL interaguje se specifickymi receptory DR4 a DRS, tim indukuje

vznik intraceluldrniho proteinového komplexu DISC (Death-Inducing Signaling Complex)

.....

.....

pfeména neaktivniho proapoptotického proteinu Bid (¢len proteinové rodiny Bcel-2) v jeho
aktivni zkracenou formu. Aktivni Bid je pak translokovan do mitochondrii, kde se podili
na aktivaci mitochondrialni apoptotické masinerie [234-237].

Jak je dokumentovano v pfedkladané préci, ligand TRAIL indukuje apoptdézu u tfady
hematopoiteckych bunécnych linii. Jako zdkladni testovaci systém, ktery by umoznil
sledovat vliv signalizace Wnt na apotézu indukovanou ligandem TRAIL, jsme zvolili
kokultivaci  pfislusnych  hematopoietikych  bunécnych linii s transformovanymi
fibrobroblasty Rat2, které exprimuji Wntl (buiiky Rat2Wnt1), respektive kontrolni vektor
(buiiky Rat2MV7). Kokultivace s bunikami produkujicimi Wntl vedla u nékterych
bunéénych linii k ¢aste¢né blokaci apoptézy indukované ligandem TRAIL (linie T-
bunécného pltivodu Jurkat a CEM). U testovanych pre-B bunécnych liniich KM3 a REH
vedla kokultivace s buitkami Rat2Wntl k takika kompletni inhibici apoptdzy, v ptipadé
myeloidnich bun€k nebyla apoptéza nijak ovlivnéna. Hlavnim mechanismem, jak
signalizace Wnt ovlivituje apoptoézu iniciovanou ligandem TRAIL se zd4 byt vliv na

expresi proapoptotickych receptort DR4 a DRS5 vcilovych bunkach. Kokultivace
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s buitkami exprimujicimi Wntl vede u pre-B bunécné linie KM3 k inhibici exprese DR4 a
DRS na urovni mRNA 1 proteinu. SniZzeni exprese téchto receptorii na povrchu cilovych
bunék zplsobuje, ze ligand TRAIL nenachéazi na cilovych buiikdch své vazebné partnery,
coz vede kinhibici apoptdézy (mimo jiné nedochazi k aktivaci kaspaz). Kokultivace
s bunkkami Rat2Wntl vede u bunék KM3 rovnéz ke stabilizaci B-kateninu a zménam
v expresi nékterych cilovych gent signalizace Wnt. ZvySuje se exprese genu C-myb a
naopak se snizuje exprese genu P21 a paradoxn¢ se také sniZuje exprese genu C-myc.
Snizend exprese genu C-myc ovSem muizZe byt vtomto piipadé dilezitd pro inhibici
apoptozy. Jak bylo diive publikovano c-myc muize zvysit intenzitu apoptdzy indukované
ligandem TRAIL v ptipad¢ epitelidlni linie HAIE [238]. Snizeni exprese c-myc spolu
s inhibici transkripce p21 miize tedy ptlisobit anti-apoptoticky. Aditivnim mechanismem,
ktery ptispivd k inhibici apoptdézy se zda byt aktivace kindzové drahy MEKI1/ERK1
v cilovych bunikach zplisobena ligandem Wnt. Nekteré prace ukdzaly, Ze ligandy Wnt maji
za jistych podminek schopnost aktivovovat zminénou kindzovou drahu [239, 240].
Signalni draha MEKI1/ERK1 ma schopnost inhibovat apoptdézu vyvolanou ligandem
TRAIL [241].

Stabilizace B-kateninu zplisobena ligandem Wnt ovSem neni dostacujici podminkou pro
inhibici apoptoptdzy vyvolané ligandem TRAIL. Experimenty s vyuzitim rekombinantniho
proteinu Wnt, nebo Wnt-kondiciovaného média, ¢i jinych bunék produkujicich ligand Wnt,
naznacuji, ze pro uplnou inhibici apoptozy je nutna kokultivace s butkami Rat2Wntl. Je
tedy mozné, ze pro inhibici apoptdzy je kromé& samotného ligandu Wnt nutny dalsi
extracelularni membranovy faktor, ktery je produkovany buitkami Rat2Wntl jako vysledek
jejich autostimulace ligandem Want.

Antiapoptotické ptisobeni signalni drahy Wnt bylo ukazano rovnéz jinymi skupinami.
Signalni draha Wnt se podili na inhibici apoptdézy u krysich fibroblastli, osteoblastli a
nékterych stfevnich bun€k [242]. Jak ukazala naSe prace, signalizace Wnt miiZe inhibovat
apoptozu indukovanou nékterymi ligandy ze skupiny TNF. Vzhledem k tomu, Ze se
seridzné pracuje na vyuziti ligandu TRAIL v rdmci protinddorové terapie, je potieba brat
v avahu pii volbé spravné terapeutické strategie také moznou interferenci apoptozy

indukovan¢ ligandem TRAIL a signélni drahy Wnt.
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ABSTRACT

The Wnt signaling pathway is essential for the regulation of proliferation and
maintenance of hematopoietic stem cells, progenitors as well cells at various stages of
differentiation. During B cell development Wnt-induced signaling is involved in the pre-
pro B transition and is apparently important for B cell survival. Wntl- and Wnt3a-
expressing Rat2 fibroblasts efficiently suppressed apoptosis of human pre-B cell-derived
cell lines KM3 and REH induced by the cytotoxic ligand TRAIL while apoptosis of more
mature Ramos lymphoma or myeloid cells remained unaffected. Wnt-expressing
fibroblasts induced in KM3 cells B-catenin stabilization, downregulation of the TRAIL
receptors DR4/DRS and suppression of caspase-8 and Bid processing. The antiapoptotic
effect was partly dependent on the activity of MEK1/ERK kinases and was unaffected by
the PI3K inhibitor wortmannin. Interestingly, the recombinant Wnt3a and Wnt5a ligands,
Wnt3a-producing L cells or GSK3[ inhibitor were considerably less effective or
completely ineffective in inhibiting apoptosis of KM3 cells. These results imply the
existence of an additional antiapoptotic signal mediated by Wntl- or Wnt3a-transformed
Rat2 fibroblasts. This signaling in conjunction with the Wnt-triggered cascade of cellular
events suppresses TRAIL-induced apoptosis of pre-B cells. Such composed antiapoptotic
signaling could be of importance during B cell differentiation as well as malignant

transformation.
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INTRODUCTION

Regulation of apoptosis is interconnected with cell proliferation and a number of pro-
proliferative signals were shown to influence the apoptotic status of the affected cell. A
large family of secreted lipid-modified glycoproteins, the Wnt ligands, participate in the
regulation of cell proliferation, differentiation and survival (1, 2). Interaction of the Wnt
proteins with their receptor complex - transmembrane polypeptides of the Frizzled
family together with LPR 5/6 co-receptors - results in the activation of so-called
canonical and non-canonical signaling in the target cell (3-5). B-catenin is the key player
of the canonical Wnt pathway. In unstimulated cells B-catenin is marked for
ubiqutinylation and degradation by action of a large multiprotein complex that includes
Ser/Thr kinase GSK3B and two “scaffold” proteins Axinl/2 and APC. Canonical
signaling inhibits activity of the GSK3/Axin1/2/APC complex and stabilized B-catenin
accumulates in the cytoplasm and also in the cell nucleus. Nuclear 3-catenin associates
with the transcription factors of the Tcf/Lef family and activates transcription of their
target genes. Non-canonical Wnt signaling leads to the mobilization of intracellular
calcium or to activation of kinases of the JNK family and small GTPases of the Rho
family (6). In the hematopoietic system the Wnt proteins participate in maintenance and
differentiation of hematopoietic stem cells and progenitors (7). Wnt signaling is also
required during maturation of the thymic T cells (8, 9) and for the survival of the B
cells at the pre-B-cell stage (10, 11). Furthermore, the active Wnt pathway suppresses
apoptosis of the serum-deprived hematopoietic CD34+ progenitors. The pro-proliferative

and anti-apoptotic function of Wnt signaling was observed not only in the hematopoietic
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cells but also in other cell types. It was reported that Wnt-activated signaling inhibits
serum-withdrawal-induced apoptosis of osteoblasts, preadipocytes, and fibroblasts (12-
15). Potential anti-apoptotic function of Wnt signaling was also supported by inhibition
of Wntl or Wnt2 signaling with monoclonal antibodies or with Wnt antagonist Dickkopf-
1. These treatments induced apoptosis of malignant melanoma or mesothelioma cells (16-
18).

In contrast to the Wnt ligands, death ligands of the TNF family induce apoptosis
mainly of target cells (19-21). Among them TRAIL is known to induce apoptosis namely
of transformed cells and thus seems to be a promising anti-tumor agent of a new
generation (22-24). TRAIL interacts with its pro-apoptotic receptors TRAIL-R1/DR4 or
TRAIL-R2/DRS, induces formation of the intracellular Death-Inducing Signaling
Complex (DISC) and subsequent activation of the initiator caspases-8 or -10. These
activated caspases cleave Bid, proapoptotic BH3-only member of the Bcl-2 family.
Truncated Bid (tBid) then translocates to mitochondria where it co-activates
mitochondrial apoptotic signaling (25). TRAIL-induced apoptosis can be affected at a
number of regulatory check points at the level of pro- and anti-apoptotic (TRAIL-R3 and
TRAIL-R4) expression and cell surface localization, expression of caspase-8 competitor
FLIP, postranslational modification of Bid or enhanced expression of anti-apoptotic
proteins from the Bcl-2 and IAP families. Receptor-mediated activation of PI3K/Akt, Erk
or protein kinase C signaling pathways or tumor elevated activity of casein kinase II can
also negatively influence the outcome of TRAIL-induced apoptosis (26-30).

Here we report that Wnt signaling suppresses TRAIL-induced apoptosis of human

pre-B leukemia cells. The efficient inhibition of apoptosis requires a direct contact of
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leukemic cells with the Rat2 fibroblast feeder cells expressing the Wntl or Wnt3a
ligands. The anti-apoptotic action of the Wtnl/Wnt3a transgenic Rat2 feeders is only
partially substituted by either recombinant soluble Wnt3a or Wnt3a-expressing murine L
cells. This indicates that an additional stimulus provided specifically by Wnt-transformed
Rat2 fibroblasts is required for more efficient suppression of TRAIL-induced apoptosis in

attached pre-B leukemia cells.

MATERIALS AND METHODS

Cell lines, reagents and antibodies

Human hematopoietic cell lines KM3, REH (pre-B cells); Ramos (B- cells); ML-1, HL-
60, THP-1 (myeloid cells); Jurkat, CEM, MOLT-4 (T cells); NK3 (NK cells) and TF-1
(erythromyeloid cells) were cultured in RPMI medium with 10% FCS. Mock-infected
and Wntl- or Wnt3a-infected immortalized rat fibroblast Rat2, wild-type embryonic
mouse fibroblasts L and mouse L fibroblasts with stably transfected Wnt3a (L-Wnt3a)
(ATCC) were cultured in DMEM medium with 10% FCS. Following kinase inhibitors
were used: inhibitor of GSK-3, BIO and inactive inhibitor of GSK-3, MethylBIO was
kindly provided by Dr. Brivanlou, MEK1 inhibitor PD-98059 and PI3kinase inhibitor
wortmannin were purchased from Sigma. Recombinant mouse Wnt3a and human
Dickkopf-1 were purchased from R&D Systems. Human N-terminally His-tagged
recombinant TRAIL (amino acids 95-281) was affinity-purified in our laboratory after its
overexpression in E.coli(BL-21) and deprived of contaminating E.coli endotoxins by
Endotrap chromatography (Profos AG). AnnexinV-FITC was donated by Apronex Ltd.,

Czech Republic. Hoechst 33258 was purchased from Molecular Probes. Commercially
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available antibodies were purchased from indicated suppliers: mouse monoclonal Myc
tag (Roche Molecular Biochemicals), mouse monoclonal phospho-ERK (Upstate
Biotechnology), mouse monoclonal a-tubulin (Exbio), rabbit polyclonal caspase-8 and
caspase-3 (BD Biosciences), rabbit polyclonal Bid (Santa Cruz), rabbit polyclonal
polyADP-ribose polymerase (PARP) (Calbiochem), rabbit polyclonal ERK (Cell

Signaling). Anti-TRAIL receptors flow cytometry set was purchased from Alexis.

Co-cultivation of hematopoietic cells on a layer of feeder cells

Rat fibroblasts Rat2 [transduced with retroviral constructs expressing mouse Wntl,
Wnt3a (Rat2Wntl, Rat2Wnt3a) or with empty retrovirus (Rat2MV7)] (31) or mouse
fibroblast L cells (wild-type or Wnt3a-expressing) were seeded to form a monolayer at
80% confluency. Next day, hematopoietic cells were spread on the feeder cells and co-

cultivated for 8 hours. After this incubation, cells were used for further experiments.

Proliferation assays

KM3 cells (3 x 10° cfu) were spread in triplicates onto 90%-confluent cultures of feeder
cells (Rat2MV7 or Rat2Wntl) in 24-well plates and after 8 hours of co-culture were
pulsed with 2 uCi of [3H]thymidine (each well). Cells were incubated for another 18
hours before harvesting. Feeder cells without KM3 cells were treated under the same
conditions and were used as background of proliferation. KM3 cells were, together with
Rat2 feeders, harvested by scraping and after washing, the incorporated radioactivity was

measured by liquid scintillation counting.
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For the CSFE cell proliferation assay KM3 cells were preincubated with CFSE at 37°C
for 8 minutes, washed with PBS containing 2% FCS, co-cultured on 90% confluent

feeder cells for 24 hours and analyzed by flow cytometry.

Western blotting

Cell lysates were separated by SDS PAGE and transferred onto nitrocellulose membranes
(Amersham). Membranes were blocked with 5% nonfat milk in PBS containing 0.05%
Tween-20 (PBS/Tween), incubated with specific primary antibodies and then after
several washes with appropriate peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibodies (BioRad). After washing three times with PBS/Tween, the blots

were visualized by enhanced chemoluminescence (ECL, Pierce).

Flow cytometry and apoptosis assays

Hematopoietic cells were separated from the layer of the feeder fibroblasts by gentle
pipetting, washed with ice-cold PBS and incubated with the blocking solution (PBS
containing 20% human serum, 1% gelatin and 0.1% azide) on ice for 15 min. Cells were
then washed once with the wash buffer (PBS containing 1% gelatin and 0.1% azide),
incubated with appropriate primary monoclonal antibodies, washed twice with ice-cold
wash buffer and finally incubated with the secondary goat anti-mouse antibodies coupled
to phycoerythrin (IgG1-PE) (SouthernBiotech). After two final washes the surface
expression of the receptors on live cells (negatively stained with Hoechst 33258) was

analyzed by flow cytometry on LSRII (BD Biosciences).
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For the apoptosis assays, cells were either mock-treated or treated with TRAIL (200
ng/ml) for indicated times. After the treatment, cells were harvested from the feeder cells,
washed with ice-cold PBS and stained with AnnexinV-FITC and Hoechst 33258. Stained

cells were analyzed by flow cytometry.

RNA isolation and quantitative real-time PCR

Total RNA was prepared using Trizol Reagent (Invitrogen) according to the
manufacturer’s protocol and reversely transcribed with SuperScript II reverse
transcriptase (Invitrogen) using oligo dT primer. The cDNA was amplified using SYBR-
Green PCR Master Mix (Roche) and human specific primers (sequences available upon
request) in MX3000® (Stratagene) or LightCycler® 480 System (Roche).
Normalizations across samples were performed using geometric average of constitutive

gene expression of the SDHA or BACT genes.
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RESULTS

TRAIL-induced apoptosis of several hematopoietic cell lines is suppressed by Wntl-
expressing fibroblasts

The cytotoxic ligand TRAIL can efficiently induce apoptosis of a number of cell lines
derived from hematopoietic malignancies and the ligands of Wnt family act as essential
factors in T and B cell differentiation and proliferation. We were interested whether these
two signaling pathways crosstalk and how they could affect each other. We tested the
effect of Wntl-expressing Rat2 fibroblasts used as cushion/feeder cells on TRAIL-
induced apoptosis using a panel of hematopoietic cell lines of various origin (Table 1).
Co-cultivation of some cell lines with Rat2Wntl feeder cells but not with the mock-
transfected cells promoted partial (Jurkat or CEM T-cell lines) or almost complete (KM3
and REH B-cell lines) resistance to TRAIL-induced apoptosis. In contrast, TRAIL-
induced cell death of myeloid cell lines was virtually unaffected by Rat2Wnt1 feeders. In
follow-up detailed analysis of this phenomenon we analyzed pre-B cell line KM3. First,
we examined whether Rat2Wnt1 fibroblasts could possibly enhance proliferation of KM3
cells and in this indirect way “balance” TRAIL-induced apoptosis. Thymidine
incorporation assay and CFSE analysis (not shown) revealed that neither Wntl- nor
Wnt3a-expressing Rat2 fibroblasts enhanced proliferation of co-cultivated KM3 cells
(Table 2). Thus, we assumed that Rat2Wnt-induced signaling can interfere directly with

the cellular mechanisms of TRAIL-induced apoptosis in selected hematopoietic cell lines.

Rat2Wntl1 fibroblasts suppress the proximal events in TRAIL apoptotic signaling in

KM3 pre-B cells
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Direct comparison of Rat2Wntl-responding KM3 cells with ML-1 cells, i.e. with control
cells unaffected by the type of the feeders (Fig. 1A), revealed clear downregulation of the
pro-apoptotic TRAIL receptor DRS from the surface of the Rat2Wntl-treated KM3
cells (Fig. 1B). Although the additional pro-apoptotic TRAIL receptor DR4 was only
marginally expressed on both ML-1 and KM3 cells, Rat2Wnt1 feeder cells also induced
its downregulation in KM3 and not in ML-1 cells (Fig. 1B). This implied that the
diminished sensitivity to TRAIL could be at least in part related to the reduced surface
expression of the corresponding TRAIL receptors in KM3.

Proximal events in TRAIL-induced apoptosis are DISC-mediated activation of caspase-8
followed up by caspase-8-mediated processing of the proapoptotic BH3-only sentinel Bid
to its truncated form (tBid). Caspase-8 activation and Bid processing were almost
completely inhibited in KM3 cell cultivated on Rat2Wntl1 fibroblasts (Fig. 1C). Similarly,
processing of the effector caspase-3 and cleavage of its target proteins PARP and cFlip
was at 6 hr time point significantly attenuated and at the later time point completely
suppressed.

Rat2Wntl-induced downregulation of DR4 and DRS cell surface expression is
possibly regulated at transcriptional and/or posttranscriptional levels. Using quantitative
real-time RT PCR (RT-qPCR) we examined Rat2Wntl-induced changes in transcription
of DR4 and DRS5 as well as several other apoptosis- and proliferation-related genes in
KM3 cells (Fig. 2). Indeed, transcription of both DR4 and DR5 mRNAs was significantly
attenuated by Rat2Wntl fibroblasts. Furthermore, expression of c¢-myc and
p21/WAF1/CIP1 was also reduced in Rat2Wnt1-treated KM3 cells (Fig. 2). In agreement

with the RT-qPCR data, Wntl-mediated downregulation of c-myc mRNA was also

10
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reflected in a reduced expression of the corresponding protein as evidenced by Western
blotting (Fig. 1C, compare the zero time points). The decrease in the c-Myc expression
was rather surprising as c-Myc was reported previously as a direct target of canonical
Whnt signaling (32). Nevertheless, we detected upregulation of another known target of
the Wnt/B-catenin pathway, c-MYB, in Rat2Wntl-stimulated KM3 cells as well as in
KM3 cells treated with Rat2Wnt3a feeders or with the recombinant Wnt3a protein (not
shown). Expression of additional Wnt-responsive genes cyclin D, Axin2, and survivin
was unaffected by the type of the feeder cells. Similarly, bc/-2 mRNA remained

unchanged during the experiment (Fig. 2 and data not shown).

Direct Wnt-induced signaling does not provide full protection against TRAIL-
induced apoptosis of KM3 cells

Direct Wnt-induced signaling was shown to provide protection against serum withdrawal
or drug-induced apoptosis in osteoblasts and fibroblasts (12, 14). These effects were
examined either autonomously in Wntl-transformed cells or using the exogenous
recombinant Wnt3a protein. In order to dissect the relation between anti-apoptotic action
of Rat2Wntl cells and Wnt-induced signaling in KM3 cells we compared anti-apoptotic
effects of several different Wnt signaling-triggering systems and reagents. In addition to
Rat2Wntl fibroblasts we also employed Rat2Wnt3a fibroblasts, murine Wnt3a-
expressing L cells, conditioned medium from these cells, recombinant and commercially
available Wnt3a and Wnt5a, and shortcut activator of canonical Wnt signaling BIO (an
inhibitor of GSK3p) (33). Wnt-induced stabilization of B-catenin is a hallmark of the

initiation of the canonical Wnt signaling pathway. The treatment of KM3 cells with all

11
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indicated cell lines or reagents (except Wnt5a that is known as the non-canonical
pathway activator) induced accumulation of B-catenin in responding KM3 cells (Fig.
3A). As expected, mock-transfected feeder cells and the inactive variant of the GSK3f3
inhibitor MetBIO were unable to induce an increase in the B-catenin protein levels (Fig.
3A).

Although all the relevant stimuli presumably activated the canonical Wnt
signaling in KM3 cells (the most efficient “stabilizer” of B-catenin appeared to be L-
Wnt3a cells), the individual stimuli greatly differed in the ability to suppress TRAIL-
induced apoptosis. Co-cultivation of KM3 cells on Rat2 fibroblasts expressing Wntl or
Wnt3a efficiently attenuated their apoptosis (albeit with a weaker effect of Wnt3a), but L-
Wnt3a feeders, despite strong accumulation of B-catenin, suppressed apoptosis to a lesser
extent (Fig. 3B). Similarly, priming the KM3 cells with recombinant Wnt3a, Wnt5a or
with a Wnt3a-conditioned medium attenuated TRAIL-induced apoptosis of KM3 cells
either relatively weakly (Wnt3a, Wnt3a-conditioned medium) or not at all (Wnt5a) (Fig.
3B). In agreement with these results, recombinant Dickkopf-1, a direct inhibitor of Wnt
signaling, only partially suppressed the anti-apoptotic effect of Rat2Wnt1 fibroblasts (not
shown). In a sharp contrast to the natural inducers of Wnt signaling, the synthetic
inhibitor of GSK3p activity, BIO, did not protect KM3 cells against TRAIL-induced
apoptosis. Moreover, BIO eliminated the protective effect of Rat2Wntl feeders and it
even enhanced the overall efficacy of TRAIL-induced apoptosis (Fig. 3B). The inactive
analog MetBIO had only a minor effect on the anti-apoptotic signaling of Rat2Wntl
fibroblasts (Fig. 3B). RT-qPCR analysis of the effect of selected treatments on the

expression of Wnt target genes and TRAIL receptors revealed that both LWnt3a medium

12
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and BIO affected expression of c-myb and myc genes in KM3 cells in a similar way as
did Rat2Wntl feeders (Fig. 3.C). However, in a sharp contrast to Rat2Wnt1 feeders none
of these treatments was reflected in suppression of the TRAIL receptor DR4 and DRS
expression. Thus, apparently, the activation of the canonical Wnt signaling pathway
provides only a partial protection against TRAIL-induced apoptosis to KM3 cells and
additional factor(s) produced specifically by Wntl- or Wnt3a-transformed fibroblasts are
required for a more efficient anti-apoptotic protection of KM3 cells, i.e. for example for
the downregulation of the DR4/DRS5 receptors. This conclusion was further supported
experimentally using TRAIL-sensitive B cell line Ramos (Burkitt lymphoma). Co-
cultivation of these cells on Rat2Wntl fibroblasts induced accumulation of B-catenin
(Fig. 4.A). However, in contrast to KM3, neither Rat2Wntl nor Rat2Wnt3a feeder cells
protected Ramos cells against TRAIL-induced apoptosis (Fig. 4.B and not shown).
Additionally, the downregulation of DR4/DRS expression was not detected in Ramos
cells incubated with Rat2Wntl or Rat2Wnt3a feeders (not shown). Taken together, these
results indicate that: (1) activation of canonical Wnt signaling per se is not sufficient to
inhibit the TRAIL-induced apoptosis; (2) co-stimulatory, anti-apoptotic signals

originating from Rat2Wnt1/Wnt3a fibroblasts are not possibly relayed to Ramos cells.

Rat2Wntl fibroblasts protect KM3 cells against TRAIL-induced apoptosis via
MEKI1/ERK-dependent signaling

The Wnt ligands can, under certain conditions, trigger activation of MEK1/ERK1/2 and
PI3K/Akt signaling. These signaling pathways are also implicated in inhibiting apoptosis

induced by various stimuli (34, 35). Therefore, we examined whether these signaling

13
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pathways could also participate in the Wnt-mediated protection of KM3 cells against
TRAIL-induced apoptosis. Co-cultivation of KM3 cells on Rat2Wntl feeders did not
result in an observable phosphorylation of ERK or Akt kinases (not shown). However,
pre-treatment of KM3 cells cultivated on Rat2 or Rat2Wntl feeder cells with MEK1
inhibitor PD-98059 strongly suppressed Wntl-related protection of KM3 cells against
TRAIL (Fig. 5) although it did not inhibit Rat2Wnt1-induced stabilization of -catenin
(not shown). In contrast, wortmannin, an inhibitor of PI3-kinase, only marginally
attenuated the anti-apoptotic effect of Rat2Wntl feeder cells (Fig. 5). Neither PD98059
nor wortmanin had an adversary effect on Rat2Wntl-induced changes in c-myc or DRS
expression (not shown). This implicates that in addition to Rat2Wntl-related changes in
the expression of the proapoptotic DR4 and DRS5 receptors (Figs. 1B and 2),
MEK1/ERK-mediated modifications of the TRAIL signaling pathway could be involved

in the regulation of TRAIL-induced apoptosis of KM3 cells.

14
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DISCUSSION

Wnt signaling is essential for pre-B-cell proliferation and survival and also participates in
the augmentation of proliferation and survival of B cell chronic leukemias (10, 36). Initial
screening of a panel of human hematopoietic TRAIL-sensitive cell lines revealed an
unequal response to the apoptosis-modulating effect of Wntl-transformed Rat2
fibroblasts. In the co-cultivation experiments the Rat2Wntl fibroblasts attenuated
TRAIL-induced apoptosis of several T- and B-cell-derived cell lines but not cells of the
myeloid or NK origin. This observation is in agreement with the proposed role of Wnt
signaling in the regulation of B- a T-cell survival (9, 10).

The canonical, i.e. TCF/B-catenin-dependent, Wnt pathway mediates the anti-
apoptotic signaling in Rat-1 fibroblasts, osteoblasts and rat intestinal RIE cells (12, 38,
39). There are partly conflicting data about the Wnt-mediated activation of anti-apoptotic
proteins Bcl-2 and Bcel-XL. Wntl expression does not stimulate expression of Bcl-
2/Bcl-XL in RIE cells, but it was reported that Wnt3a upregulates the Bcl-2 production
in osteoblasts (12, 39). Our quantitative real-time PCR analysis of mRNA isolated from
Rat2Wntl-stimulated KM3 cells does not support apparent Wnt-mediated upregulation of
Bcl-2 or BelXL expression. Moreover, although c-Myc was described as a direct target
gene of the canonical Wnt pathway in colorectal cells (40), we reproducibly observed
downregulation of this gene in KM3 cells stimulated with Rat2Wnt1 fibroblasts, GSK3f3
inhibitor BIO or with LWnt3a-conditioned medium (see Figs. 2 and 3). Nevertheless,
expression of another Wnt-responsive gene, c-myb (40), was elevated in KM3 cells
primed by various Wnt signaling-related stimuli (Rat2Wnt1/Wnt3a, L-Wnt3a cells,

recombinant Wnt, BIO, etc.; Fig. 3C and data not shown). Myc expression enhanced

15
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TRAIL-induced apoptosis in kidney epithelial cells HA1E via upregulation of the DRS5
receptor (41) and, consequently, its downregulation in KM3 cell could be anti-apoptotic.
We further observed suppression of DR4 and DRS expression at both mRNA and protein
levels in Rat2Wntl-treated KM3 cells (see Figs. 1C and 2). The decrease in the
expression of the TRAIL receptors suggests that the block of TRAIL-induced apoptosis
occurs at the proximal stage of TRAIL signaling, especially at the DISC level. Indeed, we
detected very weak activation of the DISC caspase-8 and negligible processing of its
downstream effector Bid (Fig. 1B). However, a residual caspase-8 activity led most
probably to direct caspase-3 activation and to the cleavage of its downstream substrates
PARP and cFlip.

Recombinant Wnt3a or Wntl- and Wnt3a-enriched medium were shown to
suppress serum withdrawal-induced apoptosis of fibroblasts, preadipocytes and
osteoblasts (12-14). Our extensive analysis of Rat2-independent Wnt signaling provided
us with several ambiguous and surprising results. Recombinant Wnt3a, Wnt3a-enriched
medium or mouse L fibroblast-expressing Wnt3a were, despite effective activation of
Wnt signaling in target KM3 cells, approximately 2-3-fold less efficient inhibitors of
TRAIL-induced apoptosis than Rat2 fibroblasts expressing Wntl or Wnt3a. In contrast,
a shortcut activator of Wnt signaling, GSK3p inhibitor BIO, completely abrogated the
anti-apoptotic effect of RatWntl fibroblasts; thus, presumably, the GSK3[ activity is
antiapoptotic in KM3 cells. This conclusion is supported by observations that deletion
of GSK3p or inhibition of its function enhances TNFa- or TRAIL-induced apoptosis of
mouse embryonic fibroblasts or prostate cancer cells (42, 43). A comparison of the

Rat2Wnt-1 action on two different B-cell derived cell lines, i.e. KM3 (pre-B ALL) and

16
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Ramos (Burkit lymphoma), revealed a further unexpected finding. Although we detected
increased levels of the B-catenin protein in both cell lines upon stimulation with the
Rat2Wnt-1 feeder cells, only KM3 cells gained the resistance to TRAIL-induced
apoptosis. Furthermore, a subsequent RT-qPCR analysis did not show any decrease in
transcriptional levels of proapoptotic TRAIL receptors DR4 and DRS5 in Ramos cells
(Fig. 4.C and data not shown). These results clearly suggest that activation of canonical
Wnt signaling is not sufficient to inhibit the TRAIL-induced apoptosis. We further
hypothesized that putative co-stimulatory, anti-apoptotic signals originating from
Rat2Wntl fibroblasts were possibly relayed to KM3 pre-B cells and not to more
advanced Ramos cells. Conditioned media harvested from Rat2Wnt1/Wnt3a cells cannot
provide the apoptotic resistance to TRAIL in KM3 cells and the presence of the feeder
cells in mixed cultures is essential for the full inhibition of TRAIL-induced apoptosis
(data not shown). Thus, we presume that Wnt-transformed Rat2 fibroblasts (which
respond to the Wnt signals — see ref. 31) express an identified anti-apoptotic, membrane
or extracellular matrix-associated factor. One of the potential candidates might be the
Whntl-activated, secreted and extracellular matrix-associated protein WISP-1 (45). As
WISP-1 inhibits p53- and myc-induced apoptosis (39, 46), it could also participate by
an unknown mechanism in repressing TRAIL-induced apoptosis of KM3 cells.
Interestingly, the Wnt ligands activate antiapoptotic MEK/ERK- and PI3K/Akt-
related cascades in fibroblasts and osteoblasts (12, 44). Both ERK and Akt mediated
signaling were reported to be inhibitory for TRAIL-induced apoptosis of various tumor
cells (27, 29), nevertheless, only PD-98059-mediated inhibition of the ERK signaling

pathway but not the suppression of PI3K by wortmannin countered Rat2Wnt1-induced
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anti-apoptotic signaling in KM3 cells. Thus, apparently, PI3K/Akt signaling is not
essential as a provider of anti-apoptotic signaling in KM3 cells.

The results presented in this study indicate that in one cell type, Wnt-signaling
can trigger a molecular response that might effectively influence the behavior of the “by-
standing” cell. Unraveling the molecular mechanisms of anti-apoptotic action of the Wnt
pathway would not only enhance our present knowledge about the way how cells
communicate, but could possibly be useful in setting up anti-tumor drug treatment

strategies.

CONCLUSION

In this communication we show that Wntl or Wnt3a can both directly and indirectly
suppress TRAIL-induced apoptosis of several hematopoietic cell lines. This signaling
attenuates apoptosis of both pre-T and pre-B-derived cell lines but not cells of myeloid
origin. The most efficient anti-apoptotic signaling originates from Wntl-transformed
Rat2 fibroblasts and apparently is composed of direct Wnt-induced signaling in the target
hematopoietic cells and of indirect signaling transduced by an unknown signaling
mechanism from Wnt-transformed Rat2 fibroblasts but not similarly transformed murine
L cells. This combined effect leads to the downregulation of TRAIL receptor expression
both at mRNA and protein levels and to inefficient caspase-8 and Bid processing.
Rat2Wnt-mediated anti-apoptotic signaling towards responsive cells is partially
suppressed through the inhibition of MEKI/ERK signaling but not via the PI3K/Akt
pathway. This combined anti-apoptotic effect of certain Wntl- or Wnt3a-expressing cells

might be one of the reasons for an enhanced survival of hematopoietic malignancies.
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TABLES AND FIGURES

Table 1. Rat2Wntl-mediated suppression of TRAIL-induced apoptosis of selected
hematopoietic cell lines.

Hematopoietic cells (10°/well of 12-well plate) were grown either without feeder cells
(plastic) or co-cultivated on the cushion of Rat2MV7 or Rat2Wntl fibroblasts for 8§ hrs,
and then TRAIL was added to the concentration of 200 ng/ml and the cultivation
continued for another 15 hrs. Cells were gently released from the feeder fibroblasts by
pipetting, stained with propidium iodide and the portion of dead, PI-positive cells was

determined by flow cytometry.

Table 2. Co-cultivation of pre-B KM3 cells on feeder cells marginally inhibits their
proliferation.

KM3 cells were cultivated without feeder cells (plastic) and on Rat2MV7 or Rat2Wntl,
Ltk and LWnt3a fibroblasts for 8 hours, then [3H]thymidine was added and cells were
cultivated for another 18 hours before harvesting. The incorporation of [*H]thymidine

was quantified by liquid scintillation.

Figure 1. Rat2Wntl feeder cells suppress cell surface expression of TRAIL
receptors and processing of caspase-8 and Bid in KM3 cells.

KM3 and ML-1 cells were cultivated for 8 hours on feeder Rat2MV7 or Rat2Wntl
fibroblasts and then with TRAIL (200 ng/ml) for additional 15 hrs. Cells were gently

harvested by pipetting and analyzed for apoptosis using propidium iodide staining (A) or
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for the cell surface expression of TRAIL receptors DR4 and DRS5 (B) by flow cytometry.
C, Western blots of total cell lysates prepared from KM3 cells grown on Rat2MV7 or
Rat2Wnt1 fibroblasts for 6 hrs and subsequently incubated with TRAIL as indicated. o-
tubulin: a loading control. Arrows show cleaved forms of c-Flip, caspase-8, Bid, caspase-

3 and polyadenylate ribose polymerase (PARP).

Figure 2. Real-time quantitative PCR (RT-qPCR) analysis of Rat2Wntl-induced
changes of gene expression in KM3 cells

KM3 cells were cultivated on Rat2MV7 or Rat2Wntl cells for 8§ hrs and TRISOL-
purified RNAs were analyzed by RT-qPCR. Colors indicate the ratio of transcript
abundance according to color bar scale. Normalizations across samples were performed
using geometric average of constitutive gene expression of SDHA. Diagram shows
relative expression profiles of selected genes involved in the regulation of apoptosis and
cell cycle (based on SDHA-normalized median ratios of three repeats) in Rat2Wntl-

versus Rat2MV7-treated KM3 cells.

Figure 3. Diverse effects of various feeder cells and other reagents on B-catenin
stabilization and TRAIL-induced apoptosis of KM3 cells.

A, KM3 cells were incubated on different feeder cells (Rat2 or mouse L fibroblasts), with
the conditioned medium (CM), with recombinant Wnt3a (50 ng/ml) or Wnt5a (0.5 pg/ml)
and with BIO (2 uM) and MetBIO (2 uM), respectively. After 8 hrs the cells were
harvested and lysed. The total cell lysates were analyzed by Western blotting using anti-

B-catenin or anti-a-tubulin (loading control) antibody. B, KM3 cells were pre-incubated
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with the feeder cells, recombinant ligands/conditioned media, or GSK3p inhibitors for 8
hrs and then treated with recombinant TRAIL (200 ng/ml) for additional 12 hrs. TRAIL-
induced apoptosis was analyzed by Annexin V-FITC surface staining and flow
cytometry. C, KM3 cells were treated as in A with the indicated agents and purified RNA

was analyzed by RT-qPCR as described in Fig. 2A.

Figure 4. B cell-derived cell lines KM3 and Ramos differ in their response to
Rat2Wntl1 fibroblasts.

KM3 or Ramos cells were cultivated either on Rat2MV7 or Rat2Wntl for 8 hours, and
then were either analyzed for B-catenin levels using Western blotting of the whole cell
lysates (A) or for TRAIL-induced apoptosis (B) (Annexin V-FITC staining/flow

cytometry).

Figure 5. MEKI1 inhibitor PD98059 attenuates the antiapoptotic effect of RatWntl
on KM3 cells.

KM3 cells were treated as indicated in Fig.1. Ninety minutes before TRAIL addition,
PD98059 or wortmannin were added to the final concentration of 50 uM and 1 pM,
respectively. The cells were grown for additional 15 hrs. Cells were stained for Annexin

V-FITC and analyzed by flow cytometry.
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Table 1
Cell line Origin Propidium iodide-positive cells
Untreated Plastic Rat2MV7 | Rat2Wnt1
cells dish
KM3 pre-B cell 3+2 43 +3 53+4 4+1
REH pre-B cell 2+2 42 +4 49+ 3 32
ML-1 myeloid 3+1 53+3 48 + 2 43+ 3
HL-60 myeloid 5+2 34+3 31+5 35+3
THP-1 myeloid 2+1 25+2 30+3 23+4
Jurkat T cell 311 43 +4 41+ 3 23+2
CEM T cell 5+2 70+ 4 73+3 43+ 3
Molt-4 T cell 4+2 46 + 4 21+2 7+2
NK 3.3 NK cell 4+1 383 54 +4 46+ 3
TF-1 erythromyeloid 3+2 54 +4 43+ 3 393
23
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Table 2
KM3 on Relative proliferation (%)
plast 100+14
Rat2mMV7 93,2+8,2
Rat2wnt1 77,84
Rat2Wnt3a 77,4+20,4
Lrk. 74,2415,1
LWnt3a 77,3+11,8
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Table 1
Cell line Origin Propidium iodide-positive cells
Untreated Plastic Rat2MV7 | Rat2Wnt1
cells dish

KM3 pre-B cell 312 43+ 3 53+4 4+1
REH pre-B cell 212 42 £ 4 49+ 3 32
ML-1 myeloid 311 53+3 48 + 2 43 +3
HL-60 myeloid 5+2 34+3 315 35+3
THP-1 myeloid 2+1 252 303 23+4
Jurkat T cell 311 43 +4 413 2312
CEM T cell 512 70+ 4 73+3 43+ 3
Molt-4 T cell 4+2 46 + 4 21+ 2 7+2
NK 3.3 NK cell 4+1 38+3 54 + 4 46+ 3
TF-1 erythromyeloid 3+2 54 +4 43 +3 39+3
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Table 2
KM3 on Relative proliferation (%)
plast 100+14
Rat2MV7 93,2+8,2
Rat2Wnt1 77,84
Rat2Wnt3a 77,4+20,4
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LWnt3a 77,3+11,8
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4 ZAVER

Cilem predkladané prace bylo pfispet k poznani mechanismd, které ovliviiuji aktivitu

signalizace Wnt v bunééném jadie. Hlavni vysledky lze shrnout do nésledujicich bodu:

1.

Zjistili jsme, ze transkripéni korepresor CtBP1 ma schopnost blokovat signalizaci
Wnt, a to prostfednictvim inhibice transkripce cilovych genti této signalizace.
Represivni ptisobeni proteinu CtBP je podminéno aktivitou s nim asociovanych
histon deacetyléz.

Identifikovali jsme nadorovy supresor HIC1 jako novy inhibitor signdlni drahy
Wnt. HIC1 pfimo interaguje s kliCovym proteinem signalizace Wnt transkripénim
faktorem TCF-4 a tato interakce je zédkladem pro inhibi¢niho plsobeni proteinu
HIC1. HICI relokuje transkripéni komplexy TCF-4/B-katenin do specifickych
jadernych struktur a brani tak jejich vazbé na specifické cilové promotory, ¢imz
dochazi k zablokovani transkripce. Pro efektivni relokaci komplexti TCF-4/B-
katenin je dllezité strukturni funkce proteinu CtBP.

Nuklearni recetor NHR-25 je shopen v bunkiach prekurzorti gonady hlistice
Caenorhabditis elegans interagovat s f-kateniny WRM-1 a SYS-1. Interakce
s témito [-kateniny moduluje transkripci cilovych genil signalizace Wnt. Vzéjemna
interference mezi aktivitou signalni drdhy Wnt a proteinem  NHR-25 je
rozhodujicim dé€jem, ktery determinuje osud somatickych bunéénych prekurzort
gonady. Zatimco signalizace Wnt je klicova pro urCeni distalniho vyvoje bunék, tak
NHR-25 tidi osud bunék proximalnich.

Signdlni drdha Wnt ma potencial blokovat u nékterych hematopoietickych
bunéénych linii apoptézu indukovanou ligandem TRAIL, zastupcem liganda
piibuznych TNF. Inhibi¢ni plsobeni signalizace Wnt je zalozeno pfedevSim na
snizeni exprese specifickych proaptotickych receptori DR4 a DRS, aditivni efekt
pro inhibici apoptéozy mé indukce kindzové kaskddy MEK1/ERKI1, kterd rovnéz
blokuje apoptézu indukovanou ligandem TRAIL.
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