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Apaf-1: Apoptotic-protease-activating factor-1
BAFF: B-cell activating factor

Bcl-2: B-cell lymphoma/leukemia-2

BH: Bcl-2 homology domain

CARD: Caspase-recruitment domain

cDNA: Complementary deoxyribonucleic acid
ced-3: Cell-death abnormality-3

CK2: Casein kinase 2

DcR: Decoy receptor

DD: Death domain

DED: Death effector domain

DISC: Death-inducing signaling complex
DMAT: 2-dimethylamino-4, 5, 6, 7-tetrabromo-1H-benzimidazole
DR: Death receptors

EEC: Endometrioid endometrial carcinoma
EGF: Epidermal growth factor

ERK/MAPK cinases: Extracellular-signal-regulated kinase/mitogen-activated protein
kinase

FADD: Fas-associated death domain containing protein
FLICE: Fas associated death domain-like ICE

FLIP: Fas-associated death domain-like inteleukin 1 converting enzime inbhibitory
protein

ICE: Interleukin-1B-converting enzyme

IxB: Inhibitor of kB

IKK: Inhibitor of kB kinase

IQA: (5-0x0-5, 6-dihydroindolo (1, 2-a) quinazolin-7-yl) acid acétic

KSR1: kinase supressor of ras-1
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MI: Microsatellite Instability

NEEC: Non-endometrioid endometrial carcinoma

NF-«B: Nuclear Factor-«B

NK: Natural killer

OPG: Osteoprotegerina

PCD: programmed cell death

PTEN: phosphatase and tensin homolog (mutated in multiple advanced cancers 1)
Raf: Rapidly accelerated fibrosarcoma

RIP: Receptor interacting protein

TBB: 4, 5, 6, 7-tetrabromo-1H-benzotriazole

TBBz: 4, 5, 6-tetrabromobenzimidazole

TBCA: acid tetrabromocinnamic

TNF: Tumor necrosis factor

TNFR: Tumor necrosis factor- receptors

TRADD: TNF-receptor-associated death domain

TRAF: TNFR-associated factor

TRAIL: Tumor Necrosis Factor-related apoptosis inducing ligand
RHD: Rel homology domain

ROS: Reactive oxygen species
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1. ENDOMETRI

L’endometri és la capa més interna de 1’tter. Histologicament també se’l coneix
com a tunica mucosa 1 juntament amb el miometri (funica muscular) i el perimetri
(tunica adventicia o serosa) conformen les tres lamines que constitueixen la paret de

I’uter.

Figura 1: Tall sagital d’un tter d’una dona de 35
anys. S’aprecia el fundus (F), el cos (B) i el cérvix
(Cx). S’observa la cavitat endometrial (EMC), el canal
endocervical (ECC) i I’ectocérvix (Ecx). El muscul llis
del cos conté un petit tumor, un leiomioma (L).

(Stevens, A & Lowe, J. Histologia Humana, 1 998)1 .

1.1 Citoarquitectura de I’endometri

L’endometri esta constituit fonamentalment per un epiteli columnar simple on
s’hi troben dos tipus cel-lulars ben diferenciats: cel-lules ciliades no secretores i
cel-lules secretores no ciliades.

D’altra banda, en I’estructura histologica de I’endometri també hi hem d’ubicar
les glandules tubulars que es situen en la part més basal de la tunica mucosa.
Aquestes son simples 1 lleugerament ramificades perd arriben a adquirir una
complexitat remarcable en determinades fases del cicle menstrual. Finalment també
hi trobem el corion o component estromal, ric en vasos sanguinis i pobre en fibres
nervioses.

Donat el caracter altament dinamic d’aquest teixit, podem classificar I’endometri
en funci6 de les diferents fases del cicle menstrual en el que es troba. Aixi doncs
podem parlar d’endometri proliferatiu, endometri secretor, endometri en fase

descamativa, endometri atrofic o endometri gestacional.
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1.2 L’endometri en el cicle menstrual

Comunament el cicle menstrual es coneix com a el procés durant el qual
I’endometri sofrira modificacions estructurals que el faran un receptacle apte per la
implantaci6 de I’0vul fecundat 1 posterior desenvolupament de I’embrié. Si finalment
I’embaras no té lloc, es produiran les variacions tipiques del cicle menstrual que
resultaran en Ultima instancia en la menstruacio.

El cicle menstrual va parell al cicle ovaric, essent aquest ultim un element
fonamental en la regulacio de les diferents fases del cicle menstrual. Podem parlar de
tres fases del cicle menstrual i de dos estrats de I’endometri. Les fases menstruals
corresponen a la Fase Proliferativa (dies 6-14), Fase Secretora (dies 15-28) 1 Fase
Menstrual (dies 1-5) mentre que els estrats endometrioides es divideixen en I’Estrat
Basal (porcié que roman després de la menstruacidé 1 que regenerara |’estrat
funcional) i I’Estrat Funcional (que es descama en cada cicle menstrual).

La Fase Proliferativa es caracteritza per un increment en la proliferacio de
I’endometri (corion i epiteli) que resulta en el desenvolupament de les glandules
uterines. Aquest fenomen es deu a que, paral-lelament a aquesta fase, es
desenvolupen en 1’ovari els fol-licles ovarics que secretaran i incrementaran la
concentraciéd d’estrogens en el torrent sanguini que estimularan finalment la
proliferacié endometrial. El dia 14 es produeix 1’ovulacid, que es caracteritza per
I’extrusié de 1’ovari de I’00cit secundari i que coincideix amb el pic de concentracio
de I’hormona luteinitzant (LH) 1 hormona fol-liculo estimulant (FSH). Posteriorment
a I’ovari les restes del fol-licle madur o fol-licle de Graaft formaran el que es coneix
com a cos luti constituit primordialment per cél-lules luteiniques de la granulosa i de
la Teca i1 estroma vascular.

Durant la Fase Secretora (dies 15-28) es produeix un augment en la concentracio
de progesterona secretada pel cos luti. Aquest augment fara que les glandules
uterines es tornin tortuoses i que les cél-lules secretores secretin productes rics en
hidrats de carboni. Paral-lelament els vasos sanguinis també es tornaran més
nombrosos per poder irrigar i nodrir aixi un endometri més complex compost ja per
estrat basal i estrat funcional. Finalment el dia 28 es produeix la regressio6 del cos luti

que es tradueix en un descens en els nivells de LH, FSH i progesterona (Fase
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Menstrual) que provoca el col-lapse de I’estrat funcional que es trenca i descama. Els
vasos sanguinis tamb¢ es trencaran i es forma el flux sanguini.

Durant la Fase Menstrual es perd I’epiteli superficial (estrat funcional) 1 és el
primer que es regenerara a partir de les cel-lules epitelials de les glandules uterines
localitzades en 1’estrat basal. La regeneracio es produira en I’inici del segiient cicle
menstrual (fase proliferativa).

Val a dir que ’endometri huma té una gran capacitat de regeneracio: en cada
cicle menstrual I’endometri passa d’un gruix d’uns 0.5-1 mil-limetres després de la

menstruacio, fins un gruix d’uns 5-7 mil-limetres al final de la fase secretora.

2. EL CARCINOMA D’ENDOMETRI

El carcinoma d’endometri (EC, endometrial carcinoma) és el carcinoma
maligne més freqiient del tracte genital femeni en paisos desenvolupats.
Aproximadament el 75% esta confinat a I’iter i s’associa a bon prondstic.
Tanmateix, en un percentatge significatiu de pacients, el tumor es presenta de forma
disseminada o recidiva després del tractament; i en aquests casos el pronostic és
dolent.

Existeixen dues manifestacions clinicopatologiques del carcinoma d’endometri
% els de Tipus I sén tumors de baix grau, estrogen dependents i de morfologia
endometrioide (EEC, endometrioid endometrial carcinoma), que generalment
apareixen en dones peri-menopausiques i coexisteixen o son precedits per hiperplasia
endometrial. Aquests son el tipus de carcinoma d’endometri objecte d’estudi en
aquest treball.

Els de Tipus II son carcinomes de tipus no-endometrioide (NEEC, non-
endometrioid endometrial carcinoma). Aquests es comporten de forma agressiva,
son independents d’estrogens i succeeixen en dones post-menopausiques a partir de
polips endometrials o endometri atrofic. Els tumors de Tipus I (EEC) son més

freqiients (85%) que els de tipus II (NEEC) (15%).
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Figura 2: A (esquerra), representacié d’un carcinoma endometrioide
d’endometri (EEC). El tall histologic (dreta) mostra una citoarquitectura
glandular normal, indicador de que el tumor és ben diferenciat (grau I). B
(esquerra), representacidé d’un carcinoma d’endometri no endometrioide
(NEEC). Dreta, tall histologic. S’aprecia una citoarquitectura aberrant tipica
d’un tumor d’alt grau (grau III). (Modificat de: Prat, J; et al. Pathology, 2007.
39:72-87)°.

2.1 Alteracions moleculars en el carcinoma d’endometri

Les alteracions moleculars que participen en el desenvolupament dels EEC son
diferents de les que participen en els NEEC. Classicament les alteracions més
freqlients en EEC son la Inestabilitat de Microsatel-lits, mutacions en PTEN,
PI3KCA, K-RAS i CTNNBI. En canvi els NEEC mostren Inestabilitat Cromosomica
1 mutacions en p53.

En el EEC, les alteracions moleculars anteriorment descrites probablement
reflecteixin vies molecular diferents activades en diferents subtipus tumorals. De
forma interessant aquestes alteracions poden coexistir en alguns casos: la Inestabilitat
de Microsatel-lits (MI, Microsatellite [nstability) -—alteracions en multiples
microsatel-lits atribuibles a inactivacié de gens reparadors- té lloc en una freqiliencia
de fins a un 20% dels casos, apareixent inclis en etapes inicials de la malaltia. Les

mutacions activadores de CTNNBI, que codifica per la B-catenina, son altament
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especifiques del EEC 1 succeeixen en el 30-40% dels casos. Les mutacions en
CTNNBI1 es solen associar a un patr6 d’inmunohistoquimica caracteritzat per
I’acumulament de B-catenina en el nucli 1 citoplasma. Alteracions activants en K-
RAS, fonamentalment en els codons 12 i 13, son una alteraci6 preco¢ en el
carcinoma d’endometri degut a que es detecten ja en les hiperplasies.

D’altra banda, les mutacions inactivants de PTEN també son freqiients en el
carcinoma d’endometri (33-85%), especialment en aquells tumors que presenten
Inestabilitat de Microsatel-lits i solament ocorren en aproximadament el 5% dels
NEEC. Les alteracions de PTEN, juntament amb les mutacions activadores en K-
RAS expliquen la freqiient alteracio de la via PI3K/Akt en els EEC.

Per ultim, les alteracions en p53 sén considerades com un fenomen tarda en el
10-20% dels EEC, mentre que es detecta en una freqiiencia de fins un 90% dels

NEEC en estadis encara inicials.

PIK3CA
30% PTEN
30-60%
Microsatellite
Instability
20-30%
K-ras Beta-catenin
10-30% 28-35%

Figura 3: Principals alteracions genétiques trobades en els carcinomes endometrioides

d’endometri. MI, inestabilitat de microsatél-lits, mutacions en els gens PTEN, k-RAS i f3-

catenina. (Modificat de: Matias-Guiu, X; et al. Human Pathology, 2001. 32:5 69—77)4.

Sembla evident que en el EEC existeix una progressiva acumulacid
d’alteracions moleculars en el procés de transformacid neoplasica i progressio

tumoral. Aixo explica el solapament que s’observa per algunes de les mutacions més
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freqiients (Fig3) i indica que per la formacid i progressiéo d’un carcinoma es necessita més
d’una alteracio.

Aquestes alteracions ocasionen hiperactivacions de determinades vies de
senyalitzacio intracel-lular que resulten en una progressiva resisténcia a I’apoptosi i/o
un increment de la proliferacid cel-lular. Un exemple de la progressiva acumulacio
d’alteracions moleculars en el ECC es veu reflectida per les mutacions inactivants de
BAX en els ECC que presenten Inestabilitat de Microsatel-lits. BAX conté un tracte
mononucleodtid en la seva seqiiéncia codificant que esta freqiientment mutat en els
ECC amb MI. Tanmateix les mutacions secundaries de BAX succeeixen solament en
subclones dels EEC amb MI, conferint resisténcia a 1’apoptosi en aquestes clones i,
per tant, una avantatge de creixement. Alteracions paregudes s’han observat en altres

gens que contenen tractes mononucleotids en els EEC amb MI.

3. MORT CEL-LULAR PROGRAMADA

La mort cel‘lular és un procés irreversible que condueix a la perdua de la funcid
cel-lular. Existeixen diferents tipus de mort cel-lular i diferents nomenclatures per
cada una d’elles. A continuacid, perd, descriurem el tipus de mort conegut com a

apoptosi ja que ¢s el tipus de mort en la qual es basa aquest treball.

La mort cel-lular programada (PCD, programmed cell death) és el principal
tipus de mort implicat en processos de desenvolupament embrionari, proliferaci6 o
manteniment de I’homeostasi tissular (sobretot en teixits amb una alta taxa de
renovacid i recanvi cel-lular com és el cas de la paret uterina) perd també juga un
paper clau en determinades patologies com ¢és el cas de la neurodegeneracio,
patologies autoimmunes o cancer. Ja es tenia coneixenga de la mort cel-lular molts
segles abans que el laboratori del Dr. Currie proposés a principis dels anys setanta
“batejar” aquest fenomen com a apoptosi °. Des d’aleshores mort cel-lular
programada i apoptosi s’han usat indistintament per referir-se a un mateix fenomen.

L’apoptosi es caracteritza per ser un fenomen que actua sobre cél-lules
individuals 1 que, per tant, és molt especific 1 poc drastic. Morfologicament
I’apoptosi es caracteritza per una disminucié del volum cel-lular, condensacié de la

cromatina, fragmentacio nuclear, lobulaci6 de la membrana plasmatica (blebbing) i
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la formacié de cossos apoptotics rodejats per membrana que seran finalment
fagocitats per macrofags sense estimular cap resposta inflamatoria **.

La existéncia d’un programa suicida controlat geneticament va ser en primer
terme descobert a través d’estudis en Caenorhabditis elegans °. En aquest treball
Horvitz i col-laboradors demostren que la mort fisiologica de 131 cél-lules, d’un total
de 1090 cel-lules generades durant el desenvolupament del citat nematode, esta
controlada per quatre gens: CED-3, CED-4, CED-9 i EGL-1 (Fig4). Mutacions
inactivants en ced-3 o ced-4, o la sobreexpressi6 de ced-9 bloquejaven la mort
cel-lular ocorreguda durant el desenvolupament. Estudis bioquimics subseqiients
demostren que aquestes proteines actuen com un complex ternari on 1’activacio de la
proteasa ced-3 a través de la proteina adaptadora ced-4 és normalment reprimida per
la proteina antiapoptotica ced-9. D’altra banda en aquelles cel-lules que estan
promocionades per morir, 1’expressié de egl-1 promou el desacoblament de ced-9
sobre ced-4; llavors ced-3 podra exercir la seva acci6 proteolitica.

Els components del citat programa apoptotic s’han conservat al llarg de 1’escala
filogenctica 1 també els trobem en mamifers: CED-9 és homoleg als membres
antiapoptotics de la familia de Bcl-2. CED-4 conserva homologia amb Apaf-1, CED-
3 conserva homologia amb una seérie de cistein proteases intracel-lulars conegudes
amb el nom de caspases 1 finalment EGL-1 té homologia amb la familia de proteines

BH3-only.

C elegans Mammals D. melanogaster
EGL-1 Bik [Bak] [Bax] dBOK
L NI/
Figura 4: Conservacid evolutiva de y 1LY
les vies apoptotiques. Les proteines CED-9 Bcl-2 L2
presents en mamifers que participen J_ J_
Smac Reaper
en lactivacié i execuci6 de la mort CED-4 Apaf-1 : C;’_“én DARK
cel-lular, i les respectives proteines l L Y
. L CED-3 Caspase-9 DRONC
homologues en Caenorhabditis AN g o A
. LR
elegans 1 Drosophila melanogaster. ETeToa Effector
caspases caspases
(Joza, N; et al. TRENDS &
Y Y
Genetics, 2002. 1 8:]42—49)10. Apoptosis  Apoptosis Apoptosis
TRENDS in Genetics
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L’apoptosi és, per tant, un mecanisme que ha d’ésser estrictament controlat en
multiples nivells dins la propia cel-lula ja que alteracions que afectin tant a
I’execucié com a la captacio dels estimuls adients poden tenir conseqiiencies greus

en la viabilitat cel-lular.

3.1 La maquinaria apoptotica

L’observacio de que la mort cel-lular és un fenomen que té lloc durant el
correcte desenvolupament ja es va fer ara fa uns cent-cinquanta anys '’ pero I’interés
en aquesta area va romandre de forma més o menys marginal fins a les darreries del
segle vint. L’any 1965 Lockshin 1 Williams proposen el terme mort cel-lular
programada (PCD) per descriure la mort cel-lular durant la metamorfosi dels insectes
i dels capgrossos com si, d’alguna manera, estigués programada intrinsicament dins
les cél'lules "% Tal com ja s’ha esmentat amb anterioritat, I’any 1972 Kerr, Wyllie i
Currie introdueixen el terme “apoptosi” per descriure una mort cel-lular associada a
una determinada série de caracteristiques morfologiques.

Posteriorment a finals de la década dels setanta els estudis en Caenorhabditis
elegans per Horvitz i Sulston assenten les bases per a la caracteritzacid genctica dels
components moleculars de la maquinaria apoptotica. Aquests estudis van permetre
identificar els gens que controlaven el mecanisme de suicidi cel-lular en C. elegans
13 { van catapultar 1’apoptosi de la relativa obscuritat a primera linia en la recerca
biologica. A partir d’aqui, décades d’intens estudi han permes durant els anys
identificar 1 caracteritzar gran quantitat proteines i vies de senyalitzacié implicades
en ’apoptosi i descobrir que una inapropiada apoptosi també juga un paper important
en el desenvolupament de patologies com, per exemple, malalties neurodegeneratives
(Alzheimer, malaltia de Huntington), dany isquémic, desordres autoimmunes o
cancer.

En referéncia a aquest ultim, la progressiva acumulacié d’alteracions en vies
apoptotiques pot frustrar I’execucio de 1’apoptosi induida per d’agents antitumorals;
d’aquesta manera els tumors es fan progressivament resistents a les terapies

convencionals.
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3.1.1 REGULADORS DE L’APOPTOSI I: Caspases

L’execucid de I’apoptosi és efectuada, entre d’altres, per una serie de cistein-
proteases conegudes amb el nom de caspases. Durant la mort cel-lular les caspases
seran processades a partir de les respectives proformes cataliticament inactives en
enzims actius que seran els responsables de la majoria de canvis morfologics i
bioquimics propis de "apoptosi '*°.

Les caspases esdevenen d’aquesta manera els components centrals de la resposta
apoptotica i reben aquest nom perque es tracta de cistein-proteinases que processen
els seus substrats en una posicié +1 adjacent a un residu aspartic, d’aqui el nom c-
asp-ases.

Tot 1 que la primera caspasa fou identificada en humans (ICE, interleukin-1§-

converting enzyme) '’

, el paper critic que juguen les caspases en 1’apoptosi va ser
descobert a partir de la caracteritzacié en C. elegans de la proteina ced-3 (cell-death
abnormality-3), que conserva una alta homologia a ICE/caspasa-1. A partir d’aqui
s’han identificat 14 caspases diferents en mamifers de les quals 11 s’expressen en
humans.

La primera caspasa identificada en mamifers va ser identificada com un
regulador de la resposta inflamatoria pero al menys 7 de les 14 caspases conegudes
participen en mecanismes apoptotics. La primera evidéncia fou documentada pel
grup de Horvitz '* que observa com la sobreexpressié de ICE era capag d’induir una
resposta apoptotica per si sola. Tanmateix, altres evidencies que reforcen el paper de
les caspases en 1’apoptosi ve donada per I’habilitat d’inhibidors especifics de

proteases de bloquejar I’apoptosi com son la proteina del Cowpox virus CrmA 2! o

la proteina p35 del baculovirus *.

3.1.1.1  Estructura i funcio6 de les caspases
Les caspases es sintetitzen com a zimogens amb activitat nul-la o molt reduida
que s’activen per autocatalisi o per acci6 d’una altra proteasa. Com a zimogens
inactius les caspases comprenen un prodomini N-ternimal, una subunitat llarga (p20)
que conté el centre cisteina actiu i una subunitat petita (p10) (Fig5). El pas de enzim
inactiu a actiu implica el processament de la propia caspasa en punts concrets de la

seva propia seqiiéncia aminoacidica i aix0 permet establir una classificacié en funcio6
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del mecanisme d’activacid per processament. Un cop processades i alliberada la

forma cataliticament activa aquesta contindra només les subunitats p20 i p10 >

Figura 5: Representacid i 32-53 kDa i
esquematica d’una procaspasa. i i
(Nicholson, DW. Cell Death and Nl Aspx CACXG  AsoX ’
Differentiation, 1999. 6:1028- prodomain large subunit small subunit

(3-24 kDa} (17-21 kDa} (10-13 kDa)
42)".

Les caspases reconeixen una seqiiéncia de tall tetrapeptidica especifica en les
proteines diana. Essencialment les caspases requereixen que en la seqiiéncia de tall es
localitzi un residu aspartic en la posicié 1 (P1). Les posicions P2 i P3 no necessiten
estar altament conservades (tot i que la posicid en P2 esta normalment ocupada per
un residu Glu) i permeten certa promiscuitat, indicant que podrien determinar
especificitat de substract per cada caspasa. Finalment el residu aminoacidic en

posici6 P4 determinara la seva classificacio dins de tres grups geneérics.

Caspase Substrate

Pa Pg Pa Py

Group | Hydrophobic Y Caspases-1,4,5, 13
Group Il Asp Glu Xxx Asp Caspases-2, 3,7, CED-3
Group Il Aliphatic Caspases-6, 8, 8. 10, (Granzyme B)

Figura 6: Representacio esquematica del motiu tetrapeptidic identificat per les
caspases 1 la classificacié subseqiient en funcio del residu en posicio P4. El processament
es produeix de forma adjacent al residu en posicié P1. (Nicholson, DW. Cell Death and

Differentiation, 1999. 6:1028-42)**.

Per ultim, algunes caspases contenen un prodomini curt (caspasa-3, -6 1 -7)
mentre que d’altres contenen prodominis grans (Fig6). Alguns d’ells com el

prodomini DED (death-effector domain) o el prodomini CARD (Caspase-
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recruitment domain) permet a les caspases-8 1 -10 (DED) o a la caspasa-9 1 -2
(CARD) associar-se a proteines adaptadores en receptors de membrana com CD-95 o
TNER-1 #** 0 associar-se a proteines citosoliques com Apaf-1 (Apoptotic-protease-
activating factor-1) respectivament. Aquest dominis, doncs, permeten a les caspases
que els contenen posicionar-se en nivells estratégics pel que fa a la captacido de
senyals de mort i inici de la senyal intracel-lular 1 per aixo també¢ se les coneix com a
caspases inductores o iniciadores. D’altra banda aquelles que no comprenguin
aquests dominis seran caspases 1’activitat de les quals dependra de la prévia activacio

de les caspases iniciadores i reben el nom de caspases executores.

~p20 ~p10
Mammals 23J 175
277 4
T [ T
23' WQBl
303 i
23', Mglvgli
292
E==1 C T 1T ™M
216‘ 374|285 -
479 -
Caspase-8 [CoEE Tl DE[1)QI = 4L|5 [T 171
2149
521
Cospase O] (DD OO T W T T |
!l‘ 416 Caspases.
e -
1521 316‘1331 15
L [Caspase2 | [CCARD ] 8 1T T
L 2Lls Lz -
Fruitflies 231 21?”230
339
E \33li 2°|IN|1D Bl
z] 215
T 323
I |
323
Decay’ C W 1T 1N -
S e
L g : b
2 I [ | [ IT 11
. | 494
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Figura 7: Caspases apoptotiques en mamifers, mosca de la fruita i

nematodes. S’aprecia la presencia dels prodominis grans en les caspases

iniciadores (DED i CARD). (Riedl, SJ and Shi, Y. Nature Reviews, 2004.

5:897-907)%.
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3.1.2 REGULADORS DE L’APOPTOSI 1I: Bcl-2

Bcl-2 és I’acronim pel gen B-cell lymphoma/leukemia-2. Tal i com indica el seu
nom, aquest gen va ser descobert pel seu paper en malalties de limfocits B, on una
translocacid cromosomal activava el gen en la majoria de limfomes fol-liculars de
cel-lules B no-Hodgkin. En aquestes translocacions, el gen bcl-2 és desplagat des de
la seva localitzaci6 en 18g21 a una posicié adjacent al locus de la cadena pesada
d’immunoglobulines (IgH) en la posicié 14q32, caracteritzada per presentar un
promotor fort, amb la conseqiient sobreproducci6 de la proteina bel-2 .

A continuacid, Vaux i col-laboradors van ser els primers en documentar el paper
de bcl-2 en supervivencia cel-lular a 1’observar com 1’expressio estable de bcl-2
perllongava la viabilitat cel-lular (perd no la proliferacid) de limfocits B immadurs
dependents de interleukina-3 quan aquesta no es trobava present en el medi de cultiu
0 Aquests resultats suggerien que bcl-2 era capag de bloquejar la mort cel-lular
programada, una nocidé que va ser finalment demostrada pel laboratori de Korsmeyer
I’any 1990 °'.

En contraposici6 a I’increment en supervivéncia cel-lular observada quan la
proteina bcl-2 era sobreexpressada, la seva reducci6 fent us d’oligonucleotids
antisentit va demostrar una acceleracidé en el percentatge de mort cel-lular en un

32,33 o
=2, De forma addicional, els

context de deprivacio de factors de creixement
experiments antisentit també demostraren que la reduccio de bcl-2 feia les cel-lules
més sensibles a I’apoptosi perd que en si mateixa era insuficient per causar la mort

32-34

cel-lular , un descobriment que era consistent amb 1’observacio que alguns tipus

cel-lulars no contenen nivells de bel-2 detectables in vivo *>2°.
L’habilitat de bel-2 quan era sobreexpressada de prevenir la mort cel-lular sense
necessariament afectar la proliferacié cel-lular suggeria que el gen bcl-2 pertanyia a

una nova categoria d’oncogens.
3.1.2.1 Familia de bcl-2 i classificacio

Bcl-2 dona nom a tota una familia de proteines, amb aproximadament una
vintena de membres identificats en mamifers, la principal caracteristica de les quals
¢s la preséncia d’un domini conservat homoleg a Bcl-2 (BH, Bcl-2 homology

domain).
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El clan inclou quatre proteines antiapoptotiques més: Bcl-x, Bcl-W, A1/Bfl i
Mcll 1 dos grups de proteines que promouen mort cel-lular: la familia Bax i la
familia de les proteines BH3-only. Els membres de la familia Bax presenten
seqiiencies similars a les de Bcl-2, especialment en les regions BH1, BH2 i BH3 pero
la familia també proapoptotica BH3-only només conté un motiu BH (d’aqui el seu

nom); un domini d’interaccié que és necessari i suficient per la seva accio killer.

Pro-survival
ol w2 o3 o4 ob ob  ood
— [ e T s 1 s O s L
Bel2 family | |BH4| |BH3| |BH1| |BH2| |TM || Ecl2,
| | Bclx, A1,
Receptor domain Belw, Mch
Pro-apoptosis
ol o2 o3 o4l of o7oB of
— o N
Bax family | [BH[  [EH1] [BH[Tm ]| Bax,
Bak, Baok
ol o2 o3 od oS wh ol o8
1 T 1 1 T 1 T 1 1™ 1
BH3-only | [BH3] | Bid
family
| [eH3]  [m]| Bim,
1 Bik, Bad,
Ligand Bmf, Hrk,
domain Noxa, Puma

Figura 9: Les tres subfamilies de la familia Bcl-2. S’aprecien els dominis
d’homologia (BH). Molts dels membres presenten un domini hidrofobic a 1’extrem
carboxil-terminal que els faculten per associar-se a membranes intracel-lulars. TM
(transmembrane domain). (Cory, S and Adams, JM. Nature Reviews, 2002. 2.:647-
56)".

La subfamilia antiapoptotica Bcl-2

Bcl-2 i els seus homolegs més propers Bel-xL 1 Bel-W inhibeixen potentment
I’apoptosi en resposta a molts insults citotoxics com, per exemple, irradiacié gamma
i ultraviolada, drogues quimioterapéutiques o deprivacié de factors de creixement .

El seu domini hidrofobic localitzat a I’extrem carboxil-terminal (TM) les permet
ancorar-se en la cara citoplasmatica de tres membranes intracel-lulars: membrana
mitocondrial, membrana del reticle endoplasmatic 1 embolcall nuclear. Bcl-2 és una

proteina integral de membrana, inclus en cel-lules sanes, mentre que Bcel-xL 1 Bel-W
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només esdevenen intimament associades a membrana en resposta a una senyal
citotoxica, senyal indicativa d’un canvi conformacional induible *.

Evidencies creixents semblen indicar que tota cél-lula requereix la proteccié de,
com a minim, un homoleg de Bcl-2 i que ’abundancia d’aquests “guardians” regula
I’homeostasi tissular. La sobreexpressié de Bcl-2 en linies hematopoictiques resulta
en un excés de limfocits B, T 1 cél-lules mieloides que son refractaries a diversos
estimuls citotoxics ***. Contrariament, la inactivaci6 dels membres d’aquesta
familia augmenta 1’apoptosi en tipus cel-lulars especifics presumiblement perque les
concentracions dels altres membres no son suficients per compensar. Aixi doncs,
Bcl-2 per si sol és requerit per regular la supervivencia de les cel-lules mare de
ronyd, melanocits i limfocits madurs 45, Bcl-xL per cel-lules neuronals i eritroides 46,
Bcl-W pels progenitors de cél-lules espermatiques *"*, A1/Bfl per neutrofils * i

Mcll durant I’implantacié del zigot .

La subfamilia BH3-only

Les proteines BH3-only son considerades com a “sentinelles” encarregades
d’iniciar una senyal apoptotica en resposta a dany intracel-lular. Actualment aquesta
subfamilia consta de més de deu membres, caracteristica indicativa del refinament en
el control de la mort cel-lular. Els seus membres provoquen la mort a través de la
unid al domini receptor d’altres membres multidomini de la familia de Bcl-2,
inhibint-los (si sén membres antiapoptotics) o activant-los (si sébn membres
proapoptotics).

Una caracteristica interessant d’aquestes proteines és que no poden desencadenar
mort apoptotica en abseéncia de Bax i Bak (membres de la subfamilia Bax) i, per tant,
la seva funci6 ’hem de situar “aigiies amunt” en la mateixa via de senyalitzacio *'~.
Alguns dels seus membres també contenen a 1’extrem carboxil-terminal un motiu
hidrofobic que els permet associar-se a membranes intracel-lulars.

Individualment, les proteines BH3-on/y es mantenen a I’espera de forma inactiva

per diversos mecanismes:

-Bim 1 Bmf son segrestades per la uni6 a la cadena lleugera de dineina associada

als microtubuls (Bim) i citoesquelet d’actina (Bmf) 23,54
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-Bad, un cop fosforilada per proteines com Akt i la proteina cinasa A ¢és

segrestada per la proteina scaffold 14-3-3 > mentre que Bid es troba en estat

. o . (o 56,57
relativament inactiu fins que és processada proteoliticament ™",

-Per acabar, proteines BH3-on/y com Noxa, Puma o Harakiri (Hrk)/DP5 son

.. . . 61
controlades principalment a nivell transcripcional **°'.

La subfamilia Bax

La familia Bax consta de tres proteines: Bax, Bak i Bok. Mentre que Bax i Bak
estan ampliament distribuides, Bok es fa més patent en teixits reproductors.

Els primers estudis revelaren que la inactivacié de Bax afectava I’apoptosi de
forma poc drastica i que la disrupcié de Bak no presentava efectes apreciables mentre
que la inactivacié d’ambdos proteines impedia ’apoptosi en diversos teixits ~>*%.
Es dedueix doncs, que la preséncia de Bax i Bak sembla essencial per I’execuci6 de
I’apoptosi en multiples tipus cel-lulars.

Bax 1 Bak sembla que exerceixen la seva funcido primordialment en la
mitocondrial “*®) perd també se n’han documentat funcions en el reticle
endoplasmatic.

Bax és un monomer en ce¢l-lules sanes perd canvia de conformacié durant
I’apoptosi, s’integra en la membrana externa de la mitocondrial i oligomeritza %,
D’altra banda, Bak és una proteina integral de membrana mitocondrial perd també
canvia de conformacié durant I’apoptosi i pot formar agregats.

Aixi, Bax 1 Bak poden oligomeritzar en la mitocondrial i formar porus que
donaran lloc a la permeabilitzacié de la membrana mitocondrial externa. Aquest

procés es pot veure afavorit pel paper que poden jugar altre membres BH3-only com

Bad o Noxa, que interaccionen amb proteines antiapoptotiques com Bcl-2 i Bel-xL
69

3.2 Vies apoptotiques

Existeixen dos vies de senyalitzacié apoptotiques principals, la via extrinseca o
dels receptors de mort i la via intrinseca o mitocondrial (Fig10).

En la via dels receptors de mort, la senyal prové de la interacci6 entre el lligand 1

el receptor de mort. Els receptors de mort pertanyen a la superfamilia dels receptors
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de mort (TNFR, Tumor necrosis factor- receptors) mentre que els lligands pertanyen a
la familia dels factors de necrosi tumoral/factors de creixement nervids.

Dr’altra banda, la via mitocondrial esta regulada principalment per la familia de

proteines Bcl-2. Aquesta via s’inicia en resposta a diversos estimuls com, per
exemple, estrés a reticle endoplasmatic, dany al DNA, etc.

Death receptors Growth factor
9 e deprivation
i
Chemotherapeutic l\
drugs \ CaZ*
| DIsC Steroids Imadiation | jonophores
0 T~ / \
1 S o Y
Caspase-fi ——— — BH3I» Bax O
> _a - Ly 1 \I_?'."ﬂ"
Bid] @id> . |
|II ‘\ /
| \ /
I* Apaf-1 v o
Caspase-3, -6, -7 o(}[rﬁdj R NY N e
oo Caspase-9
-~
‘ P Caspase-12
DNA
Surface fragmentation ~—___
alterations Y — L AF
Chromatin = I S O
condensation SE%CLO 4 [O \ -
AP
¢
Key: == DED &= DD == CARD = 'BH3-only' protein «<=» Bcl-2/Ba-XL <= Bax/Bak/Bok
TRENDS in Genetics

Figura 10: Representacid esquematica de les principals vies de senyalitzacio
apoptotica. (Joza, N; et al. TRENDS & Genetics, 2002. 18:142-49)".

3.2.1

Via intrinseca o mitocondrial

Alguns tipus cel-lulars entren en apoptosi a través de 1’activacié de I’anomenada

via mitocondrial o intrinseca; caracteritzada per tenir la mitocondrial com a element
central.

La mitocondria pot ésser vulnerada en resposta a diversos estimuls com, per
exemple, radiacions ultraviolada 1 gamma, dany al DNA,
quimioterapeutiques, estrés al reticle endoplasmatic, etc

drogues
70,71
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En Caenorhabditis elegans, I’activacio de la caspasa ced-3 requereix ced-4. Per
contra, ced-9 actua bloquejant 1’activacié de ced-3 segrestant ced-4 a la mitocondrial
7273 Aquelles céllules que rebien una senyal de mort responien produint egl-1, la

qual s’unia a ced-9 i alliberava ced-4 per poder activar ced-3.

C. elegans Mammalian
Upstreamn signal Upstrearn signal
(transcription) (processing, transcription)
Activated
= =°| BH3-only
proteins

o Cytochrome ¢
o release

Figura 11: Expansi6 evolutiva de la g o) &

=/ Caspase-9

magquinaria apoptotica des de C. elegans l

a c¢l-lules de mamifer. (Degterev, A and
Yuan, J. Nat. Rev. Mol. Cell. Biol, l l

2008. 9:378-90)"*. Cell death Cell death

La proteina scaffold ced-4 t¢ un domini amino-terminal anomenat CARD
(Caspase recruitment domain) que facilita 1’interaccié homotipica amb un domini
CARD comparable present en ced-3. A més a més, ced-4 presenta un domini NBD
(Nucleotide-binding domain) que permet 1’oligomeritzacié requerida per promoure
el processament de ced-3 7.

L’homoleg de ced-4 en mamifers Apaf-1 va ser descobert com un cofactor
requerit per I’activacié de la caspasa-3 a través de la caspasa-9 "*7® pero a diferéncia
de ced-4, Apaf-1 és citosolica " no s’uneix Bcl-2 o altres membres de la mateixa
subfamilia ® i a més de presentar els motius CARD i NBD, conté dos dominis

WDA40 situats a I’extrem carboxil-terminal.
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El domini WD40 ¢és un motiu proteic conservat d’aproximadament 40 residus

81821 possibilitar

que permet unir el citocrom ¢ provinent de la mitocondrial danyada
d’aquesta manera que Apaf-1 adopti una conformaci6 més oberta. Com a resultat
Apaf-1 multimeritzara i1 s’associard amb la caspasa-9 per formar un complex
heptaméric d’uns 1.4 MDa (Mili Dalton) anomenat apoptosoma. La formacié de
I’apoptosoma resultara en 1’activacié de la caspasa-9 que, al seu torn, activara les

. 5 83,84
caspases efectores -3, -61-7 77",

| Apoptotic Stimuli ’

I
 r—— . - -
83 +— o 4—@ Mitochondrion
(=] e e TR

Apoptosome
I_I

Figura 12: Formacid de I’apoptosoma descrita per Xiaodong Wang al 2001. La sortida de
citocrom ¢ de la mitocondrial possibilita ’ensamblatge d’Apaf-1 amb la caspasa-9. La
conseqiient activacio de la caspasa-9 permetra continuar el senyal apoptotic cap a les caspases

executores. (Wang, X. Genes & Development, 2001. 15:2922-33)%.

La sortida del citocrom c de la mitocondria és el resultat en 1’alteracié de la
permeabilitat de la membrana mitocondrial externa. Com a conseqiiéncia, altres
proteines com Smac/Diablo, AIF o I’endonucleasa G que normalment son retingudes
dins aquest organul son alliberades al citosol ***.

La causa de I’alteracié en permeabilitat mitocondrial apunta als oligomers

formats per Bax i Bak a la superficie de la membrana mitocondrial externa  (Figl1).

Tanmateix, el mecanisme pel qual succeeix és controvertit perd el model més
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acceptat actualment €s el que es basa en la semblancga entre els membres de la familia
Bcl-2 1 la toxina diftérica 1 que postula que Bax 1 Bak poden formar canals. Aquesta
hipotesi s’implementa per I’observacié documentada de que oligomers de Bax poden
formar porus en liposomes *° i que les mitocondries de les cél-lules en apoptosi
[

presenten un nou cana Alternativament, Bax podria interaccionar amb

components del PTP (Porus fransitori de permeabilitat) com per exemple la proteina
VDAC (Voltage-dependent anion channel) per crear un canal major >

La via mitocondrial, pero, també pot ésser modulada per altres elements aliens a
la familia de proteines Bcl-2. Un exemple clar és p53, una proteina supressora de
tumors que respon a diversos estimuls d’estrés parant la progressio del cicle cel-lular
a través de D’expressié de proteines com p2l. En un context de dany cel-lular
irreparable, p53 promou ’apoptosi via I’expressio d’altres gens clarament implicats
en el control de I’apoptosi mitocondrial com, per exemple, puma, noxa, apaf-1, o bax

495 inhibint 1’expressio de gens antiapoptotics com Bcl-2 o Bel-xL *°.

Aixi doncs, I’accié reguladora de les proteines de la familia Bel-2 en la via
apoptotica intrinseca o mitocondrial esta ben caracteritzada perd és la formacio de
I’apoptosoma a partir d’Apaf-1/caspasa-9 I'inic mecanisme de mort apoptotica? Si
fos aixi, la pérdua d’Apaf-1 o caspasa-9 hauria de ser tan efectiva com la
sobreexpressio de Bcl-2 en la proteccid cel-lular contra multiples mecanismes
d’estres. Consistent amb aquest afirmaci6, la majoria dels animals deficients en
Apaf-1 o caspasa-9 presenten cervells allargats a causa d’un déficit en 1’apoptosi

97-100

durant el desenvolupament neuronal i moren poc després de néixer . Tanmateix,

Apaf-1 no és requerit per la induccié d’apoptosi en neurones post-mitotiques '°' o

.. ., . . . 1
’eliminacié de timocits autoreactius '°

*. Aquestes circumstancies indiquen que en
determinats contexts I’apoptosoma enlloc d’ésser essencial per la mort apoptotica
actua com un amplificador de I’activitat caspasa ja que determinats tipus cel-lulars
(com les neurones en desenvolupament) perd no d’altres (com els limfocits)

. . o1
requereixen d’aquesta amplificacié '

A més a més, aquests descobriments
suggerien I’existéncia d’altres vies de senyalitzacidé apoptotica que podien actuar de

forma independent a I’apoptosi mitocondrial.
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3.2.2 Via extrinseca o dels receptors de mort

Evolutivament els vertebrats han adquirit una nova ruta de mort cel-lular que és
iniciada per receptors de superficie cel-lular i que resulta en 1’activaci6 de la
procaspasa inductora 8 o el seu homoleg procaspasa-10 (present en humans perd no
en ratolins). Aquesta nova ruta rebra el nom de via extrinseca o dels receptors de
mort 1 com el seu nom indica sera executada pels receptors de la superfamilia del

TNF.

oDosL TRANCE i

FASL APO2L BAFF  RANKL e EDA

AL . WKL coaol  aiTAL EDAED)
TLIA  TRAL N1 E"bL|GHTT\-'u'EAK APF!IL cD4oL, CD27L OxdoL A2

Eﬂ HMH
§

|
$ 608 %U_ %

ﬁ D il
/\ .
; §§§§ 3

l

m%

L it A GOOO — I —

E]DCRS ﬁ = DcF!" S U opg ¢ 2w [ U
DcFlQ TFH E'TNFR2 HVEM  FN14 BCMA HANK cD40 CDE? 4-1BR THOY

cD95  DR3 DoRd TNFR1  LTBR TWEAK-R TACH CD30  GTR  oxdo |EDAR NG

FAS DR4 DRE BR3 XEDAR

APCH DRS BAFFR

Figura 13: La superfamilia de TNF i receptors corresponents. Les fletxes continues indiquen les
interaccions lligand-receptor d’alta afinitat mentre que les discontinues mostren unions de baixa
afinitat. Els interrogants fan referéncia a receptors dels quals no es coneix lligand, els rombes
representen els dominis rics en cisteina i les caixes vermelles denoten els dominis de mort en posicid

intracel-lular. (Ashkenazi, A. Nature Reviews, 2002. 2:420-30)'",

3.2.2.1 Introduccio als lligands de mort. Aspectes generals.

El nom factor de necrosi tumoral entranya una connexio6 ja historica entre els
gens de la superfamilia del TNF 1 la terapia anticancerigena. El nexe es remunta a
observacions que ja varen ésser documentades al 1868 per Brunes, qui observa que
els tumors d’alguns pacients revertien espontaniament després d’una infeccid
bacteriana aguda. El 1894, Colley observa com extractes de bactéries —més tard
anomenades toxines de Colley- podien causar la regressié tumoral. Posteriorment el
1944 Shear i col-laboradors aillen un factor present en les bactéries gram-negatives
anomenat endotoxina o lipopolisacarid (LPS) que un cop injectat en tumors de

ratolins era capa¢ d’induir necrosi tumoral.
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El 1963, W. O’Malley va un pas més enlla i transfereix sérum provinent de
ratolins tractats amb LPS en tumors de ratolins i observa 1’aparicié de necrosi
tumoral '®. El 1975, E. Carswell, L. Old i col-laboradors confirmen aquesta

1'% a més a més mostren com el

observacio i neix el terme factor de necrosi tumora
LPS és capag de matar cel-lules tumorals en cultiu. El1 1984, D. Pennica documenta el
clonatge d’un cDNA (complementary deoxyribonucleic acid) que codifica per la

107

proteina TNF ', mentre que P. Gray aconsegueix el clonatge d’una altra proteina

citotoxica anomenada /imfofoxina (LT) 108,

Sorprenentment, les proteines TNF i LT comparteixen un 30% d’homologia en
la seva seqiiencia. Aixo va fer pensar en I’existéncia d’una familia de gens. Les dues
proteines van ¢ésser renombrades TNF-alpha i TNF-beta perd el subseqiient

109

descobriment d’una altra proteina molt semblant a LT va obligar a tornar a

I’antiga nomenclatura i reinstaurar el noms TNF i crear-ne dos de nous: limfotoxina
alpha (LT-a) 1 beta (LT-p).

Els lligands de mort soén glicoproteines transmembrana de tipus II, és a dir,
presenten un domini carboxil-terminal a 1’espai extracel-lular, una regid
transmembrana i una cua citoplasmatica amb I’extrem amino-terminal ''°. Cada
membre de la familia del TNF s’uneix, al menys, a un receptor i alguns es poden unir
a multiples receptors. També es pot donar el cas de que varis lligands comparteixin
receptor com ¢és el cas de BLYS/BAFF (B-cell activating factor) i APRIL amb els
receptors BCMA 1 TACI (Figl3).

Els lligands formen oligdomers, sovint trimers, que son vitals per reclutar els
receptors 1 iniciar la senyalitzacid. Els processament proteolitic per
metal-loproteinases €s un fet postraduccional caracteristic dels lligand de mort: la
regio carboxil-terminal és processada en una forma soluble i alliberada a 1’espai
extracel-lular.

Els lligands de la familia del TNF exerceixen la seva activitat biologica
primerament, perd no exclusivament, en el sistema immune modulant la immunitat

. . . 111
innata 1 adaptativa

. Alguns dels lligands, com TNF, promouen respostes
inflamatories en resposta a infeccions microbianes. Altres com LT-, CD40L,
LIGHT, RANKL i BLYS/BAFF regulen aspectes especifics de la immunitat cel-lular

o humoral, incloent la formacié d’organs limfoides, activacio de cel-lules
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dendritiques 1 estimulacid o superviveéncia de cel-lules B 1 T. Altres lligands com
FasL (també anomenat ApolL o CD95L) i Apo2L/TRAIL regulen I’activacié de
I’apoptosi induida per limfocits perifeérics i també controlen 1’apoptosi induida per les
cel-lules NK (Natural killer) i limfocits citotoxics en cél-lules infectades per virus o
transformades. Alguns membres també tenen papers importants fora del sistema

immune en la regulacio de teixits 1 organs com la pell i I’os.

3.2.2.2 Introduccio6 als receptors de mort.

La superfamilia de receptors del TNF presenta un ampli ventall de receptors. Es
tracta de proteines integrals de membrana, la majoria de tipus I, és a dir, amb un sol
pas transmembrana, amb 1’extrem amino-terminal extracel-lular i I’extrem carboxil-
terminal intracel-lular.

La majoria dels receptors funcionen com a transductors de senyal
transmembrana quan son units als respectius lligands. Alguns dels receptors, pero, no
senyalitzen 1 per tant no son capacos de generar una resposta intracel-lular. Enlloc
d’aixd sembla que actuin com a reclams (decoy) que competeixen pels lligands amb
els receptors senyalitzadors.

Els receptors senyalitzadors al seu torn poden ser classificats en dos subgrups en
base a la seva regi6 citoplasmatica: aquells que no presenten dominis de mort, i els
coneguts com a receptors de mort (DR, Death receptors) Ho que contenen un domini
de mort citoplasmatic (DD, Death domain).

Els dominis de mort (DD) faciliten la interaccié dels receptors amb proteines
adaptadores que també contenen els dominis DD. Per tant, un domini DD intacte és
vital per la induccio6 de 1’apoptosi.

Fent s d’assajos doble hibrid en llevats, diversos grups identificaren tres
proteines que interaccionaven amb els DD d’alguns receptors. Una d’aquestes
proteines ¢és RIP (Receptor interacting protein).

FADD/MORT]1 (Fas-associated death domain containing protein) també és una
proteina adaptadora capa¢ d’unir-se als receptors a través del DD i a les caspases
iniciadores a través del domini DED (Death effector domain) i iniciar aixi la senyal

apoptotica.
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Finalment, I’adaptador conegut amb el nom de TRADD (TNF-receptor-
associated death domain) estimula proteines cinases que controlen la transcripcid de
gens moduladors de la resposta immune. Alternativament, TRADD pot iniciar una

senyal apoptotica a través de FADD.

CD395L

Figura 14: Esquema representatiu de les interaccions

entre els dominis DD presents en receptor i proteina FADD

Caspase 8 i ensamblatge de les caspases iniciadores a través del
* domini DED. (4shkenazi, A and Dixit, VM. Science, 1998.
Effector 1o
caspases 2811305—8) .
Apoptosis

Com ja s’ha esmentat anteriorment, també es dona 1’existéncia de receptors que
presenten un domini DD intracel-lular truncat o, en molts casos, inexistent pero
continuen tenint afinitat pels respectius lligands. Aquesta caracteristica els fa
competidors extraordinaris dels receptors senyalitzadors. Un exemple clar d’aquesta
classe de receptors ¢€s el receptor de 1’osteoprotegerina (OPG), un receptor decoy
soluble per RANKL/OPGL 2 i també per Apo2L/TRAIL '". Els DcR1 i DcR2
també sén receptors no senyalitzadors competidors per TRAIL ''°. DcR1 i DcR2

estan ancorats a membrana pero a diferéncia del DcR1, el DcR2 presenta un domini
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DD intracel-lular truncat incapa¢ de generar una resposta apoptotica. Finalment, el

receptor DcR3 és, com OPG, un decoy soluble per Fas ''* i LIGHT ''*!">.

3.2.2.3 L’apoptosi per via extrinseca. Aspectes generals.

Entenem per apoptosi per via extrinseca aquella que esta iniciada per receptors
de mort. Els receptors, un cop units als seus lligands 1 en determinades condicions,
seran capacos d’activar les caspases iniciadores més apicals com la caspasa-8 o la
caspasa-10 a través de FADD. Aquest ensamblatge proteic a membrana es coneix
com a DISC (Death-inducing signaling complex) ''® (Fig15).

Les caspases iniciadores, un cop actives, activaran les caspases efectores que

procediran a la desestructuraci6 cel-lular.

»

X scDes,
Y (DcR3)
»

DIsC

€
€
L
W

Procaspase-8 \
(Procaspase-10) FLIP 5

Figura 15: Formacio del DISC. La uni6 dels lligands de mort, en aquest cas FasL,
precipita la formacio del DISC. La proteina adaptadora FADD s’uneix a través del seu
DD (caixes violeta) a I’extrem carboxil-terminal intracel-lular del receptor i a les
caspases iniciadores a través del domini DED (caixes vermella). (Modificat de: Igney,

FH and Krammer, PH. Nature Reviews, 2002. 2:277-88)""".

L’apoptosi per via extrinseca 1 intrinseca semblen ser, doncs, mecanismes

38,118-120
2 %

independents. Per exemple, ni la sobreexpressiéo de Bcl- ni la perdua de

- 99,100,121
bim, apaf-1 o caspasa-9 *'%"

protegeix els limfocits de 1’apoptosi induida pels
lligands de mort. No obstant en altres tipus cel-lulars, les dues vies poden
interaccionar ja que la caspasa-8 pot activar la proteina BH3-only Bid que actuara
facilitant la permeabilitzaci6 de la membrana mitocondrial 2657122 pio17).
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Coetaniament als resultats descrits, Scaffidi 1 col-laboradors postulen que
I’activacio individual de la via extrinseca es dona en cel-lules amb prous nivells de
caspases iniciadores com per activar per si soles les caspases executores 1 les
anomena cel-lules tipus I. Les c¢l-lules tipus II seran aquelles que no puguin activar
nivells suficients de caspases iniciadores i que necessitin, per tant, de 1’amplificacio

mitocondrial a través de Bid per executar ’apoptosi '*

(77 TRAL
m TRAILRI or TRAILR2
~ O Active caspase 8
DIABLDY ,l, '
\ 4 00 N & _»paE _»paE - 3= uap :
~ VAR O n e D DCapae’ s
e BT 1 ;
L] Cytochroms o -IAPs s
((3) Active calpase 3 J*

/! el
APAFI .6 \0 &gi"

Figura 17: Convergéncia entre les vies de senyalitzacid per receptors de mort i
mitocondrial prenent TRAIL com a model. L’inié de TRAIL al seu receptor desencadenara
la formaci6 del DISC. Un cop format, la caspasa-8 es processara i s’activara. Al seu torn,
aquesta activara la caspasa-3 o proteolitzara Bid. En les cél.lules tipus I els nivells de
caspasa-8 i -10 actius seran prou elevats per activar directament la caspasa-3. Per contra, en
les cél-lules tipus II, les caspases iniciadores processen i activen Bid per iniciar el “loop”
d’amplificaci6 mitocondrial que resultara en [’activacié de la caspasa-9. En aquestes
condicions hi haura nivells suficients de caspases iniciadores actives com per activar de
forma massiva les caspases executores. (Johnstone, RW; et al. Nature Reviews, 2008. 8:782-

98)'2*

4. EL PAPER DE L’APOPTOSI EN L’ENDOMETRI NORMAL
Historicament, la menstruaci6 ha estat associada a necrosi isquémica de 1’estrat
funcional a causa de la contraccié de les artéries irrigants i de ser un fenomen
hormono-dependent '*>'?°. Estudis posteriors per microscopia electronica revelaren
la preséncia de cossos apoptotics en I’epiteli endometrioide huma durant la fase

secretora tardana pocs anys després del naixement del terme apoptosi %’
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Evidencies acumulades durant anys suggerien que 1’apoptosi ajudava a mantenir
I’homeostasi cel-lular durant el cicle a través de 1’eliminacio de cel-lules de 1’estrat
funcional de 1’endometri durant les fases secretora i menstrual '*”'*°. L apoptosi va
ser detectada en I’epiteli glandular durant la fase secretora i menstrual mentre que
rarament era detectada durant la fase proliferativa o als inicis de la fase secretora
128,130,131

Considerant la naturalesa ciclica de ’apoptosi en I’endometri huma, i tenint en
compte que I’endometri inicia un procés rapid de proliferaci6, diferenciacio i
involucid sota influéncia hormonal; sembla probable que estrogens i progesterona
podrien regular 1I’apoptosi en aquest teixit.

Avui dia el mecanisme exacte de l’apoptosi en I’endometri huma no esta
completament identificat perd son diversos els grups que han fet estudis al respecte.
En tot cas resulta evident que la regulacié és hormonal i que, per tant, és ciclica. S’ha
de posar de relleu, pero, que ’apoptosi es dona de forma particular en I’estrat
funcional, que és més dinamic, i de forma menys freqiient en 1’estrat basal, que

roman més o menys constant durant el cicle.

Figura 18: Representacio d’un cos apoptotic
(fletxa) en el lumen glandular (GL) durant la fase
secretora tardana. El cos es caracteritza per presentar
masses de cromatina periférica. GC:cel-lula glandular
Barra=1pm
(Yamashita, T. Molecular Human Reproduction,

1999. 5:358-64)".
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4.1 Bcl-2

Una de les proteines més ben estudiada al respecte és Bcl-2. Sembla ser que Bcl-
2 té una expressio ciclica en ’endometri glandular i I’estroma que arriba al seu punt
algid durant la fase proliferativa tardana i decreix durant les fases secretora i
menstrual **'**, Bax sembla ser també un proteina que es modula, perd a diferéncia
de Bcl-2, els nivells de Bax sén modestos durant la fase proliferativa i incrementen

3% De forma

drasticament en la fase secretora quan 1’apoptosi €s més prevalent
consistent, estudis inmunohistoquimics de Bak demostren que la seva localitzacid és
eminentment glandular, especialment durant la fase secretora i1 practicament
inexistent en ’endometri proliferatiu '*°.

En el seu moment es va postular que aquesta expressié diferencial de proteines
pro i antiapoptotiques de forma ciclica havia d’obeir a alguna classe de regulacid
superior que modulés la natura tant dinamica de I’endometri huma. Fou en aquesta
direcci6 que diversos cientifics documentaren la regulacié de Bel-2 1 Bax en resposta
als esteroides ovarics **'*’. Posteriorment, Vaskivuo i col-laboradors demostren que

el patr6 apoptotic correlaciona inversament amb les concentracions d’estradiol en

sérum durant la fase proliferativa "'

4.2 FasL

Fas i FasL també s’expressen en I’endometri huma durant el cicle menstrual
B2138.139 Dyrant la fase proliferativa aquestes proteines son retingudes a 1’aparell de
Golgi i en vesicules citoplasmatiques '*’.

La inmunotincié per Fas **'*! i FasL '* és més intensa durant la fase secretora
que en la fase proliferativa.

Amb tot, aquests resultats indiquen que 1’apoptosi juga un paper fonamental en

la remodelaci6 de I’endometri durant el cicle menstrual.
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5. APOPTOSI I CANCER

Des dels anys 50, I’estratégia principal per tractar el cancer, fora de la cirurgia,
han estat la radioterapia o la quimioterapia. Aquests metodes actuen principalment
danyant les cél-lules a nivell de la replicaci6 del DNA o de la divisio cel-lular i
induint la mort cel-lular apoptotica com una resposta secundaria al dany produit. Tot
1 que aquests tractaments de vegades s’associen a una aturada en el creixement del
tumor o inclis la regressid, rarament son curatius i sovint sébn secundats per
I’aparici6 de clones de cel-lules tumorals resistents.

La radioterapia i la quimioterapia, a més a més, no distingeixen entre cel-lules
proliferants malignes i no-malignes i1 poden causar toxicitat en teixits normals com la
medul-la 0ssia o el ronyo. Els tltims anys, pero, s’han invertit molts esfor¢os en el
desenvolupament d’eines biologiques més selectives que puguin véncer la resisténcia
tumoral alhora que minimitzar els possibles efectes secundaris '**.

El sentit de fer servir ’apoptosi en el tractament contra el cancer es basa en
I’observacié que aquest és un fenomen que es troba desregulat en les cel-lules
cancerigenes perd no en les cél-lules normals '**'*7% Les cél-lules tumorals haurien
adquirit mecanismes de bloqueig de 1’apoptosi perd tot i aixi so6n constantment
abocades a iniciar-la com a conseqiiencia de les alteracions genomiques que
presenten. Per tant, si les vies proapoptotiques poguessin ser estimulades, aquestes
céllules haurien de ser més susceptibles a la mort que les cél-lules normals '’

La inducci6 de ’apoptosi, com ja hem comentat, ¢s un component important de
I’activitat antitumoral de les terapies tradicionals com son la radioterapia i la
quimioterapia '**'*®, Aquestes, sembla que estimulin I’apoptosi primariament a
través de la via intrinseca o mitocondrial per lo que la incapacitat per executar-la
convertiria aquestes cél-lules canceroses en resistents '*'*®!%° En aquest sentit,
mutacions en el gen TP53 (que codifica per la proteina p53), freqiientment es troben
al darrere d’aquesta resisténcia ja que les cel-lules presenten desacoblada la connexio
entre els sensors de dany a DNA i la maquinaria apoptotica ''""%"!
Aproximadament es calcula que les mutacions en p53 es donen en un 50% dels
tumors.

Donat que 1’apoptosi extrinseca o per receptors de mort actua independentment

de p53, les terapies que directament activen aquest mecanisme tenen el potencial
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d’induir la mort cel-lular en cancers amb un ampli espectre de resisténcia enfront les
terapies convencionals '°. Aixi doncs, 1’estimulacié de ’apoptosi ha emergit com
una estratégia pel tractament del cancer i1 s’estan realitzant auténtics esforcos per

identificar dianes proapoptdtiques amb potencial terapéutic '>>'°.

6 TRAILIELS SEUS RECEPTORS

RAIL (TNF-related apoptosis inducing ligand) és wuna proteina

transmembrana tipus II que inicialment va ser identificada i clonada en

base a I’homologia de seqiiéncia del seu domini extracel-lular amb els
lligands CD95L (28% d’homologia) i TNF (23% d’homologia) '*°. En la superficie
cel-lular, el seu domini carboxil-terminal pot ésser processat per proteases alliberant
una molécula circulant d’aproximadament 19 kDa que s’unira als respectius
receptors. Com molts altres membres de la familia del TNF, TRAIL forma
homotrimers que s’uniran a tres molecules receptores provocant 1’activacio de la
senyal apoptotica.

S’han identificat diversos receptors pel lligand Apo2L/TRAIL (Figl9): dos
receptors de mort, DR4 '*" i DRS/KILLER "*'®! (també anomenats TRAIL-R1 i
TRAIL-R2 respectivament) i dos receptors decoy, DcR1/TRID '**1°*162 | DcR2
162163 (també coneguts com a TRAIL-R3 i TRAIL-R4). Finalment es va demostrar
que un tercer receptor decoy, OPG, també podia unir TRAIL ' tot i que inicialment
es va caracteritzar com un receptor pel lligand RANKL/OPGL. Tanmateix 1’afinitat
d’aquest receptor per TRAIL és molt baixa a temperatura fisiologica '**. La
rellevancia fisiologica d’OPG com a receptor de TRAIL no és clara pero estudis
recents indiquen que podria jugar un paper com a factor de supervivencia en c¢l-lules
de cancer de prostata. L’estudi demostra una correlacié negativa entre la capacitat de
TRAIL per induir apoptosi i els alts nivells d’OPG en circulacié endogenament
produits per les cél-lules tumorals '®.

En referéncia als receptors decoy DcR1 1 DcR2 s’accepta que la seva accid
primordial vindria donada de forma indirecta a base de competir amb els pertinents
receptors senyalitzadors per la uni6 a TRAIL. S’ha postulat fins i tot que una
disminucié en D’expressido d’aquests receptors (observada en algunes cel-lules

166,167

tumorals) sensibilitza a la mort induida per TRAIL . Un altre model que podria
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complementar aquesta noci® postula que els receptor decoy DcR2/TRAIL-R4
inhibiria I’apoptosi promovent I’activacié de NF-xB ', Tanmateix, alguns autors
postulen que el model inicial de sensibilitzaci6 a TRAIL basat en 1’expressi6 dels
receptors decoy hauria estat massa simplista i han documentat com el DcR2 és capag
d’unir-se al receptor DR4. Els autors demostren que la formacio d’aquest
heterocomplex seria deficitari en la iniciacié d’una senyal de mort prou robusta '**.
Ambdos receptors DR4 1 DRS5 contenen el domini de mort conservat DD i, per
tant, son capacos d’iniciar i senyalitzar apoptosi. Els altres tres receptors actuen com
a competidors i son capacos d’inhibir la mort induida per TRAIL quan sén
sobreexpressats. Alternativament, DcR1 1 DcR2 presenten una alta homologia amb
els dominis extracel-lulars de DR4 i DR5. A més, el DcR2 conté una forma truncada,
no funcional, del domini DD. D’altra banda el DcR1 no presenta cap regi6 citosolica

i es troba ancorat a membrana plasmatica a través d’un motiu glicofosfolipid.

TRAIL

7N

¥
M M V¥ ¥
N i y
DR5 DR4 il DcR2 DeR1 | oPG '

PLASMA MEMBRANE

w——P| DEATH
DEATH DOMAIN

Figura 19: TRAIL i els seus receptors. TRAIL és un lligand homotrimeéric
capag¢ d’interaccionar amb els membres de la familia dels receptors de TNF. Els
receptors DR4 i DR5 contenen el motiu DD, essencial per la senyalitzacio
apoptotica. Els receptors DcR1 i DcR2 competeixen amb DR4 i DRS per la unié
a TRAIL (Wang, S and El-Deiry, WS.Oncogene, 2003. 22:8628-33)*.

S’ha de destacar que en ratolins només un receptor de mort homoleg a ’huma
DR5 (mTRAIL-R2/mDRS5) i dos receptors decoy potencials (mDcTRAIL-
R1/mDcR1 i mDcTRAIL-R2/mDcR2) han estat identificats com a receptors
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especifics del TRAIL muri '*®®. Com en humans, mDR5 conté un domini DD
intracel-lular capa¢ d’iniciar la senyal de mort cel-lular, mDcR1 també esta ancorat a
membrana plasmatica. Per ultim, existeixen dos variants creades per splicing
alternatiu de mDcR2: una forma secretada (mDcR2S) i una forma transmembrana
(mDcR2L).

Els animals knockout per Apo2L/TRAIL son viables, fértils i no presenten

‘i 169,170
defectes hematologics

, suggerint que aquest lligand no té una funcié rellevant
durant el desenvolupament.

D’altra banda, aquests estudis també indiquen que Apo2L/TRAIL juga un paper
important en la vigilincia antitumoral per part de les cél'lules immunes '®.
Experiments en ratolins en els que Apo2L/TRAIL fou bloquejat fent s d’anticossos
neutralitzants impliquen Apo2L/TRAIL especificament en la funcié antitumoral de
les cél'lules NK a través de I’interfero-y '’'. En aquest sentit les cél-lules NK actives
217 “monocits '7* i limfocits T CD4" o CD8" '">!'7 expressen Apo2L/TRAIL i usen
aquest lligand per induir I’apoptosi en cel-lules tumorals.

Apo2L/TRAIL també podria ser un mitjancer important de 1’apoptosi induida
per interferons tipus I en cél-lules de carcinoma de rony6 '* i cél-lules de mieloma

'8 La preséncia d’un element regulador de la transcripcié en el gen

182

multiple

d’APO2L/TRAIL que respon als interferons dona suport a aquests resultats

183 . 184 -
o herpesvirus incrementa

I’expressio d’Apo2L/TRAIL i les cel-lules NK poden utilitzar I’Apo2L/TRAIL -

Encara més, la infeccid de cél-lules amb reovirus

induit per interferons tipus I que elles mateixes secreten- per matar les cel-lules
infectades '*°.
Els limfocits també expressen Apo2L/TRAIL com una proteina transmembrana

1
8 o com una forma

que pot ser alliberada com una forma associada a vesicula
soluble generada a través de processament enzimatic a partir del seu extrem carboxil-
terminal '*". Apo2L/TRAIL, per tant, sembla que juga un paper important en la

defensa contra la iniciaci6 1 metastasi tumoral.

El descobriment 1 caracteritzacid6 d’Apo2L/TRAIL significa en el seu moment
tornar a centrar els estudis en els receptors i lligands de mort com una possible eina

antitumoral amb aplicacions cliniques. Cal recordar que fins aleshores els dos
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lligands de mort majorment coneguts eren el TNF 1 CD95L/FasL. A més a més es va
poder comprovar les seves limitacions quan es van fer els primers assajos in vivo:
I’administracid sistémica de FasL resultava en una toxicitat profunda al fetge i la
conseqiient mort per apoptosi dels hepatocits. D’altra banda, I’administracié6 de TNF
recombinant causava danys col-laterals severs com caqueéxia, hemorragies, febre i

shock en animals de laboratori '**'®

, posant de manifest el rol que juga el TNF en la
regulaci6 de la immunitat i respostes inflamatories. En canvi, els assajos amb TRAIL
varen ser completament diferents: basicament alla on TNF havia mostrat les seves
mancances, TRAIL mostrava les seves caracteristiques més valuoses. TRAIL exhibia
les mateixes propietats apoptotiques de forma selectiva que TNF enfront les cel-lules
tumorals in vitro/in vivo perd, encara més important i a diferéncia del TNF, TRAIL

era tolerat en els assajos preclinics de toxicitat '**'*,

Probablement la propietat més caracteristica i versatil de TRAIL ¢és la seva
habilitat per matar c¢l-lules tumorals sense exercir cap efecte en cél-lules normals, tot
1 que el motiu no esta esclarit del tot. Nombroses publicacions fonamenten aquesta
afirmaci6: s’ha observat que TRAIL indueix 1’apoptosi en un ampli espectre de
carcinomes humans incloent colon, pulmo, mama, prostata, ronyo, pancrees 1 cancer
de tiroides aixi com mieloma multiple; indicant que aquest lligand efectivament
podria arribar a ser Util en el tractament de molts tumors. En aquests sentit s’ha pogut
comprovar |’activitat antitumoral derivada de 1’administracié de TRAIL recombinant
191-195

en ratolins atimics que presenten xenotransplants de carcinomes humans

També s’ha observat que combinacions de TRAIL amb determinades drogues

196,197 1
A

que causen dany a DN o amb radioterapia '** tenen efectes de sinergia
antitumoral en models murins amb xenotransplants.

Aquesta intrigant capacitat per iniciar [’apoptosi selectivament en cel-lules
tumorals sense afectar les cel-lules normals ha motivat una extensiva recerca sobre
TRAIL 1 les seves propietats. Tant és aixi que els assajos clinics pertinents ja es

troben actualment en fase 11 IT '?%2%,
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Agent/identifier Mechanism/pharmacology Development stage
rhApo2L/TRAIL (PRO1762, AMG-951) rhApo2L/TRAIL targeting DR4 and DRS Phase Il (NHL, NSCLC)
Mapatumumab (HGS-ETR1) Human mAb targeting DR4 Phase Il (NHL, CRC, NSCLC, MM)
Lexatumumab (HGS-ETR2) Human mAb targeting DR5 Phase |

Apomab Human mAb targeting DR5 Phase Il (NHL, NSCLC)
AMG-655 Human mAb targeting DRS Phase Il (NSCLC)
LBY135 Chimeric mAb targeting DRS Phase /11
TRA-8/CS-1008 Murine DR5-targeting antibody (TRA-8) and humanized version CS-1008 Phase |

Ad5-TRAIL Recombinant adenovirus encoding human Apo2L/TRAIL Phase |

Taula 1: Estadis de desenvolupament d’agonistes proapoptotics per als receptors DR4 o DRS.
MM, mieloma multiple. NSCLC, non-small cell lung carcinoma. (4shkenazi, A and Herbst, RS.
Journal of Clinical Investigation, 2008. 118:1979-90)"".

6.1 Vies de senyalitzacio iniciades per TRAIL

A part de les vies de senyalizaci6 intracel-lulars implicades en 1’apoptosi
existeixen vies alternatives iniciades per aquest receptor. Depenent del tipus cel-lular,
de la intensitat i durada de 1’estimul i de la preséncia, abséncia o estat d’activacié de
les proteines intracel-lulars que senyalitzen per sota del receptor, el tractament amb
TRAIL o anticossos agonistes poden estimular I’apoptosi o , més rarament, la
proliferaci6 cel-lular.

En aquest sentit és presumible que TRAIL pugui induir simultaniament multiples
vies de senyalitzacié que impliquin proteines com el factor nuclear kappa B (NF«kB;
Nuclear Factor Kappa B), la via de les proteines cinases MAPK (Mitogen activated
protein kinases) incloent les ERKs (Extracel-lular signal-regulated kinases), les JUN
N-terminal cinases (JNK) i la p38. També s’ha documentat 1’activaci6 de PI3K
(Phosphoinositide 3-kinase) 1 Akt (Fig20).

Tot i que existeix un debat considerable sobre els complexes proteics necessaris
per ’activacio a través de TRAIL d’aquestes vies alternatives, sembla probable que
proteines com FADD, TRADD, c-FLIP, les caspases-8 i -10, TRAF2, NEMO (NF
kappa B essential modulator) 1 RIP hi estiguin implicades, possiblement depenent
del tipus cel-lular que s’estudii. L’ensamblantge d’una o més d’una d’aquestes vies
de senyalitzacid de forma que tinguin més pes que la propia senyal apoptotica pot
causar efectes dramatics en 1’activitat fisiologica o terapeutica de TRAIL o dels

anticossos agonistes d’aquest.
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Figura 20: Vies de senyalitzaci6 adicionals activades per TRAIL. L’uni6 de TRAIL amb els seus
respectius receptors pot resultar en 1’activacio simultania de vies pro-apoptotiques i vies alternatives
com la PI3K/Akt, NF-kappa B o la via de les MAPK (incloent ERK, p38 i JNK). En general,
I’activacié d’aquestes vies alternatives en abséncia d’una resposta apoptotica funcional tenen un efecte

pro-supervivéncia o proliferatiu. (Johnstone, RW; et al. Nature Reviews, 2008. 8:782-98'%).

6.2 Moduladors de la senyal iniciada per TRAIL i Fas, I: FLIP

LIP (Fas-associated death domain-like inteleukin 1B converting enzime
inhibitory protein) €s una proteina que s’ha erigit com a un dels factors més
determinants en la regulacié de 1’apoptosi induida per TRAIL. Inicialment
es van descobrir i caracteritzar els seus respectius homolegs virals, una familia de
proteines antiapoptotiques conegudes amb el nom de proteines inhibidores de FLICE

(Fas associated death domain-like ICE) *!

. Les proteines v-FLIPs es composen de
dos dominis DED que s6n molt similars en seqiiéncia i estructura als respectius

dominis localitzats en la porcié amino-terminal de la procaspasa-8 (Fig21).

Durant la senyalitzacio per Fas, les v-FLIPs son reclutades al DISC i
interfereixen en [’ensamblatge de les procaspases-8 inhibint la senyalitzacio

apoptotica per Fas 2!

. Multiples grups varen identificar a finals de la decada dels 90
I’homoleg cel-lular de v-FLIP i va propiciar 1’aparicié de diverses nomenclatures:

Casper, c-FLIP, I-FLICE, CASH, FLAME-1, MRIT, CLARP o Usurpina ****%,
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S’han descrit multiples variants per splicing de c-FLIP pero sembla ser que son
dues les formes proteiques les que s’expressen predominantment: la forma llarga (c-
FLIP,) i la forma curta (c-FLIPs) '°.

c-FLIP. conté dominis DED en tandem i un domini tipus caspasa inactiu ja que
li falten els residus aminoacidics necessaris (en especial un residu cisteina) que
confereixen 1’activitat catalitica propia de les caspases. D’altra banda, c-FLIPs
s’assembla als seus parents virics i presenta Unicament dos dominis DED i una

porci6 carboxil-terminal que difereix de 1’observat en c-FLIP >

procaspase-8 NN | [Fr———
DED1  DED2 p18 p10
75 91 172 376 480
c-FLIP, B e |
DED1 DED2 p20 p12
5 9 172 221

c-FLIPg E—:_:ﬂ
DED1 DED2 .

v-FLIP DED1 DED2

Figura 21: Semblances estructurals entre la procaspasa-8 i les formes llarga i
curta de c-FLIP i la forma virica c-FLIP. (Krueger, A; et al. Molecular and
Cellular Biology, 2001. 21:8247-54)*"".

El mecanisme d’atenuacio de la mort cel-lular per c-FLIP encara no esta del tot
desxifrat. S’ha suggerit en nombroses ocasions que actuaria com un inhibidor
competitiu que bloquejaria el reclutament de la procaspasa-8 al DISC i prevenint aixi
la seva activacio *”. Aquesta idea estd complementada per 1’observacié de que
I’homoleg viral v-FLIP-E8 sobreexpressat s’ensambla al DISC desplacant la
procaspasa-8 i inhibint la seva activaci6 *°'.

Inicialment, ambdos efectes pro i antiapoptotics, van ser proposats per c-FLIP
204208 No obstant, la induccid de la mort cel'lular es donava unicament en
experiments on c-FLIP era sobreexpressat de forma transitoria i la mort podria venir

P 212
donada per I’ensamblatge i activacié de procaspasa-8 no ancorada a membrana “~.
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Les dades provinents de ratolins deficients en c-FLIP suporten la funcio

prosuperviveéncia de c-FLIP °.

S’ha demostrat que FLIP pot ésser processat en la forma p43 que roman al DISC
i en la subunitat p12 que és alliberada (Fig22). En preséncia de FLIP la procaspasa-8
unida al DISC encara es pot processar >'°. Tanmateix, el processament és incomplet
derivant-ne la formacio de les subunitats p43 i p41 i el conseqiient alliberament de la
forma p10 '

Aquest primer processament esdevé de forma autocatalitica pero per donar-se, la
procaspasa-8 requereix d’un domini caspasa com a homoleg, encara que sigui un
domini inactiu com el de FLIP. Aquest raonament es coneix com a model d’activacio

de la procaspasa-8 induit per proximitat *'*

. D’altra banda, per a que la caspasa-8
esdevingui completament activa requereix d’un segon processament. Aquest és trans-
catalitic, requereix caspasa-8 activa i resultara en 1’alliberacié de la forma p18 que
dimeritzara amb la subunitat p10.

c-FLIP. és capa¢ d’inhibir la formacié de pl8 perque bloqueja el segon
processament perd no pot impedir el primer perqué ella mateixa el propicia. En
canvi, c-FLIPg, al no presentar un domini catalitic és capag¢ per si sol d’inhibir

. 211,215
ambdods processaments © .
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Figura 22: Model establert per la inhibicié de FLIP del processament i activaci6 de
la caspasa-8. A, el lligand CD95L/FasL s’uneix al receptor i indueix el reclutament de
FADD que servira per atraure la procaspasa-8, c-FLIP; o c-FLIPs. B, en el cas que es
FLIP estigui absent o en nivells molt baixos es reclutaran les procaspases-8 que
s’activaran per processament auto i trans-catalitic. C, nivells alts de c-FLIP; propicien la
formacié d’heterodimers. c-FLIP. bloquejara el tall trans-catalitic i s’alliberaran les
formes pl0 i pl12 de la caspasa-8 i c.FLIP, respectivament. D, nivells alts de c-FLIPg
impediran qualsevol processament de les procaspases. (Krueger, A; et al. Molecular and

Cellular Biology, 2001. 21:8247-54)°"".

FLIP no solament actuaria com a inhibidor de la caspasa-8. Diversos autors han
documentat que FLIP és capag d’activar la via de les MAPK o de NF-xB *'®2!7,

El mecanisme proposat suggereix que els heterodimers formats per les
subunitats p43/41 i p43 de la caspasa-8 i FLIP podrien interaccionar amb proteines

de la familia TRAF, RIP o Raf-1 2'**'®"% { iniciar les citades vies (Fig23).
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Figura 23: Model esquematic de la funcionalitat dual dels components del
DISC. El reclutament de dos procaspases-8 al DISC resulta en 1’activacio
d’aquestes i I’inici de la senyal apoptotica. No obstant, la preséncia de FLIP no
només inhibeix la completa activaci6 de la caspasa-8 sind que dimeritza amb la
subunitat p43 d’aquesta i activa vies de proliferacio cel-lular. (Hyer ML and Reed

JC. Clinical Cancer Research, 2006. 12:5929-31)*.

Nivells elevats de FLIP s’han pogut observar en nombroses neoplasies com, per

221,222

exemple, el melanoma huma o el limfoma de cel-lules B muri 1 s’ha pogut

comprovar in vivo que la sobreexpressido de c-FLIP facilita 1’evasid del sistema

immune per part dels tumors >,

Finalment, multiples estudis han mostrat que la disminucié de c-FLIP

sensibilitza diversos tumors a 1’apoptosi induida per agonistes de Fas i TRAIL %%,
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6.3 Moduladors de la senyal iniciada per TRAIL i Fas, II: CASEIN
CINASA-2

K2, o casein kinasa 2, és una Ser/Thr cinasa ubiqua i una de les proteines
més altament conservades en les cél-lules eucariotes. Aquesta proteina es
presenta sovint en forma de complexes tetramérics formats per dos
subunitats reguladores i dos subunitats catalitiques (Fig24). En diversos organismes,
diferents formes isoenzimatiques s’han identificat per la subunitat catalitica 222>
Per exemple en humans, dos subunitats catalitiques denominades CK2a i CK2a’ han
estat caracteritzades *** mentre que només s’ha identificat una subunitat reguladora
anomenada CK2p. Per contra, multiples formes de CK2[ s’han identificat en altres

. . . 232
organismes com Saccharomyces cerevisiae .

C-terminus of CK2a

Ry p— b7 A
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Figura 24: Il'lustraci6 de I’estructura tetrameérica de CK2. Les subunitats
catalitiques CK2a s’aprecien de color magenta mentre que les dues reguladores
presenten color blau i groc. S’il'lustren els extrems amino i carboxil terminal per una
subunitat catalitica i per la reguladora de color groc. L’analeg d’ATP AMPPNP és
present en el lloc d’uni6 a ATP d’una de les subunitats catalitiques. El significat
d’aquesta observacid6 roman irresolta actualment. (Litchfield, DW. Biochemical

Journal, 2003. 369:1-15)*%.

Diversos estudis indiquen que els dimers de CK2f es troben en el nucli dels
complexes tetramérics de CK2 *%**2. En mamifers, aquests complexes poden
contenir subunitats catalitiques idéntiques (dos CK2a o dos CK2a’) o diferents (una

subunitat CK2a i una CK2a’) (Fig24).
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Les subunitats catalitiques comparteixen aproximadament un 90% d’homologia
en la seva seqiiencia en els 330 residus aminoacidics de 1’extrem amino-terminal. A
més a més, aquestes seqiiéncies es troben altament conservades en els eucariotes
superiors. No obstant, difereixen en el seu extrem carboxil-terminal en una regié
d’uns 20 aminoacids que seran clau en la seva regulacio diferencial *°.

Tot 1 que no es coneixen diferéncies catalitiques entre CK2a 1 CK2a’, hi han
evidéncies de que exhibeixen especialitzacié funcional **2*. CK2a és fosforilada
per p34°*? en residus especifics (Thr344, Thr360, Ser362, Ser370) localitzats en el
seu domini carboxil-terminal tinic durant el cicle cel-lular mentre que CK2a’ no és
fosforilada **. A més a més, I’especificitat d’unié a proteines com Hsp90, Pin-1,
PP2A i1 CKIP-1 (CK2-interacting protein-1) amb CK2a perd no amb CK2a’ suporta
la nocié de que CK2a i CK2a’ tenen funcions cel-lulars independents **72>2.

De forma remarcable, la seqiiéncia aminoacidica de CK2B esta inclus més
conservada entre especies que les pertinents a les subunitats catalitiques. De fet, la
totalitat de la seva seqiiéncia (215 aminoacids) €s idéntica entre aus i mamifers
231253254

Estructuralment, CK2P conté una seqiiéncia molt semblant a la caixa de
destruccio que permet la degradacio de la ciclina B via proteasoma durant la mitosi
233238 - Altres dominis dignes a remarcar son, per exemple, el domini en dits de zinc

239,241,242 . ., .
7 1 una regid carboxil-

que permet la interaccid entre les subunitats CK2[3
terminal (positive regulatory region) que permet 1’ensamblatge entre les subunitats

CK2p amb CK2o/a” °2%.

e L e T

5234 KEMN D Acidic Zinc-finger region Positive S209
box box loop Regulatory
Region

Figura 25: Il-lustracio esquematica de les principals regions de CK2p. Les caixes KEN i D
representen motius de degradacié. El motiu acidic regula I’activitat catalitica a través de la a
poliamines mentre que la “positive regulatory region” facilita la interaccid amb les subunitats
catalitiques. (Bibby, AC and Litchfield, DW. International Journal of Biological Sciences, 2005.
1:67-79)%.
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La popularitat creixent de CK2 es deu, principalment, a la seva pleiotropia i
inusual “modus operandi”. CK2 posseeix activitat cinasa de forma constitutiva,
caracteristica de bon principi dificil de concebre ja que la majoria de proteines
cinases es regulen positivament en resposta a determinats estimuls.

Dr’altra banda, la seva pleiotropia és definitivament una caracteristica destacable
si un té present que dos décades després del seu descobriment CK2 encara era una
cinasa per la qual es buscaven substrats fisiologics 2**.

Els primers substrats foren descoberts en els inicis dels anys 80 i pels 90 ja se
n’havien descrit 50. Al 1994 la xifra ja havia superat els 100 i al 1997 ja s’havia
arribat aproximadament als 160 substrats >°.

Actualment el repertori de substrats de la CK2 inclou aproximadament 307

proteines i només relativament pocs casos (uns 50) no han estat corroborats amb

dades efectuades in vivo.

Més significatiu que el nombre, pero, és la natura de les proteines fosforil-lades
per CK2 i les funcions que efectuen dins la cel-lula. No menys de 60 representen
factors de transcripcid, que juntament amb aproximadament 40 proteines nuclears
implicades en expressid 1 transcripcid geénica i amb més de 80 proteines implicades
en varies funcions de senyalitzaci6 representen la majoria de substrats implicats en
senyalitzacio cel-lular.

En comparaci6, enzims metabolics classics com la glicogen sintasa, I’acetil CoA
carboxilasa 1 I’ornitina descarboxilasa representen una minoria dels seus substrats.
Més impressionant encara ¢€s la llista de proteines virals, 38, que son fosforil-lades
per CK2, fenomen que es podria explicar donada ’activitat constitutiva de CK2 que

seria explotada pels virus com a primera opci6 per assegurar el seu cicle de vida.

En general, ’activitat de CK2 és elevada en teixits proliferatius: la seva
expressio és alta en teixits embrionaris “*** fetge en regeneracié 2% i també en
la capa de cél-lules proliferants situades a la base de les criptes de la mucosa del
colon 2.

L’activitat de CK2 també ha estat observada de forma consistentment elevada en

268-270

tots els cancer humans examinats . La qiiesti6 a fer-se és, doncs, en quant
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difereix 1’elevaci6 de CK2 en cel-lules tumorals en comparacié amb cel-lules
normals. Sembla ser que en cel-lules normals estimulades per al creixement
I’elevacio de CK2 seria transitoria mentre que en el cas de les cél-lules canceroses
I’elevacié de la CK2 vindria donada per una desregulacid partint dels “nivells
normals” en aquest tipus particular de tipus cel-lular.

L’elevada activitat de CK2 ha estat associada amb la transformacié maligna de
diversos teixits aixi com també al comportament agressiu dels tumors *’'. La
sobreexpressio de CK2 ha estat documentada en nombrosos tipus de carcinomes
incloent rony6 *’*, glandulla mamaria *”*, pulmo *’* i prostata *”°.

L’expressio condicionada a teixit de CK2a en models animals transgeénics ha
resultat en la transformaci6 de cél-lules T 1 de I’epiteli de la I’anul-la mamaria i en la

273,276

formacié de tumors . La sobreexpressid6 en models murins de CK2a en

conjuncié amb c-Myc *’® o Tal-1 ?”7 en limfocits T o la sobreexpressié de CK2a en

278 resulta en un increment de activitat oncogenica 1 progressio

ratolins p53
tumoral. Un increment en [’activitat oncogenica també s’ha documentat en
fibroblastes 3T3 coexpressant H-Ras i CK2a’ 27,

En molts d’aquests estudis, el potencial oncogénic fou apreciable en preséncia
d’una desregulacido modesta de la CK2. Aix0 emfatitza la nocio de que les cel-lules

no toleren ni un petit canvi sostingut en els nivells de CK2 sense transformar-se en

. . i 268
col-laboracié amb un estimul oncogenic ~.

Els mecanismes pels quals CK2 regula la proliferacié cel-lular no son clars donat
que CK2 regula centenars de substrats afectant aixi multiples vies de creixement

236269280 Ta] com succeeix amb HSIX-1, molts altres factors de transcripci6

cel-lular
poden ésser regulats per CK2, tal com s’ha demostrat amb c-Myc, c-Myb, AP-1,
UBF entre d’altres.

La subunitat p65 de NF-kB és un substract directe de CK2 **'. CK2 també regula
NF-kB a través de la fosforilaci6 de I’inhibidor IkB-alpha ***?% CK2 també
participa en la senyalitzacio de Wnt en cél-lules mamaries epitelials on la fosforilacid
de B—catenina per part de la CK2 promou la seva estabilitzacio i translocacié a nucli

286 (Fig27).
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Figura 27: Representacio d’algunes de les vies en que CK2 ha estat implicada. A,
vies d’estrés cellular. B, vies prosupervivéncia. C, vies dependents de factors de

creixement. (Ahmed, K; et al. TRENDS in Cell Biology, 2002. 12:226-30)""".

A part de tenir la capacitat de regular la proliferacio cel-lular, la CK2 també¢ juga
un paper en prevenir la mort cel-lular per apoptosi. Aparentment, a partir de les
dianes de fosforilaci6 de CK2 és possible conformar una seqiiéncia consens de
fosforilaci6. De forma interessant, aquest motiu consens de fosforilacio ¢és
notablement semblant a la seqiiencia de tall consens de les caspases. S’ha demostrat
que la fosforilaciéo de CK2 en dianes com Bid 287, Max 288, HS1 ?*° 0 1a conexina 45.6
% resulta en la proteccié d’aquestes proteines del processament caspasa-dependent.
Aixi doncs, €s concebible que la CK2 funcioni com a un sensor de la integritat
cel-lular que exerceix una funcié general de supervivéncia o antiapoptotica a partir de
la seva habilitat per fosforilar multiples proteines que estarien destinades altrament al

processament per caspases durant I’apoptosi.

La inhibici6 de la CK2 en c¢l-lules canceroses sensibilitza aquestes cel-lules a
I’apoptosi. L’Gs de RNAs d’interferéncia contra CK2a o la sobreexpressié de formes
cinasa inactives de CK2a resulten en la sensibilitzaci6 a la mort induida per TRAIL

en cél-lules de rhabdomiosarcoma i cél-lules HT29 de cancer de colon 212,
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La sensibilitzaci6 a DI’apoptosi fent s d’inhibidors de la CK2 també s’ha
observat i es caracteritza per un increment en la formacid dels complexes DISC en
resposta a estimuls com TRAIL, un major processament de Bid per caspasa-8 aixi
com un descens en proteines protectives com XIAP o c-IAPs.

L’habilitat de la CK2 de sensibilitzar cél-lules resistents i no-resistents a
I’apoptosi planteja la possibilitat de 1’us d’inhibidors de la CK2 en conjuncié amb els

tractaments antineoplasics convencionals per tractar diversos carcinomes.

Diferents tipus de compostos quimics competidors d’ATP han estat testats com a
inhibidors de la CK2 diferint en la seva eficacia i especificitat. Alguns d’ells mostren
una selectivitat limitada com I’apigenina o la emodina, mentre que d’altres com el
TBB (4,5,6,7-tetrabromo-1H-benzotriazole) 1 IQA (5-oxo0-5,6-dihydroindolo(1,2-
a)quinazolin-7-yl) acid acétic presenten una alta especificitat i representen els
primers compostos prometedors per estudiar les funcions de la CK2. Derivats del
TBB com TBBz (4,5,6-tetrabromobenzimidazole)) DMAT (2-dimethylamino-
4,5,6,7-tetrabromo-1H-benzimidazole) i TBCA (acid tetrabromocinnamic) han estat

desenvolupats per incrementar per incrementar la selectivitat cap a CK2.

A comparison of the efficacy of CK2 inhibitors

CK2 inhibitor [Cs=nM Ki=uM
Apigenin 0.8 0.74
Emodin 2.0 1.85
DRB 13.0 4.50
TBB 0.50 0.40
TBBz (TBI) 0.50 0.70
DMAT 0.14 0.04
TBCA 0.11 0.077
IQA 0.39 0.17
Ellagic acid 0.04 0.02
Inhibitor 7 0.30 0.06

Taula 2: Llistat d’inhibidors de la CK2 amb les eficacies d’inhibicid
respectives. (Duncan, JS and Litchfield, DW. Biochimica et Biophysica
Acta, 2008. 1784:33-47)*.

58



Introduccid

6.4 Moduladors de la senyal iniciada per TRAIL i Fas, I11: MAPK
La via de senyalitzacid per les MAPK juga un paper critic en la transmissio de
nombroses senyals de desenvolupament i creixement i una de les majors vies per les

quals Ras transmet les senyals és a través de ’activacid seqiiencial de les cinases

Raf, MEK 1 MAPK.

=70 substrates in the
= rUcleus, membranas,
cytosol and cytoskelston

= )

EK1, ME

Figura 28: La via ERK/MAPK. Molts receptors de membrana activen les Ras GTPases. Les Ras
GTPases inclouen una extensa familia de proteines residents a membrana que es mouen entre una
conformacié inactiva unida a GDP i una conformacié activa unida a GTP. Els membres més
caracteritzats son K-Ras, H-Ras i N-Ras, que estan codificats per proto-oncogens molt potents que es
troben mutats en aproximadament el 30% dels tumors humans. Les proteines Ras-GTP son capaces de
reclutar proteines efectores com les proteines cinases Raf, la fosfatidilinositol-3-cinasa (PI3K),
RalGDS etc. Les proteines Raf seran les encarregades d’activar les ERK/MAPK a través de la
fosforilacié en dos residus de MEK-1, essent b-Raf la més eficient de les tres. Les proteines ERK1/2
son considerades les principals efectores d’aquesta via i se’n coneixen més de 70 substrats que
inclouen factors de transcripcio, proteines de citoesquelet, etc. (Kolch, W. Nature Reviews, 2005.

6:827-37)*.

Tal com comentarem més endavant, la via de les MAPK es troba freqiientment
alterada en diversos tipus de neoplasies i1 aquest “desorde” es tradueix sovint en un
increment en la proliferacio cel-lular o 1’adquisié de resisténcia enfront diversos tipus
d’estrés. En aquest sentit s’ha observat amb anterioritat com la inhibic6é d’aquesta via
¢s capag de sensibilitzar cél-lules canceroses a la mort induida per Iligands de mort

com TRAIL*>%.

af (Rapidly Accelerated Fibrosarcoma), és un efector dels receptors amb
activitat tirosin-cinasa. Fou descobert als inicis dels anys 80 per dos grups
de forma independent com un oncogen retroviral, v-Raf *** o v-MIL **!

302

amb activitat cinasa serina/treonina (la proteina resultant) **. Posteriorment, aquesta
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proteina cinasa fou descrita com un component de la via Ras-Raf-MEK-ERK (via
MAPK) **.

Hi han tres isoformes de Raf conegudes en mamifers: A-Raf, B-Raf i C-Raf (o
Raf-1). Les proteines Raf estan altament conservades al llarg de 1’escala filogenética,

tal com succeeix també amb la via de senyalitzaci6 de les MAPKs en general.

S8338/9 K375 V492

A
Raf-1 N e e T T | C
nase doms
$289/296/301

§8446/7 K483 V600

B-Raf

A-Raf Ry

nase domain

D-Raf N

lin-45

Figura 31: Alineament estructural de les isoformes de Raf. Les isoformes
humanes A, B i C-Raf es troben alineades amb la forma D-Raf present en
Drosophila melanogaster 1 la forma lin-45 present en Caenorhabditis elegans.
S’indiquen les regions conservades (CR) 1, 2 i 3, el domini d’uni6é a Ras (Ras
binding domain, RBD) i el domini d’estructura en dit de zinc i ric en cisteines
CRB (Cisteine rich domain). També s’aprecien els llocs de fosforilacié de C-Raf i
demés isoformes i la posicid del lloc d’unié a ATP (K375, en C-Raf). (Leicht, DT.
Biochimica et Biophysica Acta, 2007. 1773:1196-1212)°".

A part del seu rol reconegut en la tumorogenesi, les proteines Raf i la via de les
MAPK participen en diversos processos fisiologics com son el metabolisme cel-lular,

cicle cel-lular, mort cel-lular i funcié neurologica.
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Figura 32: Funcions fisiologiques conegudes per
Raf. (Leicht, DT. Biochimica et Biophysica Acta, 2007.
1773:1196-1212)*".

B-Raf ha estat la segona
isoforma de la familia Raf en ésser
identificada. L’interés cap a B-Raf
s’incrementa quan a partir del
2002 s’identifica B-Raf com un
element mutat en numerosos

cancer humans %37,

A partir
d’aqui, mutacions en B-Raf s’han
observat en el 70% dels
melanomes, 30% dels cancers de

tiroides, 15% dels cancers de

colon i en freqliencies menors en
altres tipus de carcinomes ****%. La majoria de les mutacions foren identificades dins
el domini cinasa, en una substitucié6 aminoacidica: V600OE. Aquesta representa el
90% de les mutacions trobades en B-Raf.

Les mutacions en B-Raf resulten en una activaci6 constitutiva de l’activitat
cinasa que correlaciona in vivo en ’activacio constitutiva de les seves dianes com
sén MEK i ERK *°*'%3!! De forma interessant sembla ser que una unica alteracid en
la via MAPK ¢s suficient per I’oncogénesi ja que les dades actuals mostren una molt
baixa superposicid o solapament de mutacions activadores en Ras i B-Raf en mostres
de cancer. Per exemple, en un estudi recent els autors determinen que el cancer
colorectal presenta un 36% de mutacions en B-Raf i un 18% de mutacions en Ras
sense que cap d’elles coexisteixi en una mateixa mostra 2.

La mutaci6é corresponent a V60OE en B-Raf no s’ha detectat en A-Raf 1 C-Raf
en cancers humans. Es postula que aixo es deu al fet que C-Raf i A-Raf son objecte
d’una regulacié molt més controlada o estricta que B-Raf, de forma que una mutacio6
simple en B-Raf ja és suficient per un increment substancial de 1’activitat cinasa
304309313315 "B efecte, I’activacié de C-Raf requereix fosforilacions en les serines
338/339 1 en les tirosines 340/341 en la regié amino-terminal del domini cinasa
(Fig31), mentre que en B-Raf el residu serina comparable a C-Raf en la posici6 445
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es troba constitutivament fosforilat i els residus 448/449 estan ocupats pel
fosfomimeétic acid aspartic, primant doncs B-Raf per 1’activacio. A-Raf sembla ser
regulat per un mecanisme similar a C-Raf.

Tenint en compte la forta prevaléncia de mutacions presents sobretot en B-Raf,
diverses aproximacions s’han realitzat al llarg dels anys per aconseguir inhibir de
forma eficient les proteines Raf. Les estratégies inclouen la inhibici6 de I’ectivitat de
Raf fent us de molecules inhibidores, el bloqueig de I’expressio de Raf a través de
RNAs d’interferéncia o bloquejant les interaccions Ras-Raf.

En referéncia al bloqueig de I’expressié de B-Raf, diversos compostos antisentit
1 RNAs d’interferéncia s’han testat. Per exemple, ISIS-5132, que ¢és un
oligonucleotid antisentit de 20 bases per C-Raf, mostra una eficient inhibicié tumoral
en models animals 1 resulta en 1’estabilitzacid del carcinoma d’ovari en anteriors
fases cliniques *'°. No obstant, les proves realitzades en fase clinica II revelaren que
aquest compost no ¢és efectiu quan ¢és administrat com a agent unic. Les proves

317

. . . . . 318 \ J
incloien carcinomes d’ovari ', carcinoma colorectal ", cancer de pulmé de

cél.lules petites (SCLC), NSCLC *' i carcinoma de prostata *2°.

L’exit en I'as d’estratégies per inhibir la interaccié Ras-Raf han estat limitades i
actualment no hi han dades cliniques disponibles ***.

Pel que fa a I’ds de molécules inhibidores, BAY 43-9006 (o Sorafenib) ja es

troba en fase clinica III i de moment sembla ser I’inhibidor farmacologic més efectiu

i I’estratégia més exitosa.
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6.5 Moduladors de la senyal iniciada per TRAIL i Fas, III: NF-kappa B

F kappa B, un factor diméric de transcripci6 nuclear, fou en un inici

descobert 1 estudiat com un dels principals activadors de les funcions

immunes i inflamatories a través de la seva habilitat per induir 1’expressio

de gens que codifiquen per citoquines, receptors de citoquines i molecules d’adhesio

cellular *2'°*?, Més tard NF kappa B fou associat al control del creixement cel-lular i
a I’oncogenesi.

El paper que juga NF kappa B en el cancer sembla complex i probablement

englobi multiples funcions com el control de I’apoptosi, de la progressi6 del cicle

cel-lular i possiblement de la diferenciacio cel-lular, angiogeénesi i migracié cel-lular.

6.5.1 Membres de la familia NF-kappa B
Existeixen cinc membres de la familia NF-kappa B: pl105/p50 (NF-kB1),
p100/p52 (NF-xB2), c-Rel, Rel-B i p65 (Rel-A). Aquests es poden classificar en dos

subfamilies ***: 1) Rel-A, c-Rel i Rel-B son sintetitzats en la seva forma madura i
contenen un domini de transactivacié que interacciona amb [’aparell transcripcional i
2) NF-xB1-p105/p50 i NF-xB2-p100/52 que son sintetitzats en un primer terme com
a una forma precursora. Aquestes (p100 i p105) contenen una série de repeticions
anquirina en ’extrem carboxil-terminal que son proteolitzades per el proteasoma
resultant en la producci6 de les proteines madures (p52 1 p50). Ambdues p50 i p52
contenen dominis d’uni6 al DNA pero son defectuoses en dominis de transactivacio.

Tots els membres de la familia NF-kB estan caracteritzats per presentar dominis
d’homologia Rel (RHD) en les seves seqiiencies que controlen la seva uni6 al DNA,
dimeritzaci6 i interaccions amb factors inhibitoris com les proteines IkB (Inhibitor of
kB) 321322,

Les proteines IxB (IkBa, IxBp, IxBe i Bcl-3) formen una familia de proteines
que interaccionen amb el domini RHD de les proteines NF-xB. IxBa, IxBp 1 IkBe
interaccionen amb els dimers NF-«kB retenint-los a citoplasma. Bcl-3 és un peculiar
membre de la familia, caracteritzat per contenir un domini de transactivacio, que

interacciona amb p50 i pS2 i1 que actua com a coactivador transcripcional.
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Figura 41: Representacié dels membres de la familia NF-kappa B i proteines
inhibidores (IkB). S’aprecien els dominis d’homologia Rel. (Karin, M; et al. Nature

Reviews, 2002. 2:301-10)**.

6.5.2 Regulacié de NF-kappa B

En la majoria dels tipus cellulars, els dimers NF-xB estan retinguts
predominantment a citoplasma i son, per tant, transcripcionalment inactius fins que la
cel'lula rep D’estimul pertinent que resultara en la seva activacid 1 posterior
translocacid a nucli (Fig 42, 43). Aquesta activacid pot ésser deguda en resposta a
citoquines proinflamatories com TRAIL, Fas, el factor de necrosi tumoral (TNF), la
interleuquina (IL)-1, el lipopolisacarid (LPS), etc. (Fig 20, 23, 44).

Determinades vies de senyalitzacié cel-lular com la via Ras/MAPK, PI3K/Akt o
la propia casein cinasa-II (CK2) també poden activar la via NF-kB en resposta a
diversos estimuls com, per exemple, dany genotoxic (Fig 27).

Diferents mecanismes moleculars d’activaci6 de NF-xB han estat proposats
323326 En ’anomenada via canodnica o classica els dimers NF-kB contenen c-Rel o
Rel-A en combinaci6 amb p50. Aquests son retinguts a citoplasma a través de la
interaccié amb les proteines IkBa ****?’. Aquesta via esta tipicament activada en
resposta a citoquines proinflamatories i infeccions viriques. Un cop activada la via, la
proteina cinasa IKKf (Inhibitory of kB kinase ) sera la responsable de fosforilar les
proteines IkB. Un cop fosforil-lades, aquestes seran ubiquitinitzades 1
subseqlientment degradades a través del proteasoma. La degradacid resultara en

I’alliberaci6 del dimer NF-«B que translocara a nucli i regulara I’expressié de gens
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especifics tipicament implicats en respostes immunes i1 inflamatories 1 en el control

del creixement cel-lular **'°% (Fig 42).

La via alternativa és activada per membres de la familia del TNF com la
limfotoxina B o BAFF. En aquest cas els dimers estan formats per Rel-B i p100 *%.
Aquesta via activa principalment la cinasa IKKa, que sera I’encarregada de fosforilar
pl100. Aquesta, un cop fosforilada sera proteolitzada generant-se la forma madura
p52 7% Finalment els dimers translocaran al nucli on activaran la transcripcio de

gens diana (Fig 42).

Canonical Pathway Alternative Pathway

Figura 42: Vies canonica i alternativa d’activacié de NF-

kB. (Dolcet, X; et al. Virchows Archives, 2005. 446:475-82)",

Tot i que els dimers que trobem en les vies canonica i alternativa (Rel-A/p50, c-
Rel/p50, Rel-B/p52) son els més coneguts, altres tipus d’hetodimers (c-Ral/Rel-A,
Rel-A/Rel-B) o homodimers (p50/p50, p52/p52) també es generen.
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RelA Hoechst

Figura 43: Translocacid nuclear de Rel-A (p65) en cél-lules de
I’estroma de I’endometri en resposta a I’estimulacié per TNFa.

(Dolcet, X; et al. Virchows Archives, 2005. 446:475-82)".

L’activacio de la via NF-xB és doncs una via estrictament regulada en multiples
nivells. En cél-lules normals, NF-kB ¢s activada només en resposta a estimuls
apropiats. Per contra, en c¢l-lules tumorals diferents tipus d’alteracions moleculars

poden resultar en una regulaci6 defectuosa i una activacié constant de la via.

6.5.3 Dianes de NF-kappa B

NF-kB pot activar la transcripcié de multiples gens implicats en el bloqueig de la
mort cel-lular programada tant a nivell de la mitocondrial com a nivell de receptors
de mort com, per exemple, FLIP ' (Fig44).

Altres proteines que participen en la cascada de senyalitzaci6 de membres de la
familia dels receptors de mort com el propi TNFa, TRAIL o Fas com son TRAF2 o
TRAF6 també representen possibles dianes de NF-kB. Aquestes proteines, al seu
torn, faciliten I’activacio de vies de supervivéncia per aquests lligands **.

NF-kB també indueix I’expressio de proteines inhibidores de I’apoptosi (IAPs)
33333 4ixi com alguns membres de la familia antiapoptotica de Bel-2 ¢

Recentment s’ha documentat que NF-kB també pot bloquejar la transcripcio de
PTEN, un conegut gen supressor tumoral que es troba freqlientment mutat en el

338,339

carcinoma d’endometri . Per tant, un descens en I’expressi6 de PTEN pot
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causar un increment en D’activitat de Akt i1 el bloqueig propiciat per aquest ultim
d’algunes vies proapoptotiques >*°.
NF-kB també pot promoure la progressid del cicle cel-lular a través de la

regulaci6 de I’expressié de diversos gens implicats en cicle com les ciclines D1, D2,

27,341-34 44-34
| 327:341343 344-347

D3 ila ciclina , c-myc 1 c-myb

D’altra banda, NF-kB indueix DI’expressio de molecules d’adhesio cel-lular
(ICAM, E-selectina), i proteines implicades en invasid (metal-loproteinases).
Diversos factors importants en fendmens com I’angiogénesi, incloent el VEGF

(Vascular endothelial growth factor) també son promoguts per NF-«xB.
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Figura 44: Paradigma d’activacié de NF-Kappa B a través de I’estimulacié per TNFa.
Les dianes transcripcionals de NF-Kappa B actuen en multiples nivells inhibint I’activacié de
les caspases apicals (FLIP), inhibint la via mitocondrial i la permeabilitzacié de la seva
membrana (Bfl/A1, Bcl-xL) o inhibint la senyalitzacié “per sota” de la mitocondrial (c-IAPs,

XIAP). (Kucharczak, J; et al. Oncogene, 2003. 22:8961-82)"*.

6.5.4 Implicacions de NF-Kappa B en I’oncogénesi

v-Rel, ’homoleg viral de c-Rel, fou identificat com el gen transformant d’un
retrovirus d’aus que era altament oncogeénic 1 que causava tumors agressius en

pollastres =%
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En referéncia al cancer huma, els gens codificants per c-Rel, NF-xB2 (p100/52) i
Bcl3 estan amplificats i/o reordenats en determinats tumors. Per exemple, el gen Bcl-
3 fou localitzat en una translocacié cromosomal [t(14,19) (q32;q13.1)] trobada en
leucémies limfatiques croniques de cél-lules B *****°. Mutacions en el gens codificant
per IkBa s’han detectat en el limfoma de Hodgkin contribuint a [’activitat
constitutiva de NF-kB en aquestes cél-lules *>'.

En tumors solids, alt nivells de c-Rel s’han observat en el cancer de pulmo de
céllules grans (NSCLC) **? i cancer de mama *>*. Tot i que les alteracions en Rel-A,
Rel-B i NF-kB1 (p105/50) son rares en les neoplasies humanes, aquestes subunitats
s’han trobat constitutivament actives en un a amplia varietat de tumors humans i
s’han associat a progressio tumoral >>**>°. A més a més, diversos tumors solids com
el de mama, colon, ovari, pancrees, bufeta, prostata i melanoma s’han caracteritzat

per ésser defectius en IkBa i tenir activitat NF-kB constitutiva >

Donada la importancia del paper de NF-kB en 1’oncogénesi son molts els
esforcos que s’han invertit en el desenvolupament de compostos per bloquejar i
inhibir I’activitat NF-kB. Entre aquests uns dels més exitosos han estat, sens dubte,
els inhibidors del proteasoma.

Estudis previs en el nostre laboratori suggereixen que NF-xB pot jugar un paper
important en el desenvolupament i progressio del carcinoma d’endometri *>°. Aquests
resultats, doncs, donen suport a 1’is d’inhibidors de NF-kB com a eina d’estudi i

possible estratégia terapeéutica en el tractament del carcinoma d’endometri.

Figura 43: Immunotincié6 nuclear per p65 (esquerra) i immunotincid nuclear i
citoplasmatica per Rel-B (dreta) en un carcinoma d’endometri endometrioide. (Pallarés, J;

et al. Jounal of Pathology, 2004. 204:569-77)*.
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7 DIANES MOLECULARS EN EL TRACTAMENT DEL

CARCINOMA D’ENDOMETRI

Un dels grans problemes alhora de tractar els carcinomes ¢és la resisténcia que
aquests presenten sovint enfront les terapies convencionals. Aquest és un dels motius
de la constant recerca de nous farmacs que presentin, a més a més de capacitat
antitumoral, propietats més selectives.

En el disseny de la terapia “ideal” per al tractament del cancer, tres criteris son
els que es troben més amunt en la llista de prioritats: la primera, la terapia hauria
d’ésser efectiva alhora de matar les cél-lules tumorals i evitar la seva reaparicid. En
segon lloc, el tractament hauria d’ésser altament selectiu per les cel-lules canceroses i
evitar danys col-laterals. En aquest sentit, els danys secundaris i la pobra tolerancia
als agents quimioterapeutics convencionals son les principals dificultats cliniques al
tractament. Finalment, I’habilitat de fer un seguiment del tractament a través de

biomarcadors permet optimitzar temps i recursos >

7.1 Sorafenib
Sén diverses les estratégies i els agents que actualment es troben en alguna fase
clinica per estudiar la seva efectivitat antitumoral i possible administracido en

humans, des d’estudis amb lligands de mort com TRAIL *****® inhibidors de

360 361-363
2

deacetilases d’histones®’, inhibidors del proteasoma °%, triterpenoides
inhibidors de receptors tirosina cinasa, etc.

En referéncia als darrers, el inhibidor de cinases en tirosina (TKI, Tyrosin kinase
inhibitor) imatinib (Gleevec) ha revolucionat el tractament de pacients amb leucémia
mieloide cronica i1 ha potenciat la recerca de drogues amb propietats inhibidores de

les proteines tirosina cinases. Aquests agents es poden classificar en dos grups:

1- anticossos monoclonals dirigits contra receptors tirosina cinases (RTK,
Receptor fyrosin cinases) com el Trastuzumab, un inhibidor del receptor
ERBB2 (0 HER2).

2- molecules de baix pes molecular inhibidores de proteines cinases en residus
tirosina (TKIs) com I’imatinib, un inhibidor de la proteina cinasa ABL.

Actualment ’imatinib s’usa en el tractament de la leucémia mieloide cronica
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on les cel-lules canceroses expressen la proteina de fusi6 BCR-ABL

codificada en el cromosoma Filadé¢lfia (Ph).

No obstant, darrerament 1’estratégia seguida en el disseny de nous farmacs ha
variat substancialment. Molts tumors depenen de nova vascularitzacido per al
creixement 1 metastasi, pero també requereixen de 1’accid de tirosin cinases per a la
proliferacié 1 supervivencia de les cél-lules canceroses. En aquesta linia, els receptors
tirosin cinases VEGFR 1 PDGFR han estat implicats en fenomens d’angiogeénesi
tumoral. Tedricament, un agent que inhibis I’angiogenesi i una o més tirosin cinases
implicades en proliferaci6 tumoral podria exhibir una activitat antitumoral de més
ampli espectre degut a aquest efecte dual. Aquesta ¢és la maxima que es troba al

darrere del desenvolupament de farmacs com el sunitinib i el sorafenib ***.

7.1.1 Desenvolupament del Sorafenib

orafenib, o BAY 43-9006, apareix en escena com a resultat d’una

col-laboracid entre les empreses Bayer 1 Onyx iniciada 1’any 1994.

L’objectiu d’aquesta uni6 ¢és el de identificar molécules amb propietats
inhibidores de I’activitat de Raf-1. L’estudi s’inicia al 1995 amb el testatge
d’aproximadament 200.000 compostos.

Durant P’estudi s’identifiquen diverses molécules o compostos candidats que
exhibeixen propietats potencialment utils. Les posteriors modificacions imposades en
I’estructura quimica permeten 1’evolucié des de molécules precursores amb una
constant d’inibicié modesta cap a molecules més especialitzades fins donar lloc al
compost final, el sorafenib, amb una ICsy=6 nM (Fig33).

Posteriorment al seu nomenament com a candidat preclinic a entrar en fases de
desenvolupament, el sorafenib entra al 2000 en les fases cliniques per a evaluar la
seva possible aplicacié en humans. Un cop finalitzades les fases II/III els resultats
estableixen 1’administracié oral del sorafenib com a un nou meétode segur i efectiu pel
tractament del carcinoma de rony6 metastasic. Al desembre de I’any 2005 la FDA
(Food and Drug Administration) aprova la seva comercialitzacio.

Amb tot, el cicle de descobriment i desenvolupament del sorafenib des de 1’inici
fins la seva aprovacid final triga 11 anys.
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Figura 33: Resum de ’optimitzacié quimica del sorafenib.

(Wilhelm SW; et al. Nature Reviews, 2007. 5:835-44)°%.

Actualment s’esta evaluant la seva possible aplicacié en altres tipus de
neoplasies com el melanoma, el carcinoma hepatocel-lular o el cancer de pulm6 de

céllules grans (NSCLC)*®.

7.1.2 Mecanismes d’accio del sorafenib

El sorafenib fou identificat inicialment com un inhibidor de Raf-1 pero estudis
posteriors revelen que el sorafenib €s un inhibidor d’ampli espectre que exhibeix la
seva activitat inhibitoria en altres homolegs a Raf-1 com B-Raf i la seva forma
mutada B-Raf"*’". Les dades indiquen que el Sorafenib és capag d’unir-se al domini
cinasa i estabilitzar la conformacio inactiva d’aquest.

D’altra banda, el Sorafenib també presenta activitat inhibitoria per altres
proteines cinases com son els receptors de VEGF i1 PDGF (Vascular endothelial
growth factor i Platelet-derived growth factor respectivament), c-Kit o Ret. Aixi
doncs, alguns dels efectes antitumorals del Sorafenib poden ésser atribuits a la

inhibici6 de 1’angiogenesi 1 vascularitzacié tumoral.

71



Introduccid

) f— | survival (anti-
— —_— i
Sorafenib Activation of Raf
. — Eaion
—[Ea]

K Tumour cell proliferatio /

Figura 34: Dianes cel-lulars del sorafenib. El sorafenib bloqueja la

senyalitzacid iniciada pels receptors amb activitat tirosina-cinasa VEGEF,
PDGF, c-Kit i RET i inhibeix I’activitat cinasa de Raf. Aquests efectes anti-
angiogénics i anti-proliferatius prevenen el creixement tumoral. (Wilhelm SW;

et al. Nature Reviews, 2007. 5:835-44)°%.

Evidencies recents sugereixen que el sorafenib és capag de potenciar els efectes
de TRAIL en diferents models de carcinoma. Els mecanismes pels quals el sorafenib
sensibilitzaria al tractament per TRAIL cel-lules altrament resistens inclouen la
regulacié negativa de Mcl-1, FLIP o c-IAP2°%%%¢

Encara més, el paper que juga l’activitat cinasa de Raf i les seves dianes
inmediates MEK1/2 i ERK1/2 en aquest fenomen no esta del tot dilucidat i es
continuen buscant nous mecanismes d’accid6 que expliquin en profunditat les

propietats antitumorals del sorafenib (Fig35).
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Figura 35: Possibles vies de senyalitzacio afectades per 1’accié del Sorafenib. La
inhibicié de C-Raf (i B-Raf, no mostrat) disrupciona la senyalitzaci6 a través de ERK, que es
creu juga un paper en la supervivéncia cellular en el cor, especialment en condicions

d’estrés. Altres vies proapoptotiques inhibides per C-Raf de manera cinasa-independent com
son la via de ASK1 (Apoptosis Signal-regulated Kinase 1) o la via MST2 (Mammalian

sterile fwenty kinase-2) encara no s’ha reconegut com a mecanisme d’acci6 del Sorafenib.

(Force, T: et al. Nature Reviews, 2007. 7:332-44)°%.

7.2 El proteasoma

La degradacié de les proteines no és un procés simple i moltes vies reguladores
controlen el que, quan, on i com les proteines es degraden.

Les cel-lules utilitzen diversos mecanismes per regular 1’estabilitat i degradacio
de les proteines. Tot i que possiblement existeixin mecanismes addicionals per la
degradacio proteica encara per identificar, podriem afirmar que existeixen dos rutes
principals de degradaci6: la via lisosomal i la proteasomal (Fig34). De forma
simplista, els lisosomes es podrien descriure com a els organuls cel-lulars
responsables de la degradacio de proteines extracel-lulars i transmembrana, mentre
que els proteasomes s’encarreguen de la degradacié de les proteines intracel-lulars
369

Els lisosomes son vesicules citosoliques unides a membrana que inclouen
proteases 1 altres enzims hidrolitics. La compartimentalitzacié d’aquests enzims
prevén la degradacio6 proteica de forma incontrolada. Fins que els proteasomes foren

370,371

descoberts 1 la seva funcio6 estudiada, els lisosomes van ésser considerats com
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els principals “aparells” a través dels quals les proteines les proteines eren

degradades en el citoplasma. Ara es coneix que els proteasomes tenen una funcio

cabdal en la degradacio proteica i que una degradacidé ordenada és crucial per al

correcte manteniment de les funcions cel-lulars.
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Figura 34: Mecanismes de degradacio proteica en eucariotes: A, via lisosomal. Els

lisosomes degraden proteines extracel-lulars i transmembrana captades per endocitosi i

també participen en [’autofagocitosi fusionant-se amb organuls i formant els

fagolisosomes. B, via proteasomal. Via implicada en la degradacié de proteines

intracel-lulars que préviament han sofert modificacions per fosforilacid, ubiquitinitzacid

o simplement son proteines mal plegades. (Adams, J. Nature Reviews, 2004. 4:349-

60)360.

roteasoma 26S, el proteasoma funcionalment actiu, és un complex

multiproteic d’aproximadament 2,4 MDa amb activitat proteolitica ATP-

dependent que es troba en el citoplasma i nucli de les c¢l-lules eucariotes.
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Esta format per el complex cilindric 20S que conforma el nucli catalitic 1 dos
subunitats reguladores 19S que es localitzen en ambdos extrems del complex 20S
32373 (Fig35),

El proteasoma identifica proteines que han estat marcades per a la degradaci6 a
través de la unio a residus ubiquitina, tot i que la ubiquitinitzacié no és un prerequisit

per a la degradaci6 proteasoma-dependent per a totes les proteines.

El descobriment dels proteasomes ancestrals en 1’arqueobacteria Thermoplasma
acidophilum *™* fou crucial per a la dissecci6 estructural de la particula 20S. Aquest
esta format per dos tipus de subunitats: a i B. Es postula en el seu moment que
aquestes dues subunitats son els ancestres de les diferents subunitats o 1 B trobades

- 375,376
gradualment en els proteasomes eucariotes ~'>"".

Figura 35: Representacio tridimensional

19S5 regulatory _
del proteasoma. Aquest esta compost per la o — complex+ ATP 108
particula 20S formada per les subunitats o i P = (| 208 - T
i pel complex regulador 19S. La formacio del ' 205

complex definitiu 26S requereix ATP. =
(Adams, J. Nature Reviews, 2004. 4:349-
60)360

El proteasoma 20S és un complex de 28 subunitats organitzades en 4 anells un a
sobre de I’altre formant una estructura cilindrica. Els dos anells exteriors estan
formats per set subunitats o cadascun i els dos interiors per 7 subunitats
respectivament. Els anells interiors seran els que continguin els llocs enzimaticament
actius del proteasoma 360.377.378 (g ig36).

Només les subunitats f presenten activitat catalitica. En bactéries, les subunitats
o sén idéntiques entre elles al igual que succeeix entre les subunitats f*7°~*". A més

: - . . 379381 . - -
a més, cada subunitat  és activa 1 es creu que les subunitats o han evolucionat

a partir de les subunitats p *2

. En aquest sentit s’ha postulat que en etapes
primerenques en 1’evolucié dels eucariotes ambdues subunitats o i B es van
diversificar donant lloc a set subunitats o 1 [ diferents codificades per 14 gens

. 382,383
diferents *°°°".
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De forma interessant, durant aquest procés el nombre de subunitats B amb
activitat catalitica s’ha reduit a tres (sis en el comput global). Aquestes tres
subunitats (B1, B2 1 PB5) exerceixen I’activitat enzimatica del proteasoma en
eucariotes, que pot ésser classificada en: activitat quimiotripsina (B5), activitat

tripsina (B2) i activitat post-glutamil peptidil hidrolasa (B1) *****. La funci6 de les

restants quatre subunitats § no es coneix.

Figura 36: Estructura del complex central 20S. La particula 20S esta formada per
quatre anells que contenen cadascun set subunitats. Els dos anells interiors, formats
integrament per subunitats 3, son els que desenvoluparan ’activitat catalitica. (Wolf,

DH and Hilt, W. Biochimica et Biophysica Acta, 2004. 1695:19-31)378.

Basat en estudis en llevats, es coneix que la longitud de la majoria dels peptids
detectables generats per la degradacid proteasomal es mou entre els quatre i els
catorze aminoacids **".

L’arquitectura o7 B7 B7 a7 resulta en la formacid de tres cambres en la particula
20S: la cambra catalitica d’aproximadament 84nm’ formada pels dos anells interiors i
dues antecambres formades per una anell exterior i un interior de 59nm’ *"%.
S’accedeix als llocs actius en la cambra catalitica a través de dos porus axials de 2nm
formats per les subunitats o. La dimensi6 d’aquest porus assegura que només els
polipeptids en conformacio lineal puguin entrar en el centre catalitic del proteasoma.

En mamifers existeixen tres gens addicionals induibles per interferé-y que

codifiquen per subunitats [ amb activitat catalitica alternatives: [1/LMP2,
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B2/MECL-1 1 B5/LMP7. La incorporaci6 d’aquestes subunitats enlloc de les
constitutives B1, B2 1 BS dona lloc a la formacié d’un subtipus de proteasoma conegut
com a immunoproteasoma. Aquest és el responsable de la generacié de péptids
antigénics presentats pel complex major d’histocompatibilitat de classe I **~%°.

Per funcionar in vivo, el proteasoma 20S requereix I’associacié d’unitats
reguladores que determinin parcialment 1’especificitat de la funcio del proteasoma.
Una d’aquestes particules reguladores és el complex 198 **,

La particula reguladora 19S (o PA700) és un complex d’uns 700kDa format per
20 subunitats polipeptidiques que s’uneixen als dos extrems del proteasoma 20S per
formar el proteasoma 26S. La seva funcid consisteix en recongixer els substrats
poliubiquitinitzats, la alliberaci6 de la cadena d’ubiquitina, el desplegament del
substract, I’obertura del canal que comunica amb la cambra catalitica i la translocacio
del polipéptid linealitzat als centres catalitics >’

El complex 19S es divideix en dos parts: la “base”, que conté sis ATPases i
diverses subunitats més i1 la “tapa”formada per proteines menys caracteritzades

1*°!. La base per si sola és capag de degradar péptids i

localitzades en posici6 dista
proteines no ubiquitinitzades, perd la tapa és requerida per degradar proteines
ubiquitinitzades proveint d’aquesta manera un nivell superior d’especificitat per la
degradacio proteica.

La hidrolisi d’ATP ¢és necessaria per la formaci6 del complex 26S i pel
desplegament i linealitzacié de grans proteines per facilitar la seva entrada en el nucli

catalitic del proteasoma **%2.

7.2.1 Els inhibidors del proteasoma

Molts dels substrats del proteasoma soén coneguts elements que participen en
vies de senyalitzacid que sovint trobem desregulades en les neoplasies. Un gran
nombre d’evidencies indica que el proteasoma afecta la progressio del cicle cel-lular,
vies apoptotiques i proliferacio (Fig37).

El fet que el proteasoma sigui crucial per la execucid de moltes funcions
cel-lulars indica que seria dificil utilitzar-lo com a diana quimioterapeutica (Fig37).
No obstant, els estudis pertinents suggereixen que molts tipus de cel-lules malignes

proliferants sébn més sensibles al bloqueig de [’activitat del proteasoma que les
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cél-lules no canceroses 233,

Per exemple, com a minim es requereix una
concentracio 340 vegades superior de PSI (N-carbobenzoxy- -isoleucyl-; -y-¢-butyl-z-
glutamyl-z-alanyl-#-leucinal) per induir apoptosi en cel-lules quiescents en

comparacio a les cél-lules endotelials proliferants **°.
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Figura 37: Funcions cel-lulars del sistema ubiquitina-proteasoma. La
degradacio proteica regulada pel proteasoma juga un paper essencial en
multiples vies cel-lulars, per tant, qualsevol fallida en 1’activitat catalitica
d’aquest pot resultar en greus conseqiiéncies per la viabilitat cel-lular.
(Wolf, DH and Hilt, W. Biochimica et Biophysica Acta, 2004. 1695:19-
37 )378.

Donat que el proteasoma pot jugar un paper fonamental en la progressio de les
cel-lules tumorals, el disseny d’inhibidors especifics de la seva activitat com a eina
antitumoral ha estat objecte d’intensos estudis.

Els inhibidors del proteasoma poden ser naturals o sintétics i existeixen en total
cinc classes d’inhibidors: els péptids aldehids, péptids vinil-sulfones, péptids
boronats, peptids epoxicetones 1 B-lactones. Tanmateix, en la actualitat, només un
compost ha assolit totes les fases cliniques per les seves propietats antineoplasiques
(bortezomib/PS-341) *° i ja s’administra en pacients amb mieloma multiple

refractari (Taula3).
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Agents Origin Phase Comments References
Aclacinornycin A Natural Preclinical Laboratory use 87
Berzamide (CVT-634) Synthetic Preclinical Laboratory use 88.89
Bortezomib (P3-341)  Synthetic Clinical, for lymphoma  Approved by the FDA in 2003 for the 97

treatment of relapsed and refractory
multiple mysloma

Calpain inhibitors Synithetic Preclinical Laboratory use 90,91
land Il
Eponemycin Natural Preclinical Laboratory use 92
Epoxomycin Natural Preclinical Laboratory use 93
Lactacystin Natural Predlinical Specific, but weak, inhibitor that blocks 86
metabolite of proteasome activity by targeting the
Strepiomyces catalytic -subunit; also inhibits

cathepsin A; no effect on serine or
cysteine proteases

MG132 Synithetic Preclinical Targets calpains and cathepsins 95-97
NLVS Synthetic Preclinical Vinyl sulphonate tripeptides that also 94
inhibit cathepsins
MLN-519 (a lactacystin Synthetic Clinical, Phase | Safety and tolerability recently evaluated 98
derivative) in a placebo-controlled Phase | study
in 39 healthy volunteers
Ritonavir Synthetic FDA-approved for HIV HIVA protease inhibitor that also selectively 99

inhibits the proteasome

Taula 3: Llistat d’inhibidors del proteasoma. La principal diana d’aquests
compostos és D’activitat quimiotriptica *°’. La llista esta en continua expansi6 i
nous compostos amb major eficacia es van desenvolupant al llarg dels anys.
FDA=Food and Drug Administration. (Addams, J. Nature Reviews, 2004. 4:349-
60)°*"
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Figura 38: D’esquerra a dreta, estructura quimica de PS-341 (bortezomib),
NPI-0052 (salinosporamida A) i PR-171 (carfilzomib). (Joazeiro, CAP; et al.
Cancer Research, 2006. 66:7840-42)>.

Tot 1 I’éxit del descobriment del bortezomib com a eina antitumoral s’han
observat efectes secundaris a la seva administracid6 en pacients amb mieloma
multiple avangat com sén episodis lleus de diarrea, vomits, asténia i d’altres més
. Es per aquest motiu que
nous compostos es desenvolupen de forma preclinica. Entre aquests nous compostos

destaquen la salinosporamida A (NPI-0052) i el carfilzomib (PR-171).
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La salinosporamida A, a diferéncia del bortezomib, s’administra oralment. La
salinosporamida A és un producte natural derivatiu de la lactacistina que de forma

irreversible inhibeix les tres activitats catalitiques del proteasoma essent, pero, la

399,400

quimiotriptica la més rellevant . L’altre compost anomenat carfilzomib o PR-

171 és un inhibidor sintétic derivat de I’epoxomicina, 1’inhibidor del proteasoma més

398

selectiu conegut actualment 1 inhibeix de forma irreversible principalment

I’activitat quimiotriptica del proteasoma **'**.
De forma interessant, ambdds inhibidors NPI-0052 i PR-171 so6n capagos

d’induir apoptosi en cel-lules de mieloma multiple resistents al bortezomib.
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Figura 39: Activitat inhibitoria dels inhibidors del proteasoma en
relacié a les subunitats catalitiques 1, B2 1 B5. El bortezomib inhibeix
reversiblement ’activitat quimiotriptica de B5 i amb menys afinitat les
altres activitats. NPI-0052 actua de forma similar al bortezomib perd de
forma irreversible. Finalment, el carfilzomib actua principalment inhibint
de forma irreversible ’activitat quimiotriptica de la subunitat B5. (Orlowski,

RZ and Kuhn, DJ. Clinical Cancer Research, 2008. 14:1649-57)*".

7.2.2  Accid antitumoral dels inhibidors del proteasoma

Els mecanismes exactes per 1’alta susceptibilitat a la inhibici6 del proteasoma
per part de les ce¢l-lules malignes en comparaci6 a les cél-lules normals encara no ha
estat del tot determinada. Tanmateix si que s’han caracteritzat alguns dels
mecanismes efectors dels inhibidors del proteasoma. Un exemple és el seu efecte en
el cicle cel-lular. Sembla ser que els inhibidors del proteasoma son capagos d’aturar

el cicle cellular en fase G1/S o G2/M 4% i que aquest efecte vindria donat per un
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progressiu acumulament de proteines repressores del cicle cel-lular com WAF1 (o
p21, CIP1) i KIP1 (o p27) *7 (Fig40).

Dr’altra banda, la inhibici6 del proteasoma també pot donar lloc a I’acumulament
de la proteina p53. Aquest acumulament es podria traduir en un arrest del cicle
cel-lular o en una resposta apoptotica. L’us dels inhibidors del proteasoma, doncs,
podria ser una bona aproximacid per tractar carcinomes que presenten sobreexpressio
de MDM2 (i que per tant inactiven p53 sense necessitat de presentar mutacions per
p53) 408409

Finalment un dels mecanismes més ben caracteritzats d’acci6 dels inhibidors del
proteasoma ¢€s el bloqueig de la via NF kappa B a través de 1’estabilitzacid del
repressor IkBo. D’aquesta manera s’aturara la transcripcid de gens implicats en

proliferaci6 i1 supervivencia (Fig40).

Figura  40:  Alguns  dels

a mecanismes d’accid atribuits  als
o, _peoceso inhibidors del proteasoma. A, els
D . w7, CDK-cyclin B~ inhibidors del proteasoma poden
Proteasoma ﬁ_‘CDK—q’cHn A\v,
N oo e M \\\@ actuar via el bloqueig de la progressio
. Gt del cicle cellular en les fases G1/S i
CDK-cyclin D+~ , .y
- Prtsasoia G2/M a través de I’acumulaci6 de
_ CDK—cyclin E
proteines inhibidores dels complexes
RRgasA opozec «— [EioEmane] ciclina-cdk com so6n p21 (WAFI) i
p27 (KIP1). B, la inhibici6 del
proteasoma pot resultar en
I’acumulaciéo de p53 a citoplasma i
b c
ST nucli. p53 pot activar la transcripcio6 de

[\J gens implicats en 1’apoptosi o en
Ph |

\AJE? / \l\ Y o I’aturada del cicle cel'lular. C, els
- CED inhibidors del proteasoma poden

OB~ /
A b) — 3
@Q,\ /I/ ‘ /‘/ \|\ causar una aturada en la via de
0B)—, _
(Ub) Gene . . 7
[Soneneerce] ( l. | senyalitzacié per NF kappa B a través
.\f\\\l\\\l

de I’estabilitzacié en citoplasma del

o 3 gr:r T
& ® > repressor 1kBo. (Adams, J. Nature
[FiSteazome ] —-

Reviews, 2004. 4:349-60)>%.
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D’altra banda, i de forma més recent, s’estan explorant noves vies per les quals
els inhibidors del proteasoma podrien exercir els seus mecanismes d’accid. Alguns
d’aquests mecanismes d’accié tenen a veure amb estrés a reticle endoplasmatic *'**!?
com també amb increments en ’expressido de proteines de la subfamilia de Bcl-2
BH3-only com Bik *'**'* o Noxa *'**'® o increments en I’expressié de receptors de
mort com el receptor de TRAIL DR5 /%42,

També s’ha pogut comprovar que els inhibidors del proteasoma son capagos
d’induir canvis en el potencial de membrana de la mitocondrial i també de generar
espécies reactives d’oxigen (ROS, reactive oxygen species) *>**'. Els ROS son
bioproductes que es generen de forma corrent com a conseqiiéncia dels processos
oxidatius que tenen lloc dins la cel-lula. Tanmateix, encara no es coneix amb
exactitud com la inhibicid del proteasoma resulta en la produccié de ROS i la
desestabilitzacié de la mitocondrial.

En aquest sentit s’han realitzat diverses aproximacions per caracteritzar el
possible impacte de la produccié de ROS en la viabilitat cel-lular a través de 1’us
d’antioxidants com el Tiron, NAC (N-acetylcisteina), BHA (Butilat hydroxyanisol),
acid ascorbic (Vitamina C), etc. No obstant, les dades obtingudes han resultat a
vegades confuses donat que en funcido del model a estudiar els inhibidors del

422,423

proteasoma no son capagos de generar especies reactives d’oxigen o el compost

antioxidant ha resultat ésser inapropiat.
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Hipotesi i Objectius

L’apoptosi és un fenomen que se’ns presenta freqiientment desregulat en els
tumors. Aquest fet fa que molts tumors siguin resistents a les terapies antitumorals
convencionals 1 aixd ha propiciat la recerca de noves dianes moleculars per a
desenvolupar nous compostos amb propietats anticancerigenes capagos de superar
aquesta resisténcia. Per tot aixo la nostra hipotesi €s la segilient: “Les alteracions en
els mecanismes d’apoptosi en el cancer d’endometri juguen un paper cabdal en el
desenvolupament i progressi6é d’aquest. El seu estudi ens permetra identificar tumors
d’agressivitat diversa”.

Amb tot, I’objectiu general d’aquest treball es centra principalment en 1’estudi
dels efectes que diferents agents antitumorals exerceixen sobre les cel-lules
canceroses d’endometri. El treball realitzat intenta aplicar en I’ambit del cancer
d’endometri possibles estratégies terapéutiques que s’han testat en altres tipus de
neoplasies i avaluar els seus efectes en termes de senyalitzacid 1 viabilitat cel-lular.

Per assolir aquesta fita ens hem marcat els segiients objectius:

1. Analisi dels efectes que els lligands de mort de la familia del TNF,
concretament TRAIL 1 Fas, exerceixen sobre les cél-lules de carcinoma
d’endometri en cultiu. Caracteritzar els mecanismes de senyalitzacio

cel-lular encarregats de modular aquesta resposta.

2. Caracteritzacid6 dels efectes de I’inhibidor de proteines cinases

Sorafenib (BAY43-009) sobre cultius de carcinoma d’endometri.

3. Estudi dels efectes dels inhibidors del proteasoma com a possible eina

terapeutica en el cancer endometrioide.
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Resultats

Objectiu 1

FLIP ES TROBA FREQUENTMENT EXPRESSAT EN EL
CARCINOMA D’ENDOMETRI 1 JUGA UN PAPER EN LA
RESISTENCIA A L’APOPTOSI INDUIDA PER TRAIL.

FLIP es troba freqiientment expressat en el cancer d’endometri i presenta
correlacié amb I’estadiatge.

Les linies cel-lulars de carcinoma d’endometri en cultiu son resistents a
I’apoptosi induida per TRAIL.

L’actinomicina D disminueix 1’expressi6 de FLIP 1 sensibilitza les cel-lules de
cancer d’endometri a I’apoptosi induida per TRAIL.

La sobreexpressio de FLIP, reverteix la mort induida per TRAIL.

La inhibici6 de I’expressio endogena de FLIP bloqueja la resisténcia a la mort

per TRAIL.

(Dolcet X, Llobet D, Pallarés J, Comella JX, Matias-Guiu X. Flip is frequently expressed in

endometrial carcinoma and has a role in resistance to TRAIL-induced apoptosis. Laboratory

Investigation. 85:885-94. 2005.)
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FLIP is frequently expressed in endometrial

carcinoma and has a role in resistance to
TRAIL-induced apoptosis

Xavier Dolcet?, David Llobet*, Judit Pallares®, Montserrat Rue*, Joan X Comella® and

Xavier Matias-Guiu®

'Department of Pathology and Molecular Genetics, Hospital Universitari Arnau de Vilanova, University of
Lleida, Spain and *Cell Signalling and Apoptosis group, Laboratori de Recerca Biomedica, Dep of Ciéncies
Mediques Bdsiques, Hospital Universitari Arnau de Vilanova, University of Lleida, Spain

The FLICE-inhibitory protein (FLIP) plays a key role in the regulation of apoptosis triggered by death ligands.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been shown to induce apoptosis in some
types of tumor but not in others. To assess the possible role of FLIP in apoptosis resistance in endometrial
carcinoma, we performed an immunohistochemical study on a tissue microarray composed of 95 endometrial
carcinomas. We found positive signals in 43% of the cases, as well as a significant difference in FLIP
expression between stage | and Il tumors. Moreover, we observed that endometrial carcinoma cell lines
Ishikawa and KLE did not undergo apoptosis after TRAIL treatment. Cotreatment of these cells with the inhibitor
of transcription actinomycin D resulted in a dramatic decrease in cell viability and induced activation of
caspase-8. These events coincided with downregulation of FLIP mRNA and protein. Inhibitors of caspase-8 or
overexpression of FLIP completely blocked apoptosis induced by actinomycin D plus TRAIL cotreatment. More
importantly, downregulation of endogenous FLIP expression by specific siRNAs sensitized endometrial
carcinoma cells to TRAIL-induced apoptosis in the absence of actinomycin D. Taken together, our results
suggest for the first time a critical role for FLIP in the regulation apoptosis triggered by TRAIL in endometrial

carcinoma cells.

Laboratory Investigation (2005) 85, 885—894. doi:10.1038/labinvest.3700286; Published online 2 May 2005
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Apoptosis is an important process that regulates
homeostasis in multicellular tissues. Alterations in
proteins that regulate apoptosis may result in
impaired cell death and the development and
progression of cancer." The tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) belongs
to the proapoptotic cytokines of the tumor necrosis
factor (TNF) superfamily. Several lines of evidence
have shown that TRAIL induces apoptosis in many
types of cancer with limited cytotoxicity on normal
cells>* indicating that it may become a promis-
ing anticancer agent.* TRAIL can bind four dif-
ferent receptors DR4/TRAIL-R1,>® DR5/TRAIL-R2,”*
DcR1/TRAIL-R3,° and DcR2/TRAIL-R4.*° DR4 and
DR5 are functional receptors that transduce
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apoptosis after ligation with TRAIL. DcR1 and
DcR2, known as decoy receptors, lack the intracel-
lular domains required to induce apoptosis.
Recently, it has been shown that osteoprotegerin
(OPG) can also bind TRAIL with less affinity.**

Engagement of receptors DR4 or Dr5 results in the
formation of a death-inducing signalling complex
(DISC). The intracellular death domain (DD) of these
receptors recruits Fas associated DD-containing
protein (FADD), which in turn binds procaspase-8.
After recruitment to the DISC, procaspase-8 is
activated by autoproteolytic cleavage resulting in
the initiation of apoptotic signalling.'*** Active
caspase-8 activates the executioner caspase-3,
which in turn cleaves the cellular substrates.

The FLICE-inhibitory protein (FLIP) was initially
described as a homologue of viral v-FLIP, which is a
key regulator of death-receptor signalling."®'® Two
isoforms of FLIP are generated by alternative spli-
cing: the long form, FLIP-L; and the short form,
FLIP-S."® Both proteins share a high degree of
homology with caspase-8, and contain two Death
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Effector Domains (DED). FLIP-L also contains a
caspase-like domain but lacks proteolytic activity.
Therefore, high levels of expression of FLIP result in
inhibition of caspase-8 activation and apoptosis
triggered by death receptors. Recent evidence in-
dicates that FLIP is constitutively or highly ex-
pressed in some tumors such as prostate cancer,'”
Hodgkin’s lymphoma,*® gastric cancer,’ bladder
carcinoma,*” and malignant mesothelial cell lines.*

Although TRAIL induces apoptosis in a wide
variety of mneoplastic cells, certain tumors are
resistant to TRAIL killing. The potential use of
TRAIL in cancer therapy increases interest in the
understanding of the molecular mechanisms by
which tumor cells are resistant to TRAIL.

In this article, we provide evidence for the first
time that suggests that FLIP may be important in
apoptosis resistance in endometrial carcinoma.
First, we show that FLIP is frequently expressed in
endometrial carcinoma and correlates with stage.
Moreover, we show that Ishikawa and KLE cell lines
are resistant to TRAIL-induced apoptosis. Inhibition
of transcription by actinomycin D results in cell
viability decrease and induction of apoptosis. The
sensitization to TRAIL by actinomycin D correlated
with a significant reduction on FLIP expression and
forced expression of FLIP overcame TRAIL plus
actinomycin D-induced apoptosis. Moreover, down-
regulation of endogenous FLIP by siRNA was
sufficient to sensitize endometrial carcinoma cells
to TRAIL-induced apoptosis.

Materials and methods

Tissue Microarray Construction and
Immunohistochemistry

A tissue microarray (TMA) was constructed from
paraffin-embedded blocks of 95 endometrial carci-
nomas (EC), obtained from the Department of
Pathology of Hospital Santa Creu i Sant Pau,
Barcelona, Spain. The specimens were collected
between 1996 and 2001. The tumors were classified
by following the World Health Organization (WHO)
criteria. They were surgically staged and graded
according to the International Federation of Gyne-
cology and Obstetrics (FIGO) staging and grading
systems. The specimens included: 25 endometrioid
carcinomas (EEC) grade I, 34 EEC grade II, 19 EEC
grade III, 10 serous carcinomas (SC), 4 clear cell
carcinomas (CC) and the epithelial components of
three malignant mixed Miillerian tumors (MMMT).
Totally about 65 cases were stage I, four were stage
11, 14 were stage III, and one was stage IV. The study
was approved by the local Ethical Committee.

A tissue array device (Beecher Instruments, MD,
USA) was used. All ECs were histologically re-
viewed and representative tumor areas were marked
in the corresponding paraffin blocks. Two selected
cylinders (0.6 mm in largest diameter) from two
different tumor areas were included for each case.
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Normal control tissues from the same specimens
were also included. Thus, two different TMAs
blocks were constructed; each of them contained
186 cylinders.

TMA blocks were sectioned at a thickness of 3 um,
dried for 16 h at 56°C. They were dewaxed in xylene,
rehydrated through a graded ethanol series, and
washed with phosphate-buffered saline. Antigen
retrieval was achieved by heat treatment in a
pressure-cooker for 3min in 10mM citrate buffer
(pH 6.5). Endogenous peroxidase was blocked. A
rabbit polyclonal antibody, against aminoacids 1—
202 at the amino terminus of FLIP was used (H-202,
Santa Cruz, Santa Cruz, CA, USA; dilution 1:10).
After incubation, the reaction was visualized with
the EnVision Detection Kit (DAKO, Glostrup,
Denmark) using diaminobenzidine chromogen
as substrate. Sections were counterstained with
hematoxylin. Appropriate external and internal
positive and negative controls were used. Antigen
preservation was verified with vimentin and Ki-67
immunostaining.

Immunohistochemistry was evaluated by two
pathologists who followed uniform pre-established
criteria. Immunoreactivity was graded semiquanti-
tatively by considering the percentage and intensity
of the staining.

A histological score was obtained from each
sample, which ranged from 0 (no immunoreaction)
to 300 (maximum immunoreactivity). The score
was obtained by applying the following formula
Hscore =1X (% light staining) +2X (% moderate
staining) + 3X (% strong staining). Since each TMA
included two different tumor cylinders from each
case, immunohistochemical evaluation was per-
formed after examining both samples. The apoptotic
index was calculated by the percentage of apoptotic
bodies in H&E-stained sections, after evaluating a
minimal number of 1000 cells.

The reproducibility of TMA immunostaining was
confirmed by comparison of TMA results with those
obtained in sections from the corresponding paraffin
blocks of 37 randomly selected cases. The overall
concordance was 89.2%. The Kappa index of
agreement between the two methods ranged from
0.68 to 0.83.

FLIP immunostaining was correlated with histo-
logical type and grade, stage, and the apoptotic
index. The Fisher’s exact test was used to assess
association between categorical variables. The
Wilcoxon rank sum and the Kruskal-Wallis tests
were used to assess association between continuous
and categorical variables. The Spearman rank corre-
lation test was used to assess association between
continuous and/or ordinal variables.

Reagents, Cell lines, Culture Conditions and
Transfection

Recombinant TRIAL was obtained from Peprotech
EC Ltd. (London, UK), 3-(4,5-dimethylthiazol-2-yl)-



2,5- diphenyl tetrazolium bromide assay (MTT), and
actinomycin D and monoclonal antibody to Tubulin
were from Sigma (St Louis, MO, USA). z-IETD-fmk
was from Calbiochem (La Jolla, CA, USA). Mono-
clonal antibody to FLIP was purchased from Alexis
Corp (Lausen, Switzerland). Antibodies to active
caspase-3 and caspase-8 were obtained from Cell-
Signal (Beverly, MA). siRNA to FLIP was from
SantaCruz Biotechnology, Inc. (SantaCruz, CA,
USA). Peroxidase-conjugated anti-mouse and anti-
rabbit antibodies were provided by Amersham-
Pharmacia (Uppsala, Sweden).

The Ishikawa 3-H-12 (IK) and the KLE cell lines
were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were grown
in Dulbeco’s modified Eagle’s medium (DMEM)
(Sigma, St Louis, MO, USA) suplemented with
10% Foetal Bovine Serum (Invitrogen Inc., Carlsbad,
CA, USA), 1mM HEPES (Sigma, St Louis, MO,
USA), 1mM sodium pyruvate (Sigma, St Louis,
MO, USA), 2mM L-glutamine (Sigma, St Louis, MO,
USA) and 1% of penicillin/streptomicin (Sigma,
St Louis, MO, USA) at 37°C with saturating
humidity and 5% CO,. Transfections were per-
formed with Lipofectamine 2000 reagent (Invitrogen
Inc., Carlsbad, CA, USA) following the manufac-
turers instructions.

Western Blot Analysis

Endometrial carcinoma cell lines were washed with
cold PBS and lysed with lysis buffer (2% SDS,
125mM Tris-Hcl pH 6.8). Protein concentrations
were determined with the Protein assay Kit (Bio-
Rad, Richmon, CA, USA). Equal amounts of proteins
were subjected to SDS-PAGE and transferred to
PVDF membranes (Millipore, Bedford, MA, USA).
Nonspecific binding was blocked by incubation
with TBST (20mM Tris-Hcl pH 7.4, 150 mM NaCl,
0.1% Tween-20) plus 5% of nonfat milk. Membranes
were incubated with the following antibodies: anti-
FLIP NF6, anti-caspase-8, anti-active-caspase-3 or
anti-tubulin. Signal was detected with ECL Advance
(Amersham-Pharmacia, Buckinghamshire, UK).

Caspase-8 Activity

Cells were treated with the indicated conditions for
12h and harvested with lysis buffer containing
50 mM HEPES, pH 7.4, 100mM NaCl, 1mM EDTA,
0.1% 3-[(3 cholamidopropyl)dimethyl-ammonio]-1-
propanesulfonate (CHAPS), 10% saccharose, 5 mM
dithiothreitol. Cell lysates were centrifuged at
10000 g, and protein extracts were quantified with
the Protein assay Kit (Bio-Rad, Richmon, CA, USA).
Equal amounts of protein were loaded on M96
multiwell plates and the colorimetric substrate N-
acetyl-Ile-Glu-Thr-Aspp-nitroanilide (Ac-IETD-
pNA) (Biomol, Plymouth, PA, USA) was added.
Samples were incubated at 37°C, and the absorbance
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at 405 nm was read in a microplate reader. Results
were expressed as a fold induction over basal.

Cell Viability Assays and Assessment of Apoptosis

Cell viability was determined by MTT assay.
Endometrial carcinoma cells were plated on M96
well plates at 15 x 10* cells per well. After the
indicated treatments, cells were incubated for 2-3 h
with 0.5 mg/ml of MTT reagent, lysed with DMSO.
Absorbance was measured at 595 nm in a microplate
reader (Bio-Rad, Richmon, CA, USA).

Hoechst staining was performed by adding
Hoechst dye to a final concentration of 0.5 mg/ml
to each M96 well. Cells were counted under
epifluorescence microscope (Leica Microsystems).

RNA Extraction and RT-PCR

Total RNA was extracted using the TRIZOL reagent
(Invitrogen Inc., Carlsbad, CA, USA) as indicated by
the manufacturer. Of total RNA, 1 ug was subjected
to reverse transcription for 1h at 42°C with the
Multiscrive reverse transcription kit (Applied bio-
systems Inc., Foster City, CA, USA). cDNA was
amplified by PCR using FLIP-specific set of pri-
mers (forward: 5-GGACCTTGTGGTTGAGTTGG-3',
reverse: 5-TCTTCACTGGTTCTTGTTGAGC-3') for
each gene plus the actin primers. Cycling conditions
were as follows: 45 s at 94°C, 45 s at 55°C and 45 s at
72°C for 31 cycles. PCR products were resolved in an
8% acrylamide-bisacrylamide gel.

Results

FLIP is Frequently Expressed in Endometrial
Carcinoma, and Shows a Correlation with Stage

In all, 10 cylinders were missed in either the
construction of the tissue microarray, section or
staining procedures. Six cases were excluded be-
cause of unreliable staining of vimentin and Ki-67.
Thus, FLIP immunostaining was evaluated, in at
least one cylinder, in 88 cases. Cytoplasmic staining
was observed in 34 cases (43%), and the Hscore
varied from 0 to 170 (mean = 33.98) (Figure 1). There
was a statistically significant difference in FLIP
expression between Stage I and II tumors
(P=0.016). The mean Hscore was 25.74 for stage I
tumors, and 62.7 for stage II tumors. However, FLIP
staining did not show statistically significant corre-
lation with histological type (P=0.723), grade
(P=0.914) or apoptotic index (P=0.177) (Table 1).

Actinomycin D Downregulates FLIP and Sensitizes
Endometrial Carcinoma Cells to TRAIL-Induced
Apoptosis

TRAIL is able to induce apoptosis in a wide variety
of tumor cells. However, several types of tumors
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Figure 1 FLIP is frequently expressed in endometrial carcinoma.
A tissue microarray constructed from 95 endometrial carcinoma
was stained with an anti-FLIP antibody. A significant number of
cylinders showed intense staining for FLIP (a) with a cytoplasmic
pattern (b).

Table 1 Summary of the statistical analysis

Protein Histological Tumor  Pathological Apoptotic
type (EEC/NEEC)  grade stage index
Flip P=0.723 P=0.914 P=0.016 P=0.177

display TRAIL resistance. First, we explored the
ability of endometrial carcinoma cell lines to under-
go apoptosis after TRAIL treatment. IK and KLE cells
were treated for several days with 50ng/ml of
TRAIL. Exposure to TRAIL even for long periods
of time did not significantly reduce the viability of
either cell line. Only a 5-10% reduction in cell
viability was observed during the first 24-72h in
culture (Figure 2a).

A classical approach to sensitize resistant cells to
TRAIL-triggered apoptosis is the inhibition of
transcription or translation."»** Such inhibition
may block the expression of antiapoptotic mole-
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Figure 2 AD sensitizes IK and KLE to TRAIL-induced apoptosis.
IK and KLE cell lines were incubated with 50 ng/ml of TRAIL and
percentage viability was assessed by MTT viability assay after 1,
3,5 or 7 days (a). IK and KLE cells were untreated (UN) or treated
with 50ng/ml of TRAIL with or without 50nM actinomycin D
(AD) for 24h (IK) or 48h (KLE). Cell viability was assessed by
MTT and expressed as percentage of the control (b). IK cells were
untreated (UN) or treated with 50 ng/ml of TRAIL with or without
50nM actinomycin D (AD) for 12h and caspase-8 activity was
measured (c).

cules. Cotreatment of TRAIL with actinomycin D (an
inhibitor of transcription) resulted in a significant
reduction of cell viability of IK and KLE cells,
together with an increase of caspase-8 activity
(Figure 2b, c). Actinomycin D alone caused marginal
changes on either cell viability or caspase-8 activity.
Altogether these results indicate that actinomycin D
sensitizes endometrial carcinoma cell lines to
apoptotic cell death triggered by activation of death
receptors. One of the key regulators of TRAIL
apoptosis is FLIP. High levels of FLIP block
caspase-8 binding to the DISC, uncoupling ligand
binding from caspase activation, and ultimately
inhibiting cell death. Therefore, regulation of FLIP
levels may be a determinant in the response to
TRAIL. Treatment of IK and KLE cells with
actinomycin D plus TRAIL resulted in a dramatic
downregulation of FLIP mRNA and protein
(Figure 3) suggesting that high levels of FLIP may



be involved in TRAIL resistance to apoptosis in
endometrial carcinoma.

Overexpression of FLIP-L Overcomes TRAIL-Induced
Apoptosis

To ascertain whether high levels of FLIP rescue
endometrial carcinoma cell lines from TRAIL plus
actinomycin D-induced apoptosis, we transiently
transfected IK cells with a plasmid coding for FLIP-
L. After 24 h of transfection to allow FLIP-L expres-
sion, cells were treated with TRAIL or TRAIL plus
actinomycin D and apoptotic nuclei were visualized
by Hoechst staining. As shown in Figure 4, ectopic
expression of FLIP-L resulted in an increase of
viable cells in the culture and consequent reduction
of nuclei displaying apoptotic morphology, suggest-
ing that FLIP-L overcomes cell death triggered by
TRAIL plus actinomycin D. These results indicate
that expression of FLIP is sufficient to promote
TRAIL resistance in endometrial carcinoma cells. To
further investigate the involvement of caspase-8 in
transducing TRAIL plus actinomycin D cell killing,
we carried out a viability experiment with IK and
KLE cells treated with the specific caspase-8

a AD 50 nM

UN 3h 6h 12h 24h

b AD 50 nM

UN 6h 12h 24h
IK

«FLIP
< Actin

«Tubulin

UN AD
|.l «FLIP (55KDa)
KLE =

<+Tubulin

Figure 3 AD causes downregulation of FLIP mRNA and protein.
IK cells were treated for the indicated times with 50nM of
actinomycin D and mRNA was subjected to RT-PCR using specific
primers for FLIP and Actin (a). IK cells were treated with 50 nM
AD or left untreated (UN) for the indicated times. Cell lysates
were subjected to western blot with anti-FLIP antibody (upper
panel) and Tubulin antibody (lower panel). KLE cells were treated
with 50nM AD or left untreated (UN) for 24h and cell lysates
were analyzed by Western blot with anti-FLIP (upper panel) or
antitubulin (lower panel) antibodies (b).
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inhibitor z-IETD-fmk. Incubation with such an

inhibitor completely prevented the cell death in-
duced by TRAIL plus actinomycin D.
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Figure 4 Caspase-8 inhibitors and overexpression of FLIP over-
comes TRAIL induced apoptosis. IK were transiently cotrans-
fected with the yellow fluorescent protein plus FLIP cDNA (FLIP)
or the empty vector (PCDNA3). After 24 h cells were left untreated
(UN), treated with 50ng/ml of (TRAIL) or TRAIL plus actinomy-
cin D (TRAIL + AD) and incubated for additional 24 h. Represen-
tative fields of IK cells transfected with PCDNA3 or FLIP, and
incubated for additional 24 h with TRAIL alone or TRAIL plus AD
and visualized under contrast phase (a) or stained with Hoechst
after 24 h of treatment (b). IK and KLE cells were incubated with
Actinomycin D with or without 100uM z-IETD-fmk and left
untreated or incubated with 50 ng/ml of TRAIL. Cell viability was
assessed by MTT assay .
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Downregulation of Endogenous FLIP Expression
Restores TRAIL-Induced Apoptosis

To confirm the role of endogenous FLIP in the
prevention of TRAIL-triggered apoptosis, IK and
KLE cells were transfected with FLIP siRNA and
incubated for 24 h to allow the specific inhibition of
FLIP expression without effects on a homologous
protein such as caspase-8 (Figure 5a). Afterwards,
we examined the siRNA-mediated downregulation
of endogenous FLIP on TRAIL incubation. IK and
KLE cells were transfected and, after 24 h, exposed
to TRAIL, and incubated 24 additional hours.
Apoptosis was assessed by quantification of apop-
totic nuclei visualized by Hoechst staining. TRAIL
incubation induced a marked increase of apoptotic
figures in IK and KLE cultures transfected with FLIP
siRNA, when compared to the control siRNA
transfected cells (Figurea 5b, c). Furthermore, IK
and KLE cells transfected with FLIP siRNA dis-
played an increased cleavage of caspase-8 and
caspase-3 activation, indicating that the intracellu-
lar levels of FLIP inhibited caspase activation and
thus, cell death (Figure 6). FLIP siRNA transfected
KLE cells displayed an increase of apoptotic
cell death and caspase activation even in the
absence of TRAIL. These results provide clear
evidence that the expression of FLIP in these cell
lines is sufficient to cause resistance to TRAIL-
induced apoptosis.

Discussion

Apoptosis is a key process in the regulation of
cellular homeostasis. Alterations of apoptosis
plays an important role in development and pro-
gression of cancer. Deregulation of proteins
involved in apoptosis control may result in cell
populations that escape of apoptotic cell death." The
lack of response to such stimuli can produce a
survival advantage, and the expansion of a popula-
tion of neoplastic cells. Moreover, defects in the
apoptotic pathway can make cancer cells resistant
to therapy.

Several proapoptotic members of the TNF
superfamily trigger the ‘extrinsic’ apoptotic path-
way.”> Among these members, TRAIL has raised
interest as a potential anti-cancer agent, because
of its ability to trigger apoptosis in cancer cells
without affecting normal cells.*® However, an
increasing number of tumor types show mechan-
isms of TRAIL resistance. In these tumors, cell
death is blocked as a result of molecular alterations
of proteins regulating extrinsic apoptotic path-
way. In the present study, we demonstrated that
FLIP is frequently expressed in endometrial carci-
noma cells and suggested, for the first time,
that FLIP may play a significant role in resistance
of endometrial cancer cells to TRAIL-induced
apoptosis.
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The results of the present study showed that
FLIP expression is frequent in endometrial carcino-
mas. Interestingly, FLIP expression did not correlate
with histological type or grade, suggesting that
it may be involved in the process of apoptosis-
resistance of both type I (endometrioid) and
type II (nonendometrioid) endometrial carcinomas.
These two types of endometrial carcinomas do not
show only different morphological features,
but exhibit significant clinical and molecular
differences.”*

The possible effects of FLIP and TRAIL in the
development of apoptotic cell death in endometrial
carcinoma cells have not been addressed so far.
We first assessed the viability of two endometrial
carcinoma cell lines after exposition to TRAIL.
Treatment of both IK and KLE with TRAIL failed
to cause a significant reduction on viability. Only
a marginal reduction of 5-10% was observed on
the first 24-72h in culture. However, incubation
of these cell lines with actinomycin D (an inhibitor
of transcription) plus TRAIL resulted in a marked
decrease of cell viability caused by apoptotic
death. Treatment with inhibitors of transcription
or translation, such as actinomycin D or cyclo-
heximide, has been shown to be effective in
sensitization of different tumor cells to members
of the TNF superfamily. These inhibitors may
cause the reduction of the expression of some
intracellular proteins that inhibit different steps
of the apoptotic cascade. The results obtained
with actinomycin D treatment indicate that these
endometrial carcinoma cell lines may express
molecules that are able to block TRAIL-induced
apoptosis. Consistently, the cell death caused by
actinomycin treatment is accompanied by an in-
crease of caspase-8. These results enabled us to
study intracellular proteins involved in the regula-
tion of apoptotic signalling by TRAIL. One of
such regulators is FLIP, which competes with
caspase-8 for the binding to FADD. Therefore,
the expression of FLIP could be important as a
mechanism to suppress apoptosis.

An RT-PCR and Western blot analysis on a time
course exposition to actinomycin D showed a
marked decrease in the levels of both FLIP mRNA
and protein suggesting that FLIP could be one of the
mechanisms of this resistance. These results are
concordant with previous studies that found de-
creased levels of FLIP after treatment with inhibitors
of transcription.”**® To investigate whether the
decreased FLIP expression was responsible for
TRAIL resistance, we transfected endometrial carci-
noma cells with a plasmid coding for FLIP. The
transfection assays resulted in a prevention of
TRAIL-induced apoptosis, which indicated that
actinomycin D regulates the activation of the
extrinsic apoptotic pathway. Furthermore, the
incubation of the endometrial carcinoma cells with
an inhibitor of caspase-8 (z-IETD-fmk) resulted in a
complete inhibition of apoptosis. Altogether, these
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Figure 5 Downregulation of FLIP by specific siRNA sensitizes IK and KLE cells to TRAIL-induced apoptosis. IK and KLE cells were
transfected with either FLIP siRNA or control siRNA. After 24h protein cell lysates were subjected to Western blot with antibodies
against caspase-8, FLIP or tubulin as a control of specificity and protein loading. FLIP siRNA reduces the expression of endogenous FLIP
(a). Micrographs showing Hoechst staining and Hoffman optical image of FLIP siRNA transfected IK and KLE after 24 h of treatment with
50ng/ml of TRAIL (b). IK and KLE cells were transfected with either control or FLIP siRNA and treated or not with 50 ng/ml of TRAIL.
Micrographs show representative fields IK and KLE cells stained with Hoechst dye to evidence the apoptotic nuclear morphology. The
graphs represent a quantification of nuclei displaying nuclear apoptotic morphology in IK and KLE cells (c).

data provide evidence that FLIP is, at least, one of Direct evidence of the role of endogenous FLIP in
the proteins that are involved in apoptosis resis-  TRAIL apoptosis resistance on endometrial carcino-
tance to TRAIL. ma cells is provided by treatment with specific
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Figure 6 Downregulation of FLIP by specific siRNA activates
caspase-8 and caspase-3. IK and KLE cells transfected with either
control siRNA or FLIP siRNA, after 24h cultures were treated
with 50ng/ml of TRAIL and incubated for further 24 h. Protein
cell lysates were subjected to Western blot with antibodies against
active caspase-3, procaspase-8, FLIP or tubulin. FLIP siRNA
transfected cells show an increase of active caspase-3 and
decrease of procaspase-8 levels.

siRNA targeting FLIP. Transfection of both IK and
KLE cells with FLIP siRNA resulted in a marked
decrease in cell viability after TRAIL exposition.
This was accompanied by processing of both
caspase-8 and caspase-3 suggesting activation of
the extrinsic pathway. The fact that endogenous
FLIP inhibition induced apoptosis indicates that
FLIP is necessary and sufficient to cause resistance
to TRAIL-induced apoptosis. KLE cells showed an
increase of apoptotic nuclei as well as caspase-3 and
caspase-8 processing after 24 h of transfection with
FLIP siRNA, but without exogenous supplied TRAIL
to the medium. This result suggests that KLE cells
may produce an endogenous factor that may
promote self-induced cell death in an autocrine
manner.

Although several studies have demonstrated an
anti-apoptotic role for FLIP by interfering caspase-8
recruitment to the DISC, some recent evidences
suggest that the amount of FLIP that is present in the
DISC may be responsible for either suppressing or
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inducing apoptosis.?” Thus, FLIP may cause activa-
tion of both caspase-8 and caspase-10.>>*° Our
findings demonstrated that in endometrial carcino-
ma cell lines, the endogenous levels of expression of
FLIP may inhibit caspase activation. The results also
showed that downregulation of FLIP enables cas-
pase cleavage and apoptosis.

There is evidence suggesting a possible role of
FLIP in the resistance to apoptosis in cancer. FLIP is
a human cellular homologue of viral FLICE-inhibi-
tory proteins, which are expressed by y-herpes
viruses, and were shown to be capable of blocking
CD95-mediated apoptosis through association with
the receptor in the DISC."® In cells that are latently
infected with human herpes virus 8, v-FLIP is
expressed at low levels but its expression is
increased in Kaposi sarcomas. Human melanomas
and a murine B-cell lymphoma cell line have been
shown to express high levels of FLIP, which
interferes with apoptosis induction by death recep-
tors. On the other hand, there is high constitutive
expression of FLIP in Reed-Sternberg cells of
Hodgkin’s lymphomas; and some evidences suggest
that it prevents FAS-induced apoptosis in these
cells.?>'® There are also evidences that FLIP may
inhibit the extrinsic apoptotic pathway in carcino-
mas of the prostate,’” the stomach,' and the urinary
bladder,?® and melanoma.?' On the other hand, FLIP
has also been shown to be expressed in ovarian
cancer,®” a gynecologic type of tumor very similar to
endometrial carcinoma. Interestingly, in some types
of tumor, such as in carcinomas of the urinary
bladder, FLIP expression was shown to correlate
with advanced stage.”® Similarly, in the present
series, FLIP expression also showed a statistically
significant difference between stage I and II endo-
metrial carcinomas, which may suggest that resis-
tance to TRAIL-mediated apoptosis could be related
to tumor progression.

Finally, it is worth mentioning that FLIP is an
important target of the nuclear factor-Kappa B (NF-
kB) signalling pathway.*® NF-xkB encompasses dif-
ferent members of a family of transcription factors,
involved in the regulation of genes encoding
cytokines, cytokine receptors, and cell adhesion
molecules, that drive immune and inflammatory
responses. However, NF-xB has been recently found
related to carcinogenesis, by regulating genes in-
volved in apoptosis, the cell cycle, differentiation,
and cell migration. In a previous study, we demon-
strated that NF-«B family members are frequently
expressed in endometrial carcinomas.** Although
assessment of FLIP expression was not the main goal
of that study, we tried to correlate FLIP and NF-xB
expression, but we did not find any statistical
association between them. However, it is important
to emphasize that increased expression of FLIP may
result from activation of some signalling pathways,
other than NF-«B.

In summary, we provide evidence that FLIP is
expressed in endometrial carcinoma, and that it may



be responsible for resistance to TRAIL-induced
apoptosis in this type of tumor.
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Resultats

CK2 CONTROLA LA SENSIBILITAT A TRAIL I FAS A TRAVES
DELS NIVELLS DE FLIP EN LES CEL-LULES DE CARCINOMA
D’ENDOMETRI.

CK2 regula I’apoptosi induida per TRAIL i Fas en cél-lules de carcinoma
d’endometri.

La inhibicié de CK2 disminueix els nivells de FLIP.

La sobreexpressio de FLIP supera la sensibilitzaci6 a través de CK2 de la mort
per TRAIL i Fas.

El bloqueig de I’expressio de FADD o caspasa-8 restaura la resisténcia a
TRAIL i Fas.

El DRB i I’apigenina sensibilitzen els cultius primaris de carcinoma

d’endometri a I’apoptosi induida per TRAIL.

(Llobet D, Eritja N, Encinas M, Llecha N, Yeramian A, Pallarés J, Sorolla A, Gonzalez-Tallada FJ,
Matias-Guiu X, Dolcet X. CK2 controls TRAIL and Fas sensitivity by regulating FLIP levels in

endometrial carcinoma cells. Oncogene. 27:2513-24. 2008.)
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CK2 controls TRAIL and Fas sensitivity by regulating FLIP levels in

endometrial carcinoma cells
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Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) has emerged as a promising antineoplastic agent
because of its ability to selectively kill tumoral cells.
However, some cancer cells are resistant to TRAIL-
induced apoptosis. We have previously demonstrated that
in endometrial carcinoma cells such resistance is caused
by elevated FLICE-inhibitory protein (FLIP) levels. The
present study focuses on the mechanisms by which FLIP
could be modulated to sensitize endometrial carcinoma
cells to TRAIL-induced apoptosis. We find that inhibition
of casein kinase (CK2) sensitizes endometrial carcinoma
cells to TRAIL- and Fas-induced apoptosis. CK2 inhibi-
tion correlates with a reduction of FLIP protein,
suggesting that CK2 regulates resistance to TRAIL and
Fas by controlling FLIP levels. FLIP downregulation
correlates with a reduction of mRNA and is prevented by
addition of the MG-132, suggesting that CK2 inhibition
results in a proteasome-mediated degradation of FLIP.
Consistently, forced expression of FLIP restores resis-
tance to TRAIL and Fas. Moreover, knockdown of either
FADD or caspase-8 abrogates apoptosis triggered by
inhibition of CK2, indicating that CK2 sensitization
requires formation of functional DISC. Finally, because
of the possible role of both TRAIL and CK2 in cancer
therapy, we demonstrate that CK2 inhibition sensitizes
primary endometrial carcinoma explants to TRAIL
apoptosis. In conclusion, we demonstrate that CK2
regulates endometrial carcinoma cell sensitivity to TRAIL
and Fas by regulating FLIP levels.
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Introduction

The tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Fas Ligand (FasL) belong to the
pro-apoptotic cytokines of the tumor necrosis factor
(TNF) superfamily. TRAIL induces apoptosis in many
types of cancer with limited cytotoxicity on normal cells
(Ashkenazi et al., 1999; Walczak et al., 1999) indicating
that it may become a promising anticancer agent
(Srivastava, 2001; Takeda et al., 2007). However, some
neoplastic cells are resistant to TRAIL and recent
evidences show that both cytokines can even induce
proliferation of normal or neoplastic cells. TRAIL can
bind four different receptors DR4/TRAIL-R1 (MacFar-
lane et al., 1997; Pan et al., 1997b), DR5/TRAIL-R2
(Sheridan et al., 1997, Walczak et al., 1997), DcR1/
TRAIL-R3 (Pan et al, 1997a) and DcR2/TRAIL-R4
(Pan et al., 1998). DR4 and DRS5 are functional receptors
that induce apoptosis upon ligation with TRAIL. DcR1
and DcR2, known as decoy receptors, lack the intracel-
lular domains required to induce apoptosis (LeBlanc and
Ashkenazi, 2003).

Both FasL and TRAIL trigger similar intracellular
signaling pathways. Engagement of Fas or TRAIL
receptors leads to the formation of a death-inducing
signaling complex (DISC). The intracellular death
domain (DD) of these receptors recruits Fas Associated
DD-containing protein (FADD) which in turn binds
procaspase-8. After recruitment to the DISC, procas-
pase-8 is activated by autoproteolytic cleavage resulting
in the initiation of apoptotic signaling (Bodmer et al.,
2000; Kischkel ef al., 2000; Sprick et al., 2000). One of
the critical regulators of apoptosis triggered by FasL
and TRAIL is the FLICE-inhibitory protein (FLIP)
(Thome et al., 1997; Irmler et al., 2000). High levels of
FLIP are found in many tumoral tissues including
endometrial carcinoma. We have recently demonstrated
that FLIP plays a key role in the regulation of sensitivity
of endometrial carcinoma cells (ECCs) to TRAIL-
induced apoptosis. In this previous work, we show that
inhibition of FLIP expression is enough to sensitize
endometrial cancer cells to TRAIL-induced apoptosis
(Dolcet et al., 2005). FLIP shares a high degree of
homology with caspase-8, and contain two death
effector domains (DED) and a defective caspase-like
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domain that lacks proteolytic activity. Thus, high levels
of FLIP compete with caspase-8 and displace its binding
to FADD, which results in inhibition of apoptosis.

Because of the importance of FLIP in sensitization of
ECC to TRAIL-induced apoptosis, we focused in the
search for possible mechanisms by which FLIP expres-
sion could be modulated. Increasing evidences in the
literature suggest that the protein casein kinase (CK2)
may play an important role in the regulation of TRAIL-
induced apoptosis in many cell types. CK2 is a
ubiquitous, highly conserved tetrameric serine threo-
nine/kinase integrated by two regulatory subunits called
CK2p and two catalytic subunits which can be two of
either the subunits CK2o or CK2o/' (Padmanabha er al.,
1990; Kikkawa et al., 1992; Allende and Allende, 1995).
It is well established that increased CK2 activity is
associated with cell growth and proliferation and many
types of tumors display aberrant or increased CK2
activity (Tawfic et al., 2001; Ahmed er al, 2002;
Litchfield, 2003). Importantly, transgenic mice expres-
sing CK 2o in lymphocytes or mammary gland display an
increased incidence of lymphomas and breast carcinomas
(Seldin and Leder, 1995; Landesman-Bollag et al., 2001).
Recent evidences point to CK2 as an important regulator
of apoptosis by both intrinsic/mitochondrial and ex-
trinsic/death receptor apoptotic pathways. Inhibition of
CK2 results in sensitization of resistant prostate (Wang
et al., 2005a,b, 2006), esophageal (Shin et al., 2005),
colon (Ravi and Bedi, 2002; Izeradjene et al., 2005) and
rhabdomyosarcoma cancer cells (Izeradjene et al., 2004)
to apoptosis induced by TRAIL treatment. Such
evidences have pointed CK2 as a possible target for
cancer therapy (Ahmad e al., 2005; Wang et al., 2005b).

Here, we provide evidence that CK2 inhibition sensitizes
ECC to TRAIL and agonistic Fas antibodies (aFas) by
regulating FLIP protein levels. Importantly, CK2 inhibi-
tion correlates with reduction of endogenous FLIP levels.
Such reduction is caused by both transcriptional down-
regulation of FLIP expression and increased FLIP protein
proteasomal degradation Consistently, in ECC treated
with CK2 inhibitors or CK2B short hairpin RNAs
(shRNAs), overexpression of FLIP completely abolishes
caspase activation and restores resistance to both ligands.
Accordingly, downregulation of FADD or caspase-8 by
specific sShRNA also blocks apoptosis triggered by TRAIL
or aFas. Finally, we show that inhibition of CK2 sensitizes
primary endometrial carcinoma explants to TRAIL-
induced apoptosis, suggesting that CK2 might be an
important target for cancer therapy.

Results

CK2 regulates TRAIL- and Fas-induced apoptosis in
endometrial carcinoma cells

First, we explored the viability of ECC after TRAIL or
aFas treatment by an 3-(4,5-dimethylthiazol-2-yl)-2,
S-diphenyltetrazolium bromide assay (MTT) cytotoxicity
assay. The Ishikawa 3-H-12 cell line (IK) cell line
displayed no reduction of viability after 24 or 48h
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treatment with doses up to 100 ngml~" of either aFas or
TRAIL. To ascertain whether CK2 could regulate
cytotoxicity induced by such death ligands, we treated
IK with three pharmacological inhibitors of CK2, namely
5,6-dichloro-ribifuranosylbenzimidazole (DRB), apigenin
and emodin in presence or absence of increasing doses of
aFas or TRAIL. Both aFas and TRAIL together with
any of all three CK2 inhibitors significantly reduced cell
viability of IK after 24 or 48 h (Figure 1). In contrast, the
RL-95 cell line showed a significant reduction of cell
viability upon aFas or TRAIL stimulation after 24h
treatment which was further increased at 48 h (Figure 1).
Despite the sensitivity of RL-95 cells, addition of CK2
inhibitors caused further decrease on viability induced by
both ligands. These results suggest that CK2 regulates
sensitivity to both TRAIL and aFas.

To ascertain whether the decrease in cell viability was
specifically caused by apoptotic cell death, we quantified
the number of nuclei displaying apoptotic morphology
by Hoechst staining and we assessed caspase processing
and activation by western blot to initiator caspases-8, -9
and -2 and the effector caspase-3. Treatment of IK cells
with DRB, apigenin or emodin plus either aFas or
TRAIL caused a marked increase in the number of
nuclei showing apoptotic morphology (Figure 2a). As
we show in Figure 2b, treatment of IK cells with either
TRAIL or aFas plus CK2 inhibitors resulted in
processing of the initiator caspases-8, -9 and -2, and
the effector caspase-3.

Next, we used lentiviral delivery of shRNA to achieve a
more specific inhibition of CK2. To avoid problems
associated with possible redundancy of CK2a and CK2o/
catalytic subunits, we decided to target the regulatory
subunit CK2p for shRNA design. One of the shRNAs
designed significantly reduced the expression of the CK2f
subunits and was chosen for subsequent experiments
(data not shown). IK cells were infected with lentiviruses
carrying shRNA to CK2f. After 3-4 days to allow gene
silencing, cells were treated with 50ngml~' of TRAIL.
Apoptotic cell death was also assessed by Hoechst
staining and caspase activation. Knockdown of CK2f
by itself caused a slightly increase in the number of
apoptotic cells (10-12%), which was dramatically in-
creased after addition of TRAIL (Figure 2¢). In line with
the results obtained with pharmacological CK2 inhibi-
tors, IK cells in which CK2f was silenced, addition of
TRAIL or aFas resulted in processing of the initiator
caspase-8, -9 and -2, and the effector caspase-3
(Figure 2d). It is worth to mention that downregulation
of CK2p caused a remarkable increase in the amount
caspase-8 fragment p43/p4l and residual activation of
caspases. This activation is compatible with the slight
increase in the number of apoptotic cells observed by
Hoechst staining. Taken together, these results strongly
support a key role in regulation of sensitivity to apoptosis
triggered by aFas and TRAIL in ECC.

Inhibition of CK2 depletes endogenous FLIP
Having demonstrated that CK2 is critical in the
regulation of cell death induced by either TRAIL or
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Figure 1 CK2 inhibitors plus tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) or agonistic Fas antibodies (aFas)
reduce cell viability of ECC. The ECC lines IK and RL-95 were pretreated for 2 h with 5,6-dichloro-ribifuranosylbenzimidazole (DRB)
50 uM, apigenin 50 uM or emodin 150 uM and then left untreated (UN) or treated with 10, 50 or 100 ngml~" of either TRAIL or
agonistic antibody (aFas). Cell viability was measured 24 or 48 h later. Results are presented as percentage of survival of TRAIL or

aFas conditions over each control condition.

aFas on ECC, we focused our interest in investigating
the mechanism of such regulation. FLIP is a key
regulator of both TRAIL- and FasL-induced of
apoptosis in many cell types, and we have recently
demonstrated that FLIP is necessary and sufficient to
prevent TRAIL-induced apoptosis of ECC (Dolcet
et al., 2005). In this scenario, we postulated that FLIP
protein levels might be regulated by CK2. To test this
hypothesis, we analysed FLIP expression under different
experimental conditions. First, we pretreated IK cells
with DRB for 6-8h and then treated IK cells with
TRAIL for the indicated times (Figure 3a). FLIP levels
decreased after treatment with DRB alone, but addition
of TRAIL further decreased FLIP levels as soon as 3h
after its addition. Such reduction was also observed
when IK and RL-95 cells were treated with DRB plus
either TRAIL (Figure 3b). It is worth to mention that in
RL-95 cells, treatment with TRAIL without DRB,
reduced the levels of FLIP, which correlated with the
sensitivity of these cells to TRAIL apoptosis after 24 h

treatment (Figure 3b). Similar results were obtained
with IK treated with apigenin or DRB plus either
TRAIL or aFas. Treatment of IK cells with DRB or
apigenin reduced FLIP levels which were even increased
after addition of either TRAIL or aFas (Figure 3c). In
agreement with the data obtained with CK2 inhibitors,
silencing of CK2B by shRNA reduced the levels of
FLIP, which were further diminished after addition of
TRAIL (Figure 3d). All these data support the hypo-
thesis that CK2 sensitizes ECCs to TRAIL-induced
apoptosis by diminishing FLIP protein levels.

Next, we investigated the mechanisms by which CK2
regulates FLIP levels. The levels of endogenous FLIP
protein can be controlled transcriptionally but recent
evidences also suggest that endogenous FLIP protein levels
may be regulated by the ubiquitin proteasome system. To
ascertain whether FLIP levels are transcriptionally regu-
lated, we performed real-time PCR on mRNA extracted
from IK cells treated with apigenin or CK2p shRNA. Both
apigenin and shRNA cause a significant decrease of the
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Figure 2 Inhibition of casein kinase (CK2) sensitize ECC to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and
agonistic Fas antibodies (aFas)-induced apoptosis. (a) Treatment of ECC with pharmacological inhibitors of CK2 plus either TRAIL
or aFas increase the number of apoptotic nuclei. Top, IK cells were pretreated for 2h with 5,6-dichloro-ribifuranosylbenzimidazole
(DRB) 50 uM, apigenin 50 uM and 50 ngml~' of TRAIL or aFas were added to the culture. Nuclei displaying apoptotic morphology
were visualized by Hoechst staining counted 24 h later. Results are presented as percentage of apoptotic nuclei compared to the total
number of nuclei. Bottom, representative micrographs of IK cells treated as indicated. (b). Pharmacological inhibitors of CK2 plus
50 ng ml~' of either TRAIL or aFas activate caspases-8, -9, -2 and -3. IK cells were pretreated for 2h with DRB 50 uM, apigenin 50 uM
and stimulated with 50 ngml~' TRAIL or aFas or left untreated (UN). After 18 h, cells were lysed and protein extracts were analysed
by western blot with antibodies to the indicated caspases. Membranes were reprobed with tubulin to ensure equal protein amounts. NS
(nonspecific bands). (¢) Treatment of ECC with short hairpin RNAs (shRNA) to CK2p plus either TRAIL or aFas increases the
number of apoptotic nuclei. IK cells were infected with lentiviruses carrying shRNA to CK2B subunit. After 3 days to allow
downregulation of the protein, cells were treated with 50 ngml~' TRAIL. Top, nuclei displaying apoptotic morphology were visualized
by Hoechst staining and counted 24 h later. Results are presented as percentage of apoptotic nuclei compared to the total number of
nuclei. Bottom, representative micrographs of IK cells treated as indicated. (d) shRNA to CK2p plus 50ngml~" of either TRAIL or
aFas activate caspases-8, -9, -2 and -3. IK cells were infected with lentiviruses carrying siRNA to CK2f subunit. After 3 days to allow
downregulation of the protein, cells were treated with S0 ngml~' of TRAIL or aFas. After 8 h, cells were lysed and protein extracts were
analysed by western blot with antibodies to the indicated caspases. Membranes were reproved with tubulin to ensure equal protein
amounts and antibodies to CK2p subunit to check inhibition of CK2p expression by the siIRNA. NS (nonspecific bands).

mRNA levels compared to the untreated cells (Figure 3e).
As a control of FLIP downregulation, we analysed FLIP
mRNA from IK cells infected with FLIP shRNA.

FLIP levels are also regulated by ubiquitin—proteasome-
mediated degradation (Kim et al., 2002; Poukkula et al.,
2005; Chang et al., 2006). To determine whether protea-
somal degradation was also involved in downregulation
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of FLIP protein, we treated IK cells with apigenin in
presence or absence of the proteasome inhibitor MG-132.
As we show in Figure 3f, addition of MG-132 com-
pletely inhibits the reduction in FLIP protein caused by
either DRB or apigenin. These results suggest that
inhibition of CK2 triggers FLIP degradation through the
proteasome.
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Figure 3 Inhibition of casein kinase (CK2) reduces FLICE-inhibitory protein (FLIP) levels. (a) FLIP protein levels are reduced by
5,6-dichloro-ribifuranosylbenzimidazole (DRB) and further decreased after addition of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL). Ishikawa 3-H-12 cell line (IK) cells were pretreated for 3h with DRB 50 uM and then stimulated for the
indicated times with 50 ngml~' of TRAIL. Cell lysates were analysed by western blot with antibodies to FLIP. Membranes were
reprobed with tubulin to ensure equal protein amounts. (b) IK and RL-95 cells were pretreated for 3h with DRB 50 uM and then
stimulated for the indicated times with 50 ngml~" of TRAIL. Cells lysates were analysed by western blot with antibodies to FLIP.
Membranes were reprobed with tubulin to ensure equal protein amounts. (¢) IK cells were pretreated for 3h with DRB 50 uMm or
apigenin 50 uM and then stimulated for the indicated times with 50 ngml~" of TRAIL or 50ngml~' agonistic Fas antibodies (aFas).
Cell lysates were analysed by western blot with antibodies to FLIP. Membranes were reprobed with tubulin to ensure equal protein
amounts (d) IK cells were infected with lentiviruses carrying short hairpin RNAs (shRNA) to CK2p subunit. After 3 days to allow
downregulation of the protein, cells were treated with 50ngml' of TRAIL. After 8h, cells were lysed and protein extracts were
analysed by western blot with antibodies to FLIP. Membranes were reproved with tubulin to ensure equal protein amounts and
antibodies to CK2 subunit to check inhibition of CK2f expression by the shRNA. (e) Apigenin and CK2p3 shRNA downregulate
FLIP mRNA levels. IK cells were treated with apigenin for 6 or 12h (top graph) or transfected with lentiviruses carrying CK2f or
FLIP shRNAs. mRNA was extracted and subjected to reverse transcription. mRNA relative levels were analysed by real-time PCR.
Results are expressed as relative mRNA levels compared to untreated (UN) cells (f) Proteasome inhibition block degradation of FLIP.
IK cells were pretreated in presence or absence of 5puM MG-132 for 30 min and then apigenin was added to the medium for the
indicated periods of time (3, 6, 9 h). Cell lysates were analysed by western blot with antibodies to FLIP. Membranes were reproved with
tubulin to ensure equal protein amounts.

Altogether, our results suggest that CK2 regulate
both the transcription of FLIP mRNA and FLIP
protein degradation through the proteasome.

where CK2 was inhibited, we infected IK cells with a
plasmid coding for a Flag-tagged mouse FLIP. After 3-4
days to allow FLIP expression, cells were treated with
aFas or TRAIL in presence or absence of the CK2
inhibitors DRB or apigenin. Apoptotic nuclei were then
visualized by Hoechst staining and caspase processing by
western blotting. As shown in Figure 4a, overexpression

Overexpression of FLIP overcomes CK2 sensitization to
TRAIL and aFas

To ascertain whether high levels of FLIP blocked
TRAIL- and aFas-induced apoptosis in conditions

of FLIP resulted in a dramatic reduction of apoptotic
nuclei caused by CK2 inhibitors plus either TRAIL or

Oncogene
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Figure 4 FLICE-inhibitory protein (FLIP) overexpression overrides sensitization to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and agonistic Fas antibodies (aFas) caused by casein kinase (CK?2) inhibition. (a) FLIP overexpression reduces the
number of apoptotic nuclei caused by CK2 inhibitors plus TRAIL or aFas treatment. IK cells were infected with lentiviruses carrying a
FLIP expression plasmid. After 3 days, cells were pretreated for 2h with 5,6-dichloro-ribifuranosylbenzimidazole (DRB) 50 um,
apigenin 50 uM and 50 ngml~' of TRAIL or aFas were added to the culture. Nuclei displaying apoptotic morphology were visualized
by Hoechst staining counted 24 h later. Left: results of apoptotic nuclei quantification are presented as percentage of apoptotic nuclei
compared to the total number of nuclei. Right: representative micrographs of IK infected with the empty vector or plasmid encoding
FLIP (FLIP ov) and cells treated as indicated. (b) FLIP overexpression inhibits activation of caspase-8, -9, -2 and -3. IK cells were
infected with lentiviruses carrying a FLIP expression plasmid. After 3 days, cells were pretreated for 2 h with DRB 50 um, apigenin
50 uM and then stimulated with 50 ngml~' of TRAIL or aFas. After 18 h, cells were lysed and protein extracts were analysed by western
blot with antibodies to the indicated caspases. Membranes were reprobed with tubulin to ensure equal protein amounts. NS
(nonspecific bands). (¢) FLIP overexpression suppresses caspase activation caused by downregulation of CK2p. IK cells were infected
with lentiviruses carrying sShRNA to CK2p subunit, lentiviruses carrying FLIP overexpression plasmid (FLIP ov) or co-infected with
both viruses. After 3 days, cells were treated with 50ngml ' of TRAIL or aFas. After 18h, cells were lysed and protein extracts were
analysed by western blot with antibodies to the indicated caspases. Membranes were reproved with tubulin to ensure equal protein
amounts and antibodies to CK2f subunit to check inhibition of CK2f expression by the shRNA.

aFas. Consistent with this observation, FLIP over-
expression inhibited processing of the caspases-8, -9, -2
and 3 caused by TRAIL or aFas in presence of either
DRB or apigenin (Figure 4b). Similar results were
obtained using shRNA to silence CK2p (Figure 4c).

Downregulation of endogenous FADD or caspase-8
expression restores TRAIL and aFas resistance to
apoptosis

The results obtained suggested that CK2 is modulating
apoptosis triggered after engagement of TRAIL and Fas
receptors at the DISC level, since apoptosis induced by
TRAIL or Fas requires the formation of a functional
DISC. The adaptor protein FADD directly binds
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TRAIL or Fas receptor through its DD. FADD in turn
binds caspase-8/10 which initiate caspase processing of
apoptosis. To determine whether CK2 requires forma-
tion of DISC to regulate the sensitivity of ECC to either
TRAIL or aFas, we infected IK cells with viruses
carrying shRNAs to the two main components of Fas
and TRAIL receptor DISC, FADD and caspase-8. After
3 days of infection, cells were pretreated with DRB or
apigenin for 2h and then treated with TRAIL or aFas,
and apoptotic morphology and caspase activation were
analysed. Both FADD and caspase-8 shRNA markedly
reduced the number of apoptotic nuclei observed in
condition containing any of the two CK2 inhibitors or
CK2B shRNA plus either TRAIL or aFas (Figures Sa
and c). Accordingly, caspase-8 and FADD shRNA



reduced activation of caspase-8, 2 and -3. We would like
to point out that caspase-8 shRNA, which strongly
inhibited caspase-8 expression, completely blocked cas-
pase-2 activation, indicating that the activation of the
later caspase-2 requires caspase-8 (Figure 5b).

DRB and apigenin sensitize primary endometrial
carcinoma explants to TRAIL-induced apoptosis
Among all the members of TNF superfamily, TRAIL has
raised some interest as a potential anti-cancer agent,
because of its ability to trigger apoptosis in cancer cells
without affecting normal cells. However, an increasing
number of tumor types show mechanisms of TRAIL
resistance. Such resistance has increased the interest of
combinatorial therapies (Takeda et al., 2007). Since CK2
seems to be critical in the regulation of TRAIL apoptosis,
we decided to test whether pharmacological inhibition of
CK2 could be effective to kill primary endometrial
carcinoma explants treated with TRAIL. We cultured
two different endometrial carcinoma explants obtained
from biopsies of patients with endometrial carcinoma.
We have previously characterized these explant cultures
to be of epithelial origin by means of cytokeratin and
B-catenin expression (Dolcet et al., 2006). Both DRB and
apigenin lead to a dramatic increase of nuclei displaying
apoptotic morphology (Figure 6a). Accordingly, DRB or
apigenin plus TRAIL treatment activate caspases-8, -9, -2
and -3 (Figure 6b). In agreement with the results observed
in ECC lines, both DRB and apigenin dramatically
decrease the levels of endogenous FLIP protein in
primary endometrial explants.

Discussion

In the present study, we have assessed the mechanisms by
which FLIP could be modulated to sensitize ECCs to
TRAIL-induced apoptosis. Among the regulators of
death receptor-induced apoptosis, recent evidences point
to CK2 as an important regulator of apoptosis. Here, we
demonstrate that CK2 is an important determinant in
sensitivity to TRAIL and aFas. Blockade of CK2 activity
by different pharmacological inhibitors or lentiviral-
mediated transduction of shRNA targeting the regula-
tory CK2B subunit, sensitizes resistant ECC to both
TRAIL- and aFas-induced apoptosis. Such sensitization
correlates with a reduction of endogenous FLIP, which is
a key regulator of apoptosis triggered by death ligands in
ECC. To determine the contribution of FLIP down-
regulation to CK2 sensitization, we overexpressed of
FLIP in presence of shRNA or CK2 inhibitors. FLIP
overexpression overcomes CK2 sensibilization to TRAIL
and aFas. Importantly, downregulation of endogenous
FADD or caspase-8 expression restores TRAIL and aFas
resistance to apoptosis.

First, we assessed the effects of CK2 inhibitors in
sensitization of ECC to TRAIL or aFas. All of three
inhibitors of CK2 activity used in this study (DRB,
apigenin or emodin), sensitized ECC to death ligand-
induced apoptosis, suggesting that such sensitization
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Figure 5 Silencing of Fas associated DD-containing protein
(FADD) and caspase-8 restores tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and agonistic Fas antibodies
(aFas) resistance. (a) IK cells were infected with lentiviruses
carrying FADD or caspase-8 short hairpin RNAs (shRNAs). After
3 days, cells were pretreated for 2h with 5,6-dichloro-ribifurano-
sylbenzimidazole (DRB) 50 uM, apigenin 50 uM and 50 ngml™' of
TRAIL or aFas were added to the culture. Nuclei displaying
apoptotic morphology were visualized by Hoechst staining counted
24 h later. Results of apoptotic nuclei quantification are presented
as percentage of apoptotic nuclei compared to the total number of
nuclei. (b) Downregulation of caspase-8 or FADD inhibit
activation of caspase-8, -9, -2 and -3. IK cells were infected with
lentiviruses carrying siRNA to FADD or caspase-8. After 3 days,
cells were pretreated for 2h with DRB 50 uM, and then stimulated
with 50 ngml~" of TRAIL or aFas. After 18 h, cells were lysed and
protein extracts were analysed by western blot with antibodies to
the indicated caspases. Membranes were reprobed with tubulin to
ensure equal protein amounts. NS (nonspecific bands). (¢) Caspase-
8 and FADD shRNA reduces apoptotic nuclei caused down-
regulation of CK2p. IK cells were co-infected with lentiviruses
carrying the empty vector (FSV) or shRNA to CK2f subunit
together with shRNA to either caspase-8 or FADD. After 3 days,
cells were treated with 50ngml~" of TRAIL. Nuclei displaying
apoptotic morphology were visualized by Hoechst staining counted
24h later. Results of apoptotic nuclei quantification are presented
as percentage of apoptotic nuclei compared to the total number of
nuclei.
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Figure 6 Casein kinase (CK2) inhibitors sensitize primary endometrial explants to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-induced apoptosis. Primary explants were established from two different biopsies (top panel EC06-10136 and bottom
panel EC06-110) as described in Materials and methods. Explants were treated with the indicated doses of 35,6-dichloro-
ribifuranosylbenzimidazole (DRB) or apigenin or with no additives (NA) and left untreated (UN) of treated with TRAIL. (a) Nuclei
displaying apoptotic morphology were visualized by Hoechst staining counted 24 h later. Left: results of apoptotic nuclei quantification
are presented as percentage of apoptotic nuclei compared to the total number cells. Right: representative micrographs of primary
explants treated as indicated. (b) Parallel wells of the two explants were lysed and protein extracts were analysed by western blot with
antibodies to caspases and FLICE-inhibitory protein (FLIP). Membranes were reprobed with tubulin to ensure equal protein amounts.

depends on the kinase activity of the CK2. There are
some evidences that CK2 catalytic subunits may have
compensatory effects in some cell types. To preclude the
problem of redundancy between subunits (Tawfic ez al.,
2001; Ahmed et al., 2002; Litchfield, 2003), we targeted
CK2B regulatory subunit activity. We found that
shRNA to CK2 had the same effects that pharmaco-
logical inhibition of CK2 kinase activity, suggesting that
downregulation of CK2 regulatory subunit is effective
to disrupt CK2 activity.

FLIP is a well-established regulator of TRAIL- and
FasL-triggered apoptosis in many cell types. FLIP is
constitutively or highly expressed in some tumors such
as prostate cancer (Zhang et al., 2004), Hodgkin’s
lymphoma (Dutton et al., 2004), gastric cancer (Lee
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et al., 2003), bladder carcinoma (Korkolopoulou et al.,
2004) and malignant mesothelial cell lines (Rippo ez al.,
2004). Increased levels of FLIP inhibit caspase-8
activation and apoptosis. In a previous study, we
demonstrated that siRNA to FLIP is enough to sensitize
IK cells to TRAIL-induced apoptosis (Dolcet et al.,
2005), suggesting that FLIP levels are critical in
sensitization to TRAIL-induced apoptosis. Although
increasing evidence suggest an important role for CK2,
there are few and controversial evidences concerning the
role of FLIP in regulation of CK2 sensitization to death
ligands. Shin ez al. (2005) showed that overexpression of
FLIP does not prevent caspase activation of the FLIP-L
negative HCE4 cells after treatment with TRAIL plus
DRB. The authors postulated that FLIP might not be



an essential regulator of TRAIL apoptosis in these cells.
In contrast to the observations of Shin and collabora-
tors, our results demonstrate that FLIP overexpression
completely blocks caspase activation and apoptosis
triggered by aFas or TRAIL plus either DRB, apigenin
or downregulation of CK2B subunits by specific
shRNA. Another recent report also suggested a role
for FLIP in regulation of CK2 sensitization to TRAIL
(Wang et al., 2006). The authors demonstrated in the
prostate carcinoma lines PC-3 and ALVA-41 that
treatment with suboptimal TRAIL plus the CK2
inhibitor TBB leads to downregulation of FLIP expres-
sion and concomitant caspase-8 activation. They also
showed that overexpression of CK2o restores FLIP
expression and TRAIL resistance. Accordingly, we have
found that in ECC both pharmacological inhibition and
CK2B knockdown reduce the levels of FLIP.

Next, we investigated the mechanism by which CK2
may regulate FLIP levels. Our data suggest that CK2
regulates FLIP levels by both transcriptional and post-
transcriptional mechanisms. It is well known that FLIP
can be transcriptionally downregulated by some anti-
neoplastic drugs such as 5-fluorouracil, oxaliplatin and
irinotecan in colon carcinoma cells (Galligan et al.,
2005). Such FLIP mRNA downregulation has been
shown to sensitize these cells to TRAIL-induced
apoptosis. FLIP levels are also regulated by ubiquitin-
proteasome-mediated degradation (Kim er al., 2002;
Poukkula et al., 2005; Chang et al., 2006). Moreover,
recent findings suggest that some anticancer drugs such
as the cyclooxygenase-2 inhibitor celecoxib (Liu et al.,
2006) or the flavonoids flavopiridol (Son er al., 2007)
and flavopiridol (Palacios et al., 2006) can sensitize
cancer cells to TRAIL-induced apoptosis by inducing a
proteasome-mediated degradation of FLIP. In agree-
ment with these previous reports, addition of protea-
some inhibitors such as MG-132 restores FLIP levels in
IK cells treated with CK2 inhibitors. Thus, in our
model, CK2 maintains FLIP levels by controlling FLIP
expression and degradation.

We showed that inhibition of CK2 plus addition of
either TRAIL- or aFas-activated caspase-8 as initiator
caspase of the extrinsic pathway; however, it also
activated caspase-9 and -2 and the effector caspase-3.
These data suggest that sensitization to TRAIL and aFas
requires mitochondrial amplification. That is, caspase-8
cleaves the ‘BH3 only’ protein Bid. Truncated Bid
translocates to the mitochondria, which ultimately results
in the release of cytochrome c and activation of caspase-9
(Li et al., 1998; Luo et al., 1998). Previous reports have
demonstrated that inhibition of CK2 results in Bid
processing (Ravi and Bedi, 2002; Izeradjene et al., 2005).
Among the caspases activated by CK?2 inhibition, the role
caspase-2 has been recently studied in death receptor
signaling. Caspase-2 is shown to be activated by both
stress-induced (Lassus ez al., 2002) and death receptor
apoptosis (Droin et al., 2001; Wagner et al., 2004; Lavrik
et al., 2006). However, its role as initiator caspase in
death receptor signaling is controversial. A recent
publication suggested that caspase-2 prime cancer cells
to TRAIL-induced apoptosis by processing caspase-8

CK2 regulates TRAIL and FasL apoptosis
D Llobet et a/

(Shin et al., 2005). In this work, the authors demonstrated
that CK2 directly phosphorylates and inhibits caspase-2.
Thus, inhibition of CK2 results in dephosphorylation and
processing of procaspase-2 which in turn processes
caspase-8. The authors postulated that the inhibition of
CK2 is enough to induce a caspase-2 dependent
processing of procaspase-8 to the p4l/p43 fragments
and the addition of TRAIL triggers the second processing
of caspase-8 that generates the active form. In contra-
diction to these data, Lavrik and collaborators demon-
strated that in T- and B-cell lines, procaspase-2 is
recruited and activated at the DISC after Fas engage-
ment. Importantly, authors showed that caspase-2 failed
to initiate apoptosis in caspase-8 deficient cells (Droin
et al., 2001; Wagner et al., 2004; Lavrik et al., 2006). We
have found that CK2 inhibition generates p41/43
fragment of caspase-8 even in absence of TRAIL and,
addition of TRAIL or Fas, gives rise to the pl8 active
fragments and apoptosis. However caspase-2 active
fragment is only activated when we add TRAIL or Fas,
suggesting that activation of caspase-2 depends on the
addition of the ligand. Moreover, FADD and caspase-8
shRNA or FLIP overexpression block caspase-2 activa-
tion and CK2 sensitization to TRAIL and Fas apoptosis,
which suggest that in our cell system caspase-2, although
activated, might not be an initiator caspase.

Finally, we demonstrated that pharmacological in-
hibition of CK2 sensitizes primary endometrial carcino-
ma explants to TRAIL-induced apoptosis. TRAIL has
emerged as a promising antineoplastic agent, these data
suggest that pharmacological inhibition of CK2 may be
an interesting target for combinatorial therapies for
endometrial carcinomas.

In summary, we provide evidence that CK2 is an
important regulator of TRAIL- and FasL-induced
apoptosis. We demonstrate that the mechanism used
by CK2 requires downregulation of FLIP, enhancing
the importance of this protein in TRAIL and Fas
signaling and, ultimately, the cell fate.

Materials and methods

Reagents, plasmids and antibodies
MTT and monoclonal antibody to Tubulin and anti-Flag M2
were from Sigma (St Louis, MO, USA). CK2 inhibitors DRB,
apigenin and emodin and monoclonal antibody to caspase-8
was from Calbiochem (La Jolla, CA, USA). Antibody to
caspase-9 and cleaved caspase-3 were obtained from Cell
Signalling (Beverly, MA, USA). Monoclonal antibody to
FLIP (NF6) was purchased from Alexis Corp (Lausen,
Switzerland). Anti-CK2B antibody was from SantaCruz
Biotechnology Inc. (Santa Cruz, CA, USA). Antibody to
caspase-2 was from BD Biosciences (San Jose, CA, USA).
Peroxidase-conjugated anti-mouse and anti-rabbit antibodies
were from Amersham-Pharmacia (Uppsala, Sweden).
Lentiviral vector containing Flag-tagged mouse FLIP com-
plementary DNA (cDNA) was a gift from Dr Joan Comella.

Cell lines, culture conditions and transfection
IK was obtained from the American Type Culture Collection
(Manassas, VA, USA). RL-95 cell line was a gift from
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Dr Reventos (Hospital Vall d’Hebron, Barcelona). All cell
lines were grown in Dulbecco’s modified Eagle’s Medium
(DMEM) (Sigma) supplemented with 10% Fetal Bovine
Serum (Invitrogen Inc., Carlsbad, CA, USA), | mM HEPES
(Sigma), 1 mM sodium pyruvate (Sigma), 2mM L-glutamine
(Sigma) and 1% of penicillin/streptomycin (Sigma) at 37 °C
with saturating humidity and 5% CO,.

When indicated, transfections plasmids constructs were
performed by calcium phosphate or Lipofectamine 2000
reagent (Invitrogen) following the manufacturers instructions.

Explant culture of endometrial adenocarcinoma

Endometrial carcinoma samples were collected in the operat-
ing room of the Department of Gynecology, Hospital
Universitari Arnau de Vilanova of Lleida, by a pathologist
(JP). A specific informed consent was obtained from each
patient, and the study was approved by the local Ethic
Committee. Tissue was collected in DMEM, chopped in 1 mm
pieces and incubated with collagenase in DMEM for 1.5h at
37°C with periodic mixing. Digested tissue was mechanically
dissociated through a 10ml pipette and a 1ml blue tip and
resuspended in 2ml of fresh DMEM medium. To separate
endometrial epithelial cells from the stromal fraction, the
dissociated tissue was seeded on top of 8ml of DMEM
medium and tissue was allowed to sediment by gravity for
Smin. This step was repeated three times. Finally, tissue
explants were resuspended in DMEM supplemented with 10%
fetal bovine serum, 1 mM sodium pyruvate, 2mM L-glutamine
and 1% of penicillin/streptomycin (Sigma) and seeded on M24
multiwell plates. Explant cultures were incubated at 37 °C with
saturating humidity and 5% CO,.

Lentiviral production and infection

Oligonucleotides to produce plasmid-based shRNA were
cloned into the FSV vector using Agel-BamHI restriction sites.
shRNA target sequence were CK2B, TGGTTTCCC
TCACATGCTCT; FADD, CATGGAACTCAGACGC
ATCT; caspase-8, GAATCACAGACTTTGGACAA. To pro-
duce infective lentiviral particles, 293T cells were co-transfected
by calcium phosphate method with the virion packaging
elements (VSV-G and A8.9) and the shRNA producing vector
(FSV) or the expression vector (FCIV) on 293T human
embryonic kidney. 293T cells were allowed to produce lentiviral
particles during 3-4 days in same culture medium used for
endometrial cell lines and explants. Culture medium was
collected, centrifuged for Smin at 1000r.p.m. and filtered
through a 0.45pM filter (Millipore, Bedford, MA, USA). The
medium was diluted 1:2-1:4 with fresh medium, and added to
growing cell lines or primary explants. Cells were incubated for
24-48 h in presence of medium containing lentiviral particles.
After this period, medium was replaced for fresh medium and
cells were incubated for 2 additional days to allow endogenous
protein knockdown or protein overexpression.

Cell viability assays and assessment of apoptosis

Cell viability was determined by MTT assay. Endometrial
adenocarcinoma cells were plated on M96 well plates at 15 x 10°
cells per well. After the indicated treatments, the cells were
incubated for 2-3 h with 0.5mgml~"' of MTT reagent and lysed
with dimethyl sulfoxide. Absorbance was measured at 595 nm in
a microplate reader (Bio-Rad, Richmond, CA, USA).
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Hoechst staining was performed by adding Hoechst dye to a
final concentration of 0.5mgml~' to each M96 well. Cells were
counted under epifluorescence microscope (Leica Microsystems,
Wetzlar, Germany).

Western blot analysis

Endometrial adenocarcinoma cell lines were washed with cold
phosphate-buffered saline and lysed with lysis buffer (2%
sodium dodecyl sulfate (SDS), 125mMm Tris-HCI pH 6.8).
Protein concentrations were determined with the Protein assay
Kit (Bio-Rad). Equal amounts of proteins were subjected to
SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Millipore). Nonspecific binding was blocked by
incubation with Tris-buffered saline/Tween (20 mM Tris-HCI
pH 7.4, 150mM NaCl, 0.1% Tween-20) plus 5% of non-fat
milk. Membranes were incubated with the primary antibodies
overnight at 4°C. Signal was detected with ECL Advance
(Amersham-Pharmacia, Buckinghamshire, UK).

RNA extraction, reverse transcription and real-time PCR
Total RNA was extracted from IK cells treated as indicated
using Trizol reagent (Invitrogen). One microgram of total RNA
was converted into cDNA using TagMan Reverse Transcrip-
tion Reagents (Applied Biosystems P/N N808-0234) according
to the manufacturer’s recommendations. A total of 2 ul of the
reverse transcription reaction were used as template for a for
real-time detection of human FLIP expression using TaqMan
Technology on an Applied Biosystems 7000 sequence detection
system. Gene expression quantitation was performed in separate
tubes (singleplex) for both target gene and endogenous control
gene using the primer and probe sequences for human FLIP and
B-glucuronidase (GUSB) obtained commercially from Applied
Biosystems Assay-on-demand Gene (ABI P/N 4331182:
Hs00236002_m1 and ABI P/N 4326320E). The reaction was
performed with 10 ul TagMan Universal PCR Master Mix, No
AmpErase UNG 2X (P/N 4324018), 1ul 20 x Assay-on-
demand Gene and 2l of cDNA diluted in RNase-free water
adjusted to 20 pl volume reaction. The thermal cycler conditions
was UNG activation 2 min at 50 °C, AmpliTaq activation 95°C
for 10 min, denaturation 95 °C for 155, and annealing/extension
60°C for 1 min (repeat 40 times) on ABI7000. Triplicate cycle
threshold (CT) values were analysed with Quantitative Relative
software using de comparative CT (AACT) method as described
by the manufacturer. The amount of target(2-22°T) was
obtained by normalizing to an endogenous reference gene
(GUSB). Results are presented as a relative mRNA amount
compared to the untreated samples.
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Resultats

CK2p S’EXPRESSA EN EL CARCINOMA D’ENDOMETRI, 1
JUGA UN PAPER EN LA RESISTENCIA A L’APOPTOSI I
PROLIFERACIO CEL-LULAR.

CK2p s’expressa en mostres de carcinoma d’endometri i endometri normal.
L’expressio de CK2pB correlaciona amb el marcador de proliferacio cel-lular
Ki67.

L’expressio de CK2p correlaciona amb I’expressio de Akt, PTEN i B-catenina.
El marcatge per CK2[3 mostra correlacio significativa amb I’expressi6 de FLIP
CK2p regula la proliferacio i el creixement cel-lular independent d’ancoratge
en cel-lules de carcinoma d’endometri.

Els efectes citostatics derivats de 1’is de shRNA contra CK2p no sén causats

per una resposta apoptotica en les cél-lules de carcinoma d’endometri.

(Pallarés J*, Llobet D*, Santacana M, Eritia N, Puente S, Lopez S, Palomar-Asenjo V, Yeramian A,

Dolcet X, Matias-Guiu X. CK2p is expressed in endometrial carcinoma, and has a role in apoptosis

resistance and cell proliferation. American Journal of Pathology. 174:287-96. 2009.)

115






Tumorigenesis and Neoplastic Progression

The American Journal of Pathology, Vol. 174, No. 1, January 2009
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2009.080552

CK2B Is Expressed in Endometrial Carcinoma
and Has a Role in Apoptosis Resistance and Cell

Proliferation

Judit Pallares, David Llobet, Maria Santacana,
Nuria Eritja, Ana Velasco, Dolors Cuevas,
Susana Lopez, Victor Palomar-Asenjo,

Andree Yeramian, Xavier Dolcet,

and Xavier Matias-Guiu

From the Department of Pathology and Molecular Genetics,
Hospital Universitari Arnau de Vilanova, University of Lleida,
IRBLLEIDA, Lleida, Spain

Protein kinase CK2 (CK2) is a serine/threonine kinase
that participates in important cellular processes. We
have recently demonstrated that CK2 plays a role in
resistance to TRAIL/Fas-induced apoptosis in endo-
metrial carcinoma (EC) by regulating FLIP. Here, we
assessed the immunohistochemical expression of
CK2p in EC and checked its role in cell proliferation
and anchorage-independent cell growth. CK2f im-
munostaining was assessed in two tissue microar-
rays, one constructed from paraffin-embedded
blocks of 95 ECs and another from 70 samples of
normal endometrium. CK2f expression was corre-
lated with histological type; grade and stage; cell
proliferation (Ki-67) and apoptotic index; immuno-
staining for cyclin D1, PTEN, AKT, B-catenin, and
FLIP. Moreover, the Ishikawa EC cell line was sub-
jected to down-regulation of CK2 by shRNA. CK2f3
expression was frequent in EC (nuclear, 100%; cy-
toplasmic, 87.5%). The staining was more intense
in EC than in normal endometrium (£ = 0.000), and
statistically correlated with AKT, PTEN, B-catenin,
and FLIP. In EC, CK2p expression correlated with
cell proliferation. Knock-down of CK2f blocked
colony formation of EC in soft agar, and also re-
sulted in decreased expression of cyclin D1 and
ERK phosphorylation. The results confirm that
CK2p is widely expressed in EC, and suggest a role
in cell proliferation and anchorage-independent
cell growth. (Am J Patbol 2009, 174:287-296; DOI:
10.2353/ajpath.2009.080552)

Endometrial carcinoma (EC) is one of the most common
gynecological malignant tumors in Europe and the United
States.' EC can be divided into two main clinicopatho-
logical variants. Type | ECs are endometrioid EC; they are
estrogen-related tumors, frequently well differentiated
and developing mostly in pre- and perimenopausal
women. Type | ECs are associated more frequently with
four main molecular alterations: microsatellite instability
and mutations of K-RAS, PTEN, and B-catenin. Type I
ECs are nonendometrioid EC (papillary serous and clear
cell carcinomas); they tend to occur in older women, and
are estrogen-unrelated tumors, frequently aneuploid, as-
sociated with p53 mutations, and are clinically more ag-
gressive tumors.?

Protein kinase CK2 (previously known as casein kinase
1) is a serine/threonine kinase that has been implicated in
cell growth, differentiation, proliferation, and apoptosis.
CK2 has been shown to be deregulated in several kinds
of tumors.® CK2 is an enzyme with extensive homology
across species that consists of two catalytic subunits
(a, ') and the regulatory subunit (B). CK2 exists as a,B,.
ad'B,, or a',B, configurations. In the B subunit, certain
cysteine residues may play a role in anchoring the kinase
to nuclear structures. CK2 activity may have a role in cell
growth through its signaling to key sites in nuclear matrix
and chromatin structures.* Several growth stimuli can
enhance CK2 nuclear shuttling, so that higher nuclear
localization is observed in tumor cells compared with
normal cells.>® Moreover, CK2 dysregulation in tumor
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cells may influence the apoptotic activity and to enhance
cell survival.”®

We have recently demonstrated a role for CK2B in
apoptosis resistance to TRAIL in EC.® We first showed
that pharmacological inhibition or silencing of CK2 sen-
sitized EC cell lines to TRAIL and Fas-induced apoptosis,
by down-regulating FLIP. Moreover, we found that forced
expression of FLIP restored resistance to TRAIL and Fas
in cells lacking CK2 activity or CK28 expression.

In the present study, we assessed the expression of
CK2B in a large series of ECs by using an anti-CK2p3
antibody in two tissue microarrays that included 95 ECs
and 70 samples of normal endometrium (NE). CK28 im-
munostaining was correlated with histological type,
grade and stage, proliferation cell (Ki-67), and apoptotic
index. Moreover, CK28 immunoreactivity was correlated
with immunostaining for PTEN, AKT, B-catenin, and FLIP,
to check the relationship of CK2B with the PI3K and Wnt
signaling pathways, as well as to confirm the association
between CK2B and FLIP. Finally, the role of CK2 on cell
proliferation and anchorage-independent cell growth was
assessed in one EC cell line, which was subjected to
CK2pB knock-down.

Materials and Methods

Tissue Microarray

Two tissue microarrays (TMAs) were constructed. One
contained paraffin-embedded blocks of 95 ECs that were
classified by following the World Health Organization cri-
teria, and were staged and graded according to the
International Federation of Gynecology and Obstetrics.
The cases included 25 endometrioid carcinomas grade |,
34 endometrioid carcinomas grade I, 19 endometrioid
carcinomas grade lll, 10 serous carcinomas, 4 clear cell
carcinomas, and 3 mixed Mdllerian malignant tumors; 65
cases were stage |, 4 were stage Il, 14 were stage Ill, and
1 was stage IV. Staging information was incomplete in 11
cases. A second TMA was constructed from 70 paraffin-
embedded samples of NE in different phases of the
menstrual cycle: 20 in proliferative phase, 40 in secretory
phase, and 10 menstrual endometria. A tissue arrayer
device (Beecher Instruments, Sun Prairie, WI) was used
to construct the TMA. Briefly, all of the samples were
histologically reviewed and representative areas were
marked in the corresponding paraffin blocks. Two se-
lected cylinders (0.6 mm in largest diameter) from two
different areas were included in each case. Control nor-
mal tissues from the same specimens were also in-
cluded. The study was approved by the local ethical
committee. Specific informed consent was obtained.

Immunohistochemical Study

TMA blocks were sectioned at a thickness of 3 um, dried
for 16 hours at 56°C before being dewaxed in xylene and
rehydrated through a graded ethanol series, and washed
with phosphate-buffered saline (PBS). Antigen retrieval
was achieved by heat treatment in a pressure-cooker for

2 minutes in ethylenediaminetetraacetic acid (pH 8.9).
Before staining the sections, endogenous peroxidase
was blocked. The antibodies used were: anti-CK2pB
(monoclonal, 6D5, 1:400 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), Ki-67 (monoclonal, MIB-1, 1:100
dilution; DAKO, Glostrup, Denmark), cyclin D1 (monoclo-
nal, DCS6, 1:25 dilution; DAKO), antiphosphorylated AKT
(polyclonal, 1:25 dilution; Cell Signaling, Beverly, MA),
PTEN (monoclonal, 6H2.1, 1:300 dilution; Cascade Bio-
science, Winchester, MA), B-catenin (monoclonal, clone
14, 1:300 dilution; Transduction Laboratories, Lexington,
KY), anti-FLIP (polyclonal H-202, 1:10 dilution; Santa
Cruz Biotechnology). After incubation, the reaction was
visualized with the EnVision Detection Kit (DAKO) using
diaminobenzidine chromogen as a substrate. Sections
were counterstained with hematoxylin. Immunohisto-
chemical results were evaluated by two pathologists, by
following uniform pre-established criteria. CK2B, AKT,
PTEN, and FLIP immunoexpressions were graded semi-
quantitatively by considering the percentage and inten-
sity of the staining. A histological score was obtained
from each sample, which ranged from O (no immunore-
action) to 300 (maximum immunoreactivity). The score
was obtained by applying the following formula,
Hscore = 1X (% light staining) + 2X (% moderate stain-
ing) + 3X (% strong staining). The reliability of the scor-
ing system in TMA evaluation in EC has been demon-
strated previously.'°~'® Because each TMA included two
different tumor cylinders from each case, immunohisto-
chemical evaluation was done after examining both
samples. To assess the cellular proliferation (Ki-67)
and the cyclin D1 expression, we used the percentage of
positive nuclei in each case, and finally for B-catenin we
noted the membranous or nuclear staining. The specific-
ity of the CK2B antibody was confirmed by obtaining a
negative staining in cell blocks from Ishikawa cells in-
fected with lentiviruses carrying CK2B shRNA; whereas,
Ishikawa cells infected with lentiviruses carrying the
empty vector were positive.

Cell Lines and Culture Conditions

The Ishikawa 3-H-12 cell line (IK) was obtained from the
American Type Culture Collection (Manassas, VA). IK
cells were grown in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (Invitrogen, Inc., Carlsbad, CA), 1 mmol/L
HEPES (Sigma), 1 mmol/L sodium pyruvate (Sigma), 2
mmol/L L-glutamine (Sigma), and 1% of penicillin/
streptomycin (Sigma) at 37°C with saturating humidity
and 5% CO,.

Lentiviral Production and Infection

Oligonucleotides to produce plasmid-based shRNA were
cloned into the FSV vector using Agel-BamHI restriction
sites. sShRNA target sequence was: Ck2B, 5’-TGGTTTC-
CCTCACATGCTCT-3'. To produce infective lentiviral
particles, 293T cells were co-transfected by the calcium
phosphate method with the virion-packaging elements



(VSV-G and A8.9) and the shRNA-producing vector (FSV)
on 293T human embryonic kidney. 293T cells were al-
lowed to produce lentiviral particles for 3 to 4 days in
same culture medium used for endometrial cell lines.
Culture medium was collected, centrifuged for 5 minutes at
1000 rpm, and filtered through a 0.45-um filter (Millipore,
Bedford, MA). The medium was diluted 1:2 to 1:4 with
fresh medium, and added to growing cell lines or primary
explants. Cells were incubated for 24 to 48 hours in the
presence of medium containing lentiviral particles. After
this period, medium was replaced with fresh medium and
the cells were incubated for an additional 2 to 3 days to
allow endogenous protein knock-down.

Western Blot Analysis

The EC cell line was washed with cold phosphate-buff-
ered saline (PBS) and lysed with lysis buffer (2% sodium
dodecy! sulfate, 125 mmol/L Tris-HCI, pH 6.8). Protein
concentrations were determined with a protein assay kit
(Bio-Rad, Hercules, CA). Equal amounts of proteins were
subjected to sodium dodecy! sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluo-
ride membranes (Millipore). Nonspecific binding was
blocked by incubation with TBST (20 mmol/L Tris-HCI, pH
7.4, 150 mmol/L NaCl, 0.1% Tween-20) plus 5% of nonfat
milk. Membranes were incubated with the primary anti-
bodies overnight at 4°C. Signal was detected with ECL
Advance (Amersham-Pharmacia, Buckinghamshire, UK).
The antibodies used were: anti-CK28 (monoclonal, 6D5;
Santa Cruz Biotechnology), CK2«a (monoclonal, 1AD9;
Santa Cruz Biotechnology), FLIP (monoclonal, NF®6;
Alexis Biochemicals, Lausen, Switzerland), anti-phospho
ERK-1/2 MAPK (Thr202/Tyr204) (polyclonal, Cell Signal-
ing), Pan-ERK (monoclonal, BD Transduction), a-tubulin
(monoclonal, Sigma), and cyclin D1 (monoclonal, DCS-6;
Santa Cruz Biotechnology). Antibody to caspase-9 and
cleaved caspase-3 were obtained from Cell Signaling.

Colony Formation Assay and Assessment of
Apoptosis

Three days after infection FSV or CK2B shRNA-trans-
duced cells were trypsinized and resuspended in 0.3%
agar diluted in medium at concentration of 3000 cells/ml.
One ml of cell suspension was layered on a 0.6% agar-
coated 35 mm culture dish. Dishes were incubated at
37°C with saturating humidity and 5% CO,, for 15 days.
Colonies were visualized by staining with MTT. Colonies
were counted with Quantity One software (Bio-Rad).
Hoechst staining was performed by adding Hoechst dye
to a final concentration of 0.5 mg/ml to each M96 well.
Cells were counted under epifluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

Statistical Analysis

Statistical analysis was performed on a database using
SPSS for Windows (version 11.5; SPSS Inc., Chicago, IL).
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The Hscore results were compared by the Mann-Whitney
U-test, Student’s t-test, Kruskal-Wallis test, and analysis
of variance test when applicable. Correlations between
quantitative variables were established through Pearson
and Spearman Rho tests. Statistical significance was set
at P = 0.05.

Relative Quantification Analysis of CK2B Gene
Expression

For gene expression analysis, predesigned gene-spe-
cific primer pairs and probe were selected for one target
gene (CK2B) and one endogenous control (18s rRNA)
within a list of predesigned assays (Assays-on-Demand;
Applied Biosystems, Foster City, CA). All assays were
based on TagMan hydrolysis probes labeled with FAM
(green fluorescent fluorophore 6-carboxyfluorescein).
Assays were performed on an ABI Prism 7000 HT se-
quence detection system (Applied Biosystems). RNA
was obtained from fresh-frozen tissue obtained in the
Pathology Department, Hospital Universitari Arnau de Vil-
anova, shortly after surgery. They included three samples
of NE in the proliferative phase, three samples of secre-
tory endometrium, and paired normal and tumor tissue
from six patients with EC. Corresponding formalin-fixed,
paraffin-embedded tumor tissue from these patients had
been included in the tissue microarray that was sub-
jected to immunohistochemical analysis of CK2B. Once
RNA was extracted, subsequent reverse transcription
analyses to cDNA were performed in 20-ul reaction vol-
umes. For the assays each reaction was comprised of 4 ul
of cDNA, 10 ul of 2x gPCR Master Mix, 1 ul of 20X
primer/probe assay mix (Applied Biosystems). Samples
were assayed in triplicate for each gene, and the mean
expression was used during subsequent analysis. Rela-
tive expression was calculated using the comparative
AAC; method (Bulletin no.2, Applied Biosystems).

5-Bromodeoxyuridine Incorporation

For the determination of DNA, cells were incubated with 3
ng/ml of 5-bromodeoxyuridine (BrdU) (Sigma) for 20 min-
utes and then fixed with 4% paraformaldehyde. After
DNA denaturing with 2 mol/L HCI for 30 minutes and
neutralization with 0.1 mol/L Na,B,O, (pH 8.5) for 2 min-
utes, cells were blocked in PBS solution containing 5%
horse serum, 5% fetal bovine serum, 0.2% glycine, and
0.1% Triton X-100 for 1 hour. Subsequently, cells were
subjected to indirect immunofluorescence with a mouse
anti-BrdU monoclonal antibody (DAKO), and fluorescein
isothiocyanate-conjugated anti-mouse secondary anti-
body (Molecular Probes, Eugene, OR). Nuclei were coun-
terstained with 5 ug/ml Hoechst 33258 and cells were
visualized under an epifluorescence microscope (Leica
Microsystems).

Propidium lodide Cell Death Analysis

Analysis of cell death distribution was determined by
propidium iodide (PI) staining and flow cytometry. After
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Figure 1. Error bar showing that CK28 cytoplasmic expression was signifi-
cantly higher in the secretory and menstrual endometrium than in prolifer-
ative endometrium (analysis of variance, P = 0.017).

treatment, ~10° cells were fixed in 70% ethanol for at
least 1 hour on ice. Cells were then resuspended in 2 ml
of cell cycle buffer (20 ug/ml Pl in PBS containing 0.1%
Triton X-100 and 50 ng/ml RNase A) for 1 hour at 37°C. PI
fluorescence emission was measured using a FACSCali-
bur (BD Biosciences, San Jose, CA), and cell cycle dis-
tribution was analyzed with WinMDI 2.9 software (The
Scripps Research Institute, La Jolla, CA).

Results
CK2p Expression in EC and NE Samples

CK2p expression was assessed in NE. There were sta-
tistically significant differences in the cytoplasmic (anal-
ysis of variance, P = 0.017) and nuclear (analysis of
variance, P = 0.001) expression of CK28 among different
phases of the menstrual cycle (Figures 1 and 2). Thus,
cytoplasmic and nuclear CK2B immunoexpression was
low in the proliferative endometrium (mean Hscores,
10.00 and 43.00, respectively) and increased in the se-
cretory (mean Hscores, 32.73 and 74.24, respectively)
and menstrual endometrium (mean Hscores, 57.14 and
98.57, respectively). A positive correlation between cyto-
plasmic and nuclear CK2B immunostaining was detected
in NE (Pearson, r = 0.371; P = 0.003). Immunohisto-
chemical results were confirmed at the mRNA level by
quantitative reverse transcriptase-polymerase chain re-
action (RT-PCR). All but one of the samples of secretory
endometrium had higher levels of CK28 mRNA than sam-
ples of proliferative endometrium.

CK2B immunoexpression was evaluated in 88 cases,
from the initial series of 95 ECs of the TMA; 6 cases were
lost during TMA construction, and 1 case did not have
representative tumor sample. All of the EC samples
showed nuclear CK28 immunostaining (88 of 88; 100%).
Cytoplasmic staining was observed in 77 cases (87.5%),
but the staining was heterogeneous. The Hscore ranged
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Figure 2. Error bar showing that CK2B nuclear immunoexpression was
significantly lower in the proliferative phase of the menstrual cycle, and
increases in the secretory and menstrual endometrium (analysis of variance
P =0.001).

from 10 to 300 (mean, 100.34); and only 11 cases had
negative cytoplasmic staining (Figure 3). There was a
strong positive correlation between the cytoplasmic and
the nuclear expression in each case (Pearson, r = 0.514;
P = 0.000). Thus, EC samples with high cytoplasmic
CK2p expression showed also strong nuclear CK2 stain-
ing. EC had a very significant higher nuclear CK28 im-
munostaining compared with NE (mean Hscore in NE,
79.44; mean Hscore in EC, 167.39; Student’s t-test, P =
0.000). Also, the tumor cells showed significantly higher
CK2pB cytoplasmic expression (mean Hscore, 100.34)
than the normal cells (mean Hscore, 29.05; P = 0.000)
(Figure 4, A and B). CK2B expression was also checked
in full sections of five ECs, to check if the heterogeneity of
the staining was attributable to increased staining in the
myoinvasive front. However, no statistically significant
differences in CK28 expression were seen between the
superficial and the deepest area of invasion (Mann-Whit-
ney U-test; P = 0.401 for cytoplasmic staining, and P =
0.599 for nuclear staining). Differences in CK2B expres-
sion between EC and corresponding NE were evaluated
by quantitative RT-PCR. In all but one of the cases, the
CK2B mRNA levels were higher in EC samples than in the
corresponding NE samples from the same patients.
CK2B immunoexpression was slightly higher in the
cytoplasm of the endometrioid type of EC (mean Hscore,
107.15) compared with nonendometrioid EC (mean
Hscore, 67.00). Also, nonendometrioid EC showed a
strong CK2p nuclear staining (mean Hscore, 198.00), but
these differences were not statistically significant (Mann-
Whitney U-test; P = 0.158, and P = 0.287, respectively).
Finally, no significant differences were found in CK2g
expression in correlation with the International Federation
of Gynecology and Obstetrics grade (Kruskal-Wallis, P =
0.636) or pathological stage (Kruskall-Wallis, P = 0.675).



Figure 3. CK2B immunoexpression in ECs. The staining was heterogeneous,
cytoplasmic, and nuclear.

CK2B and Cellular Proliferation (Ki-67) and
Cyclin D1

CK2p nuclear immunostaining demonstrated a trend of
correlation with the proliferation index (Ki-67/MIB-1) in EC
(Spearman, r = 0.210; P = 0.070). Moreover, CK28 cy-
toplasmic and nuclear expression increased in cases
with high nuclear cyclin D1 expression, but these differ-
ences were not significant (Kruskal-Wallis; P = 0.477 for
cytoplasmic, and P = 0.494 for nuclear).

CK2B Correlation with AKT, PTEN, and
B-Catenin Expression in ECs

We found a positive correlation between CK2p cytoplas-
mic expression and AKT immunostaining in EC (Spear-
man, r = 0.243; P = 0.025) and a nearly significant
negative correlation between CK28 and PTEN immuno-
expression (Spearman, r = —0.194; P = 0.093) (Figure 5,
A and B). The correlation between B-catenin and CK2g3
immunostaining was assessed in 82 ECs. CK2f cytoplas-
mic and nuclear expression increased in ECs with nuclear
B-catenin staining (mean cytoplasmic Hscore,112.50;
mean nuclear Hscore, 214.58) (Mann-Whitney U-test,
P = 0.054) compared with cases with only B-catenin
membranous staining (mean cytoplasmic Hscore, 99.50;
mean nuclear Hscore, 158.71).

CK2B, FLIP Expression, and Apoptotic Index in
ECs

Correlation between CK2B and FLIP immunoexpression
was assessed in 83 ECs. We demonstrated a significant
positive correlation between CK2B and FLIP cytoplasmic
immunostaining (Pearson, r = 0.238; P = 0.030) (Figure
6, A and B). However, no correlation was found between
CK2p cytoplasmic and nuclear expression and the apo-
ptotic index (Pearson, P = 0.480 and P = 0.282).
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Figure 4. CK2B immunostaining was significantly lower in NE samples (A)
compared with ECs (B).

CK2B Regulates Proliferation and Anchorage-
Independent Cell Growth of EC Cells

To ascertain whether CK2 regulates proliferation of EC
cells, we infected IK cells with lentiviruses carrying either
an empty vector (FSV) or a CK2 shRNAs (FSV-CK2g) and
4 days later cell lysates were analyzed by Western blot
for the expression of CK2B. As we show in Figure 7A,
CK2B shRNA caused a dramatic down-regulation of
CK2B protein levels whereas catalytic « CK2 subunit
protein levels remained unaffected. To investigate the
role of CK2B in proliferation, we infected IK cells with
lentiviruses carrying CK2B shRNA, and we assessed cell
proliferation by cell counting throughout time. CK2
shRNA (FSV-CK2p)-transduced cells displayed a dra-
matic decrease in proliferation rate when compared with
the empty vector (FSV)-infected cells (Figure 7A). More-
over, to further confirm the role of CK2g in cell prolifera-
tion we performed a BrdU analysis. Results indicated that
unlike control infected cells, CK2B-silenced cells dis-
played a marked reduction in cell proliferation. Bort-
ezomib-treated cells were used as positive control (Fig-
ure 7B). These data prompted us to determine any
putative proliferation marker susceptible to be modulated
on CK2B silencing. Western blot analysis suggested a
possible role for cyclin D1 and ERK. Figure 7C shows that
CK2B shRNA caused a marked decrease in expression
of cyclin D1 and phosphorylation of ERK-1/2 without af-
fecting total ERK-1/2 protein levels. Furthermore, consis-
tently with the results described above, CK2B knock-
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Figure 5. High CK2B immunoexpression in ECs (A) was frequently associ-
ated with low or negative PTEN expression (B).

down also resulted in a pronounced decrease in FLIP
protein levels. Altogether these results indicated that
CK2B is involved in endometrial cancer cell proliferation,
and that silencing of CK2B by means of shRNA results in
a pronounced blockage of cell growth. To investigate the
role of CK2 in growing conditions independent of sub-
strate attachment, we infected IK cells with lentivirus
carrying CK2B shRNA or the empty vector. After 3 days,
cells were trypsinized and resuspended in soft agar as
described in the Materials and Methods section. After 15
days, FSV-infected cells displayed cell growth and col-
ony formation. In contrast, IK cells infected with CK2pB
shRNA failed to develop colonies (Figure 7D). These
results suggest that CK2 regulates both cell proliferation
and anchorage-independent cell growth.

CK2B shRNA Cytostatic Effects Are Not
Caused by an Apoptotic Response of EC Cells

We have previously demonstrated that CK2p is involved
in control of TRAIL-induced apoptosis.® To discard the
role of apoptosis in the CK2B-silencing cytostatic effect,
FSV/CK2B shRNA-infected cells and bortezomib-treated
cells were subjected to propidium iodide staining and
apoptotic index was measured by flow cytometry. SubG,
data indicated that CK28 shRNA did not trigger a pro-
nounced apoptotic response compared with those cells
treated with bortezomib (Figure 8A). Moreover, Hoechst
staining indicated that the decrease in cell proliferation

-

. —E AT

Figure 6.ECs positive for CK2f immunoexpression (A) with high FLIP
immunostaining (B).

was not attributable to a massive apoptotic cell death in
FSV/CK2B-transduced cells because nuclei displaying
apoptotic morphology were not primarily appreciated.
Consistent with previous results obtained in our labora-
tory, CK2B-silenced cells treated with TRAIL resulted in
an increase in percentage of apoptotic nuclei. This con-
dition was used as a positive control (Figure 8B). Further-
more, we demonstrated by Western blot that caspases
were not activated in response to CK23 shRNA because
neither inductor caspase-9 nor effector caspase-3 were
processed. In contrast, and in agreement with previous
available data, we appreciated remarkable caspase ac-
tivation on treatment of CK2B-silenced cells with TRAIL.
Altogether, these data support the notion that CK28 is
involved in progression of cell cycle and proliferation and
that its decrease is not caused by an apoptotic response.

Discussion

Protein kinase CK2 is a serine/threonine kinase that is
highly conserved and ubiquitously distributed in eukary-
otic organisms. It is typically found in tetrameric com-
plexes consisting of two catalytic («, and/or «’) subunits,
and two regulatory subunits (8). CK2 has been shown to
be deregulated in different types of tumors. Several stud-
ies in hematopoietic malignancies and solid tumors, such
as carcinomas of the prostate, kidney, colon, liver, and
lung have demonstrated elevated CK2 activity, and
changes in the intracellular location with an enhanced
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and CK2a. Right: IK cells were infected with lentiviruses carrying the empty vector (FSV) or the
CK2BshRNA (FSV-CK2p). Cells were trypsinized and counted at the indicated days after infection.
B: Percentage of positive BrdU cells in FSV-infected cells, CK2B-silenced cells, and bortezomib-
treated cells. Cell ing shown below. C: Western blot analysis of phospho-ERK-1/2, cyclin D1,
and FLIP in CK2B-silenced cells and control cells. Membranes were reprobed with tubulin and
total ERK-1/2 antibodies to ensure equal protein loading. D: IK cells were infected with lentivi-
ruses carrying the empty vector (FSV) or the CK2BshRNA (FSV-CK2B). Three days after infection
cells were trypsinized and resuspended in 0.3% agar diluted in medium at a concentration of 3000
cells/ml. Fifteen days after plating, colonies were stained with MTT (left) and scored (right).

nuclear translocation.® These studies have demonstrated
an increase in the CK2 activity or expression by using
biochemical analysis of tissue extracts or immunohisto-
chemical techniques. In some types of tumor, such as
those of the head and neck, the level of CK2 is correlated
with tumor grade, stage, and clinical outcome. CK2 is
involved in protein kinase networks controlling cell
growth, proliferation, but also as a potent suppressor of
apoptosis. Further evidence about the role of CK2 in
tumorigenesis is provided by transgenic mice expressing
CK2a in lymphocytes or mammary gland. Both animal
models display an increased incidence of lymphomas
and breast carcinomas.'*'® More than 300 potential sub-
strates of CK2 (cytoplasmic and nuclear) have been
identified, which points to its multiple functional activities.
In a recent study we were able to demonstrate for the first
time that CK2 played an important role in TRAIL- and
Fas-induced apoptosis in EC, by regulating FLIP.°

In the present study we have shown, for the first time,
that CK2B is frequently expressed in EC. We have ob-
served a significant increase in cytoplasmic and nuclear
CK2B immunostaining in EC in comparison with NE in
different phases of the menstrual cycle. Results were
confirmed at the mRNA level by RT-PCR. The preferential

Bortezomib 25nM  CK2P shRNA

nuclear distribution of CK2 in tumor cells has also been
demonstrated in other tumor types, such as in prostatic
carcinoma and squamous carcinoma of the head and
neck.'®” In some types of tumors, CK2 immunoexpres-
sion is higher in the infiltrating edge of the tumor and
lymphocytes. However, we have not been able to dem-
onstrate such a finding in our series of cases, particularly
after having studied full sections from a small selected
series of ECs, which allowed us to evaluate the compar-
ative expression of CK28 in the superficial tumor and in
areas of deep myometrial invasion.

Interestingly, our results showed a trend of positive
correlation between CK2B immunoexpression with the
cellular proliferation (Ki-67) in EC, but not in NE. CK2pB
expression was higher in the secretory and menstrual
endometrium than in the proliferative phase, whereas in
EC, CK2p expression was associated with increased cell
proliferation. As discussed later on, these results ob-
tained in EC samples are in agreement with our results
obtained in the Ishikawa cell line. Studies on yeasts and
mammalian cells have revealed requirements for CK2 at
various stages of the cell cycle, including G, phase and
the G4/S and G,/M transitions.’®"® In other types of tu-
mors, such as prostatic and head and neck carcinomas,
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the proliferating front of the neoplasm showed higher
CK2 immunoexpression.'®2° Recent studies have sug-
gested that overexpression of CK2 in tumor cells may not
be simply a reflection of cell proliferation alone but addi-
tionally may reflect some pathobiological characteristics
of the neoplasm, such as the grade of differentiation of
the tumor. In this regard, in our study CK2 immunoex-
pression had a tendency to increase in nonendometrioid
EC and in stage Il and Ill tumors. However, these differ-
ences were not statistically significant.

A very interesting result of the present study is the
relationship between CK2B and the PI3K and Wnt path-
ways, two signaling pathways frequently activated in EC.
CK2p showed a significant positive correlation with AKT
and a nearly significant negative correlation with PTEN
immunoexpression. The tumor suppressor gene PTEN is
frequently abnormal in EC; loss of heterozygosity at chro-
mosome 10023 occurs in 40% of cases®'?? and somatic
PTEN mutations are also common and occur in 37 to 61%
of EC.?372¢ Our results support a role for PTEN, and the
PI3K/AKT pathway in the regulation of CK28 expression.
It is known that decreased expression of PTEN leads to
increased levels of phospho-AKT, which results in acti-
vation of antiapoptotic proteins as well as inactivation of
proteins involved in cycle progression (p27 and p21).
Moreover, Torres and colleagues, 2001, demonstrated
that CK2 is able to decrease PTEN stability and increase
its proteasome-mediated degradation through the phos-
phorylation of a cluster of Ser/Thr residues in its C-termi-
nus.?” Moreover, inhibition of PTEN phosphorylation by a
CK2 inhibitor diminishes the PTEN protein content. Addi-
tional evidence relating CK2 and the PI3K pathway were
obtained from the Jurkat cell line, which is PTEN-null. In
these cells, down-regulation of CK2 catalytic activity cor-
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Figure 8. A: FSV- and shCK2p-infected IK cells
and bortezomib-treated cells were subjected to
propidium iodide (PD) staining and monitored by
flow cytometry to study the involvement of an
apoptotic response. SubG1 phase indicates per-
centage of apoptotic cells. B: IK cells were sub-
jected to Hoechst staining as described in the
Materials and Methods section (right) and apo-
ptotic cells were counted (left). C: Western blot
. 1023 of FSV and CK2B shRNA-infected cells against
caspase-9 and caspase-3.
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related with decreased AKT activity, measured by re-
duced phosphorylation of typical AKT targets.?®

We also found a significant correlation between CK2p
immunoexpression and B-catenin nuclear staining. CK2
is a positive regulator of Wnt signaling.?® The Wnt signal-
ing is important in EC, particularly in endometrioid (type I)
tumors, because mutations in exon 3 of CTNNB1 are
found in 25 to 40% of endometrioid EC. CTNNB1 muta-
tions lead to nuclear accumulation of B-catenin, which
has an important impact in transcription of target genes
of the Wnt pathway, such as cyclin D1 or MMP-7. CK2 is
present in B-catenin complexes and activated in Wnt-
signaling cells.3° Recent studies have shown that CK2
enhances B-catenin through phosphorylation of hLEF-1
stimulating the binding and transactivation of B-catenin in
vitro.®" In breast cancer cells, CK2 is capable of phos-
phorylating g-catenin, and regulating its turnover'®; in
these cells, CK2 activity is essential for maintenance of
B-catenin and Drl protein levels.

Also, we found a statistical association between FLIP
and CK2pB cytoplasmic immunostaining. Such results
support the hypothesis that FLIP may be under the reg-
ulation of CK2. In a previous study, we demonstrated a
role for FLIP in resistance to TRAIL and Fas-induced
apoptosis in EC." We also demonstrated that FLIP was
frequently expressed in EC samples. FLIP is a well-es-
tablished regulator of TRAIL- and FasL-triggered apopto-
sis in many cell types, which is constitutively or highly
expressed in some tumors such as prostate cancer,
Hodgkin’s lymphoma, gastric cancer, bladder carci-
noma, and malignant mesothelial cell lines. Moreover, in
a very recent study, we have also shown that CK2 is an
important regulator of death receptor-induced apoptosis,
by regulating the levels of FLIP. We demonstrated that in



EC both pharmacological inhibition and CK2 knock-down
reduced the levels of FLIP. We also showed that inhibition
of CK2 plus addition of either TRAIL- or a Fas-activated
caspase-8 as initiator caspase of the extrinsic pathway.®

Several studies have implicated dysregulation of the
CK2 activity with enhanced survival of tumor cells. In the
rat ventral prostate, CK2 has been implicated in the an-
drogenic regulation of the cells and receptor-mediated
apoptosis.®>2* In this model loss of CK2 from the cell
lead to a cessation of cell growth activity and to induce
apoptosis. Other studies have shown that transient over-
expression of CK2-a and CK2-af in tumor cells resulted
in a significant protection against etoposide-mediated
apoptosis.” Recent reports in the carcinoma cell lines
PC-3 and ALVA-41, suggest a role for FLIP in regulation
of CK2 sensitivity to TRAIL-induced apoptosis.®® Treat-
ment of the cell lines with TRAIL plus a CK2 inhibitor
(TBB) lead to a down-regulation of FLIP expression and
concomitant caspase-8 activation. Moreover, overex-
pression of CK2a restored FLIP expression and TRAIL
resistance to apoptosis cell death.

Increased CK2 activity is associated with cell growth
and proliferation in many types of tumors displaying ab-
errant or increased CK2 activity.>*%%7 To ascertain
whether CK2 regulates proliferation of EC cells in vitro,
Ishikawa cells were infected with lentiviruses carrying
CK2B shRNA. Knock-down of CK2B protein caused a
marked decrease in expression of cyclin D1, phosphor-
ylation of ERK-1/2, decrease of BrdU incorporation, and a
marked decrease in proliferation rate that was not caused
by a consistent increase in number of apoptotic cells.
Interestingly, results from the TMA showed a relationship
between CK2 and cyclin D1 that did not reach statistical
signification. It is important to keep in mind that cyclin D1
is also a target of other molecular alterations frequently
detected in EC (microsatellite instability, mutations in CT-
NNB1, activation of NF-«B)."38:3° The presence of these
alterations in a certain percentage of tumors might have
interfered in the correlation between CK2 and cyclin D1.
Finally the Ishikawa EC cell line cells infected with lenti-
virus carrying CK2B shRNA failed to develop colonies,
clearly suggesting that CK2 regulates both cell prolifera-
tion and anchorage-independent cell growth. The fact
that CK2 has become a highly pleiotropic protein makes
the study of the exact mechanism that orchestrates its
control over cell growth and proliferation difficult. Many
mechanisms have been proposed, as it has been ob-
served that CK2 regulates by phosphorylation many tran-
scription factors such as c-Myc, c-Myb, AP-1, and steroid
hormone receptors among others. Moreover, it has also
been reported that CK2 can modulate NF-«B activity by
phosphorylation of Rel-A (p65) NF-kappa B subunit or by
promoting the degradation of its inhibitory subunit IkB.*°
Recently, Yde and collaborators*! have suggested that
CK2B regulates G,/M transition by controlling stabiliza-
tion of Wee1 and its subsequent inhibitory phosphoryla-
tion of CDK1 on Tyr15 pointing to CK2 as a key regulator
of cell cycle progression in lung cancer cells. Our results
add important information to the complex network of cell
proliferation and cell cycle controlled by CK2 and further
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research efforts will be required to uncover the precise
mechanism.
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Objectiu 2

EL SORAFENIB INDUEIX APOPTOSI I SENSIBILITZA LES
CEL-LULES CANCEROSES D’ENDOMETRI A TRAIL VIA
MECANISMES MOLECULARS DIFERENTS.

El sorafenib indueix mort cel-lular en ce¢l-lules de carcinoma d’endometri.

El sorafenib sensibilitza les cél-lules de carcinoma d’endometri a 1’apoptosi
induida per TRAIL i Fas.

La sensibilitzaci6 a TRAIL és independent de 1’activitat cinasa de B-Raf 1
MEK/ERK.

El sorafenib indueix la degradacio via proteasoma de FLIP i Mcl-1.
L’expressio forcada de Mcl-1 pero no de FLIP preven 1’apoptosi induida per el
sorafenib

La sobreexpressio de FLIP perd no la de Mcl-1 restaura la resisténcia a TRAIL
1 Fas.

El sorafenib sensibilitza les cel-lules de cultius primaris de carcinoma

d’endometri a I’apoptosi induida per TRAIL.

(Llobet D, Eritia N, Yeramian A, Pallarés J, Sorolla A, Santacana M, Gonzdlez-Tallada FJ, Matias-

Guiu X, Dolcet X. Sorafenib induces apoptosis and sensitizes endometrial cancer cells to TRAIL by

different molecular mechanisms. [sotmes a Journal of Cellular and Molecular Medicine].)
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ABSTRACT.

Sorafenib induces apoptosis and enhances TRAIL induced cell killing of tumoral cells.
We have investigated the effects of the multikinase inhibitor Sorafenib alone or in
combination with TRAIL and agonistic Fas antibodies on endometrial carcinoma cells.
Then, we have focused in the search of the differential molecular mechanisms by which
Sorafenib induces cell death and the ones involved in sensitization to TRAIL. In the
present study, we show that Sorafenib induces apoptosis of both endometrial cancer cell
lines and human primary cultures and sensitized these cells to TRAIL and aFas-induced
apoptosis. However, Raf/MEK/ERK inhibition by Sorafenib was not responsible for
Sorafenib cell death or TRAIL sensitization of endometrial cancer cells. Sorafenib
treatment correlated with a downregulation of both FLIP and Mcl-1, caused by a
proteasomal degradation of both proteins. We evaluated the contribution of FLIP and
Mcl-1 downregulation in apoptosis triggered by Sorafenib alone or Sorafenib plus
TRAIL. Interestingly, cell death caused by Sorafenib was mediated by downregulation
of Mcl-1, but not by FLIP. In contrast, we found that Sorafenib sensitization of
endometrial carcinoma cells to TRAIL-and Fas-induced apoptosis was dependent on
FLIP but not on Mcl-1 downregulation. Altogether, we discern the dual mechanisms by

which Sorafenib causes cell death from those involved in death receptor sensitization.



INTRODUCTION

The Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) and Fas
Ligand (FasL) belong to the pro-apoptotic cytokines of the Tumor Necrosis Factor
(TNF) superfamily. TRAIL induces apoptosis in many types of cancer with limited
cytotoxicity on normal cells (Ashkenazi et al., 1999) (Walczak et al., 1999) indicating
that it may become a promising anticancer agent (Srivastava, 2001) (Takeda et al.,
2007). TRAIL-based therapies are under current clinical trials in Phase I and II
(Johnstone et al., 2008). However, an increasing number of tumoral cell types display
resistance to TRAIL-mediated cell killing. To circumvent such resistance, combinatorial
therapies to inhibit molecular determinants involved in inhibition of apoptosis triggered
by TRAIL would be very important. TRAIL triggers apoptosis by binding one of its
functional receptors DR4 or DRS (LeBlanc & Ashkenazi, 2003). Engagement of DR4
or DRS receptors leads to the formation of a Death-Inducing Signaling Complex
(DISC). The Death Domain (DD) of these receptors recruits Fas Associated DD-
containing protein (FADD) which in turn binds pro-caspase-8. After recruitment to the
DISC, pro-caspase-8 is activated by autoproteolytic cleavage resulting in the initiation
of apoptotic signaling (Bodmer et al., 2000; Kischkel et al., 2000; Sprick et al., 2000).
One of the key regulators of apoptosis triggered by either FasL and TRAIL is the
FLICE-Inhibitory Protein (FLIP) (Irmler et al., 2000; Thome et al., 1997). High levels
of FLIP are found in many tumoral tissues including endometrial carcinoma. We have
previously shown that FLIP plays a critical role in the regulation of sensitivity of
endometrial carcinoma cells (ECC) to TRAIL-induced apoptosis. In this previous work,
we demonstrated that siRNA mediated inhibition of FLIP sensitized endometrial cancer
cells to TRAIL-induced apoptosis (Dolcet et al., 2005). FLIP shares a high degree of
homology with caspase-8, and contains two Death Efector Domains (DED) and a
defective caspase-like domain that lacks proteolytic activity. Thus, high levels of FLIP
compete with caspase-8 and displace its binding to FADD, which results in inhibition of

apoptosis.

Sorafenib (also known as Bay 43-9006, Nexavar) was initially identified as a Raf-1, but
subsequent studies revealed that Sorafenib is a multikinase inhibitor with activity over

several kinases, including B-Raf on its wild type and V600 mutated forms; tyrosine



kinase receptors such as plateled —derived growth factor, vascular-endothelial growth
factors 1 and 2, c-Kit, FLT3 or Ret (Flaherty, 2007; Wilhelm et al., 2006). Sorafenib is
currently administrated as chemotherapeutic agent to patients with advanced renal cell
carcinoma, and there are ongoing clinical trials for melanoma, hepatocellular carcinoma
and non-small lung cancer (Flaherty, 2007; Wilhelm et al., 2006).

Recent findings evidence that Sorafenib may enhance TRAIL-induced cell killing on
cancer cells (Meng et al., 2007; Ricci et al., 2007; Rosato et al., 2007). The proposed
molecular mechanisms by which Sorafenib sensitizes cancer cells to TRAIL include
downregulation of the myeloid cell leukemia-1 (Mcl-1) (Meng et al., 2007),
downregulation of Mcl-1 together with FLIP protein levels (Rosato et al., 2007) or a
transcriptional reduction of c-IAP2 and Mcl-1 (Ricci et al., 2007). Moreover, the role of
Raf kinase activity and their downstream kinases MAPK/ERK kinase (MEK) and
Mitogen-Activated Protein Kinase/extrecellular-Regulated Kinase (ERK/MAPKSs) as a
mechanistic effector of Sorafenib anti-tumour effects is uncertain.

Here, we demonstrated that Sorafenib induced apoptosis in endometrial carcinoma cell
(ECC) lines and sensitized ECC and primary cultures from endometrial carcinoma
patients to TRAIL-induced apoptosis. Long-term exposure to Sorafenib alone triggered
apoptosis of ECC. However, short-exposure periods to Sorafenib had no killing effects,
but dramatically enhanced TRAIL- and agonistic Fas antibody- (aFas) induced
apoptosis. Then, we focused in the search of the differential molecular mechanisms by
which Sorafenib induces cell death and the ones involved in sensitization to TRAIL.
Sorafenib sensitization to TRAIL was independent of B-Raf kinase activity or
MEK/ERK inhibition. Sorafenib sensitization correlated with downregulation of FLIP
protein levels. Sorafenib mediated FLIP reduction was not caused by transcriptional
repression of FLIP but by proteasome degradation, since co-treatment with proteasome
inhibitors completely prevented reduction of FLIP levels. Accordingly, FLIP
overexpression was sufficient to inhibit Sorafenib sensitization to TRAIL. In contrast,
overexpression of Mcl-1, which effectively prevents apoptosis induced by Sorafenib,
did not prevent cells from TRAIL plus Sorafenib-induced apoptosis. Because of the
given importance of Sorafenib and TRAIL in cancer therapy, we exposed primary
cultures obtained from biopsies of patients with endometrial carcinoma to TRAIL plus
Sorafenib. Accordingly to the results obtained in cell lines, Sorafenib sensitized such

cancer cells to apoptosis and reduced both Mcl-1 and FLIP levels.



RESULTS

Sorafenib induces apoptotic cell death of ECCs.

To begin with, we explored the sensitivity of endometrial carcinoma cell lines to
Sorafenib-induced cell killing. For this purpose, we exposed Ishikawa (IK), HEC-1A,
RL-95/2 and KLE endometrial carcinoma cell lines to increasing doses of Sorafenib and
we evaluated cytotoxicity by LDH release after 24 or 48 hours. Sorafenib induced a
dose-dependent release of LDH of all four cell lines. It is worth to mention that
Ishikawa, RL-95/2 and HEC-1A displayed maximum cytotoxicity at 24 hours of
exposure whereas KLE did not show significant increase on cytotoxicity after 48 hours
(Fig 1A). Because we observed similar effects on cytotoxicity over all cell lines we
chose IK cells to further analyze caspase activation and PARP processing. A time
course treatment of IK cells induced a detectable caspase-3, caspase-9 and PARP
processing after 12 and 24 hours of exposure to 20 UM Sorafenib (Fig 1B). The above

results indicate that Sorafenib induces apoptotic cell death of endometrial cell lines.

Sorafenib sensitizes endometrial carcinoma cells to TRAIL- and Fas-induced
apoptosis.

Next, we investigated whether Sorafenib may sensitize resistant cells to TRAIL- and
Fas-induced apoptosis. As demonstrated above, Sorafenib alone triggered apoptosis at
24 or 48 hours of treatment. However, 8 hours of treatment with Sorafenib alone caused
a slightly increase of cytotoxicity (Supplementary Fig 1A). To analyze whether
Sorafenib may sensitize ECCs to death receptor-induced apoptosis, we exposed IK cells
to 20uM Sorafenib in presence or absence of aFas or TRAIL. After 8 hours of
treatment, we quantified the number of nuclei displaying apoptotic morphology by
Hoechst staining and we assessed caspase processing and activation by western blot to
initiator caspases -8, -9, and the effector caspase-3. After 8 hours, Sorafenib alone
caused only a slightly increase on apoptotic IK cells, but co-treatment with either aFas
or TRAIL plus Sorafenib induced a marked increase on the number of nuclei displaying
apoptotic morphology as assessed by Hoechst (Fig 1C, Supplementary Fig 1B) and
processing of caspases-8, -9 and -3 (Fig 1C). Similar results were obtained with KLE
cells (Supplementary Fig 1C, Fig 1D).

These results demonstrate that Sorafenib not only induces apoptosis but also sensitizes

endometrial cancer cells to TRAIL and aFas apoptosis.



Sorafenib sensitization to TRAIL is independent of B-Raf and MEK/ERK kinase
activity.

One of the substrates of Sorafenib inhibitory activity is B-Raf, which regulates the
activation of MAPK/ERK pathway. Therefore, we examined whether Sorafenib
sensitization to TRAIL was caused by inhibition of the ERK/MAPKs. Treatment of
both IK and KLE cells resulted in a significant decrease of ERK phosphorylation,
suggesting that Sorafenib inhibited ERK/MAPK kinase signaling (Fig 2A). Next, we
analyzed whether apoptosis sensitization by Sorafenib was the result of inhibition of B-
Raf kinase activity or the downstream MEK/ERK kinases. To assess this point, we first
infected IK cells with a plasmid encoding a wild type B-Raf or a kinase-dead B-Raf
K483M mutant (B-Raf KD). After 24-48 hours, cells were exposed to TRAIL or aFas
and we quantified the number of nuclei displaying apoptotic morphology by Hoechst
staining, and we assessed caspase processing and activation by western blot to initiator
caspases -8, -9, and the effector caspase-3. B-Raf K483M did not cause neither increase
in the number of apoptotic nuclei (Fig 2B, Supplementary Figure 2A) nor activation of
any of the caspases analyzed (Fig 2C). As a control for sensitization to TRAIL, we
infected parallel cultures with lentiviruses carrying shRNA against FLIP. Similarly,
treatment of cultures with the specific MEK inhibitor UO126 failed to sensitize IK cells
to TRAIL- or aFas-induced apoptosis as assessed by Hoechst staining (Fig 2D,
Supplementary Figure 2B) or caspase activation (Fig 2E). As a control, we treated
parallel cultures with DRB which we have previously demonstrated to sensitize ECCs
to TRAIL and aFas (Llobet et al., 2008).

The above results suggest that the mechanism of sensitization to TRAIL or aFas is
independent of inhibition of B-Raf kinase activity or inactivation of the MEK/ERK

signaling cascade.

Sorafenib triggers proteasome-mediated degradation of FLIP and Mcl-1.

Having demonstrated that the effects of Sorafenib on ECC seem to be independent of
MEK/ERK signaling, we focused our investigations in the search of mechanisms by
which Sorafenib kills ECC and sensitizes to death receptor apoptosis. Recent evidences
point to Mcl-1 as an important molecule involved in regulation of both apoptosis
induced by Sorafenib and apoptosis triggered by combination of Sorafenib plus TRAIL.

Moreover, we have previously demonstrated that FLIP is critical in regulation of



TRAIL-induced apoptosis of ECC (Dolcet et al., 2005; Llobet et al., 2008). These
evidences enabled us to check whether Soranefib may regulate FLIP and Mcl-1. For this
purpose, we performed a time-course analysis of expression of both FLIP and Mcl-1 of
IK cells treated with Sorafenib. Both Mcl-1 and FLIP expression was markedly reduced
within the first 24 hours of treatment with Sorafenib (Fig 3A, 3B). In contrast, the levels
of Bcl-XL did not change at any time-point analyzed. Noteworthy, decrease of FLIP
expression was a rapid event and it became evident as soon as 3 hours of Sorafenib
treatment. Such downregulation coincided with the rapid sensitization of IK cells to
TRAIL and aFas. Similar results were obtained when KLE cells were treated for 24 or
48 hours with Sorafenib (Fig 3A, 3B).

Next, we investigated the mechanisms by which Sorafenib regulates FLIP and Mcl-1
levels. The levels of endogenous FLIP protein can be controlled transcriptionally but,
recent evidences also suggest that endogenous FLIP protein levels may be regulated by
the ubiquitin proteasome system. To ascertain whether FLIP levels are transcriptionally
regulated, we performed real-time PCR on mRNA extracted from IK cells treated with
Sorafenib for 2 or 9 hours. As a control, parallel cultures were treated for 9 hours with
DRB or apigenin which we have recently demonstrated that reduce FLIP mRNA levels
(Llobet et al., 2008). Sorafenib treatment did not reduce the levels of FLIP mRNA,
suggesting that Sorafenib regulates FLIP protein at post-transcriptional level (Fig 3C).
Both Mcl-1 (Liu et al., 2005; Shmueli & Oren, 2005; Warr et al., 2005; Zhong et al.,
2005) and FLIP (Chang et al., 2006; Kim et al., 2002; Poukkula et al., 2005) protein
levels are also regulated by ubiquitin-proteasome-mediated degradation. To determine
whether proteasomal degradation was also involved in downregulation of Mcl-1 and
FLIP after Sorafenib treatment, we treated IK cells with Sorafenib in presence or
absence of the proteasome inhibitor MG-132. As we show in figure 3, addition of MG-
132 completely inhibited the reduction in FLIP (Fig 3D) and Mcl-1 protein (Fig3E)
caused by Sorafenib. These results suggest that Sorafenib triggers Mcl-1 and FLIP

degradation through the proteasome.

Expression of Mcl-1 but not FLIP prevents Sorafenib-induces apoptosis.

Next, we evaluated the contribution of FLIP and Mcl-1 downregulation in apoptosis
induced by Sorafenib alone. For this purpose, we infected IK cells with lentiviruses a
carrying a plasmid encoding Flag-tagged FLIP or, we IK transfected cells pCDNA3

plasmid expressing Mcl-1. After 3 days to allow FLIP or Mcl-1 expression, cells were



treated with Sorafenib and we quantified nuclei displaying apoptotic morphology. FLIP
expression did not inhibit Sorafenib-induced apoptosis at any time-point studied (Fig
4A). In contrast to FLIP, Mcl-1 overexpression significantly reduced the number of
apoptotic nuclei (Fig 4B) as well as processing of caspases and the caspase substrate
PARP (Fig 4C). Consistently, ectopic expression of Mcl-1 did not restore FLIP levels
(Fid 4D). These results suggest that Mcl-1, but not FLIP downregulation is involved in
apoptosis triggered by Sorafenib.

Expression of FLIP but not Mcl-1 restores TRAIL and aFasresistance

Both FLIP and Mcl-1 have been involved in the regulation of TRAIL sensitivity of
cancer cells. Then, we examined the contribution of each of these proteins in Sorafenib-
induced sensitization to TRAIL. To ascertain whether downregulation of endogenous
FLIP triggered by Sorafenib was responsible for TRAIL induced apoptosis, we infected
IK cells with lentiviruses carrying a plasmid encoding FLIP cDNA. After 3 days to
allow FLIP expression, cells were treated with TRAIL in presence or absence of
Sorafenib. Apoptotic nuclei were then visualized by Hoechst staining and caspase
processing by western blotting. As shown in Figure 5A, overexpression of FLIP
resulted in a significant reduction of apoptotic nuclei caused by Sorafenib plus either
TRAIL or aFas. Consistent with this observation, FLIP overexpression inhibited
processing of the caspases-8, -9, and -3 caused by TRAIL or aFas in presence of
Sorafenib (Fig 5B).

In contrast to FLIP, expression of Mcl-1 did not prevent apoptosis triggered by
treatment of ECCs with Sorafenib plus TRAIL as assessed by LDH cytotoxicity assay,
Hoechst staining of apoptotic nuclei (Fig 5C) or caspase activation (Fig 5D).
Interestingly, expression of FLIP restored TRAIL and aFas resistance in presence of

Sorafenib but the levels of Mcl-1 remained low (Fig SE).

Sorafenib sensitizes primary endometrial carcinoma explants to TRAIL-induced
apoptosis.

TRAIL is a potential anti-cancer agent, because of its ability to trigger apoptosis in
cancer cells without affecting normal cells. Humanized anti-DR4 and anti-DRS5 are in
advanced clinical trials (Johnstone et al., 2008; Reed, 2006). However, an increasing
number of tumoral cells display mechanisms of TRAIL resistance to apoptosis. Such

resistance has increased the interest of combinatorial therapies (Johnstone et al., 2008;



Takeda et al., 2007). We decided to test whether Sorafenib could be effective to kill
primary endometrial carcinoma explants treated with TRAIL. We cultured different
endometrial carcinoma explants obtained from biopsies of patients with endometrial
carcinoma. We have previously characterized these explants to be of epithelial origin by
means of cytokeratin and B-catenin expression (Dolcet et al., 2006).

First, we analyzed the levels of phosphorylated ERK by western blot in 3 different
primary explants treated or not with Sorafenib. As we observed for endometrial cancer
cell lines, we found that Sorafenib reduced ERK phosphorylation (Fig 6A). In
agreement with the results observed in endometrial carcinoma cell lines, treatment of
parallel primary culture explants with Sorafenib caused a marked downregulation of
both FLIP and Mcl-1 protein levels (Fig 6B). Moreover, Sorafenib alone caused
activation of caspase-3 which was further increased after addition of TRAIL or aFas
(Fig 6B). Accordingly, treatment of parallel explants with Sorafenib plus either TRAIL
or aFas caused an increased cytotoxicity and nuclei displaying apoptotic morphology
(Fig 6C). Moreover, Sorafenib plus TRAIL treatment activated capases-8, -9, and -3
(Fig 6D).

All the above results suggest that co-treatment with TRAIL and Sorafenib may be

useful strategy to induce apoptosis of endometrial cancer cells.



DISCUSSION

In the present study we have assessed the effects of the multikinase inhibitor Sorafenib
on endometrial carcinoma cell lines and primary cultures. We provide evidence of the
differential mechanisms underlying Sorafenib-induced apoptosis from those involved in
sensitization or enhancement of TRAIL-induced apoptosis.

First, we have demonstrated that Sorafenib causes a dose-dependent killing of
endometrial carcinoma cells. Such cell death displayed features of apoptosis as cells had
typical apoptotic morphology and activation of caspases 3 and 9. Moreover, we showed
that at time points were Sorafenib alone did not induce apoptosis; it sensitized ECCs to
apoptosis induced by TRAIL. TRAIL plus Sorafenib treatment resulted in activation of
the extrinsic apoptotic pathway with concomitant caspase-8 processing.

Among other kinases, B-Raf is a target of kinase inhibitory activity of Sorafenib. Raf
isoforms are top of Raf/MEK/ERK signaling and activation of serine/threonine kinase
of Raf results in phosphorylation of MEK which in turn phosphorylate ERK/MAPKs.
Inhibition of ERK by specific inhibitors sensitizes or enhances TRAIL-induced
apoptosis of melanoma or breast cancer cells (Grosse-Wilde et al., 2008; Lee et al.,
2006; Ortiz-Ferron et al., 2006; Tran et al., 2001; Zhang et al., 2003). In contrast, others
have shown that ERK inhibition does not change the apoptotic response of TRAIL
resistant cells (Vaculova et al., 2006) or that ERK2 activation is even required for
induction of apoptosis by TRAIL (Frese et al., 2003). Because of this duality about the
role of ERKs in TRAIL apoptosis, our first question was whether sensitization to
TRAIL by Sorafenib could be caused by inhibition of the MAPK pathway. We have
found that inhibition of ERK/MAPK signaling pathway does not result in sensitization
to TRAIL, suggesting that the inhibitory effects of Sorafenib on ERK/MAPK activity
was not responsible for sensitization to TRAIL. Recent reports have demonstrated that
Sorafenib enhances TRAIL induced apoptosis in other cell types (Meng et al., 2007;
Ricci et al., 2007; Rosato et al., 2007). However, it is not fully demonstrated whether
inhibition of kinase activity of B-Raf by Sorafenib is involved in the sensitization of
cancer cells to TRAIL- or FasL- apoptosis. In line with the results obtained with U0126-
mediated inhibition of ERK, we have found that expression of Kinase inactive form of
B-Raf did not sensitized ECCs to TRAIL apoptosis. These results demonstrate that
Sorafenib sensitizes ECCs cells to TRAIL and aFas apoptosis by a Raf/MEK/ERK

10



independent mechanism. To this regard, increasing evidences support the hypothesis
that Raf isoforms may promote survival independent of MAPK signaling (Hindley &
Kolch, 2002; Kolch et al., 2002). Moreover, mice lacking Raf-1 are embryonic lethal,
but mice expressing kinase inactive form display a normal phenotype which strongly
suggest kinase-independent effects of Raf proteins (Huser et al., 2001). Interestingly,
Raf-1 can control proapoptotic proteins such as MST2 independently of its MEK kinase
activity (O'Neill & Kolch, 2005; O'Neill et al., 2004)

Next, we found that apoptosis triggered by Sorafenib correlated with downregulation of
both Mcl-1 and FLIP. Both Mcl-1 and FLIP have been associated with Sorafenib-
induced cytotoxicity. To date, Sorafenib induces downregulation of Mcl-1 though
inhibition of its translation (Rahmani et al., 2005) or Mcl-1 stabilization (Ding et al.,
2008; Yu et al., 2005). Recent findings also demonstrate that Sorafenib in combination
with Vorinostat induces autonomous cell death by decreasing FLIP levels and
increasing CDO95 activation (Zhang et al., 2008). We have found that overexpression of
Mcl-1 but not FLIP reduced apoptosis triggered by Sorafenib. Noteworthy, although we
were able to inhibit Sorafenib induced apoptosis by overexpressing Mcl-1, FLIP protein
remained at low levels. Previous works from our laboratory demonstrated that FLIP
protein levels are the main regulator of live/dead decisions of ECCs after exposure to
TRAIL and aFas (Dolcet et al., 2005; Llobet et al., 2008). If FLIP levels are really
important, Sorafenib treated cells should undergo apoptosis after TRAIL treatment even
in cells with overexpressed Mcl-1. Indeed, we have found that Mcl-1 overexpression
did not protect from Sorafenib plus TRAIL-induced apoptosis. In contrast, FLIP
overexpression restored TRAIL resistance in presence of Sorafenib. The fact that Mcl-1
protein was kept at low levels when FLIP was ectopically expressed, reinforces the
hypothesis that downregulation of Mcl-1 is not responsible for sensitization to TRAIL
caused by Sorafenib.

The role of FLIP in cancer has been widely demonstrated. FLIP is constitutively or
highly expressed in different types of malignancies such as prostate cancer (Zhang et
al., 2004), Hodgkin lymphoma (Dutton et al., 2004), gastric cancer (Lee et al., 2003),
bladder carcinoma (Korkolopoulou et al., 2004), malignant mesothelial cell lines (Rippo
et al., 2004) and endometrial carcinoma (Dolcet et al., 2005). We previously
demonstrated that siRNA to FLIP is enough to sensitize IK cells to TRAIL-induced
apoptosis (Dolcet et al., 2005), suggesting that FLIP levels are critical in sensitization to

TRAIL-induced apoptosis. We also explored the mechanism by which Sorafenib may
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regulated FLIP protein levels. Recent findings have demonstrated that Sorafenib
regulates FLIP by inhibition of translation (Rosato et al., 2007). Our results suggest that
Sorafenib induces downregulation of FLIP by inducing its ubiquitin-proteasome
degradation, without changing FLIP mRNA levels. FLIP amount of protein can be
controlled at different points. FLIP can be transcriptionally downregulated by some
anti-neoplasic drugs such as S5-fluorouracil, oxaliplatin and irinotecan in colon
carcinoma cells (Galligan et al., 2005). Such FLIP mRNA downregulation has been
shown to sensitize these cells to TRAIL induced apoptosis. FLIP levels are also
regulated by ubiquitin-proteasome-mediated degradation (Chang et al., 2006; Kim et al.,
2002; Poukkula et al., 2005). In fact, some anticancer drugs such as the
cyclooxygenase-2 inhibitor celecoxib (Liu et al., 2006) or the flavonoids (Son et al.,
2007) and flavopiridol (Palacios et al., 2006) can sensitize cancer cells to TRAIL-
induced apoptosis by inducing a proteasome-mediated degradation of FLIP. Moreover,
we have recently found that in endometrial cancer cells, FLIP levels can be regulated
both transcriptionally and through its degradation by the ubiquitin-proteasome system
(Llobet et al., 2008).

Finally, we demonstrated that Sorafenib sensitized primary endometrial carcinoma
explants to TRAIL-induced apoptosis. Recombinant TRAIL or agonistic anti-TRAIL
receptor antibodies are in current clinical trials for treatment of both solid and
haematological malignancies (Johnstone et al., 2008). Although these agents show some
anti-tumoral activity as a monotherapy, increasing evidences demonstrate that these
agents may be more effective used in combination with other anti-cancer treatments.
These observations may be because there are many tumoral cell types that display
resistance to apoptosis after TRAIL exposure. Our previous data support the hypothesis
that most of endometrial cancer cell lines and primary cultures are insensitive to TRAIL
(Dolcet et al., 2005; Llobet et al., 2008). Therefore, combination of treatments may be a
useful tool to sensitize ECCs to TRAIL. Here, the data obtained in both cell lines and
primary explants suggest that treatments with TRAIL together with Sorafenib may be
interesting for combinatorial therapies for endometrial carcinomas.

In summary, our results evidence that the mechanistic effectors of apoptosis triggered
by Sorafenib or by combination of Sorafenib with TRAIL or aFas are different.
Whereas Mcl-1 is important for Sorafenib-induced apoptosis, FLIP but not Mcl-1 is
involved in sensitization to TRAIL- or aFas- induced apoptosis by Sorafenib. Such

molecular duality may be useful to induce apoptosis in cancer cells displaying
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resistance to apoptosis. That is, if a cancer cell type display resistance to Sorafenib
treatment due to increased Mcl-1 expression, combination of TRAIL plus Sorafenib can
be useful to reduce FLIP levels and sensitize these cells to apoptosis triggered by
TRAIL. On the other hand, FLIP is constitutively expressed in many tumours
conferring to these cells resistance to death receptor-induced apoptosis. In this scenario,

Sorafenib treatment can bypass apoptosis resistance by reducing Mcl-1 levels.
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MATERIAL AND METHODS

Reagents, plasmids and antibodies - 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl
tetrazolium bromide assay (MTT) and monoclonal antibody to Tubulin and anti-Flag
M2 were from Sigma (St Louis, MO). Kinase inhibitors PD98059, DRB and apigenin,
proteasome inhibitor MG-132, monoclonal antibody to caspase-8 and human
recombinant TRAIL were from Calbiochem (La Jolla, CA). Antibody to caspase 9 and
cleaved caspase-3 were obtained from Cell Signalling (Beverly, MA). Monoclonal
antibody to FLIP (NF6) and agonistic Fas antibody (aFas) were purchased from Alexis
Corp (Lausen, Switzerland). Antibody to Mcl-1 was purchased from BDbiosciences
(San Jose, CA). Antibody to PARP was from Neomarkers. Anti-B-Raf antibody was
from SantaCruz Biotechnology, Inc (SantaCruz, CA). Peroxidase-congugated anti-
mouse and anti-rabbit antibodies were from Amersham-Pharmacia (Uppsala, Sweden).
BAY 43-9006 (Sorafenib) was provided by Bayer Pharmaceuticals (New Haven CT).
Lentiviral vector containing Flag-tagged mouse FLIP ¢cDNA was a gift from Dr. Joan
Comella (Dept de Bioquimica i Biologia Molecular, Universitat Autonoma de
Barcelona, Barcelona). The pCDNA3 vector encoding Mcl-1 cDNA was a generous gift
from Dr Isabel Marzo

Cdl lines, Culture Conditions and Transfection - The Ishikawa 3-H-12 cell line (IK)
was obtained from the American Type Culture Collection (Manassas, VA). KLE cells
were a gift from Dr Palacios (Centro Nacional de Investigaciones Oncoldgicas, CNIO,
Madrid). RL-95/2 and HEC-1-A cells were a gift from Dr Reventos (Hospital Vall
d’Hebron, Barcelona). All cell lines were grown in Dulbeco’s modified Eagles Medium
(DMEM) (Sigma) supplemented with 10% Foetal Bovine Serum (Invitrogen, Inc.,
Carlsbad, CA, USA), 1 mM HEPES (Sigma), 1 mM sodium pyruvate (Sigma), 2 mM L-
glutamine (Sigma) and 1% of penicilin/streptomicin (Sigma) at 37°C with saturating
humidity and 5% CO, .

When indicated, transfections plasmids constructs were performed by calcium
phosphate or Lipofectamine 2000 reagent (Invitrogen) following the manufacturers
instructions.

Explant culture of endometrial adenocarcinoma - Endometrial carcinoma samples
were collected in the operating room of the Department of Gynecology, Hospital
Universitari Arnau de Vilanova of Lleida, by a pathologist (JP). A specific informed
consent was obtained from each patient, and the study was approved by the local Ethic

Committee. Tissue was collected in DMEM, chopped in 1 mm pieces and incubated
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with collagenase in DMEM for 1,5 hours at 37°C with periodic mixing. Digested tissue
was mechanically dissociated through a 10 ml pipette and a 1 ml blue tip and
resuspended in 2 ml of fresh DMEM medium. To separate endometrial epithelial cells
from the stromal fraction, the dissociated tissue was seeded on top of 8 ml of DMEM
medium and tissue was allowed to sediment by gravity for 5 minutes. This step was
repeated three times. Finally, tissue explants were resuspended in DMEM
supplemented with 10% Foetal Bovine Serum, 1 mM sodium pyruvate, 2 mM L-
glutamine and 1% of penicilin/streptomicin (Sigma) and seeded on M24 multiwell
plates. Explant cultures were incubated at 37°C with saturating humidity and 5% CO,..
Lentiviral production and infection - Oligonucleotides to produce FLIP plasmid based
shRNA were cloned into the FSV vector using Agel-BamHI restriction sites. sShRNA
target sequence was CCTCACCTTGTTTCGGACTA. To produce infective FLIP
overexpressing lentiviral particles, 293T cells were co-transfected by calcium phosphate
method with the virion packaging elements (VSV-G and A8.9) and the shRNA
producing vector (FSV) or the expression vector (FCIV) on 293T human embryonic
kidney. 293T cells were allowed to produce lentiviral particles during 3-4 days in same
culture medium used for endometrial cell lines and explants. Culture medium was
collected, centrifuged for 5 minutes at 1000 rpm and filtered through a 0.45 uM filter
(Millipore). The medium was diluted 1:2 to 1:4 with fresh medium, and added to
growing cell lines or primary explants. Cells were incubated for 24-48 hours in presence
of medium containing lentiviral particles. After this period, medium was replaced for
fresh medium and cells were incubated for two additional days to allow endogenous
protein knock-down or protein overexpression.

Cell viability assays and assessement of apoptosis - Cell viability was determined by
MTT assay. Endometrial adenocarcinoma cells were plated on M96 well plates at
15x10° cells per well. After the indicated treatments, the cells were incubated for 2-3
hours with 0.5 mg/ml of MTT reagent and lysed with DMSO. Absorbance was
measured at 595 nm in a microplate reader (Bio-Rad, Richmon, CA).

Hoechst staining was performed by adding Hoechst dye to a final concentration of 0,5
mg/ml to each M96 well. Cells were counted under epifuorescence microscope (Leica
Microsystems).

Cytotoxicity assay kit was pucharsed from Roche Diagnostics (Indianapolis, IN, USA).
Cells were first plated as described previously in materials and methods cell culture

section. After treatment, 100 ul of supernatant were transfered in a M96 multiwell plate.
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To determine LDH activity 100 ul of freshly prepared reaction mixture were added to
each well and incubated for up to 30 minutes at 15-25 grades as described by
manufacturer’s instructions. Absorbance was measured at 490nm with a reference
wavelenght of 600nm. Percentage of cytotoxicity for each well was referenced to
positive control cells permeabilized with triton 1%.

Western Blot analysis - Endometrial adenocarcinoma cell lines were washed with cold
PBS and lysed with lysis buffer (2% SDS, 125 mM Tris-HCL pH6.8). Protein
concentrations were determined with the Protein assay Kit (Bio-Rad,). Equal amounts
of proteins were subjected to SDS-PAGE and transferred to PVDF membranes
(Millipore, Bedford, MA). Non-specific binding was blocked by incubation with TBST
(20 mM Tris-Hel pH7.4, 150 mM NaCl, 0.1% Tween-20) plus 5% of non-fat milk.
Membranes were incubated with the primary antibodies overnight at 4°C. Signal was
detected with ECL Advance (Amersham-Pharmacia, Buckinghamshire, UK).

RNA extraction, reverse transcription and Real-time PCR- Total RNA was extracted
Ik cells treated as indicated using Trizol reagent (Invitrogen). One microgram of total
RNA was converted into cDNA using Tagqman Reverse Transcription Reagents
(Applied biosystems P/N N808-0234) according to manufacturer's recommendations.
Two microliters of the reverse transcrption reaction were used as template for a for real-
time detection of human FLIP expression using TagMan Tecnology on an Applied
Biosystems 7000 sequence detection system. Gene expression quantitation was
performed in separate tubes (singleplex) for both target gene and endogenous control
gene using the primer and probe sequences for human FLIP and GUSB obtained
commercially from Applied biosystems Assay-on-demand™ Gene (ABI P/N 4331182
:Hs00236002 _ml, and ABI P/N 4326320E). The reaction was performed with 10 pl
Taqman® Universal PCR Master Mix No AmpErase® UNG 2X (P/N 4324018) , 1 ul
20X Assay-on-demand™ Gene and 2 pL of complementary DNA (cDNA) diluted in
RNase-free water adjusted to 20 pl volume reaction. The thermal cycler conditions was
UNG activation 2 min at 50°C, AmpliTaq activation 95°C for 10 min, denaturation 95°C
for 15 s, and annealing/extension 60°C for 1 minute (repeat 40 times) on ABI7000.
Triplicate Ct values were analyzed with Quantitative Relative software using de
comparative CT (AACT) method as described by the manufacturer. The amount of

-AACT
2 C

target( ) was obtained by normalizing to an endogenous reference gene (GUSB).

Results are presented as a relative mRNA amount compared to the untreated samples.
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LEGENDSTO FIGURES.

Figurel. Sorafenib induces apoptosis and sensitizes endometrial cancer cells to
TRAIL and aFas. A, IK, KLE, HEC1A and RL-95/2 cells were exposed to increasing
concentrations of Sorafenib for 24 or 48 hours. Supernatant lactate deshydrogenase
(LDH) was quantified to measure cell death. Results are expressed as percent of
cytotoxicity. B, IK cells were treated for the indicated times with Sorafenib. Western
blots to active caspase-9, -3 and PARP cleavage were performed to characterize an
apoptotic response. Inmunodetection of tubulin was performed to ensure equal protein
amounts. C, IK cells were treated with Sorafenib or with no additives (NA) in presence
or absence of TRAIL (UN). Quantification of percentage of IK cells displaying nuclei
with apoptotic morphology after Hoechst staining (top) and immunodetection of
activated caspases and PARP cleavage were achieved by western blot (bottom). D, KLE
cells were treated with Sorafenib or with no additives (NA) in presence or absence of
TRAIL (UN). Quantification of percentage of KLE cells displaying nuclei with
apoptotic morphology after Hoechst staining (top) and immunodetection of activated

caspases and PARP cleavage were achieved by western blot (bottom).

Figure2. Sensizitation of ECCsto TRAIL and aFas by Sorafenib is independent of
ERK/MAPKSs. A, Sorafenib inhibits ERK/MAPK phosphorylation. IK (left) and KLE
(right) cells were treated with Sorafenib alone or in combination with TRAIL 50 ng/ml
or aFas 50ng/ml respectively for 8 hours. Cells were lysed and activated ERK1/2 was
analyzed by western blot. B, IK cells were infected with lentiviruses carrying either an
empty vector (FCIV), a wild type form of B-Raf (B-Raf WT) or a inactive form —kinase
death- of B-Raf (B-Raf KD). As a control parallel cultures were infected with FLIP
shRNA lentiviruses. After 3 days to allow expression of constructs, TRAIL or aFas
were added to culture media for 12 hours. Cells were stained with Hoechst and the
number of nuclei displaying apoptotic morphology was quantified. C, parallel IK cell
cultures were lysed and caspase activation, ERK phosphorylation, B-Raf and FLIP
levels were analyzed by western blot. Membranes were reprobed with tubulin and anti-
pan-ERK to ensure equal protein loading. D, Inhibition of p-ERK1/2 does not sensitize
endometrium cancer cells to TRAIL and aFas-induced apoptosis. IK cells were
pretreated 30° with MEKI1 inhibitor U0126 20uM or DRB (used as positive control).

Next, TRAIL or aFas were added to culture media for 12 hours. Cells were stained with
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Hoechst and the number of nuclei displaying apoptotic morphology was quantified. E,
parallel IK cell cultures were lysed and caspase activation,ERK phosphorylation, and

FLIP levels were analyzed by western blot.

Figure 3. Soranenib causes a proteasome-mediated downregulation of Mcl-1 and
FLIP. A, IK cells were exposed to Sorafenib 20uM for the indicated times. Cells were
lysed and protein extracts were analyzed for the expression of Mcl-1 and Bel-XL
proteins (left). Western blot showing Mcl-1 and Bcl-XL expression in KLE cells treated
with Sorafenib treated for 24 and 48 hours (right). B, IK cells were exposed to
Sorafenib 20uM for the indicated times. Cells were lysed and protein extracts were
analyzed for the expression of FLIP protein. (left). Western blot showing FLIP
downregulation in KLE cells treated with Sorafenib treated for 24 and 48 hours (right).
C, Real-time PCR was performed to examine FLIP mRNA levels of IK cells treated
with Sorafenib 20uM for 2 and 9 hours respectively. IK cells treated with Apigenin and
DRB 50uM were performed in parallel and were considered as positive controls. D,
Proteasome inhibition restores FLIP protein levels in IK cells treated with Sorafenib.
Top, IK cells were pretreated with MG-132 5uM for 30 min and thereafter cells were
treated with Sorafenib 20uM for the indicated periods of time. After each condition cells
were lysed and FLIP protein levels were detected by western blot. Bottom, Positive
control of IK cells exposed to Apigenin 50 uM alone or in combination with MG-132
5uM were executed in parallel to ensure correct MG-132 function. E, Downregulation
of Mcl-1 involves proteasome-mediated degradation. IK cells were preincubated with
MG-132 5uM for 30 min. Thereafter cells were coestimulated with either MG-132 in
combination with Sorafenib or with Sorafenib alone during a time course. After each
time point cells were lysed and protein extracts were used to determine Mcl-1

modulation by western blot.

Figure 4. Mcl-1 but not FLIP overexpression protects from Sorafenib-induced
apoptosis.

A, IK cells were infected with lentiviruses containing either an empty vector (FCIV) or
a vector encoding full lenght mouse Flag-tagged FLIP (FLIP ovex) After three days
cells were left untreated (UN) or treated for the indicated periods of time with Sorafenib
20uM. Percentage of apoptotic nuclei was assessed by Hoechst staning. B, IK cells were

transfected using lipofectamine 2000 with pCDNA3 empty vector or a pCDNA3 coding
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vector for Mcl-1. IK cells were exposed to a time course treatment of Sorafenib 20uM
and Hoescht staining was performed. Cells were stained with Hoechst and the
percentage of apoptotic nuclei was quantified. Parallel cultures were analyzed by
western blot to ensure Mcl-1 overexpression. C, Mcl-1 overexpression impedes caspase
activation and PARP cleavage after Sorafenib 20 uM exposure for 48 hours. IK cells
were transfected with pCDNA3 empty vector or a pCDNA3 coding vector for Mcl-1.
IK cells were exposed to Sorafenib 20uM and cell lysates were analyzed by western blot
with antibodies to caspases and PARP cleveage. Membranes were reprobed with Mcl-1
antibody to ensure protein overexpression and with antibodies to tubulin to ensure equal
protein loading. D, FLIP is kept downregulated in IK overexpressing Mcl-1. IK cells
were transfected with pCDNA3 empty vector or a pCDNA3 coding vector for Mcl-1.
IK cells were exposed to Sorafenib 20uM and cell lysates were analyzed by western
blot with antibodies to FLIP. Membranes were reprobed with Mcl-1 antibody to ensure

protein overexpression and with antibodies to tubulin to ensure equal protein loading.

Figure 5. FLIP but not Mcl-1 protects from apoptosis triggered by Sorafenib plus
TRAIL and aFas. A, IK cells were infected with lentiviruses containing either an
empty vector (FCIV) or a vector encoding full lenght mouse Flag-tagged FLIP (FLIP
ov). After three days cells were exposed to medium without additives (NA) or medium
containing Sorafenib 20uM alone or in combination with TRAIL 50ng/ml or aFas
50ng/ml or left untreated (UN) for 8 hours. Top, quantification of nuclei displaying
apoptotic cell death were visualized by Hoechst staining. Bottom, representative
microphotographs of cultures stained with Hoechst. B, Parallel IK cultures were lysed
and resulting protein extracts were analyzed by western blot to the indicated caspases.
Immunodetection of FLAG epitope reveals correct FLIP overexpression. Membranes
were reprobed with tubulin to ensure equal protein loading. C, Overexpression of Mcl-1
cannot impede cell death triggered by combination of Sorafenib plus TRAIL. IK cells
were transfected with either an empty PCDNA3 vector or a PCDNA3 vector coding for
Mcl-1. After two days post-transfection cells were exposed to Sorafenib for 8 hours and
cytotoxicity was assessed by LDH (left) of by quantification of apoptotic nuclei
visualized by Hoechst staning (right). D, parallel cultures were lysed and caspase
activation was analyzed by western blot. Membranes were reprobed with Mcl-1

antibody to ensure overexpression and with tubulin to monitor equal protein loading. E,
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FLIP overexpressing cells display equal Mcl-1 protein decrease compared to control

infected IK cells exposed to Sorafenib 20uM.

Figure 6. Sorafenib 20uM exposurerender endometrium adenocar cinoma primary
explants sensitive to TRAIL-induced apoptosis. A, Three different endometrial
adenocarcinoma explants (EC,1 EC2, EC3) were cultured for 2 two days and treated
with Sorafenib 20uM for 12 hours. Cells were lysed and p-ERK1/2 status was checked
by western blot. Inmunodetection of total ERK was performed to ensure equal protein
amounts. B, Left, same endometrial carcinoma explants were cultured for two days and
then exposed to Sorafenib for 12 hours. Cell lysates were used to determine FLIP
protein levels. Right, EC4 endometrial carcinoma explant was pre-treated with
Sorafenib for 30°. Thereafter, TRAIL and aFas were added to culture media to a final
concentration of 150 ng/ml. After 12 hours cells were lysed and protein extracts were
used to determine activation of executor caspase-3 or FLIP protein levels. C, EC4
culture explant was treated as in C and LDH (left) and percentage of apoptotic nuclei
(right) were quantified. Top right, representative microphotographs of Hoechst stained
culture explant. D, EC5 explant culture was treated with medium without additives
(NA) or medium containing Sorafenib in presence or absence of TRAIL (UN). Cell
lysates were analyzed by western blot showing activation of indicated caspases and
reduction of FLIP protein levels. Membranes were reprobed with tubulin antibody to

ensure equal loading.
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Objectiu 3

ELS INHIBIDORS DEL PROTEASOMA INDUEIXEN MORT
CEL-LULAR PERO ACTIVEN NF-KB EN LINIES CEL-LULARS
I CULTIUS PRIMARIS DE CARCINOMA D’ENDOMETRI.

Els inhibidors del proteasoma causen apoptosi en linies cel-lulars de cancer
d’endometri.

La inhibici6 del proteasoma resulta en la fosforilacio 1 posterior degradacio de
IxB-a.

Els inhibidors del proteasoma indueixen translocaci6 nuclear de NF-«xB, uni6 al
DNA, activitat transcripcional i fosforilaci6 de la subunitat p65 en el residu
serina 536.

La sobreexpressio de la forma superrepressora de IxkB-a (SR-IkB-a) bloqueja
I’activitat NF-kB induida pels inhibidors del proteasoma.

L’activitat de NF-kB observada requereix de les proteines cinases IKKa i
IKKp.

IKKa 1 IKKf son requerides per a que la fosforilacié de p65 tingui lloc perd no
participen en la degradacié de IxkB-a.

El tractament amb els inhibidors del proteasoma indueixen apoptosi i activen

NF-kB en cultius primaris d’explants de carcinoma d’endometri.

(Dolcet X*, Llobet D*, Encinas M, Pallarés J, Cabero A, Schoenenberger JA, Comella JX, Matias-

Guiu X. Proteasome inhibitors induce death but activate NF-kappaB on endometrial carcinoma cell

lines and primary culture explants. Journal of Biological Chemistry. 281:22118-30. 2006.)
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Proteasome Inhibitors Induce Death but Activate
NF-kB on Endometrial Carcinoma Cell Lines and
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Proteasome inhibitors are currently used as chemotherapeutic
drugs because of their ability to block NF-«B, a transcription factor
constitutively activated in many different types of human cancer.
In the present study, we demonstrate that proteasome inhibitors
induce cell death in endometrial carcinoma cell lines and primary
explants but, instead of blocking NF- kB, they increase its transcrip-
tional activity. Proteasome inhibitors induce phosphorylation of
IKKa/B, phosphorylation and degradation of IkBa, and phospho-
rylation of the p65 NF-kB subunit on serine 536. Proteasome
inhibitor-induced NF-kB activity can be blocked by a non-degrad-
able form of IkBa or dominant negative forms of either IKKa or
IKK. Lentiviral delivery of shRNAs to either IKKe or IKKf cause
blockade of NF-«B transcriptional activity and inhibit phosphoryl-
ation of p65 on serine 536, but has no effect on IkBa degradation.
These results suggest a role for p65 phosphorylation in proteasome
inhibitor-induced NF-kB activation. Accordingly, siRNA knock-
down of p65 inhibits proteasome inhibitor-induced NF-«B tran-
scriptional activity. Our results demonstrate that proteasome
inhibitors, including bortezomib, induce cell death on endometrial
carcinoma cells and primary explants. However, they activate
NF-«B instead of blocking its transcriptional potential. Therefore,
the concept that proteasome inhibitors are blockers of NF-«kB acti-
vation should be carefully examined in particular cell types.

The proteasome represents a novel putative target for cancer
therapy. PS-341 (Velcade/bortezomib) is a dipeptidyl boronic
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acid inhibitor with high specificity for the proteasome (1, 2). It
is currently used in the treatment of patients with multiple
myeloma (3-7). Preclinical studies have suggested that protea-
some inhibitors show antitumor activity against solid tumors,
including carcinomas of the breast (8), lung (9), colon (10),
bladder (11), ovary, prostate (12), pancreas (13), and glioblas-
toma multiforme. Furthermore, evidence has shown that trans-
formed cells appear to be more susceptible to proteasome
inhibitor-induced apoptosis than nontransformed cells.
Finally, these inhibitors can sensitize cancer cells to death
induced by members of the tumor necrosis family (TNF)® fam-
ily such as TRAIL.

The antitumoral effects of bortezomib have been extensively
studied in multiple myeloma, inactivation of NF-«B being one
of the proposed mechanisms of action. NF-«B is a pleiotropic
transcription factor, which is activated by a broad variety of
stimuli such as growth factors, cytokines, ionizing radiation,
ultraviolet light, or chemotherapeutic drugs (14, 15). NF-«B
regulates the expression of a large number of genes, which carry
important functions in inflammation, apoptosis, proliferation,
and angiogenesis. NF-«kB shows constitutive or increased activ-
ity in a wide variety of tumors (16, 17), including endometrial
carcinoma (18) and plays a crucial role in neoplastic transfor-
mation (16, 19). In resting cells, NF-«B is held inactive in the
cytoplasm, bound to the inhibitors of NF-«B (IkB). Activation
of the canonical NF-«B pathway depends on stimuli-induced
phosphorylation of the IkB kinase (IKK) complex, which
includes the kinases IKKe, IKKB, and the regulatory subunit
IKKy. Activated IKKs induce phosphorylation of IkBa on
serines 32 and 36, and the subsequent ubiquitination and deg-
radation by a proteasome-dependent pathway. Free NF-«B is
then translocated to the nucleus where it regulates the tran-
scription of several sets of genes. Optimal activation of NF-«B
transcriptional activity requires phosphorylation of NF-«kB sub-
units such as p65. In addition, NF-«B activity can be further
modulated by phosphorylation of the p65 subunit. p65
sequence contains several serine residues that can be phospho-
rylated (20). One such residues is serine 536, which can be

° The abbreviations used are: TNF, tumor necrosis factor; MTT, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; shRNA, short hairpin
RNA; siRNA, small interfering RNA; fmk, fluoromethyl ketone; DMEM, Dul-
becco’s modified Eagle’s medium; BAF, Boc-D-fmk; DN, dominant nega-
tive; ER, endoplasmic reticulum.
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phosphorylated by several kinases in different signaling path-
ways. Phosphorylation of p65 at serine 536 is accomplished by
several different stimuli such as lymphotoxin 8 (21), TNF (22),
lipopolysaccharide (23), or interleukin 1 (24).

The main goal of the present study was to demonstrate that
bortezomib and other three proteasome inhibitors induce apo-
ptosis in endometrial carcinoma cell lines and primary culture
explants obtained from endometrial carcinoma tumor samples.
However, we have found that such inhibitors activate NF-«B.
Proteasome inhibitors induced phosphorylation and reduction
of the levels of IkBa protein and phosphorylation of p65 sub-
unit on serine 536, leading to increased NF-«B transcriptional
activity. p65 phosphorylation depended on either IKKa and
IKKB. Proteasome inhibitor-induced activation of NF-kB
required degradation of IkBe, and also functional expression of
IKKe, IKKB, and the p65 NF-kB subunit. Proteasome inhibi-
tors have been widely used as pharmacological inhibitors of
NE-«B. However, our results demonstrate that this may not
always be the case. Therefore, an accurate study of the effects of
proteasome inhibitors in signaling pathways may be needed in
specific cell types. More importantly, our results may also have
clinical relevance because proteasome inhibitors are currently
used as anticancer drugs.

EXPERIMENTAL PROCEDURES

Reagents, Plasmids, and Antibodies—3-(4,5-Dimethylthia-
z0l-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT) and
monoclonal antibody to tubulin were from Sigma. Proteasome
inhibitors MG-132, epoxomicin, and ALLN and antibodies to
IKKea and IKKB were from Calbiochem (La Jolla, CA). Bort-
ezomib (Millenium Pharmaceuticals, Cambridge, MA) was
obtained from the Department of Pharmacy (Hospital Arnau de
Vilanova, Lleida). The broad specificity caspase inhibitor Boc-
D-fmk (BAF) was purchased from Calbiochem (La Jolla, CA).
Antibodies to anti-p65-phosphoserine 536, anti-phospho-
IkBa, and active caspase-3 were obtained from Cell Signaling
(Beverly, MA). Antibody to anti-pantothenate-cytokeratin and
cytokeratin-7 were from DAKO (Glostrup, Denmark). Anti-
body to IkBa, p65, and siRNA targeting p65 or c-Rel were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Antibody to B was from BD Biosciences. Peroxidase-con-
jugated anti-mouse and anti-rabbit antibodies were from
Amersham Biosciences.

Dominant negative forms of IKKa and IKK3 were a generous
gift from Dr. Alun M. Davies. Plasmid containing 5 NF-«B sites
and the luciferase reporter gene (NFkB-LUC) was a gift from
Dr. Giles Hardingham. Plasmid encoding -galactosidase was a
gift from Mari Carmen Ruiz Ruiz.

Cell lines, Culture Conditions, and Transfection—The Ish-
ikawa 3-H-12 cell line was obtained from the American Type
Culture Collection (Manassas, VA). KLE cells were a gift from
Dr. Palacios (Centro Nacional de Investigaciones Oncoldgicas,
CNIO, Madrid). RL-95 and HEC-1-A cells were a gift from Dr.
Reventos (Hospital Vall d’Hebron, Barcelona). All cell lines
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) supplemented with 10% fetal bovine serum (Invitro-
gen), 1 mm HEPES (Sigma), 1 mm sodium pyruvate (Sigma), 2
mM L-glutamine (Sigma), and 1% of penicillin/streptomycin

AUGUST 4, 2006+ VOLUME 281-NUMBER 31

(Sigma) at 37 °C with saturating humidity and 5% CO,. Trans-
fections of both plasmid constructs and siRNAs were per-
formed by calcium phosphate or Lipofectamine 2000 reagent
(Invitrogen) following the manufacturer’s instructions.

Explant Culture of Endometrial Adenocarcinoma—Endome-
trial carcinoma samples were collected in the operating room of
the Department of Gynecology, Hospital Universitari Arnau de
Vilanova of Lleida, by a pathologist (J.P.). A specific informed
consent was obtained from each patient, and the study was
approved by the local Ethics Committee. Tissue were collected
in DMEM, minced in 1-mm pieces, and incubated with colla-
genase in DMEM for 1.5 h at 37 °C with periodic mixing.
Digested tissue was mechanically dissociated through a 10-ml
pipette and a 1-ml blue tip and resuspended in 2 ml of fresh
DMEM. To separate endometrial epithelial cells from the stro-
mal fraction, the dissociated tissue was seeded on top of 8 ml of
DMEM and tissue was allowed to sediment by gravity for 5 min.
This step was repeated three times. Finally, tissue explants were
resuspended in DMEM supplemented with 10% fetal bovine
serum, 1 mm sodium pyruvate, 2 mm L-glutamine, and 1% of
penicillin/streptomycin (Sigma) and seeded on M24 multiwell
plates. Explant cultures were incubated at 37 °C with saturat-
ing humidity and 5% CO,. After 2 days in culture, explants
were treated with the indicated concentrations of protea-
some inhibitors.

Lentiviral Production and Infection—Oligonucleotides to
produce plasmid-based shRNA were cloned into the FSFsi vec-
tor using Agel-BamHI restriction sites. shRNA target sequence
to IKKa was GCAGGCTCTTTCAGGGACA and target
sequence to IKKB was AAAGTGTCAGCTGTATCCT. To
produce infective lentiviral particles, 293T cells were co-trans-
fected by the calcium phosphate method with the virion pack-
aging elements (VSV-G and D8.9) and the shRNA producing
vector (FSPsi) or the expression vector (FCIV) on 293T human
embryonic kidney. 293T cells were allowed to produce lentivi-
ral particles during 3—4 days in the same culture medium used
for endometrial cell lines and explants. Culture medium was
collected, centrifuged for 5 min at 1000 X g, and filtered
through a 0.45-um filter (Millipore). The medium was diluted
1:2 to 1:4 with fresh medium, and added to growing cell lines or
primary explants. Cells were incubated for 24— 48 h in the pres-
ence of medium containing lentiviral particles. After this
period, medium was replaced for fresh medium and cells were
incubated for two additional days to allow endogenous protein
knockdown or protein overexpression.

Cell Viability Assays and Assessment of Apoptosis—Cell via-
bility was determined by the MTT assay. Endometrial adeno-
carcinoma cells were plated on M96-well plates at 15 X 10> cells
per well. After the indicated treatments, the cells were incu-
bated for 2—3 h with 0.5 mg/ml of MTT reagent and lysed with
Me,SO. Absorbance was measured at 595 nm in a microplate
reader (Bio-Rad).

Hoechst staining was performed by adding Hoechst dye to a
final concentration of 0.5 mg/ml to each M96 well. Cells
were counted under epifluorescence microscope (Leica
Microsystems).

Western Blot Analysis—Endometrial adenocarcinoma cell
lines were washed with cold phosphate-buffered saline and
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lysed with lysis buffer (2% SDS, 125 mm Tris-HCI, pH 6.8).
Protein concentrations were determined with the protein assay
kit (Bio-Rad). Equal amounts of proteins were subjected to
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA). Nonspecific binding was
blocked by incubation with TBST (20 mm Tris-HCl, pH 7.4, 150
mM NaCl, 0.1% Tween 20) plus 5% nonfat milk. Membranes
were incubated with primary antibodies overnight at 4 °C. Sig-
nal was detected with ECL Advance (Amersham Biosciences).

Luciferase Assays—Endometrial carcinoma cell lines were
plated in M24 multiwell plates and transfected using either cal-
cium phosphate or Lipofectamine 2000 following the manufac-
turer’s instructions, with the reporter NFkB-LUC construct
together with a plasmid encoding B-galactosidase. After 24 h,
cells were treated as indicated in each experiment and cells
were lysed with 60 ml of luciferase lysis buffer (25 mm glycylg-
lycine, pH 7.8, 15 mm Mg,SO,, 1% Triton X-100, 5 mm EGTA)
and rocked on ice for 15 min. 30 ml of lysates were transferred
to M96 multiwell plates and 30 ml of luciferase assay buffer was
added to a final concentration of (25 mm glycylglycine, 15 mm
KHPO,, pH 7.8, 15 mm Mg,SO,, 1% Triton X-100, 5 mm EGTA,
1 mu dithiothreitol containing, 2 mm ATP, 100 mMm acetyl-coen-
zyme A, and 100 mM luciferine). Luciferase was measured using a
microplate luminometer. After luciferase measuring 60 ml of 2X
B-galactosidase buffer (200 mm NaPO,, 20 mm KCl, 2 mm MgSO,,
4 mg/ml o-nitrophenyl B-p-galactopyranoside) was added to each
well and measured on a microplate reader at 415 nm.

Electrophoretic Motility Shift Assay—After appropriate
treatment, nuclear and cytoplasmic extracts were obtained
from 2 X 10° IK and HEC cells using the NE-PER nuclear and
cytoplasmic extraction kit (Pierce). Electrophoretic mobility
shift assay was carried out using the Light-Shift Chemiluminis-
cent kit (Pierce), 5-10 ug of nuclear protein extracts were incu-
bated with 20 fmol of 5’ biotin-labeled NF-kB consensus oligo-
nucleotide (MWG-Biotech, Ebersberg, Germany) for 20 min at
room temperature. DNA complexes were electrophoresed on a
5% acrylamide gel, and transferred to a nylon membrane
(Amersham Biosciences). Light signal was developed following
the manufacturer’s instructions. For supershift experiments, 2
g of p65 antibody was added to the binding reaction and incu-
bated for additional 45 min.

RESULTS

Proteasome Inhibitors Induce Cell Death on Endometrial
Adenocarcinoma Cell Lines—Bortezomib is currently used as a
chemotherapeutic agent in patients with relapsed multiple
myeloma. It is under ongoing clinical trials for evaluation of
efficacy in the treatment of some solid tumors. However, some
tumoral cell types undergo apoptosis or cell growth arrest after
proteasome inhibitor treatment, whereas others are insensitive

to them, or require co-treatment with other drugs or factors. To
investigate whether bortezomib and the other three protea-
some inhibitors were able to induce cell death on endometrial
adenocarcinoma cells, we treated four endometrial carcinoma
(EC) cell lines, Ishikawa (IK), KLE, RL-95 (RL), and HEC-1-A
(HEC) with bortezomib and three different proteasome inhib-
itors (MG-132, epoxomicin, or ALLN). All proteasome inhibi-
tors tested caused a dose-dependent decrease on cell viability as
assessed by MTT (Fig. 1, A and B). The reduction on viability
was accompanied by an increase of apoptotic nuclei as seen by
Hoechst staining (Fig. 1C) suggesting apoptotic cell death.
Treatment with MG-132 resulted in processing of caspase-3
and caspase-9. (Fig. 1D). Co-treatment of IK with bortezomib
or MG-132 plus BAF, a broad specificity caspase inhibitor
almost completely abolished cell death (Fig. 1E). Altogether these
data indicate that proteasome inhibitors are effective in inducing
apoptotic cell death on endometrial carcinoma cell lines.
Proteasome Inhibitors Induce Phosphorylation and Degrada-
tion of IkBa—Inhibition of proteasome prevents NF-«B activa-
tion and causes cell cycle arrest or cell death on many different
types of cell. The antitumoral effects of bortezomib have been
proposed to involve NF-«B inhibition as a main mechanism of
action. To investigate whether this was the case in our cell lines,
we assessed the levels of IkBe, after treatment with proteasome
inhibitors. Time course treatment of IK, HEC, or RL cells with
25 nM bortezomib resulted in a marked increase on phospho-
rylation of serine 32, followed by reduction of IkBa protein
levels over time (Fig. 24). To rule out the possibility that IkBa
phosphorylation and reduction were nonspecific effects of
bortezomib in our particular cell lines, we treated IK cells with
the other three proteasome inhibitors. Treatment of IK cells
with MG-132 resulted in phosphorylation and reduction of
IkBa, similar to that observed with bortezomib (Fig. 2B).
Although each cell line showed different basal levels of IkBa,
treatment with MG-132 resulted in a similar reduction on IkBa
levels in all of them (Fig. 2C). We also observed a significant
reduction of IkBa with epoxomicin or ALLN (Fig. 2D).
Proteasome Inhibitors Induce NF-kB Nuclear Translocation,
DNA Binding, Transcriptional Activity, and Phosphorylation of
p65 on Serine 536—The results described above stimulated us
to investigate whether the reduction of IkBa resulted in an acti-
vation of NF-«B transcriptional activity. To address this point,
we used different experimental approaches. We carried out a
transcriptional activity assay of NF-«B by luciferase reporter
assay. Cells were transfected with NF-«B-dependent luciferase
reporter construct and treated with the indicated doses of pro-
teasome inhibitors for 14—16 h. IK cells treated with 10 or 25
nM bortezomib displayed a marked increase on the basal lucif-
erase activity (Fig. 3A4). Such an increase was also observed

FIGURE 1. Proteasome inhibitors trigger apoptosis on endometrial carcinoma cell lines. A, Ishikawa (IK), KLE, RL-95 (RL), and HEC-1-A (HEC) cells were
treated with increasing doses of bortezomib for 24 or 48 h and cell viability was assessed by MTT. Results are expressed as percent of the control values. B,
Ishikawa (IK), KLE, RL-95 (RL), and HEC-1-A (HEC) cells were treated for 48 h with the indicated doses of MG-132, epoxomicin, or ALLN and cell viability was
assessed by MTT. Results are expressed as percent of the control values. C, micrographs of IK cells left untreated (UN) or treated for 36 h with 25 nm bortezomib,
1 uMmMG-132, 50 nmepoxomicin, or 50 um ALLN and stained with Hoechst dye. D, quantification of apoptotic nuclei after 36 h treatment with 25 nm bortezomib
(Bort) or 0.5 um MG-132 (left graph). Quantification of Hoechst-stained apoptotic nuclei of IK cells treated with 25 nm bortezomib alone (Bort), 100 um BAF, or a
combination (Bort + BAF) (right graph). E, IK, RL, KLE, or HEC cells were treated with 0.5 um MG-132 for 24 h and lysates were subjected to Western blot with

antibodies to active caspase-3 or antibody to caspase-9.

AUGUST 4, 2006+ VOLUME 281-NUMBER 31

JOURNAL OF BIOLOGICAL CHEMISTRY 22121

/002 ‘82 Joqwianop uo Aq BJO'CJq['MMM wouj pspeojumog



jbe

The Journal of Biological Chemistry

Proteasome Inhibitors and NF-kB in Endometrial Cancer

A K HEC

Bort 25nM 6
(hours) =

12 24 S

ysis using a p65 antibody caused a
marked reduction on the NF-«B
complex and the appearance of a
supershifted band in both MG and

RL

24

IB: [kBor | w— —_—

TNF stimulated cells (Fig. 3B).
Accordingly, Western blot analysis

IB: p-lkBa S - .-

on nuclear and cytoplasmic extracts

- revealed that treatment with either

--'

MG-132 or bortezomib induced p65

IB:Tubulin | «——

B MG-132 0,5 uM hours) - [
IB: IkBa

1B: p-lxBux

1B: Tubulin

c IK

nuclear translocation on IK cells. As
control we treated HEC cells with
TNF, which is known to induce p65
nuclear translocation (Fig. 3, Dand E).
Finally, we also analyzed phosphoryl-
ation of the p65 subunit of NF-«B on
serine 536, which has been associated
with increased transactivation poten-
tial. Treatment with bortezomib or
other proteasome inhibitors resulted
in increased phosphorylation on ser-

— D e

MG132 - + - + -

ine 536 of p65 in all the cell lines that
were tested (Fig. 3F).

IB: IkBa ‘ a—

‘ SR-IkBa Blocks Proteasome Inhibi-
tor-induced NF-«kB Activity —To

IB: Tubulin

ascertain whether IkBa degradation

D UN MG ALL

was dependent on serine phospho-
rylation, we transfected IK and HEC
cells with a construct encoding a

EPO

IB: IkBa A e

form of IkBa carrying serine to ala-
nine mutations at residues 32 and

—_——

RL

IB: Tubulin

(———

36, named SR-IkBa. These muta-
tions prevent IkBa phosphorylation

IB:1kBa

and its subsequent proteasome-me-
‘ diated degradation, thereby pre-

venting release and nuclear translo-

HEC IB: Tubulin

————

cation of NF-«B (46). Expression of
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when IK cells were treated with MG-132, epoxomicin, or
ALLN. Consistent with this result, we also observed that treat-
ment with MG-132 or bortezomib resulted in the formation of
a DNA-NF-«B complex as assessed by electrophoretic mobility
shift assay (Fig. 3B). This complex showed a similar pattern of
migration to that observed with TNF. To provide a control of
proteasome inhibitor action, we stimulated a melanoma cell
line (M16) and endometrial carcinoma cell line RL-95 with
TNE. TNF treatment triggers the canonical, proteasome-de-
pendent, IkBa degradation and p65 NF-«B binding activity in
both cell lines. As expected, both bortezomib and MG-132
reduce NF-«B binding to DNA in M16 cells. Similar results are
obtained in RL cells with MG-132 (Fig. 3C). A supershift anal-

22122 JOURNAL OF BIOLOGICAL CHEMISTRY

SR-I1kBa caused a marked reduction
on the activation of NF-kB tran-
scriptional activity by either bort-
ezomib or MG-132 in HEC and IK
cells (Fig. 4). This data supports the
hypothesis that proteasome inhibi-
tors require phosphorylation and
degradation of IkBa.

NF-kB Activity Induced by Pro-
teasome Inhibitors Requires Functional IKKo and IKKB—The
major upstream kinases involved in NF-«B activation are IKKa
and IKKB. We investigated whether these kinases were
involved in activation of NF-kB by proteasome inhibitors.
Treatment of IK, HEC, or RL cells with bortezomib caused
increased phosphorylation of IKKa/f3, as assessed by Western
blot analysis of lysates with an antibody that specifically recog-
nizes the phosphorylated forms of both proteins (Fig. 5A4).

To determine the requirement of either or both IKKa or
IKKB subunits, we co-transfected IK or HEC cells with the
NE-«B-luciferase reporter construct plus dominant negative
forms of either IKKa (DN-IKKa) or IKKB (DN-IKKB). Both
DN-IKKa and DN-IKKp blocked NF-«B transcriptional activ-

bortezomib and cell lysates were

Western blot with antibodies to

MG), 50 nm epoxomycin (EPO), or
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ity on IK cells treated with 25 nm bortezomib (Fig. 5B, left) and
in IK and HEC cells treated with MG132 (Fig. 5B, right).

To further demonstrate the role of IKKa or IKKB subunits,
we designed lentiviral sShRNAs targeting each subunit to knock-
down endogenous expression. We designed shRNAs targeting
two sequences for each kinase. Infection of IK cells with lenti-
viruses carrying shRNAs to either IKKa or IKKB subunits
revealed that each shRNA selectively knocked down the expres-
sion of the corresponding protein (Fig. 5C). These two shRNAs
were selected for subsequent experiments. We infected IK cells
with the functional IKKa or IKKB shRNAs for 3 days to allow
protein knockdown, and cells were subsequently treated with
bortezomib. As shown in Fig. 5D, both IKKa shRNA and IKKf3
shRNA blocked NF-«B activity with similar efficiency to the
dominant negative forms. Our data suggest that phosphoryla-
tion and expression of both IKKa and IKKB subunits are
required for proteasome inhibitor-induced NF-«B activity. Nei-
ther IKKa nor IKK knockdown increased the cell viability in pro-
teasome inhibitor-treated cells (supplemental Fig. 1).

IKKo and IKKB Are Required for p65 Phosphorylation but
Not for IkBa Degradation after Proteasome Inhibitor Treatment—
To determine whether IKK was responsible for proteasome
inhibitor-induced p65 phosphorylation, HEC cells were
infected for 3 days with lentiviruses carrying either IKKa or
IKKB shRNAs. HEC cells were treated for 6 or 24 h with 25 nm
bortezomib and cell lysates were analyzed by Western blot (Fig.
6A). As shown in Fig. 6, both IKKa and IKK3 shRNA strongly
inhibited p65 phosphorylation. The cells transfected with IKKS3
shRNA showed a reduction of phosphorylated IkBa, but also a
decrease on total IkBa protein. However, the molecular weight
shift on migration of IkBa and degradation of IkBa by bort-
ezomib remained unaffected (Fig. 64). Our findings suggest
that p65 phosphorylation is mediated by either IKKa or IKKp,
but also show that IkBa degradation is independent of IKKs.
Similar results were obtained with IK cells (data not shown).

These results suggest that proteasome inhibitors increase
NE-kB activity, by involving the p65 subunit of NF-«B. To
determine whether transcriptional activity of NF-«B was really
dependent of p65 subunit, we co-transfected p65 siRNA or
c-Rel siRNA with the NF-«B reporter construct, and cells were
exposed to bortezomib. Transfection of p65 siRNA resulted in a
significant decrease of NF-kB transcriptional activity in both IK
and HEC cells (Fig. 6B). Such a result was not observed when
c-Rel siRNA was transfected.

Proteasome Inhibitors Induce Cell Death and Activate NF-«kB
in Primary Culture Explants from Endometrial Adenocarci-
noma Samples—To further demonstrate the effect of protea-
some inhibitors on endometrial carcinoma, we assessed the
effects of such inhibitors on primary explants obtained from
human endometrial carcinomas. After enzymatic digestion,
glandular-like structures were plated on 24-well dishes and the
epithelial origin of the samples was assessed by immunofluo-
rescence to a wide spectrum cytokeratin, cytokeratin-7 and
[B-catenin, two proteins that are only expressed on endometrial
cells of epithelial origin, but not on stromal cells (Fig. 7A). To
ascertain whether proteasome inhibitors induced apoptosis on
primary explants as well as on cell lines, we treated endometrial
explant cultures with 0.5 umM MG-132 or 25 nm bortezomib and

AUGUST 4, 2006+ VOLUME 281-NUMBER 31

we assessed caspase-3 activation by immunofluorescence with
an antibody that recognizes its active form (Fig. 7B). Both
MG-132 and bortezomib increased the number of cytokeratin
positive cells displaying active caspase-3. These results suggest
that bortezomib and MG-132 induce apoptotic cell death on
primary endometrial carcinoma explants. To determine
whether MG-132 and bortezomib also were able to activate
NEF-«B, we analyzed IkBa phosphorylation and degradation
after treatment with these two inhibitors at doses that induced
IkBa degradation and phosphorylation on endometrial carci-
noma cell lines. As shown in Fig. 7C, both MG-132 and bort-
ezomib induced phosphorylation and degradation of IkBa and
phosphorylation of p65 at serine 536 in a similar way to that
observed in all cell lines tested. Altogether, these results dem-
onstrate that proteasome inhibitors are able to activate NF-kB
signaling in primary endometrial carcinoma explants.

DISCUSSION

Bortezomib and other proteasome inhibitors trigger cell
growth arrest or apoptosis on several tumors (2). Bortezomib is
amodified dipeptidyl boronic acid that creates compounds that
form covalent complexes with the proteasome. It is used as a
chemotherapeutic agent for treatment of relapsed and refrac-
tory multiple myeloma (3-7). It is also a promising anti-cancer
agent for treatment of solid tumors. In many different types of
tumor cells, proteasome inhibition cause cell death by blocking
NEF-«B activity. In this article, we demonstrate for the first
time that bortezomib and other three proteasome inhibitors
(MG-132, epoxomicin, and ALLN) may induce apoptosis in endo-
metrial cancer cell lines and primary culture explants from endo-
metrial carcinomas. Cell death was accompanied by activation
of caspases and apoptotic nuclear morphology. However, in
contrast to that observed on other cancer cells, this cell death is
not related with NF-«kB blockage. In endometrial cancer cells,
bortezomib and other proteasome inhibitors increase NF-«xB
activity rather than its inhibition. NF-«B is a family of transcrip-
tion factors involved in the regulation of genes encoding cyto-
kines, cytokine receptors, and cell adhesion molecules, which
drive immune and inflammatory responses (14 —16). However,
NE-«B is also related to carcinogenesis, by regulating genes
involved in apoptosis, the cell cycle, differentiation, invasion,
and cell migration (16, 19). Therefore, inhibition of NF-«B is a
promising target for treatment of cancer. Because of their abil-
ity to block IkBa degradation, proteasome inhibitors have been
widely used as inhibitors of NF-«B. In fact, inhibition of NF-«B
activity has been reported as the main mediator of cytotoxic
effects of bortezomib. One of the main goals of this study was to
investigate the effect of proteasome inhibition on NF-«B in
endometrial carcinoma. Treatment of endometrial carcinoma
cell lines with bortezomib did not stabilize or inhibit IkBe, but
induced phosphorylation and reduction of IkBa levels. Similar
results were obtained when the endometrial adenocarcinoma
cell lines were exposed to the other three proteasome inhibitors
(MG-132, epoxomicin, or ALLN) that inhibit the proteasome
by other chemical mechanisms. Although these results seem to
contradict the well established mechanism of IkBa degradation
by proteasome inhibition, it is worth mentioning that some
recent evidence suggests that proteasome inhibitors may acti-
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FIGURE 4. IkBa superrepressor blocks bortezomib and MG132-induced NF-«B transcriptional activity. IK
or HEC cells were co-transfected with the NF«B-luciferase reporter construct and either the empty vector
(PCDNAS3), or a IkBa superrepressor, which cannot be phosphorylated on serines 32 and 36 (SR-IkBa). After
48 h, cells were stimulated with 25 nm bortezomib or 0.5 um MG132 and luciferase activity was assayed 16 h
later. Results are expressed in relative luciferase units.

vate NF-«B in some cancer cell lines. This was the case of the
colon adenocarcinoma cell line HT-29 after treatment with
MG-132 (25). In agreement with this report, we have found
IkBo degradation, IKK phosphorylation, and increased tran-
scriptional activity of NF-«B, as a result of exposure to the four
different proteasome inhibitors.

Phosphorylation and degradation of IkBa is followed by an
increase of NF-kB activity. We found that proteasome inhibi-
tors induced the formation of a DNA-NF-«B complex display-
ing similar migration properties than that observed after stim-
ulation with TNF. TNF is a well known activator of the
canonical NF-kB pathway that results in nuclear translocation
of p65 subunits. Therefore, this result suggests that p65 may be
involved in NF-«B activity induced by such inhibitors. Accord-
ingly, we have found supershift of the NF-«B complex using p65
antibody, nuclear translocation of p65, and more importantly,
p65 siRNA reduced the transcriptional activity induced by pro-

NE-«B activation can take place independently of IKKs (28). To
address the involvement of IKKa or IKKf in proteasome inhib-
itor effects on endometrial carcinoma cell lines, we transfected
IK or HEC cells with the dominant negative forms of IKKa or
IKKpB or with lentiviral-transduced shRNAs, and we assessed
NE-kB activity after bortezomib or MG-132 exposure. These
experiments clearly demonstrated that, in contrast to topoi-
somerase inhibitors, NF-«B activation by proteasome inhibi-
tors in endometrial carcinoma cell lines requires functional
IKKs.

Reporter experiments performed with the IkBa supperre-
pressor indicate that IkBa phosphorylation and degradation
are required for proteasome inhibitor-induced NF-«B activity.
However, shRNA to either IKKa or IKKB did not block IkBa
degradation by proteasome inhibitors. IKKB shRNA dimin-
ished IkBa phosphorylation but such reduction can be
explained by the reduction of total IkBa protein levels.

FIGURE 3. Proteasome inhibitors increase NF-kB nuclear translocation, DNA binding, transcriptional activity, and phosphorylate p65 subunit at
serine 536. A, K cells were transfected with the NF«B-luciferase reporter construct and treated with 10 and 25 nm bortezomib (left graph), or treated
with 0.5 um MG-132 (MG), 50 nm epoxomycin (EPO), or 50 um ALLN (ALL) (right graph) for 16 h, and cell lysates were assayed for luciferase activity. Results
are expressed as relative luciferase units. B, IK cells were treated with bortezomib MG-132 (MG) for 16 h, and HEC cells were treated with MG-132for 16 h
or with TNF for 30 min, and nuclear lysates were incubated with 20 fmol of labeled probe. A 200 m excess of unlabeled competitor was included in the
indicated lanes to demonstrate the specificity (upper panel). For supershift experiments HEC cells were treated with MG-132 or TNF and nuclear lysates
were incubated with 200 m excess of the unlabeled competitor antibody to p65 as indicated (lower panel). C, RL endometrial carcinoma cells and the
melanoma cell line M16 were treated for 30 min in the presence or absence of proteasome inhibitors and nuclear lysates were incubated with 20 fmol
of biotin-labeled probe. Arrows indicate the proteasome inhibitor-induced NF-«B complex and the free probe. A 200 m excess of unlabeled competitor
wasincludedin theindicated lanes to demonstrate the specificity. D, HEC cells were treated with 50 ng/mI TNF for 30 min or with 0.5 mm MG-132for 16 h.
Cytoplasmic (Cito) and nuclear (Nuc) cell lysates were analyzed by Western blot with antibodies to p65 NF-«kB subunit. To determine the purity of
cytoplasmic and nuclear lysates, membranes were reprobed with anti-ERK antibody (marker of cytoplasmic fraction) or with histone H1 antibody
(nuclear fraction). B, immunoblot. E, IK cells were treated for 16 h with either 25 nm bortezomib (Bort) or 0.5 mm MG-132 and nuclear and cytoplasmic
lysates were analyzed with p65 antibodies. Membranes were reprobed with antibodies to ERK and histone H1. F, IK cells were treated for 0,6, 12, or 24 h
with 25 nm bortezomib (left panel) and IK, RL, HEC, and KLE cells were treated for 16 h with 0.5 um MG-132, 50 nm epoxomycin, or 50 um ALLN (right panel)
and cell lysates were subjected to Western blot with antibodies that specifically recognize serine 536 only when it is phosphorylated. Membranes were
also incubated with antibodies to total p65 to ensure equal amounts of protein.
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FIGURE 6. Down-regulation of IKKa and IKKB inhibit p65 phosphorylation and activity but not IkBa degradation. A, HEC cells were infected with
lentiviruses carrying functional shRNAs to IKKa or IKK to allow protein knockdown and then stimulated for 6 or 24 h with 25 nm bortezomib, and lysates were
analyzed by Western blot. Blots were incubated with antibodies to |kBa, phospho-IkBa, and phospho-Ser®¢-p65. Membranes were also blotted with anti-
bodies to IKKa or IKKB to ensure down-regulation of target proteins by shRNAs. B, bar chart showing HEC co-transfected with the NF«kB-luciferase reporter
construct and either siRNAs targeting p65 (RelA) or c-Rel subunits of NF-«B. After 48 h to allow siRNA to down-regulate protein expression, cells were stimulated
with 25 nm bortezomib and luciferase activity was assayed 16 h later. Results are expressed in relative luciferase units. /B, immunoblot.

Although both IKKea and IKKB shRNAs did not block IkBa  ing evidence supports that NF-«B phosphorylation may be an
degradation, they markedly reduced NF-«B activity. These important mechanism of NF-«B regulation (20). As mentioned
results suggest that NF-«B activation by proteasome inhibitors above, we found that all proteasome inhibitors phosphorylated
is further regulated downstream of IkBa degradation. Increas-  p65 at serine 536. Such phosphorylation can be achieved by

FIGURE 5. IKKa and IKK are required for bortezomib and MG132-induced NF-«B activity. A, Western blot showing IK, HEC, and RL cell lines stimulated for
6,12, or 24 h with 25 nm bortezomib and incubated with an antibody that recognizes IKKa/IKKB phosphorylated or with tubulin to ensure equal protein loading
(bottom panel). B, bar charts showing NF-kB transcriptional inhibition by either IKKa or IKKB dominant negative forms on IK cells treated with bortezomib (left
chart) or in IK and HEC cells treated with MG-132 (right charts). C, Western blot analysis of IKKa and IKKB expression on IK cells infected for 3 days with
lentiviruses carrying two different shRNAs targeting IKKa or IKKB. D, IK cells infected with lentiviruses carrying functional shRNAs to IKKa or IKKB for 3 days to
allow protein knockdown and then transfected with the NFkB-luciferase reporter construct. 24 h later they were treated with 25 nm bortezomib and luciferase
activity was assayed. /B, immunoblot.

AUGUST 4, 2006-VOLUME 281-NUMBER 31 3804 JOURNAL OF BIOLOGICAL CHEMISTRY 22127

/002 ‘82 Joqwianop uo Aq BJO'CJq['MMM wouj pspeojumog



jbe

The Journal of Biological Chemistry

Proteasome Inhibitors and NF-kB in Endometrial Cancer

Pan Citokeratin Citokeratin-7

MG-132

Bortezomib MG-132 Bortezomib

bortezomib

MG-132

Despite the activation of NF-«B,
proteasome inhibitors are able to
induce cytotoxic effects on endome-
trial carcinoma cell lines. Although
it may be surprising, these features
are also observed after treatment of
cancer cells with other stress signals
such as ionizing radiation, hypoxia,
or ultraviolet light and chemothera-
peutic drugs such as vincristine, vin-
blastine, etoposide, adriamycin, cis-
platin, daunorubicin, etc. (31). For
example, topoisomerase inhibitors
such as camptothecin or doxorubi-
cin activate NF-«kB but induce cell
death (32-34). However, the NF-«B
activation observed after protea-
some inhibitor treatment has a par-
ticular relevance because they are
widely used as pharmacological
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FIGURE 7. Proteasome inhibitors induce cell death and activate NF-«B on primary endometrial carci-
noma explants. A, endometrial carcinoma explants after 3 days in culture stained with antibodies against
pantothenate-cytokeratin, cytokeratin-7, or B-catenin. Nuclei were visualized by Hoechst staining. B, endome-
trial carcinoma explants were treated with 25 nm bortezomib, 0.5 mm MG-132, or left untreated for 24 h, fixed,
and stained with anti-active caspase-3 antibody (green), citokeratin-7 (red), and Hoechst dye to visualize nuclei
(blue). C, two different endometrial carcinoma explants were treated with 25 nm bortezomib or 0.5 um MG-132
and cell lysates were analyzed by Western blot by IkBa, phosphorylated IkBa, phosphorylated p65, or tubulin.

1B, immunoblot.

different upstream kinases. Phosphorylation on serine 536 is
triggered by IKKa after TNFa (29) and lymphotoxin 8 (30) or
by IKKp after T cell co-stimulation (47) or lipopolysaccharide
(30) but also by TBK1, Akt, or IKKe (20, 24). In this study, we
have found that shRNA inhibition of either IKKa and IKKS
blocked p65 at serine 536 and NF-«B transcriptional activity,
suggesting a major role for the p65 subunit in proteasome
inhibitor-induced activation. Consistent with this hypothesis,
we have found p65 nuclear translocation and reduced NF-«B
transcriptional activity in p65 siRNA-transfected cells, indicat-
ing a main role for p65 in NF-«B activation. As discussed above,
IkBa is degraded even after IKK knockdown by shRNA, but
both serine phosphorylation of p65 and NF-«B transcriptional
activity is inhibited. Altogether the mechanism by which pro-
teasome inhibitors induce NF-«B activity seems to be tightly
regulated. Such activation requires phosphorylation and
degradation of IkBa but also an IKK-mediated phosphoryl-
ation of p65.

22128 JOURNAL OF BIOLOGICAL CHEMISTRY

teasome and, as a consequence, the
NE-«B activation by the canonical
pathway. These results indicate
that proteasome inhibitors are
effective to block NF-«B by TNF,
but long treatment (hours) lead to
induction of NF-«B by themselves.

NEF-«B inhibition has been pro-
posed as the main mechanism by
which proteasome inhibitors are
used as anticancer drugs. Although
in some cell types NF-«B activation trigger cell death (35, 36),
NE-«B does not mediate cytotoxic effects of proteasome inhi-
bition. To test this hypothesis endometrial cancer cell lines
were infected with lentiviruses carrying shRNA either to IKKa
or IKKB and treated with cytotoxic doses of bortezomib or
MG-132 and we assessed cell viability by MTT assay. Neither
IKKea nor IKKB shRNA increased cell viability after treatment
with such inhibitors (supplementary Fig. 1). Rather, we
observed a slight decrease. We observed that IKKa or IKKf3
knockdown reduced basal proliferation and viability of endo-
metrial cancer cells (data not shown), which is consistent with
an anti-apoptotic role of NF-kB in endometrial carcinoma cell
lines.

Because of the use of bortezomib on treatment of multiple
myeloma and the promising effects on some solid tumors we
decided to test the ability of this inhibitor to induce apoptosis
on primary explants from tumor samples from patients with
endometrial carcinoma. Both MG-132 and bortezomib
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induced activation of caspase-3, suggesting that both inhibitors
triggered apoptotic cell death. Similar to that observed on
endometrial cancer cell lines, bortezomib and MG-132 caused
IkBa phosphorylation and degradation, which suggests that
such inhibitors also activate NF-«B on primary endometrial
carcinoma explants.

During the last few years, other molecular mechanisms, not
related to NF-«B, have been involved in proteasome inhibitor
cell death. Among them, it has been reported an involvement of
the endoplasmic reticulum stress (ER stress) (13, 37, 39) pro-
teins or increases in expression of death receptors (40). Other
recent findings suggest that proteasome inhibitors may induce
apoptosis by up-regulating BH3 only family members such as
Noxa (41-43), Bik (44, 45), or Puma (45). To determine
whether proteasome inhibitors produce ER stress in endome-
trial cancer cells we have performed reverse transcriptase-PCR
analysis of GADD153 and HOX-1 (heme oxygenase), two stress
genes that have been previously demonstrated to increase after
ER stress after bortezomib treatment (13, 37, 39). We have also
analyzed Noxa, BIK, and Puma expression after treatment with
bortezomib (supplementary Fig. 2). In agreement with previous
reports, we have found up-regulation of both GADDI153 and
HOX-1 (heme oxygenase), suggesting that ER stress may be
involved in apoptosis triggered by proteasome inhibitors. We
have not found significant changes in either Puma or Noxa, but
a slightly and transient increase in Bik levels. Future experi-
ments will determine whether BH3 only proteins such as Bik
and ER stress regulate apoptosis induced by proteasome in
endometrial carcinomas.

In summary, we have demonstrated that bortezomib and
other three proteasome inhibitors induce cell death in four
endometrial carcinoma cell lines as well as in primary culture
explants obtained from endometrial carcinoma samples. How-
ever, all proteasome inhibitors tested activated NF-«B, a signal-
ing pathway strongly associated in oncogenesis in many types of
cancer. Our findings may have important biochemical and clin-
ical relevance. First, because proteasome inhibitors are widely
used as pharmacological inhibitors of NF-«B on the basis of
their ability to block IkBa degradation but, as we show here for
endometrial carcinomas, they can rather lead to activation of
NE-«B. Therefore, the general use of such inhibitors as NF-kB
blockers has to be carefully analyzed for particular cell types.
Second, if proteasome inhibitors activate NF-«B, administra-
tion of these drugs may increase the expression of genes
involved with proliferation, apoptosis resistance, or angiogen-
esis. The activation of these genes could explain the develop-
ment of adverse effects in patients under treatment with pro-
teasome inhibitors. Additional studies should be performed to
demonstrate that the NF-«B activation shown in this report in
endometrial carcinoma cell lines, and in a previous study on
colonic adenocarcinoma cell lines, is also taking place in other
types of tumor cells.

Acknowledgments— We thank Dr. Barco for help in obtaining tumor
tissue for primary explant cultures. We also thank Mao Yang, Jason
Gustin, and Jeffrey Milbrandt (Washington University, St. Louis, MO)
for help with lentiviral vectors.

AUGUST 4, 2006+ VOLUME 281-NUMBER 31

REFERENCES

1. Adams, J. (2004) Cancer Cell 5, 417—421
2. Adams, J. (2004) Nat. Rev. Cancer 4, 349 -360
3. Hideshima, T., Richardson, P., Chauhan, D., Palombella, V.]., Elliott, P. J.,
Adams, J., and Anderson, K. C. (2001) Cancer Res. 61, 3071-3076
4. Hideshima, T., Chauhan, D., Richardson, P., Mitsiades, C., Mitsiades, N.,
Hayashi, T., Munshi, N., Dang, L., Castro, A., Palombella, V., Adams, J.,
and Anderson, K. C. (2002) J. Biol. Chem. 277, 16639 —16647
5. LeBlanc, R, Catley, L. P, Hideshima, T., Lentzsch, S., Mitsiades, C. S.,
Mitsiades, N., Neuberg, D., Goloubeva, O., Pien, C. S., Adams, J., Gupta,
D., Richardson, P. G., Munshi, N. C., and Anderson, K. C. (2002) Cancer
Res. 62, 4996 —5000
6. Mitsiades, N., Mitsiades, C. S., Richardson, P. G., Poulaki, V., Tai, Y.-T.,
Chauhan, D., Fanourakis, G., Gu, X., Bailey, C., Joseph, M., Libermann,
T. A, Schlosman, R., Munshi, N. C., Hideshima, T., and Anderson, K. C.
(2003) Blood 101, 2377-2380
7. Orlowski, R. Z., Stinchcombe, T. E., Mitchell, B. S., Shea, T. C., Baldwin,
A. S, Stahl, S., Adams, J., Esseltine, D. L., Elliott, P. ., Pien, C. S., Guer-
chiolini, r., Anderson, J. K., Depcik-Smith, N. D., Bhagat, R., Lehman, M. ].,
Novick, S. C., O’Connor, O. A., and Soignet, S. L. (2002) J. Clin. Oncol. 20,
4420 -4427
8. Teicher, B. A, Ara, G., Herbst, R., Palombella, V. J., and Adams, J. (1999)
Clin. Cancer Res. 5, 2638 —2645
9. Ling, Y. H,, Liebes, L., Jiang, J. D., Holland, J. F., Elliott, P. J., Adams, J.,
Muggia, F. M., and Perez-Soler, R. (2003) Clin. Cancer Res. 9, 1145-1154
10. Cusack, J. C.,Jr., Liu, R., Houston, M., Abendroth, K., Elliott, P. J., Adams,
J., Baldwin, A. S., Jr. (2001) Cancer Res. 61, 3535-3540
11. Johnson, T. R, Stone, K., Nikrad, M., Yeh, T., Zong, W. X., Thompson,
C. B, Nesterov, A, and Kraft, A. S. (2003) Oncogene 22, 4953—4963
12. Frankel, A., Man, S., Elliott, P., Adams, J., and Kerbel, R. S. (2000) Clin.
Cancer Res. 6,3719-3728
13. Nawrocki, S. T., Carew, J. S., Pino, M. S,, Highshaw, R. A., Dunner, K., Jr.,
Huang, P., Abbruzzese, J. L., and McConkey, D. J. (2005) Cancer Res. 65,
11658 -11666
14. Karin, M., and Lin, A. (2002) Nat. Immunol. 3, 221-227
15. Aggarwal, B. B. (2004) Cancer Cell 6, 203208
16. Karin, M., Cao, Y., Greten, F. R., and Li, Z. W. (2002) Nat. Rev. Cancer 2,
301-310
17. Rayet, B., and Gelinas, C. (1999) Oncogene 18, 6938 — 6947
18. Pallares, J., Martinez-Guitarte, J. L., Dolcet, X., Llobet, D., Rue, M., Pala-
cios, J., Prat, J., and Matias-Guiu, X. (2004) J. Pathol. 204, 569 -577
19. Dolcet, X., Llobet, D., Pallares, J., and Matias-Guiu, X. (2005) Virchows
Arch. 446, 475-482
20. Viatour, P., Merville, M. P., Bours, V., and Chariot, A. (2005) Trends Bio-
chem. Sci. 30, 43-52
21. Jiang, X., Takahashi, N., Matsui, N., Tetsuka, T., and Okamoto, T. (2003)
J. Biol. Chem. 278, 919-926
22. Sakurai, H., Chiba, H., Miyoshi, H., Sugita, T., and Toriumi, W. (1999)
J. Biol. Chem. 274, 30353—-30356
23. Yang, F., Tang, E., Guan, K., and Wang, C. Y. (2003) J. Immunol. 170,
5630-5635
24. Buss, H., Dorrie, A., Schmitz, M. L., Hoffmann, E., Resch, K., and Kracht,
M. (2004) /. Biol. Chem. 279, 55633-5564:3
25. Nemeth, Z. H., Wong, H. R., Odoms, K., Deitch, E. A., Szabo, C., Vizi, E. S.,
and Hasko, G. (2004) Mol. Pharmacol. 65, 342—349
26. Huang, T. T., Feinberg, S. L., Suryanarayanan, S., and Miyamoto, S. (2002)
Mol. Cell. Biol. 22, 5813-5825
27. Huang, T. T., Wuerzberger-Davis, S. M., Wu, Z. H., and Miyamoto, S.
(2003) Cell 115, 565-576
28. Tergaonkar, V., Bottero, V., Ikawa, M., Li, Q., and Verma, I. M. (2003) Mol.
Cell. Biol. 23, 8070 — 8083
29. O’'Mahony, A. M., Montano, M., Van Beneden, K., Chen, L. F., and Geene,
W. C. (2004) J. Biol. Chem. 279, 18137-18145
30. Mattiolo, I, Sebald, A., Bucher, C., Charles, R. P., Nakano, H., Doi, T.,
Kracht, M., and Schmitz, M. L. (2004) /. Immunol. 172, 6336 — 6344
31. Pahl, H. L. (1999) Oncogene 18, 6853— 6866
32. Huang, T. T., Wuerzberger-Davis, S. M., Seufzer, B. J., Shumway, S. D.,

JOURNAL OF BIOLOGICAL CHEMISTRY 22129

/002 ‘82 18qWaA0N uo Ag B10-0g[-mmm woij papeojumoq



jbe

The Journal of Biological Chemistry

Proteasome Inhibitors and NF-kB in Endometrial Cancer

33.

34.

35.

36.

37.

38.

39.

40.

Kurama, T., Boothman, D. A., and Miyamoto, S. (2000) J. Biol. Chem. 275,
9501-9509

Bottero, V., Busuttil, V., Loubat, A., Magne, N,, Fischel, J. L., Milano, G.,
and Peyron, J. F. (2001) Cancer Res. 61, 7785-7791

Tabata, M., Tabata, R., Grabowski, D. R., Bukowski, R. M., Ganapathi,
M. K., and Ganapathi, R. (2001) /. Biol. Chem. 276, 8029 — 8036

Farhana, L., Dawson, M. L, and Fontana, J. A. (2005) Cancer Res. 65,
4909 - 4917

Jin, F., Liu, X., Zhou, Z., Yue, P,, Lotan, R., Khuri, F. R., Cheng, L. W., and
Sun, S. Y. (2005) Cancer Res. 65, 6354 —6363

Fribley, A., Zeng, Q., and Wang, C. Y. (2004) Mol. Cell. Biol. 24,
9695-9704

Yu, J., Tiwari, S., Steiner, P., and Zhang, L. (2003) Cancer Biol. Ther. 2,
694-699

Nawrocki, S. T., Carew, J. S., Dunner, K., Jr., Boise, L. H., Chiao, P. J.,
Huang, P., Abbruzzese, J. L., and McConkey, D. J. (2005) Cancer Res. 65,
11510-11519

Yoshida, T., Shiraishi, T., Nakata, S., Horinaka, M., Wakada, M., Mizutani,

22130 JOURNAL OF BIOLOGICAL CHEMISTRY

41.

42.

43.

44.

45.

46.

47.

Y., Miki, T., and Sakai, T. (2005) Cancer Res. 65, 5662—5667

Qin, J. Z., Ziffra, ], Stennett, L., Bodner, B., Bonish, B. K., Chaturvedi, V.,
Bennett, F., Pollock, P. M., Trent, . M., Hendrix, M. ]., Rizzo, P., Miele, L.,
and Nickoloff, B.]. (2005) Cancer Res. 65, 6282—6293

Perez-Galan, P., Roue, G., Villamar, N., Montserrat, E., Campo, E., and
Colomer, D. (2006) Blood 107, 257264

Fernandez, Y., Verhaegen, M., Millar, T. P., Rush, J. L., Steiner, P., Opipari,
A. W, Jr, Lowe, S. W., and Soengas, M. S. (2005) Cancer Res. 65,
6294 — 6304

Zhu, H., Guo, W, Zhang, L., Wu, S., Teraishi, F., Davis, ]. ], Dong, F., and
Fang, B. (2005) Cancer Biol. Ther. 4,781-786

Zhu, H., Zhang, L., Dong, F., Guo, W., Wu, S., Teraishi, F., Davis, J. J.,
Chiao, P.J., and Fang, B. (2005) Oncogene 24, 4993—4999

Rodriguez, M. S., Wright, J., Thompson, J., Thomas, D., Baleux, F., Vireli-
zier, J. L, Hay, R. T., and Arenaza-Seisdedos, F. (1996) Oncogene 12,
2425-2435

Mattioli, I, Sebald, A., Bucher, C., Charles, R. P., Nakano, H., Doi, T.,
Dracht, M., and Schmitz, M. L. (2004) J. Immunol. 172, 6336 —6344:

VOLUME 281+NUMBER 31+AUGUST 4, 2006

/002 ‘82 18qWaA0N uo Ag B10-0g[-mmm woij papeojumoq



Supplementary figure legends

Supplementary figure 1. To determine the effect of NF-kB activation on apoptosis
induced by proteasome inhibitors, Ishikawa (IK) and HEC-1-A (HEC) cells were
infected with lentiviruses carrying functional shRNAs to IKKo. or IKKBAfter 3 days to
allow protein knock-down, cells were treated for 24 hours with 25 nM of bortezomib or
0,5 UM MG132. Cell viability was assessed by MTT. Results are expressed as percent

of the control values.

Supplementary figure 2. A, To ascertain ascertain whether proteasome inhibitors may
regulate the expression of BH3 only proteins, Ishikawa (IK), RL-95( RL) and HEC-1-A
(HEC) cells were treated for 6, 12, 24 hours with 25 nM bortezomib. Total cell lysates
were subjected to western blot analysis with antibodies to Bik, Noxa and Puma.
Immunoblots were reprobed with tubulin to ensure equal protein loading. B, To
determine whether proteasome inhibitors produce ER stress in endometrial cancer cells
we have performed RT-PCR analysis of GADD153 and heme-oxygenase (HOX-1), two
stress genes that have been previously demonstrated to increase after ER stress after

bortezomib treatment.
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Resultats

ELS ANTIOXIDANTS BLOQUEGEN LA FUNCIO DELS
INHIBIDORS DEL PROTEASOMA EN CEL-LULES DE
CARCINOMA D’ENDOMETRI.

El Tiron inhibeix els efectes citotoxics del bortezomib i la edavarona inhibeix
els efectes dels inhibidors del proteasoma de la familia dels péptids aldehids.

El Tiron i la edavarona inhibeixen el fenotip apoptotic produit per el
bortezomib i el MG-132 i ALLN respectivament.

L’acumulament de productes ubiquitinitzats com a conseqiiéncia del tractament
amb bortezomib, MG-132 i ALLN s’inhibeix amb la coadministracié de Tiron
1 edavarona respectivament.

El Tiron i la edavarona bloquegen ’accio inhibitoria del bortezomib, MG-132 1
ALLN sobre I’activitat del proteasoma.

Altres antioxidants com el BHA, vitamina E o la ergotioneina no exhibeixen
els mateixos efectes contra cap dels inhibidors del proteasoma testats. No ¢és el

cas de la vitamina C que es comporta de forma identica al Tiron.

(Llobet D, Eritia N, Sorolla A, Yeramian A, Schoenenberger JA, Llombart-Cussac A, Marti RM,

Matias-Guiu X, Dolcet X. Antioxidants block proteasome inhibitors function in endometrial

carcinoma cells. Anti-Cancer Drugs. 19:115-124. 2008.)
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Antioxidants block proteasome inhibitor function in

endometrial carcinoma cells

David Llobet?, Nuria Eritja®, Mario Encinas®, Anabel Sorolla?,
Andree Yeramian?®, Joan Antoni Schoenenbergerb, Antonio Llombart-Cussac®,
Rosa M. Marti®, Xavier Matias-Guiu® and Xavier Dolcet®

We have recently demonstrated that proteasome inhibitors
can be effective in inducing apoptotic cell death in
endometrial carcinoma cell lines and primary culture
explants. Increasing evidence suggests that reactive
oxygen species are responsible for proteasome inhibitor-
induced cell killing. Antioxidants can thus block apoptosis
(cell death) triggered by proteasome inhibition. Here, we
have evaluated the effects of different antioxidants
(edaravone and tiron) on endometrial carcinoma cells
treated with aldehyde proteasome inhibitors (MG-132

or ALLN), the boronic acid-based proteasome inhibitor
(bortezomib) and the epoxyketone, epoxomicin. We show
that tiron specifically inhibited the cytotoxic effects of
bortezomib, whereas edaravone inhibited cell death
caused by aldehyde-based proteasome inhibitors. We
have, however, found that edaravone completely inhibited
accumulation of ubiquitin and proteasome activity
decrease caused by MG-132 or ALLN, but not by
bortezomib. Conversely, tiron inhibited the ubiquitin
accumulation and proteasome activity decrease caused by
bortezomib. These results suggest that edaravone and
tiron rescue cells of proteasome inhibitors from cell death,
by inhibiting blockade of proteasome caused by MG-132

Introduction

During the last few years, a number of studies have
proved that proteasome inhibitors are effective anticancer
drugs. Among patients with haematological malignancies,
those with multiple myeloma are currently being treated
with the proteasome inhibitor bortezomib (Velcade,
formerly known as PS-341) [1-6]. Ongoing preclinical
studies have suggested that proteasome inhibitors show
antitumour activity against solid tumours, including
carcinomas of the breast [7], lung [8], colon [9], bladder
[10], ovary [11], pancreas [12] and others. A recent study
in our laboratory has demonstrated that proteasome
inhibitors can also be effective for inducing apoptotic
cell death in endometrial carcinoma cell lines and primary
culture explants [13].

Proteasome inhibitors can be classified into different
groups on the basis of their chemical structures and
modes of action: [14] (i) the boronic acid-based
proteasome inhibitors such as bortezomib, (ii) the
aldehyde-based proteasome inhibitors such as MG-132,

0959-4973 © 2008 Wolters Kluwer Health | Lippincott Williams & Wilkins

and ALLN or bortezomib, respectively. We also tested other
antioxidants, and we found that vitamin C inhibited
bortezomib-induced cell death. Similar to tiron, vitamin C
inhibited cell death by blocking the ability of bortezomib to
inhibit the proteasome. Until now, all the antioxidants that
blocked proteasome inhibitor-induced cell death also
blocked the proteasome inhibitor mechanism of action.
Anti-Cancer Drugs 19:115-124 © 2008 Wolters Kluwer
Health | Lippincott Williams & Wilkins.

Anti-Cancer Drugs 2008, 19:115-124

Keywords: antioxidant, apoptosis, endometrial carcinoma, proteasome
inhibitor

2Oncologic Pathology Group, Departments of °Pharmacology, “Oncology, and
9Cell Signaling and Apoptosis Group, Biomedical Research Institute, Lleida,
Spain

Correspondence to Dr Xavier Dolcet, PhD, Laboratori de Recerca Biomeédica,
Hospital Arnau de Vilanova, Av Rovira Roure, 80, 25198 Lleida, Spain
Tel: +34 973 702213; e-mail: dolcet@cmb.udl.es

Xavier Matias-Guiu and Xavier Dolcet are senior coauthors of this study.

Received 8 August 2007 Revised form accepted 17 September 2007

MG-115, ALLN, PSI and glyoxal or (iii) the epoxyke-
tones such as epoxomicin. The vast majority of the
currently available proteasome inhibitors preferentially
block the chemotrypsin-like activity of the proteasome.

Recent evidences suggest that proteasome inhibitors
might cause cell death by the induction of reactive
oxygen species (ROS) in several malignancies such as
non-small lung cancer cells [15], head and neck
squamous carcinoma cells [16] and mantle-cell lymphoma
cells [17]. These studies have also demonstrated that
different antioxidants can inhibit proteasome-induced
cytotoxicity in some cell types. Recent studies have,
however, also demonstrated that the proteasome-inhibi-
tor action of bortezomib on melanoma cells [18] or on
different cell lines [19] might be blocked by antioxidants
like tiron or vitamin C.

We have previously demonstrated that proteasome
inhibitors are effective in inducing death in endometrial
carcinoma cell lines and primary tumour explants.
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Here, we have assessed the effects of different antiox-
idants on proteasome-inhibitor cytotoxicity on endome-
trial carcinoma cell lines. Surprisingly, we have found a
different effect of several antioxidants on different
proteasome inhibitors (bortezomib, MG-132, ALLN and
epoxomicin). For example, tiron completely inhibits
proteasome-induced apoptosis caused by bortezomib,
but has no effects on the other inhibitors. Conversely,
edaravone blocks MG-132-induced and ALLN-induced
apoptosis, but does not have significant effects on
apoptosis induced by bortezomib/epoxomicin. The eva-
luation of the effects of proteasome inhibitors has
demonstrated that tiron inhibits the ability of bortezomib
to inhibit the proteasome. In contrast, edaravone blocks
the effects of aldehyde-based proteasome inhibitors such
as MG-132 and ALLN.

Materials and methods

Reagents, plasmids and antibodies
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide assay (MTT) and monoclonal antibody to
tubulin and tiron were from Sigma (St Louis, Missouri,
USA). MCI-186 (edaravone) the proteasome inhibitors
MG-132, epoxomicin and ALLN and the fluorogenic
proteasome substrate I1I were from Calbiochem (La Jolla,
California, USA). Bortezomib (Millenium Pharmaceuti-
cals, Cambridge, Massachusetts, USA) was obtained from
the Department of Pharmacy (Hospital Arnau de
Vilanova, Lleida, Spain). Antibodies to active caspase-3
and caspase-9 were obtained from Cell Signalling
(Beverly, Massachusetts, USA). Antibody to ubiquitin
was from Santa Cruz Biotechnology Inc. (Santa Cruz,
California, USA). Peroxidase-conjugated antimouse and
antirabbit antibodies were from Amersham-Pharmacia
(Uppsala, Sweden).

Cell lines, culture conditions and transfection

The Ishikawa 3-H-12 cell line was obtained from the
American Type Culture Collection (Manassas, Virginia,
USA). KLE cells were a gift from Dr Palacios (Centro
Nacional de Investigaciones Oncoldgicas, CNIO, Madrid,
Spain). RL-95 and HEC-1-A cells were a gift from Dr
Reventos (Hospital Vall d’Hebron, Barcelona, Spain).
The melanoma cell lines were a gift from Rosa M. Marti.
All cell lines were grown in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% foetal bovine
serum (Invitrogen Inc., Carlsbad, California, USA),
1 mmol/l HEPES (Sigma), 1mmol/l sodium pyruvate
(Sigma), 2mmol/l L-glutamine (Sigma) and 1% of
penicillin/streptomycin (Sigma), at 37°C with saturating
humidity and 5% CO,.

Cell-viability assays and assessment of apoptosis

Cell viability was determined by MTT assay. Endometrial
adenocarcinoma cells were plated onto M96-well plates at
15 x 10° cells/well. After the indicated treatments, the
cells were incubated for 2-3h with 0.5mg/ml of MTT

reagent and lysed with dimethyl sulphoxide. Absorbance
was measured at 595 nm in a microplate reader (Bio-Rad,
Richmond, California, USA).

Hoechst staining was performed by adding Hoechst dye
to a final concentration of 0.5mg/ml to each M96 well.
Cells were counted under epifluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

Western blot analysis

Endometrial adenocarcinoma cell lines were washed with
cold phosphate-buffered saline and were lysed with lysis
buffer (2% SDS; 125 mmol/l Tris=HCI, pH 6.8). Protein
concentrations were determined with the Protein assay
Kit (Bio-Rad). Equal amounts of proteins were subjected
to SDS-PAGE and transferred to polyvinylidene difluor-
ide membranes (Millipore, Bedford, Massachusetts,
USA). Nonspecific binding was blocked by incubation
with Tris-buffered saline/Tiween solution (20 mmol/l Tris—
HCI, pH 7.4; 150 mmol/I NaCl; 0.1% Tween-20) with 5% of
nonfat milk. Membranes were incubated with the primary
antibodies overnight at 4°C. Signal was detected with ECL.
Advance (Amersham-Pharmacia, Buckinghamshire, UK).

Proteasome-activity assay

Endometrial carcinoma cell lines were plated onto M24
multiwell dishes at 15 x 10° cells/well. The cells were
treated with the experimental conditions for 8 h. After
treatment, cells were rinsed with phosphate-buffered
saline and lysed in 50pl of cytoplasmic lysis buffer
(50 mmol/l HEPES, pH 8; 1% NP-40; 150 mmol/l NaCl;
1 mmol/l EDTA and 1 mmol/l ethylene glycol tetraacetic
acid). Nuclei were removed by centrifugation at
10000 rpm for 5 min. Protein concentrations were deter-
mined with the Protein Assay Kit. A total of 10-20 pg of
protein was transferred to a 90-pl final volume of assay
buffer (20 mmol/l HEPES, pH 7; 9, 0.5 mmol/l EDTA;
5 mmol/l MgCl, and 2 mmol/l ATP). After 10 min at 37°C,
10 pl containing 200 pmol/! of the fluorogenic proteasome
substrate III Suc-Leu-Leu-Val-Tyr-AMC (final concentra-
tion of substrate 20 umol/l) was added to each sample.
Fluorescence was read every 15min in a microplate
fluorimeter at 380 nm excitation wavelength and 460 nm
emission.

Results

Tiron inhibits the cytotoxic effects of bortezomib

and edaravone inhibits the effects of aldehyde-based
proteasome inhibitors

We have previously demonstrated that proteasome
inhibitors are effective in inducing apoptosis of endome-
trial carcinoma cells. In contrast, some antioxidants have
been shown to inhibit cell death caused by proteasome
inhibitors. We first tested the effects of tiron and
edaravone on cell death caused by different types of
proteasome inhibitors, which use different chemical
mechanisms for inhibiting the 20S proteasome. We have
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used the aldehyde-based proteasome inhibitors, MG-132
and ALLN; the dipeptide boronic acid, bortezomib; and
the peptide epoxyketone, epoxomicin. The ishikawa (IK)
endometrial carcinoma cell line was treated with the four
proteasome inhibitors in addition to increasing doses of
either tiron or edaravone, and we assessed cell viability by
MTT assay 24 h after treatment. The results showed that
tiron treatment caused a dose-dependent inhibition of
the decrease in cell viability caused by bortezomib, but
had no effect on cell death caused by treatment with the
other three proteasome inhibitors (Fig. 1a). Conversely,
edaravone inhibited the decrease in cell viability caused
by MG-132 and ALLN in a dose-dependent manner;
however, it did not have any effect on cell death induced
either by bortezomib or by epoxomicin (Fig. 1b).

Tiron and edaravone inhibit apoptotic features

induced by bortezomib and aldehyde proteasome
inhibitors, respectively

We have also addressed the effects of tiron and edarav-
one on apoptotic nuclear morphology caused by protea-
some inhibition. IK cells were treated with the four
proteasome inhibitors, alone or in the presence of either
tiron or edaravone, and cells were stained with Hoechst
24h after treatment. In agreement with the results
obtained with the viability assays, the addition of tiron
dramatically reduced the number of nuclei displaying
apoptotic morphology in the cultures treated with
bortezomib, but did not show any effect on the number
of apoptotic nuclei in the cultures treated with epox-
omicin, MG-132 or ALLN (Figs 2a and b). In contrast,
edaravone inhibited the appearance of apoptotic nuclei
on MG-132-treated and ALLN-treated cells, but it did
not cause any reduction in the bortezomib-treated or
epoxomicin-treated cultures (Figs 2a and b). To rule out
the possibility that such effects were specific to a cell
line, we performed the experiments on another endo-
metrial carcinoma cell lines (Fig. 2b), and we obtained
identical results.

We next analysed the effects of tiron and edaravone on
caspase activation in endometrial carcinoma cell lines
under proteasome inhibitor treatment. IK cells were
treated with bortezomib, MG-132, ALLN or epoxomicin,
in the presence or absence of tiron and edaravone. After
24 h, we analysed caspase activation by Western blot. All
four proteasome inhibitors caused activation of caspase-3
and caspase-9, as seen by Western blot analysis of
procaspase processing and generation of active fragments
(Fig. 2¢). Caspase activation was completely abolished in
conditions containing bortezomib along with tiron, but
not in conditions containing any of the other three
proteasome inhibitors along with tiron (Fig. 2¢). In con-
trast, edaravone inhibited caspase-9 and caspase-3
processing induced by MG-132 or ALLN, but did not
inhibit caspase processing caused by bortezomib or
epoxomicin.
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Ubiquitin accumulation by bortezomib and
aldehyde-based proteasome inhibitors is inhibited

by tiron and edaravone, respectively

We next assayed the effects of either tiron or edaravone
on the function of proteasome inhibitors by using two
different readouts. First, we examined the accumulation
of ubiquitinated proteins by Western blot, using an
antibody that recognizes ubiquitin. Ubiquitinated pro-
duct accumulation results from the inability of protea-
some to degrade such products. Time-course incubation
of IK cells with MG-132 resulted in an increasing amount
of ubiquitinated proteins being present in cell protein
extracts (Fig. 3a). Similar results were obtained with the
other proteasome inhibitors.

Treatment of IK cells with each of the four proteasome
inhibitors produced a similar amount of accumulation of
ubiquitinated products. IK cells under cotreatment with
tiron and bortezomib, however, showed amounts of
ubiquitinated products that were identical to the normal
levels of untreated cells (Fig. 3b). This inhibition of
accumulation of ubiquitinated proteins was not observed
with cotreatment with tiron or any of the other three
proteasome inhibitors. Similarly, edaravone inhibited
the accumulation of ubiquitinated proteins caused by
MG-132 or ALLN, without any effects on ubiquitin
accumulation caused by bortezomib or epoxomicin
(Fig. 3b).

To determine whether these effects were specific for a
precise tumour cell type, we extended the study to three
additional endometrial carcinoma cell lines (RL-95/2,
HEC-1-A and KLE) and one melanoma cell line (M36).
As shown in Figs 3¢ and d, bortezomib was inhibited by
tiron. In contrast, this action was performed on MG-132
and ALLN inhibition by edaravone, both in carcinoma
and in melanoma cell lines.

Tiron and edaravone blocked proteasome-activity
inhibition caused by bortezomib and aldehyde-based
proteasome inhibitors

"To ascertain whether the ubiquitin accumulation was the
result of proteasome inhibition, we assayed the protea-
some activity by incubation of cell lysates with the
fluorogenic substrate, Suc-Leu-Leu-Val-Tyr-AMC. Such a
substrate is used to measure the chymotrypsin-like
peptidase activity of the 20S proteasome. Treatment of
IK cells with each of the four proteasome inhibitors
resulted in a significant reduction of proteasome activity,
by this assay. Bortezomib and epoxomicin were more
efficient than MG-132 and ALLN in inhibiting the
proteasome (Fig. 4a).

To assess the effects of antioxidants on proteasome-
activity inhibition, we assayed proteasome activity in cell
lysates obtained from cultures cotreated with either tiron
or edaravone and with each of the proteasome inhibitors
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Differential effects of tiron and edaravone on reduction of cell viability caused by structurally different proteasome inhibitors. (a) IK cells were treated
with 25 nmol/| bortezomib (top left), 1 umol/l MG-132 (top right), 50 umol/l ALLN (bottom left) or 50 nmol/I epoxomicin (bottom right), alone or in
combination with increasing doses of tiron. Cell viability was assessed by MTT assay 24 h after treatment. Results are expressed as percentage of
viability. (b) IK cells were treated with 25 nmol/l bortezomib (top left), 1 pmol/l MG-132 (top right), 50 umol/I ALLN (bottom left) or 50 nmol/I
epoxomicin (bottom right), alone or in combination with increasing doses of edaravone. Cell viability was assessed by MTT assay 24 h after treatment.
Results are expressed as percentage of viability. BORT, bortezomib; IK, ishikawa; UN, untreated.
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Tiron and edaravone block apoptotic nuclear morphology and caspase activation observed after treatment with proteasome inhibitors. (a) Representative
micrographs showing Hoechst staining of IK cells treated for 24 h with either bortezomib 25 nmol/l or MG-132 1 umol/l, alone or together with edaravone
500 umol/l or tiron 1 mmol/l. (b) Quantification of IK (left) or HEC-1-A (right) nuclei displaying apoptotic morphology. IK or HEC-1-A cells were treated
with the indicated proteasome inhibitors and doses, alone or in combination with edaravone or tiron. Results are expressed as percentage of apoptotic
nuclei over control condition. (c) IK cells were treated with 1 umol/l MG-132 (MG), 50 pmol/l ALLN, 50 nmol/l epoxomicin (EPO), 25 nmol/l bortezomib
(BORT) or were left untreated (UN). In the indicated lanes (+), proteasome inhibitors were incubated with 1 mmol/I of tiron (left panel) or 500 pmol/I
edaravone (right panel). After 24 h, cells were harvested in lysis buffer. Cell lysates were analysed by Western blot with antibodies to caspase-9, active
caspase-3. Membranes were reprobed with antibodies to tubulin to ensure equal protein amounts. IK, ishikawa.
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Fig. 3
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Tiron and edaravone block ubiquitin accumulation induced by bortezomib-based and aldehyde-based proteasome inhibitors, respectively. (a) IK cells
were treated for 6, 12 or 24 h with MG-132 and lysed. Protein lysates were analysed by Western blot with antiubiquitin antibodies. (b) IK cells were
treated with 1 umol/l MG-132 (MG), 50 pmol/I ALLN, 50 nmol/l epoxomicin (EPO), 25 nmol/| bortezomib (BORT) or were left untreated (UN). In the
indicated lanes (+), proteasome inhibitors were incubated with 1 mmol/I tiron (left panel) or 500 umol/l edaravone (right panel). After 24 h, cells were
harvested in lysis buffer. Cells lysates were analysed by Western blot with antibodies to ubiquitin. (c) RL-95/2, KLE and HEC-1A endometrial
carcinoma cell lines were treated with 1 umol/l MG-132 (MG), 50 umol/I ALLN, 25 nmol/I bortezomib (BORT) or were left untreated (UN). In the
indicated lanes (+), proteasome inhibitors were incubated with 1 mmol/I tiron or 500 pumol/l edaravone. After 24 h, cells were harvested in lysis
buffer. Cells lysates were analysed by Western blot with antibodies to ubiquitin. (d) M36 melanoma cell lines were treated with 1 pmol/l MG-132
(MG), 50 umol/I ALLN, 50 nmol/I epoxomicin (EPO), 25 nmol/l bortezomib (BORT) or were left untreated (UN). In the indicated lanes (+),
proteasome inhibitors were incubated with 1 mmol/l tiron (left panel) or 500 umol/l edaravone (right panel). After 24 h, cells were harvested in lysis
buffer. Cell lysates were analysed by Western blot with antibodies to ubiquitin. IK, ishikawa.
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Effects of edaravone and tiron on activity of proteasome inhibitors on endometrial carcinoma cells. (a) Proteasome inhibitors reduce proteasome
activity. IK cells were treated for 24 h with 1 pmol/l MG-132 (MG), 50 umol/I ALLN, 50 nmol/I epoxomicin (EPO), 25 nmol/l bortezomib (BORT) or
were left untreated (UN). Cell lysates were incubated in the presence of the proteasome substrate as described in Materials and methods. Results
are expressed as relative fluorescence units (RFUs) over time of incubation with the substrate. (b) Edaravone inhibits MG-132 blockade of
proteasome activity. IK cells were treated for 24 h with 1 umol/l MG-132 (right graph) or 25 nmol/l bortezomib (BORT) (left graph), alone or in the
presence of edaravone. Cell lysates were incubated in the presence of the proteasome substrate, as described in Materials and methods. Results
are expressed as RFUs. (c) IK cells were treated for 24 h with 1 umol/l MG-132 (right graph) or 25 nmol/l bortezomib (BORT) (left graph) alone or in
the presence of tiron. Cell lysates were incubated in the presence of the proteasome substrate, as described in Materials and methods. Results are

expressed as RFUs. IK, ishikawa.

included in this study. Treatment of IK cell with MG-132
in addition to edaravone returned the activity of the
proteasome to normal levels, indicating that edaravone
blocks the proteasome inhibitory function of aldehyde-
based proteasome inihibitors (Fig. 4b). In contrast,
edaravone had no effects on inhibition caused by
bortezomib. Tiron also insignificantly reduced the block-
ade of the proteasome caused by the bortezomib
treatment of cells, but not that caused by the MG-132
treatment of cells (Fig. 4c).

Effects of other antioxidants on cell killing

caused proteasome inhibition on endometrial
carcinoma

To generalize the effects of antioxidants on proteasome
inhibitors, we extended our study to other antioxidants.
IK cells were treated with bortezomib or MG-132 in the
presence or absence of the following antioxidants: vitamin
C, vitamin E, butylated hydroxyanisole or ergothioneine.
Cell lysates were collected 24 h later, and protein extracts
were analysed by Western blot for ubiquitin accumulation
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Fig. 5

(@) UN BORT MG-132

Antioxidant

a-Ubiquitin

Caspase-3 L o rﬂu‘.ﬁﬂ“'yﬂ

Tubulin l —— o — l
(b) B Control _ EControl
120 7 @ BORT (25 nmol/l) 1201 @MG-132 (1 umol/l)
= 100 2 1001
9 [
=1 [s}
S 80 S 80
(5] o
T 601 & 601
8 =
> 401 Z 401
= ]
| 20 > 20
>
0+ 04
© N RO N o\\\
& & & & & & &
SIS S SIS &
IN O ‘,ﬁ:, N N ;fJ
Vitamin C Vitamin C
B Control m Control
1207 B ALLN (50 umol/l) 12071 BEPO (25 umol/l)
_ ] 3 100
3 100 E
= <] 4
S 801 S 8
o o
S 60 2 60 -
< s
< 40 2 404
= Q
3 90 g 20/
K} >
Z o 0
<& O ) & O S
& & SIS & & & N
SIS & ¥ SIS ¥
N N ,{9 N N (.{9
Vitamin C Vitamin C

Effects of antioxidants on the viability and activity of proteasome inhibitors. (a) IK cells were treated with 1 umol/l MG-132 or 25 nmol/I bortezomib
(BORT) or were left untreated (UN). In the indicated lines, proteasome inhibitors were coincubated with the antioxidant vitamin C (VitC), butylated
hydroxyanisole (BHA), vitamin E (VitE) or ergothioneine (Erg). After 24 h, cells were harvested in lysis buffer. Cells lysates were analysed by Western
blot with antibodies to ubiquitin. (b) IK cells were treated with 25 nmol/I bortezomib (top left), 1 umol/l MG-132 (top right), 50 umol/I ALLN (bottom
left) or 50 nmol/l epoxomicin (bottom right), alone or in combination with increasing doses of vitamin C. Cell viability was assessed by MTT assay 24 h
after treatment. Results are expressed as percentage of viability. IK, ishikawa.
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or caspase-3 activation. Out of all the combinations, we
found that vitamin C inhibited caspase 3 activation in
bortezomib-treated cells, but not in MG-132-treated
ones. Such inhibition correlated with the inhibition of
ubiquitin accumulation (Fig. 5a). These results further
support the hypothesis that all the antioxidants that were
found to prevent proteasome-induced cell death also
blocked the ability of the proteasome inhibitor to block
the proteasome. Results obtained with vitamin C on cell
viability were confirmed by the MTT analysis of IK cells
treated with bortezomib, MG-132, ALLN or epoxomicin
(Fig. 5b).

Discussion

We have previously demonstrated that proteasome
inhibitors are effective tools for inducing apoptosis of
endometrial carcinoma cell lines and primary explants
[13]. Here, we have demonstrated that different
antioxidants can block the cytotoxicity induced by
different proteasome inhibitors on endometrial carcinoma
cells. Although tiron and vitamin C inhibit the cell death
induced by the boronic acid-containing bortezomib,
edaravone inhibits cell killing caused by the aldehyde-
based proteasome inhibitors, MG-132 or ALLN. In
contrast, edaravone does not have any effect on cell
death triggered by bortezomib, but completely blocks cell
death caused by treatment with MG-132 or ALLN. In
addition, we have found no effects of any of the
antioxidant substances that have been tested on epox-
omicin-induced cell death. We have also seen that the
antiapoptotic process is not caused by the modification of
pathways downstream of the proteasome, but by inter-
fering with the ability of the proteasome inhibitor to
block the proteasome.

Recent findings have suggested that bortezomib and
other proteasome inhibitors can increase the production
of either endoplasmic reticulum stress or ROS, which is
ultimately responsible for proteasome-inhibitor cytotoxi-
city [15,16,20]. For that reason, several works have
approached the effects of antioxidants and radical
scavengers in the process of apoptosis induced by
proteasome inhibitors. Some studies have demonstrated
that ROS scavengers such as glutathione (GSH)-reduced
ethyl ester or N-acetylcysteine (NAC) block the features
of bortezomib-induced apoptosis in mantle-cell lympho-
ma [17], whereas others have demonstrated that NAC or
GSH do not affect apoptosis induced by bortezomib
[18,19,21]. One of these free radical scavengers is tiron.
Tiron has a potent antioxidant activity because of its
ability to scavenge O; radicals. Tiron has been shown to
inhibit cell death induced by bortezomib in head and
neck squamous cell carcinoma [16] and in pancreatic
cancer cells [22]. Recent findings have suggested that
ROS scavengers such as tiron can inhibit proteasome-
induced cell death, whereas others like butylated
hydroxyanisole do not. It has also been shown that
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antioxidants such as tiron or vitamin C can selectively
interfere with and inhibit the function of bortezomib as a
proteasome inhibitor. As a result, tiron or vitamin C can
inhibit the cytotoxic action of bortezomib [18,19,21].
Both vitamin C and tiron have been shown to abrogate
bortezomib activity via direct interaction and to form a
biologically inactive complex with bortezomib [19]. In
agreement with these reports, we have found that tiron
and vitamin C inhibited bortezomib action in endometrial
carcinoma cells, but have no effects on other proteasome
inhibitors like the aldheyde-based MG-132 or ALLN, or
the epoxyketone, epoxomicin. In addition to these data,
we have evaluated the effects of edaravone on cytotoxi-
city induced by proteasome inhibitors. Edavarone is a free
radical scavenger that primarily scavenges hydroxyl and
peroxyl radicals and has the antioxidant ability to inhibit
lipid peroxidation Edaravone has been proved to improve
the clinical outcome of patients after acute myocardial
infarction [23,24] and acute cerebrovascular injury
[25,26]. Moreover, edaravone has been demonstrated to
exhibit antitumourogenic activity [27,28]. Interestingly,
our results demonstrate that although edaravone inhibits
MG-132-induced or ALLN-induced cell death, it does
not inhibit cell death caused by bortezomib or epox-
omicin. Edaravone completely abolishes cytotoxicity, and
decreases the number of apoptotic nuclei and the levels
of caspase activation. We found, however, that edaravone
inhibited the accumulation of ubiquitinated products,
suggesting that it could block the proteasome-inhibiting
action of MG-132. This possibility was further analysed
by a proteasome-activity assay. In agreement with the
results obtained with ubiquitin accumulation, we demon-
strated that edaravone inhibited the action of MG-132. In
summary, some antioxidants or ROS scavengers, such as
tiron or vitamin C, might block the action of boronic acid-
based proteasome inhibitors, such as bortezomib. In
contrast, other antioxidants, such as edaravone, might
block aldehyde-based proteasome inhibitors, without any
effects on other types of proteasome inhibitors. There-
fore, a careful study of the activity of the proteasome
should be made when using antioxidants or free radical
scavengers to block proteasome-inhibitor cytotoxicity.
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1. LES CEL-LULES DE CANCER D’ENDOMETRI SON

RESISTENTS A L’APOPTOSI INDUIDA PER TRAIL.

L’apoptosi és un procés clau en la regulacidé de I’homeostasi cel-lular.
Alteracions en 1’apoptosi, per tant, poden jugar un paper important en el
desenvolupament i progressié del cancer. La desregulaci6 de proteines implicades en
el control de 1’apoptosi pot resultar en I’aparici6é de poblacions cel-lulars que siguin

14 La falta d’una resposta enfront a estimuls

capaces d’evadir la mort apoptdtica
apoptotics pot produir un avantatge en termes de supervivencia i la posterior
expansio de poblacions de cel-lules neoplasiques. Encara més, defectes en 1’apoptosi
poden conferir a les cel-lules que els presentin resisténcia a la terapia antitumoral.

La terapia antitumoral convencional no és sempre efectiva i1 presenta
desavantatges. Un d’aquests és la baixa capacitat selectiva ja que no distingeix entre
c¢l-lules tumorals i cel-lules normals. En aquest sentit son moltes les aproximacions i
els estudis realitzats encaminats a trobar i desenvolupar noves eines terapeutiques
que presentin propietats més selectives i disminueixin els efectes secundaris derivats
de la terapia convencional.

TRAIL, un membre de la familia del TNF, s’ha erigit com un agent amb
propietats antitumorals de gran interés. Aquest interes es centra, a diferéncia d’altres
membres de la mateixa familia com el propi TNFa o FasL, en I’abséncia d’efectes
secundaris derivats de la seva administracio sistémica i en la seva selectivitat enfront
cél'lules tumorals sense causar danys en les cél'lules normals '**'*°. Tanmateix,
s’han documentat nombrosos casos de tumors que exhibeixen mecanismes de
resisténcia al tractament per TRAIL. En aquests tumors 1’apoptosi es troba
bloquejada com a resultat d’alteracions moleculars en proteines que regulen tant la
via apoptotica extrinseca com la intrinseca.

En aquest treball demostrem en primer terme que les cel-lules canceroses de
carcinoma d’endometri son resistents al tractament per TRAIL. Posteriorment
demostrem que FLIP es troba freqiientment expressat en el carcinoma d’endometri i
s’observa, per primer cop, que FLIP pot jugar un paper significatiu en la resisténcia
de les cel-lules de carcinoma d’endometri a I’apoptosi induida per TRAIL.

La primera aproximacio en 1’us de TRAIL com a agent antitumoral es realitza en

cultius de dues linies cel-lulars de carcinoma d’endometri. L’assaig de viabilitat
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cel-lular demostra que ambdues linies, Ishikawa 1 KLE, son resistents al tractament
per TRAIL.

Tradicionalment, una de les estratégies per sensibilitzar cel-lules a I’apoptosi
induida per lligands de mort ha estat 1’Gs d’inhibidors generals de la transcripcid
(actinomicina D) i de la traduccid proteica (cicloheximida). Aquests inhibidors
causarien la reduccio en I’expressid de proteines de vida mitjana curta que podrien
participar en la resisténcia a aquesta mort. De forma esperada, el cotractament de
TRAIL amb P’inhibidor actinomicina D resulta en una reduccié de la viabilitat
cel-lular causada per una mort de caracteristiques apoptotiques.

Aquests resultats indiquen que aquestes cel-lules possiblement expressen alguna

proteina en uns nivells suficients com per inhibir la mort induida per TRAIL.

2. FLIP JUGA UN PAPER EN LA RESISTENCIA A TRAIL I ES
TROBA FREQUENTMENT EXPRESSAT EN EL CARCINOMA
D’ENDOMETRI.

Una de les proteines directament implicades en la regulacié de la senyalitzacio
per TRAIL ¢és FLIP. En consonancia amb els resultats obtinguts, els estudis tant per
RT-PCR com per Western blot revelen que els nivells de FLIP cauen en resposta al
tractament amb actinomicina D. Aquests resultats apunten a FLIP com a mecanisme
de resisténcia i suporten els resultats obtinguts per altres investigadors en altres tipus
de neoplasies 22"***.

FLIP és la versio humana homologa a la forma viral v-FLIP, que és expressada
pels herpesvirus-y i que s’ha demostrat que sén capagos de bloquejar 1’apoptosi
induida per FasL/CD95 a través de 1’associacid al complex DISC que es forma a
nivell de receptor *%.

S’han observat alts nivells d’expressié de FLIP en diversos tumors com son el
cancer de prostata **°, limfoma de Hodgkin **, cancer d’estémac **’ melanoma *** o
el carcinoma de bufeta **. També s’han apreciat nivells elevats de FLIP en el cancer

30 . . .. . .
, un tipus de carcinoma molt similar al cancer d’endometri.

d’ovari *
En alguns tipus de tumors, com el cas del carcinoma de bufeta, I’expressi6 de
FLIP correlaciona amb estadis avancats de la malaltia **°. De forma similar, en el

nostre estudi 1’expressié de FLIP mostra diferéncies estadisticament significants
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entre els estadis I 1 II del carcinoma d’endometri suggerint que la resisténcia a
TRAIL podria estar relacionada amb la progressio tumoral.

D’una altra banda, I’expressio de FLIP no correlaciona amb el tipus histologic,
suggerint que podria efectuar la seva funcié antiapopotica en ambdods tipus de
carcinoma d’endometri: tipus I (endometrioide) i tipus II (no endometrioide).

Perd quina és la rellevancia real de FLIP com a possible mecanisme en la
resistencia al tractament per TRAIL? Aquesta qiiestio s’adre¢a altre cop in vitro
utilitzant les linies cel-lulars Ishikawa i KLE. Per determinar que el descens en
I’expressio de FLIP és la causant de la sensibilitzacié a la mort per TRAIL, les
cel-lules de carcinoma d’endometri foren transfectades amb un plasmid codificant
per FLIP. Els assajos de transfeccio-sobreexpressio resultaren en la prevencid de
I’apoptosi induida per TRAIL quan aquest era administrat en combinacid amb
I’actinomicina D. Encara més, la incubacié d’aquestes cel-lules amb un inhibidor de
la caspasa-8 resulta en la completa inhibici6 de 1’apoptosi. En resum, aquestes dades
indiquen que FLIP és, com a minim, una de les proteines implicades en la resisténcia
a la mort per TRAIL.

L’evidéncia directa del paper que juguen els nivells endogens de FLIP en
aquesta resisténcia foren adrecats mitjangant I’is de RNAs d’interferéncia (siRNA)
per tal de bloquejar selectivament I’expressié d’aquesta proteina. El descens dels
nivells endogens de FLIP com a conseqiiéncia de 1’as dels siRNA resulta en un
marcat descens de la viabilitat cel-lular quan les cél-lules eren tractades amb TRAIL.
Aquest descens es caracteritza per una activacio de la caspasa-8 1 de la caspasa-3
indicant I’activaci6 de la via apoptotica extrinseca.

En resum, aquests resultats evidencien que FLIP s’expressa en el carcinoma
d’endometri i que és responsable en part de la resisténcia a 1’apoptosi induida per

TRAIL en aquest tipus de tumor.

3. CK2 MODULA LA RESPOSTA A TRAIL I FAS.

Un cop caracteritzada la resisténcia al tractament per TRAIL a través de FLIP,
els nostre treball es centra en identificar el mecanisme que controla els nivells de

FLIP i que, en darrer terme, modula aquesta resisténcia.
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Entre els reguladors de 1’apoptosi induida pels receptors de mort, i més
concretament de TRAIL 1 FasL, evidéncies recents apunten a la proteina casein

431,432

cinasa 2 (CK2) en diferents models com el carcinoma de prostata , cancer

292,434 . 291
" o rabdomiosarcoma “ .

d’esofag ***, colon

CK2 és una proteina ubiqua i altament conservada de composicié tetrameérica
formada per dues subunitats reguladores (CK2p) 1 dues subunitats catalitiques (CK2a
o CK2a’). Increments en 1’activitat associada a CK2 s’han associat amb creixement
cel-lular i proliferacié i molts tipus de tumors presenten elevada aquesta activitat
235,268270

Aquestes evidéncies, doncs, apunten a la CK2 com a una possible diana per la
terapia antitumoral *****,

En aquest estudi demostrem que CK2 és determinant en la resisténcia al
tractament per TRAIL i FasL i que aquesta sensibilitzacié correlaciona amb una
reduccié en els nivells endogens de FLIP. Encara més, el treball realitzat amb
shRNA (short hairpin RNA) contra FADD 1 la caspasa-8 suggereix que per a que es
doni aquesta sensibilitzacié €s necessaria la correcta formacié del DISC a nivell de
receptor.

En primer lloc, la contribuci6 de CK2 en la resisténcia al tractament per TRAIL
fou adregat fent Us de diversos inhibidors farmacologics de ’activitat de CK2. Els
tres inhibidors utilitzats (DRB, apigenina i emodina) sensibilitzaren les cel-lules de
carcinoma d’endometri a 1’apoptosi quan foren coadministrats amb TRAIL/FasL.
Aquestes dades suggerien que CK2 podia tenir un paper en la modulacié de la
resposta d’aquestes cél-lules enfront TRAIL.

Donat que les subunitats catalitiques, com a conseqiiéncia de la seva alta
homologia, poden presentar fenomens de redundancia funcional *>2°%*"; Ia
contribucié de CK2 en aquesta resisténcia la vam abordar inhibint de forma selectiva
I’expressio de la subunitat reguladora CK2p.

Els nostres estudis indiquen que 1'is de shRNA contra CK2p té els mateixos
efectes que els inhibidors farmacologics, suggerint que el bloqueig de 1’expressio de

la subunitat reguladora €s suficient per truncar 1’activitat de CK2.
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4. CK2 CONTROLA LA RESPOSTA A TRAIL I FAS A TRAVES DE
LA REGULACIO DE FLIP.

Com ja hem descrit préviament, FLIP ¢és un conegut regulador de Ia
senyalitzacio per receptors de mort i més concretament, de TRAIL 1 FasL. El segiient
pas, doncs, consisteix en establir una possible relacié entre CK2 i FLIP en el cas que
actuin conjuntament en la modulaci6 de la resposta a TRAIL i FasL. En aquest sentit,
les evideéncies documentades al respecte son poques i controvertides. Per exemple,
Shin i col-laboradors (2005) demostren que la sobreexpressié de FLIP no inhibeix la
mort caspasa dependent en cel-lules de cancer d’esofag i colon quan son cotractades
amb TRAIL i DRB **. En contraposicio a aquestes observacions, els nostres
resultats demostren que la sobreexpressio de FLIP inhibeix completament 1’activacio
de les caspases 1 1’apoptosi induida per 1’administracié de TRAIL/FasL amb DRB,
apigenina o shRNA contra CK2p.

D’altra banda, evidéncies recents suggereixen que FLIP juga un paper
fonamental en la modulaci6 per part de CK2 de la resposta enfront TRAIL **'. Els
autors demostren que en cel-lules de carcinoma de prostata el cotractament de
TRAIL més I’inhibidor farmacologic de CK2 TBB resulta en un descens en
I’expressi6 de FLIP i1 una conseqiient activacid de la caspasa inductora 8. A més a
més, els autors demostren que la sobreexpressié de CK2a restaura 1’expressio de
FLIP i, per tant, la resisténcia a TRAIL. En consonancia amb aquestes observacions,
els nostres estudis demostren que en les cel-lules canceroses d’endometri tant la
inhibicio farmacologica com el bloqueig de I’expressio de CK2p es tradueix en un
descens en els nivell de proteina de FLIP.

Basant-nos en aquests resultats, el nostre treball es centra en el mecanisme pel
qual CK2 és capag de regular els nivells de FLIP. Esta ben establert que FLIP pot
ésser regulat negativament de forma transcripcional en resposta a drogues
antineoplasiques com el 5-fluorouracil o I’oxaliplatina **°. D’una altra banda també
esta ben documentat que a nivell de proteina FLIP esta subjecte al mecanisme
convencional ubiquitina/proteasoma de degradacid i recanvi de proteines 7.
Encara més, publicacions recents indiquen que diverses drogues antitumorals com

I’inhibidor de la ciclooxigenasa-2 celecoxib **° i els compostos flavonoids silibinina
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441 | 442

o flavopirido poden induir la degradacié de FLIP a través del proteasoma i
sensibilitzar aixi les cel-lules tumorals a la mort per TRAIL.

Les nostres dades indiquen que CK2 regula els nivells de FLIP de forma
transcripcional, tal com indiquen els assajos realitzats per real-time PCR. No obstant,
CK2 també regula FLIP a nivell de proteina ja que 1’us d’inhibidors del proteasoma
com el MG-132 restaura els nivells de FLIP en cel-lules tractades amb inhibidors
farmacologics de I’activitat CK2. Per tant, en el nostre model CK2 manté els nivells
de FLIP a través del control de la seva expressio i degradacio.

Hem demostrat que la inhibici6 de CK2 en combinacié amb I’administraci6 de
TRAIL o FasL activa la caspasa iniciadora 8 i executora 3 suggerint 1’activacio de la
via extrinseca. No obstant també s’activen altres caspases com la -9 1 la -2.

D’altra banda, a partir dels nostres estudis també es dedueix que la simple
inhibici6 de la CK2 tant amb inhibidors com amb shRNA resulta en una activacio de
la caspasa-8 que s’atura en la fase inicial de la seva seqliencia de tall; aixo és, es
generen els fragments p43/p41. Evidencies recents que podrien explicar aquest fet es
basen en els estudis de les caspases que s’activen com a conseqiiéncia de la inhibicio
de CK2. Aquest treball realitzat per Shin i col-laboradors (2005) demostra que
d’aquesta inhibicid6 en deriva 1’activaci6 de la caspasa-2. Estudis previs ja

demostraren en el seu moment que la caspasa-2 s’activa en resposta a la induccio

[ 443 444-446

d’estres per permeabilitzacié mitocondrial " o en resposta a receptors de mort
pero el seu rol com a caspasa iniciadora encara esta per debatre. El treball posterior
realitzat per Shin demostra que com a conseqiiencia de la inhibicio de CK2 la
caspasa-2 s’activa 1 processa la caspasa-8 en una forma (p43/p41) que s’acabara
d’activar definitivament en resposta a algun lligand de mort com, per exemple,
TRAIL.

Contrariament a aquestes observacions, pero, els nostres resultats demostren que
en el nostre model la caspasa-2 només s’activa en resposta a TRAIL i és per tant
dependent de lligand. A més a més, la inhibicié de FADD i caspasa-8 amb shRNA o
la sobreexpressio de FLIP bloqueja 1’activacio de la caspasa-2. Aixi doncs es dedueix

que la caspasa-2 no pot ésser la causant d’aquesta activacio inicial perd incompleta

de la caspasa-8.
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Finalment, demostrem que aquestes dades es reprodueixen quan intentem
extrapolar aquests resultats en cultius primaris de carcinoma d’endometri indicant
que la CK2 és clau en la regulacié de FLIP i la conseqiient resisténcia a TRAIL. Aixi
doncs la CK2 pot representar una diana propicia per a 1’us de terapia combinada en el
cancer endometrial.

Donada la importancia de CK2 en el nostre model hom es planteja les segiients
preguntes: és CK2 I’nic regulador d’una proteina tan critica com FLIP? D’altra
banda, quin és el mecanisme pel qual un proteina que és capag de regular tal nombre
de substractes modula una proteina tan especifica com FLIP? Es una regulacio
directa o potser CK2 forma part d’una via molt més complexa de regulacié de la
resistancia a lligands de mort?

Aquestes 1 altres preguntes son qiiestions a resoldre que encara tenim pendents
per poder aprofundir en el coneixement de la regulacio dels efectes de TRAIL i Fas.
Un possible indici que podria respondre -en part- a totes aquestes preguntes ens el
pot haver donat el laboratori de la Deborah K. Morrison. En un treball recent del seu
laboratori Ritt i collaboradors descriuen com CK2 és capag de regular I’estat
d’activacié de B-Raf a través de la proteina “scaffold” KSR1*. Aquest treball
descriu KSR1 com una proteina capag d’interaccionar alhora amb B-Raf i CK2. Fruit
d’aquesta interaccid, B-Raf és activada de manera CK2-dependent i senyalitza a
través de la via MAPK.

Els membres de KSR constitueixen una nova familia de proteines que presenten
una semblanca estructural amb proteines de la familia Raf. Tots els membres

. . . 294,448
contenen cinc dominis conservats™

(Fig41): una regi6 Unica en les proteines KSR
(CA1l), una regio rica en prolines (CA2), un domini en estructura de dits de zinc ric
en cisteines (CA3), una regid rica en residus serina/treonina (CA4) i finalment un

possible domini cinasa (CAS).
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Figura 41: Representacié esquematica de la KSR i dominis
coneguts. (Morrison, DK. Journal of Cell Science, 2001. 114:1609-
[2)448

Resultats preliminars realitzats en el nostre laboratori postulen un possible rol
per KSR1 i B-Raf, juntament amb CK2, en la resisténcia a I’apoptosi induida per
TRAIL 1 Fas. Treballs futurs nostres determinaran 1’abast i la rellevancia d’aquesta

nova via en referancia a TRAIL i Fas.

5. CK2Bp ES TROBA SOBREEXPRESSADA EN EL CANCER
D’ENDOMETRI RESPECTE AL TEIXIT NO TUMORAL.

Treballs realitzats amb anterioritat demostren mitjancant extractes de teixits i
tecniques immunohistoquimiques que 1’expressio de CK2 es troba anormalment

1 268
elevada en multiples classes de tumors

. En alguns tipus de tumors, com el de cap 1
coll, els nivells de CK2 correlacionen amb grau, estadi i pronostic.

Quina significat pren la CK2 en relaci6 al desenvolupament i progressié del
carcinoma d’endometri? Treballs posteriors en el nostre laboratori utilitzant el
sistema TMA (fissue microarray) demostren que la CK2B es troba freqiientment
expressada en el cancer d’endometri. S’ha observat un increment significatiu en la
immunotincié citoplasmatica i nuclear de CK2B en el carcinoma d’endometri
respecte al teixit normal no tumoral. Concretament dels 88 carcinomes avaluats el
100% dels casos presenta tincid positiva nuclear 1 el 87,5% tincid positiva

citoplasmatica, sempre en ambdos casos significativament superiors al mostrat pel

teixit normal. No obstant, en contraposiciéo a altres treballs que demostren una
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immunotincid superior en el front invasiu tumoral, nosaltres no hi trobem una
correlacidé positiva, aixi com tampoc es trobaren diferéncies en quant a tipus

histologic del tumor (tipus I versus tipus II) i en quant a tumors d’estadi II 1 III.

6. CK2p JUGA UN PAPER EN LA REGULACIO DE LA
PROLIFERACIO CEL-LULAR I CREIXEMENT INDEPENDENT
DE SUBSTRACT.

Nivells elevats de CK2 s’han associat tradicionalment a increments en la taxa de
proliferaci6 cel-lular. Aixo es basa en la importancia de CK2 en algunes fases del

cicle cel lular com les transicions G1/S i G2/M *#**%

. Recentment s’ha observat que
la subunitat reguladora CK2p és capag¢ de controlar la transicié G2/M a través de la
inhibicié per fosforilacio en Weel, un conegut inhibidor de CDK1 *'. Els
mecanismes, pero, pels quals la CK2 és capag de regular la proliferacio cel-lular son
multiples 1 diversos en funcidé del model estudiat degut a I’ampli espectre de
substractes que t¢ la CK2. Per exemple, la CK2 és capag de regular per fosforilacio
I’activitat de factors de transcripcid implicats en proliferacié com c-myc, c-myb o
AP-1. Dr’altra banda, la CK2 també pot fosforilar la subunitat de NF-xB p65
incrementant la seva activitat transcripcional **' o regular també I’activitat NF-xB a
través de la fosforilacio de la proteina inhibitoria IkBa 2522

En aquest sentit, I’expressié de CK2 fou correlacionada positivament amb la
immunotincid per Ki67, un conegut marcador de proliferacio cel-lular. Contrariament
a I’esperat no es troba correlacié estadistica amb la ciclina D1 mentre que en la linia
cel'lular de carcinoma d’endometri Ishikawa el bloqueig de I’expressi6 de CK2p
resulta en un marcat descens en el nivells de ciclina D1. S’ha de tenir en compte,
perd, que la ciclina D1 també és diana d’altres vies de senyalitzacid que sovint es
troben alterades en el carcinoma d’endometri com la inestabilitat de microsatél.lits,
mutacions en CTNNB1 o NF-gB 643243,

De forma interessant, en aquest estudi demostrem que existeix un relacid entre
CK2pB 1 les vies PI3K 1 Wnt, dues vies freqiientment mutades en el carcinoma
d’endometri. CK23 mostra una marcatge que correlacionava positivament amb Akt i

quasi negativament amb PTEN de forma significativa. En referéncia a la relacio6 entre

CK2 1 la via PI3K/Akt sén multiples els treballs realitzats al respecte. Per exemple,
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s’ha documentat que CK2 és capag de fosforilar directament Akt in vitro/in vivo en
la posiciod Ser129 i que la inhibicié farmacologica de CK2 resulta en un descens en

activitat de Akt **

. D’altra banda, PTEN també constitueix una diana de
fosforilacié de CK2 *° i s’ha observat que la fosforilacié en la regio carboxil-
terminal de PTEN per CK2 disminueix 1’estabilitat de PTEN i la seva conseqiient
degradaci6 a través del proteasoma ***7.

D’altra banda en aquest estudi també es demostra una correlaci6 significativa
entre la immunoexpressié nuclear de CK2B i la tinci6 per P-catenina. Aquests
resultats suporten les observacions realitzades per altres investigadors que descriuen

286458 4 través de la

com CK2 és capag de regular positivament la via Wnt
fosforilacié en B-catenina 1 augmentant la seva activitat transcripcional. Tanmateix,
animals transgenics per CK2a que desenvolupen tumors de mama presenten la via
Wht/p-catenina hiperactivada *.

Tots aquests resultats demostren un estret vincle entre la proteina CK2 i la
proliferacié cel-lular que també hem estudiat in vitro utilitzant la linia cel-lular de
carcinoma d’endometri Ishikawa. En aquestes cel-lules, la inhibicié de I’expressio de
CK2p es tradueix en un descens en la proliferacié cel-lular tal com indiquen els
estudis de comptatge de cél-lules. A més a més, els analisis per Western-blot
indiquen que el bloqueig de CK2p resulta en el descens de marcadors tipics de
proliferaci6 cel-lular com sén p-ERK1/2 1 la ciclina D1.

Finalment, també es va realitzar un analisi d’incorporacié de bromodeoxiuridina
(BrdU). En concordamga amb els resultats obtinguts préviament observem com les
cel-lules amb menor expressido de CK2f presenten una menor incorporacid d’aquest
analeg de la timina. Aquesta dada sugereix que aquelles cel-lules amb uns nivells
inferiors de CK2f presenten o bé un cicle de divisié més espaiat o bé deixen de ciclar
1 s’acumulen en alguna fase del cicle.

Dr’altra banda i1 en concordanca amb els resultats obtingut préviament, I’analisi
per TMA mostra de forma clara una correlacié directa entre I’expressio de CK2 i
FLIP. Aquests resultats suportarien els nostres resultats previs on demostrem que els
nivells de FLIP estarien controlats per CK2.

Finalment, una de les propietats més ben conegudes de les cel-lules canceroses

¢s la seva capacitat de créixer independent de 1’adhesi6 a un substract.
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Consistentment, les cél-lules Ishikawa son capaces de créixer en medi que conté agar
semisolid. No obstant, en condicions on la CK2B es troba inhibida per shRNA
aquestes cel-lules es veuen impedides per créixer en aquestes condicions suggerint
que la CK2 regula tant la proliferacié cel-lular com el creixement independent de
substract.

Finalment, 1 per demostrar que aquest descens en termes de proliferacio cel-lular
no es deu a una resposta apoptotica que en realitat ens estaria enmascarant els efectes
observats vam realitzar un assaig de mort cel-lular a través de 1’incorporaci6 de iodur
de propidi. Aquesta técnica ens mostra un prefil general de ’estat de les diferents
fases del cicle cel-lular i a demés ens mostra la fase SubG1, un marcador classic de
perdua de material genétic i, per tant, un indicador de mort cel-lular. El bloqueig de
I’expressio de CK2B es tradueix en un increment de la fase SubGl d’un 4,8%
aproximadament que dificilment podria explicar la caiguda en proliferacié cel-lular
apreciada amb el comptatge de cél-lules i incorporacié de BrdU. Tanmateix, també es
realirza una tincié per Hoechst i un assaig d’activacio de caspases. Ambdds resultats
sugereixen que el descens en la proliferacio no és degut a possibles efectes citotoxics

derivats del bloqueig de CK2p.

7. EL TRACTAMENT AMB SORAFENIB INDUEIX MORT
APOPTOTICA EN  CEL-LULES DE  CARCINOMA
D’ENDOMETRI 1 SENSIBILITZA AL TRACTAMENT PER
TRAIL I FAS PER DIFERENTS VIES.

Recentment s’ha aprovat 1’ts del sorafenib per al tractament del carcinoma de
rony6 avangat. El sorafenib és considerat un inhibidor d’ampli espectre de proteines
amb activitat cinasa en residus tirosina. Tanmateix, s’ha pogut demostrar que el
sorafenib també exerceix els seus efectes en altres tipus de proteines cinases, i de fet
cal remarcar que el sorafenib sorgeix com a conseqiiencia de la recerca envers
inhibidors de Raf-1.

Els mecanismes pel quals el sorafenib exerceix els seus efectes no es coneixen
en profunditat pero ja s’han pogut descriure alguns dels seus efectes com poden ser

disminucié de proteines de la familia de Bcl-2 com la propia Bcl-2, Bel-xL o Mcl-

1459'462, descens dels nivells de c-IAP2 o de FLIP*¢73¢%,
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Aquest darrer ha propiciat diversos estudis detallant els potencials efectes
beneficosos que podria arribar a tenir una possible terapia combinada del sorafenib
en combinaciéo amb TRAIL. Aquest, no obstant, no és un fet extraordinari i segueix
un raonament certament 10gic si tenim en compte el paper clau que pot jugar FLIP en
la senyalitzacio per receptors de mort.

Els nostres estudis evidencien un clar efecte nociu del sorafenib sobre les linies
c¢l-lulars de carcinoma d’endometri i sobre cultius primaris. Pel que fa al cas de les
linies cel-lulars, pero, els efectes son divergents en funcio de la linia que estem
estudiant. Un exemple son les cel-lules Ishikawa que mostren una davallada de la
viabilitat cel-lular 1 activacio de les caspases al cap de 24 hores d’estimulaci6 amb
sorafenib. D’una altra banda observem que les c¢l-lules KLE mostren una resisténcia
més pronunciada i practicament remanen inalterades passades 48 hores de
tractament. Aixi doncs, podem apreciar que existeixen nivells de sensibilitat diferents
al tractament amb sorafenib.

L’estudi de possibles proteines diana afectades pel sorafenib ens mostra com,
d’acord amb altres models, el tractament amb 1’inhibidor es tradueix en un descens
dels nivells de Mcl-1 i FLIP que es reverteixen quan el tractament amb sorafenib es
fa sobre cél-lules preestimulades amb I’inhibidor del proteasoma MG-132.

Tal i com succeeix amb els patrons de sensibilitat, la cinetica de disminucio de
FLIP i Mcl-1 segueix comportaments diferents. Mentre que en el cas de FLIP el
descens es dona ja a les tres hores de tractament en cél-lules Ishikawa i 24 hores en
cel-lules KLE; els nivells de Mcl-1 cauen al cap de poques hores en cel-lules
Ishikawa pero es mantenen practicament inalterats en cel-lules KLE.

Podria explicar aquesta diferéncia la sensibilitat variable entre linies cel-lulars?,
sens dubte aquesta és una qiiestido que no ha passat desapercebuda i que es tractara de
forma inmediata en futurs treballs.

Dr’altra banda resulta necessari esbrinar el significat dels canvis en Mcl-1 i FLIP.
Per abordar aquesta qiiestio es va sobreexpressar tant Mcl-1 com FLIP. L’exposici6 a
sorafenib demostra com aquelles cel-lules que sobreexpressaven Mcl-1 esdevenien
resistents a la toxicitat induida pel sorafenib mentre que la sobreexpressio de FLIP en

cap cas comportava una major capacitat de supervivencia envers el tractament.
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Aixi doncs, un cop coneguda la rellevancia de Mcl-1 en el mecanisme citotoxic
del sorafenib, quin és el paper de FLIP?

Donada la importancia que t¢ FLIP en la resisténcia a la mort induida per
TRAIL i Fas en les cél.lules de cancer d’endometri vam decidir estudiar si, tal com
succeeix en altres models, el sorafenib és capa¢ de véncer aquesta resisténcia donat
els seus efectes sobre FLIP. Els nostre treball demostra com el sorafenib, a través de
la disminucio de FLIP, és capac de sensibilitzar les nostres linies cel-lulars i cultius
primaris a la mort per TRAIL i Fas i encara més, la combinacio dels dos agents
accelera de forma drastica el temps de respota apoptotica.

Per determinar el paper singular que juga FLIP en aquest context es
sobreexpressa aquesta proteina i s’observa com es restablien les condicions inicials
de resisténcia. Per contra, la sobreexpressid de Mcl-1 no repercutia en canvis
apreciables en termes de sensibilitzacio-resisténcia, sugerint que, a diferéncia de
FLIP, Mcl-1 no opera en el mecanisme de sensibilitzacio a TRAIL i Fas per part del
sorafenib.

En resum, aquests resultats en mostren com el sorafenib és capag¢ d’induir per si
mateix mort cel-lular i alhora sensibilitzar les nostres cel-lules canceroses al

tractament per lligands de mort a través de mecanismes diferents.

8. LA SENSIBILITZACIO DEL SORAFENIB A TRAIL ES
INDEPENDENT DE L’ACTIVITAT CINASA DE B-RAF O
MEK1/2.

S’accepta de forma general que els mecanismes efectors del sorafenib, tot i que
no completament coneguts, passen en bona mesura per una inhibicié de la via de les
MAPK. En el nostre cas, el tractament amb sorafenib ens indueix un marcat descens
en D’estat de forforilacio basal de ERK1/2 tant en linies cel-lulars com en cultius
primaris de carcinoma d’endometri.

Diversos autors han demostrat la rellevancia de via MAPK en els mecanismes de
tumorogenesi 1, més concretament, en la resisténcia a lligands de mort. Tanmateix,
de la mateixa manera com s’ha descrit com la inhibicié farmacologica de la via
MAPK sensibilitza cél-lules tumorals a TRAIL*>?”| altres autors han documentat

que aquesta via no té implicacions en aquest fendomen*® o, encara de forma més

205



Discussio

controvertida, com I’activitat de ERK2 ¢és necessaria per la induccié d’apoptosi per
part de TRAIL*®.

Quin paper juga aquesta via en la sensibilitzaci6 a TRAIL i Fas?. Per tal de
solucionar aquesta qiiesti6 vam intervenir la via MAPK fent us de diferents metodes.
Inicialment es va procedir a la sobreexpressié d’una forma mutada cinasa-inactiva de
B-Raf: B-Raf“**M. Les nostres observacions demostren que la sobreexpressid
d’aquesta forma no és capag de sensibilitzar els nostres cultius a TRAIL i Fas.

D’altra banda, per tal d’inhibir la via a un altre nivell, vam preestimular les
nostres cel-lules amb 1’inhibidor farmacologic de MEK1/2 U0126. Les nostres dades
sugereixen que aquest inhibidor tampoc és capac¢ de véncer la resisténcia de les
cel-lules de cancer d’endometri al tractament per TRAIL i Fas. Cal posar de relleu el
fet que ni en condicions de sobreexpressio de B-Raf“*** ni fent s del U0126 els
nivells de FLIP no es veuen alterats.

Aixi doncs, aquestes dades indiquen que la inhibicié de la via de les MAPK
exercida pel sorafenib no és el mecanisme d’accid pel qual sensibilitza les nostres
cel-lules a la mort per TRAIL i Fas. En referéncia a aquest fet cal esmentar que ja
s’han documentat caigudes en els nivells de Bcl-2 o Bel-xL causades pel sorafenib
que no venen donades per una inhibicié de la via MAPK*®?. Certament el mecanisme
podria ésser degut a la inhibicié d’una altra proteina/proteines diana. Tanmateix, no
s’han de descartar possibles mecanismes d’inhibici6 cinasa-independents. En aquest
sentit s’han documentat funcions per Raf-1 independents de la seva activitat cinasa,
concretament en el control de les desicions vida-mort cel-lulars. Futurs treballs
determinaran si el sorafenib és capa¢ d’inhibir a més de 1’activitat cinasa de

determinades proteines la seva activitat cinasa-independent.
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9. ELS INHIBIDORS DEL PROTEASOMA CAUSEN LA MORT DE
LES CEL-LULES DE CARCINOMA D’ENDOMETRI EN
CULTIU.

La importancia de NF-kB en el carcinoma d’endometri ja ha estat préviament

. Basant-nos en aquests estudis ens vam disposar a estudiar la

descrita 1 explorada
rellevancia d’aquesta via de senyalitzacio i la possible aplicacié terapéutica com a
resultat del seu bloqueig.

Un dels agents antitumorals més prometedors per la seva capacitat inhibitoria de
I’activitat NF-xB és el bortezomib (PS-341 o Velcade), un compost que pertany a la
familia coneguda com a inhibidors del proteasoma.

El bortezomib, aixi com d’altres inhibidors del proteasoma, indueixen I’aturada
en la proliferacio cel'lular i I’apoptosi en diverses classes de tumors **°. Actualment
¢s usat com a agent quimioterapeutic per al tractament del mieloma multiple
refractari *°>*% i s’estan estudiant les seves possibles aplicacions en tumors solids.

En multiples tipus cel-lulars tumorals la inhibicié del proteasoma causa mort
cel-lular a través del bloqueig de la via NF-kB. NF-kB representa una familia de
factors de transcripci6 implicats en la regulacid de gens que participen en respostes
inflamatories i que codifiquen per citoquines, receptors de citoquines i molécules
d’adhesié ****"**"! Daltra banda NF-kB també s’ha relacionat amb la carcinogénesi
a través de la regulacio de gens implicats en apoptosi, cicle cel-lular, diferenciacio,
invasi6 i migraci6 cel-lular ****%°,

En aquesta part del nostre treball demostrem per primer cop que el bortezomib i
altres tres inhibidors del proteasoma (MG-132, epoxomicina i ALLN) indueixen
mort apoptotica en cél-lules de carcinoma d’endometri.

Aquesta mort de caracteristiques apoptotiques es caracteritzd per presentar
activacio de caspases i morfologia nuclear apoptotica. No obstant, en contraposicio a
la practica totalitat de les observacions realitzades fins ara aquesta mort no ve donada

per un bloqueig de I’activitat NF-xB ja que, en aquest model, els inhibidors del

proteasoma incrementen enlloc d’inhibir I’activitat NF-kB.
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10. ELS INHIBIDORS DEL PROTEASOMA INDUEIXEN
ACTIVITAT NF-KB EN LINIES CEL-LULARS 1 CULTIUS
PRIMARIS DE CARCINOMA D’ENDOMETRI.

A partir d’aqui un dels principals objectius fou el de caracteritzar el mecanisme
d’activaci6 de NF-xB. A diferéncia de les dades publicades fins al moment, el
bortezomib i els altres inhibidors del proteasoma enlloc d’estabilitzar la proteina
repressora de NF-kB IkB-a el que induien era la seva fosforilacid i conseqiient
reduccio. Cal posar de relleu, pero, que algunes observacions prévies suggerien que
el inhibidor del proteasoma MG-132 era capag d’activar NF-kB en linies cel-lulars de

carcinoma de colon 47

. No obstant, els autors d’aquest treball no especifiquen quin
¢és I’efecte del MG-132 en termes de viabilitat cel-lular. En concordanga amb aquest
treball, pero, nosaltres també observem un descens en els nivell de IxB-a,
fosforilacié de les proteines cinases IKK i un increment en ’activitat transcripcional
de NF-«B.

La fosforilaci6 i degradacio de IkB-a és secundada per un increment en
I’activitat NF-xB. A, els assajos per EMSA (electrophoretic motility shift assay)
indiquen que els inhibidors del proteasoma indueixen la formacié de complexes
DNA-NF-kB de propietats similars a les observades després d’estimular les nostres
cel-lules amb TNF.

TNF és un conegut activador de la via canonica de NF-kB que resulta en la
translocacio nuclear de p65. L’Gs d’un anticos anti-p65 per induir un supershift en el
complex DNA-NF-kB ens indica que, efectivament, p65 juga un paper en aquesta
activacid. A, els extractes nuclears i citoplasmatics mostren que p65 es transloca a
nucli en resposta al tractament pels inhibidors del proteasoma. De forma
complementaria, I’1s de shRNA contra p65 redueix 1’activitat transcripcional induida
per aquests mentre que el ShARNA contra c-Rel no.

D’altra banda, son cada cop més les evidéncies que indiquen que fenomens de
fosforilacié en NF-kB actuen com a mecanismes imprescindibles en la regulacio de
NF-kB *”. En aquest sentit trobem que el tractament amb els inhibidors del
proteasoma indueix la fosforilacié de p65 en el residu Ser536. S’ha observat que
aquesta fosforilacio, critica per ’activitat transcripcional de p65, pot ésser executada

per la cinasa IKKa en resposta a estimuls com TNFa *™* i limfotoxina-p *° o per
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IKKP en resposta al lipopolisacarid *°. També s’ha descrit que aquesta fosforilacid
la poden dur a terme altres proteines cinases com TBK1, Akt o IKKe *”**’® En
resum, aquests resultats apunten clarament a p65 com una de les subunitats que
participen en I’activacié de NF-kB.

De forma general, les proteines cinases IKK es consideren proteines clau en
Iactivacio de NF-kB en resposta a multiples estimuls *****°. Per contra, altres autors
han descrit que D’activacié de NF-kB pot donar-se de forma independent a les
proteines IKK 7,

Per estudiar el possible paper de les proteines cinases IKK vam transfectar les
linies cel-lulars de cancer endometrioide Ishikawa 1 HEC-1A amb les formes
dominant-negativa de IKKa 1 IKKB o amb shRNA i varem analitzar 1’activitat
luciferasa NF-kB dependent en resposta al bortezomib i al MG-132. Els experiments
mostren de forma clara que 1’activacié de NF-«xB i fosforilacié de p65 en el residu
Ser536 requereix tant de IKKa com de IKK}.

Dr’altra banda, els assajos luciferasa per determinar i quantificar 1’activitat NF-
kB demostren que les cél-lules transfectades amb el superrepressor de IkB-o no
presenten incrementada la seva activitat NF-kB en resposta als inhibidors del
proteasoma. No obstant, 1’as de shRNA contra IKKa i IKKPB no impedeix el descens
en els nivells de IkB-a suggerint que la degradaci6 d’aquesta ¢és independent les
proteines IKK i que, per tant, un segon mecanisme hi esta implicat.

Amb tot, aquests resultats indiquen que I’activitat NF-kB induida pels inhibidors
del proteasoma esta estrictament regulada i que requereix tant de la degradacio de
IxkB-a com de la fosforilacié de p65 IKK dependent.

Donat que el bortezomib s’usa per tractar pacient amb mieloma multiple i tenint
en compte els bons resultats observats en tumors solids vam decidir tractar explants
de carcinoma d’endometri amb bortezomib 1 MG-132. Ambdds inhibidors induiren
’activacio de la caspasa executora 3 suggerint una mort de tipus apoptotica. D’altra

banda i corroborant els resultats obtinguts amb les linies, els inhibidors també

causaren una davallada en els nivells de IkB-a i la fosforilacio en p65.
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11. ELS INHIBIDORS DEL PROTEASOMA ACTIVEN
MECANISMES D’ ESTRES A RETICLE I MITOCONDRIA.

Durant els ultims anys s’han descrit mecanismes alternatius d’accid dels
inhibidors del proteasoma de forma independent al seu efecte en NF-xB. Entre ells

- \ - e 410413
s’han descrit efectes d’estrés en reticle endoplasmatic , increments en

419,420

I’expressio de receptors de mort o de proteines de la familia BH3-only com

Noxa 416418 o Bik 414415

En aquest sentit les nostres dades indiquen que el tractament amb inhibidors del
proteasoma podria causar estrés a reticle endoplasmatic donat I’increment en els
nivells de missatger per proteines marcadores d’aquest estrés com son
GADDI153/CHOP i HOX-1 (heme oxygenase-1). Per una altra banda els inhibidors
del proteasoma no causen un increment en els nivells proteics de Puma o Noxa pero
si de Bik suggerint que el tractament podria revertir en una hipotética
desestabilitzacié de la mitocondria.

En resum, podem concloure en funci6é d’aquests resultats que els inhibidors del
proteasoma causen la mort per apoptosi de les cel-lules del carcinoma d’endometri
perd, de forma inesperada, indueixen I’activaci6 de NF-kB. Com a resultat, el
tractament podria resultar en el increment de [’expressi6 de gens implicats en
proliferacié o angiogénesi. Es per aquesta raé que 1’as dels inhibidors del proteasoma
com a inhibidors de NF-«xB hauria d’ésser analitzada de forma acurada en funci6 del

tipus cel-lular a tractar.

12. ELS ANTIOXIDANTS COM EL TIRON O LA VITAMINA C NO
REPRESENTEN UN BON METODE D’ESTUDI DELS
MECANISMES D’ACCIO DEL BORTEZOMIB.

Evidéncies recents suggereixen que un altre mecanisme d’accio citotoxica dels
inhibidors del proteasoma ¢€s a través de la generacid d’especies reactives d’oxigen

(ROS, reactive oxygen species) en diferents neoplasies com el NSCLC (non-small

421 417

cell lung carcinoma) "', en cellules del limfoma del mantell o el carcinoma
escamoés de cap i coll *"°. Per aquesta rad, diversos treballs han abordat 1’estudi dels

efectes de les especies reactives d’oxigen fent us d’una gran varietat d’antioxidants.
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Un dels antioxidants més utilitzats ha estat, sens dubte, el Tiron. S’ha descrit que
el Tiron és capa¢ de bloquejar la mort apoptotica induida per ROS en cel-lules de
carcinoma colorectal *’¥, cancer de pancrees *’° o cancer de prostata *** . També s’ha
observat que és capa¢ d’inhibir la produccio intracel-lular de O, en models

481-483

experimentals de diabetis aixi com en patologies associades a estrés oxidatiu i

isquémia in vivo ***°.
Encara més, el Tiron fou utilitzat com un inhibidor de ROS en cél-lules

’ s 413,421
cancerigenes tractades amb bortezomib "

. En aquests treballs 1’as del Tiron
inhibia la produccié de ROS, bloquejava 1’activacid de les caspases, 1’estres a reticle
endoplasmatic 1 D’alteracié en el potencial de membrana mitocondrial amb la
conseqiient alliberacio de citocrom C a citoplasma.

Era d’esperar, doncs, que aquelles cel-lules tumorals tractades amb Tiron 1
bortezomib presentessin 1’acumulament normal de productes ubiquitinitzats en
resposta a la inhibici6o del proteasoma. Tanmateix i1 de forma sorprenent un control
tant rutinari com aquest no es dugué mai a terme i no ¢és fins al 2006 quan Fernandez
i col-laboradors observen que aquest acumulament no té lloc en resposta al
tractament **2. En aquest treball els autors demostren que el Tiron, enlloc d’actuar
com un inhibidor de ROS, quan és coadministrat amb el bortezomib reacciona amb
aquest formant un complex biologicament inactiu. D’aquesta manera el bortezomib
no pot exercir la seva funci6 sobre el proteasoma.

Aquests resultats posen en dubte, doncs, les conclusions erronies que han derivat
de la interpretaci6 de la funcido del Tiron com a antioxidant en resposta al
bortezomib. Tot i aixi, sorprén que s’hagin publicat treballs respecte a 1’us del Tiron
com a antioxidant en c¢l-lules tractades amb bortezomib posteriorment als estudis de

, . 412,4
Ferndndez 1 col-laboradors A8,

Aquestes observacions foren posteriorment
ampliades en un altre treball on demostren que la vitamina C (o acid ascorbic), un
altre compost amb propietats antioxidants, també bloqueja la funcié del inhibidor
bortezomib **.

En el nostre laboratori hem pogut reproduir els resultats obtinguts préviament
amb el Tiron i la vitamina C 1 hem demostrat que no exerceixen el mateix efecte en
altres tipus d’inhibidors com el MG-132, ALLN (ambdds de la familia dels peptids

aldehids) o la epoxomicina (de la familia de les epoxicetones). A hem avaluat els
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efectes d’un altre compost antioxidant conegut com a edavarona en la citotoxicitat

induida pels inhibidors del proteasoma.

13. L’EDAVARONA INHIBEIX LA FUNCIO INHIBITORIA DELS
INHIBIDORS MG-132 1 ALLN.

L’edavarona és un antioxidant que ha estat utilitzat en pacients que han sofert

487,488 489,490

infart de miocardi o danys cerebrovasculars

De forma interessant els nostres resultats indiquen que 1’edavarona és capag
d’inhibir la mort per apoptosi induida per MG-132 1 ALLN mentre que €s incapag de
fer-ho amb inhibidors d’altres families com el bortezomib i la epoxomicina. La
inhibici6 de la mort es caracteritza per un descens en el nombre de nuclis apoptotics i
en la completa inhibicid de I’activacid de les caspases.

Per contra, I’edavarona impedeix 1’acumulacié de productes ubiquitinitzats pel
tractament amb MG-132 1 ALLN suggerint que podria estar bloquejant ’accid
d’aquests. Aquesta possibilitat s’adre¢a realitzant un assaig d’activitat del
proteasoma d’on es conclou que, en efecte, I’edavarona inhibeix la funcid dels
inhibidors del proteasoma de la familia dels peptids aldehids (MG-132 1 ALLN) pero
no d’inhibidors d’altres families com el bortezomib o la epoxomicina.

En resum, les dades de les que disposem indiquen que I’activitat dels inhibidors
del proteasoma es pot veure greument afectada quan s’estudien els seus efectes fent

us d’antioxidants 1 que, per tant, ’acumulacié pertinent de productes ubiquitinitzats

¢s una bona eina per determinar el correcte funcionament d’aquests inhibidors.
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Conclusions

Primera: Les cél-lules de carcinoma d’endometri son resistents a TRAIL 1 Fas.

Aquesta resisténcia es deu en primer terme a I’acci6 de la proteina inhibitoria FLIP.

Segona: FLIP es troba freqiientment expressat en carcinoma d’endometri i la seva
expressio correlaciona amb I’estadiatge perd no amb el tipus histologic, grau o index

apoptotic.

Tercera: El bloqueig dels nivells endogens de FLIP sensibilitza les cel-lules
canceroses d’endometri a la mort per TRAIL i Fas. Aquesta mort presenta
caracteristiques morfologiques tipiques de 1’apoptosi que s’acompanya amb

I’activacio de caspases.

Quarta: Els inhibidors farmacologics de I’activitat de CK2 aixi com 1’us de shRNA
contra la seva subunitat reguladora CK2B sensibilitza les ce¢l-lules de cancer
d’endometri a la mort per TRAIL 1 Fas.

Aquesta sensibilitzacid es caracteritza per un descens dels nivells endogens de FLIP i

requereix un correcte funcionament dels components del DISC.

Cinquena: CK2p modula la resisténcia a TRAIL i Fas a través del seu control sobre

FLIP. Aquest control es dona a nivell transcripcional i1 a nivell d’estabilitat proteica.

Sisena: L’expressio de CK2B es veu incrementada en el carcinoma d’endometri
respecte I’endometri normal perd no correlaciona amb estadiatge grau o tipus

histologic.

Setena: L’expressio de CK2 correlaciona amb marcadors de proliferaciéo com Ki67,
Akt o B-catenina i amb FLIP i participa en el control de la regulacid del creixement

independent d’ancoratge en cél-lules de cancer d’endometri.

Vuitena: El sorafenib indueix mort cel-lular 1 sensibilitza a 1’apoptosi induida per
TRAIL i Fas en linies cel-lulars i cultius primaris de carcinoma d’endometri

independentment de 1’activacié de la via MAPK.
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Novena: El sorafenib indueix un descens dels nivells proteics de FLIP i Mcl-1 que
son revertits quan s’inhibeix el proteasoma. La disminucié de Mcl-1 esta implicada
en els efectes citotoxics del sorafenib mentre que la disminucié de FLIP correlaciona

amb la sensibilitzacio al tractament amb TRAIL i Fas

Desena: Els inhibidors del proteasoma indueixen mort de tipus apoptotic en cultius

de linies cel-lulars de carcinoma d’endometri.
Onzena: Els inhibidors del proteasoma activen la via NF-xB en linies cel-lulars i
cultius primaris de cancer d’endometri a través de les proteines cinases IKKa 1 IKKf(

1 de la degradaci6 de IkB-o.

Dotzena: Els antioxidants Tiron i vitamina C bloquegen la funcié inhibitoria del

bortezomib mentre que la edavarona ho fa en els inhibidors MG-132 i ALLN.
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