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Presentacio

Aquesta tesi s’ha desenvolupat al laboratori de Transduccié de Senyal i
Regulaci6 Geénica del departament d’Oncologia Molecular a [Institut de
Recerca Oncologica (Barcelona).

Aquest treball és la continuacid dels treballs iniciats per la Dra. Anna Bigas i el
Dr. Lluis Espinosa, codirectors d’aquesta tesi, de l'estudi entre linterrelacié
entre la via de transduccié de senyal de Notch i la d’'NF«xB. La primera part de
la tesis se centra en 'estudi de la via d’'NFxB i més en concret en el paper de
les 14-3-3 en la seva regulacio. Aquest treball ha donat lloc a una publicacio
que comprén el capitol | dels resultats d’aquesta tesi. En el capitol Il s’inclou la
publicaci6 que demostra com el repressors de NFkB, IkBo participa en el
control transcripcional del gen diana de Notch, hes1.

La memoria s’ha escrit en forma de compilacié d’articles, precedits per una
Introduccié i seguits per una Discussio. La introduccié inclou apartats generals
referents a la regulacié de la transcripcié génica i a les proteines que la regulen
a més de tota la informacio referent a les vies de transduccié de senyal de
Notch i d’NFxB, incloent aquells articles que han estat publicats durant el

desenvolupament d’aquesta tesi.
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ADAM: a disintegrin and metalloprotease
AP-1: activating protein 1

Apc: adenomatosis polyposis coli
ATF2: activating transcription factor 2
BCL: B cell ymphoma

bHLH: basic helix-loop-helix

Blc: B lymphocyte chemoattractant
bp: base pairs

C: citosina

CBF1: C-repeat/DRE Binding Factor 1
CBP: CREB binding protein

cdc25c: cell division cycle 25C

CDK2: cyclin dependent kinase 2
CDY: chromodomain Y

clAP: inhibitor of apoptosis protein
COT: cancer Osaka thyroid

CpG: citosina-phospho-guanina

CSL: Chisel
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Efp: estrogen-responsive finger protein
Elc: essential light chain

F: fenilalanina

FADD: FAS-associating death domain-containing protein

FKHL: forkhead homolog like

FOXO3A: forkhead box O3A

G: guanina

GCNS5L: Genb like

GNAT: Gnc5 related N-acetyltransferase
H: histona

hash1: human achaete-scute homologue



HAT: histona acetil transferasa

HBO1: histone acetyltransferase binding to ORC
Hda1: histone deacetylase 1

HDAC: histone deacetylase

hes: Hairy/Enhancer of Split

herp: HES-related repressor protein

hrt: Hes-related transcription

I«B: inhibitor of NF«xB

IKK: 1kB kinase

IL: interleukin

IL-1R: interleukin 1 receptor

K: lisina

KDa: kilo Dalton

lif: leukemia inhibitory factor

LPS: lipopolysaccharide

MAML: mastermind-like

mash1: murine achaete-scute homologue
mcp-1: monocyte chemoattractant protein-1
mdr2-KO: multidrug resistance protein2-knockout
MEKK: mitogen-activated protein kinase
MOZ: monocytic leukemia zinc finger

MSK: mitogen-and-stress-activated protein kinase
MyoD: myoblast determination

MYST: MOZ, YBF2/SAS 3, SAS 2, i Tip60
N: nucleotid

NAD+: nicotinamide adenine dinucleotide
NCOR: nuclear receptor corepressor

NEMO: NF-xB Essential Modulator

NES: nuclear export signal

NF«B: nuclear factor «B

NICD: Notch intracellular domain

NIK: NFkB inducing kinase

NLS: nuclear localization signal



NotchIC: Notch intracellular

P: prolina

PCAF: p300/CBP associated factor

PKA o C: protein kinase Ao C

pS: phosphorylated serine

R: arginina

RBPjk: Jk-recombination signal binding protein
RHD: Rel homology domain

RIP: receptor-interacting protein

RNA: ribonucleic acid

ROS: reactive oxigen species

Rpd3: reduced potassium dependency 3
S: serina

Sas: something about silencing

Sdf : stromal cell-derived factor

Sir: silent information regulator

SMRT: silencing mediator for retinoid and thyroid hormone receptors
SRC-1: Steroid receptor coactivator-1
TACE: TNFa converting enzyme

TAK1: transforming growth factor 3 (TGF-R3)-activating kinase 1
T-ALL: T cell acute lymphoblastic leukemia
TBK1: TANK-binding kinase 1

TCR: T-cell receptor

TERT: telomerase reverse transcriptase
TFIIB: transcription factor 11B

Tip60: Tat interactive protein 60kD

TLE: temporal lobe epilepsy

TLR: toll like receptor

TNF: tumor necrosis factor

TNFR: tumor necrosis factor receptor
TRADD: TNFR1-associated death domain
Traf: TNFR-associated factor

TSA: trichostatin A

Y: citosina o timina
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1. Introduccio

1.1 La regulacio transcripcional
1.1. La transcripcio génica

La interpretacido per part de la
cél.lula de la informacié6 que esta
codificada en el genoma requereix
d’'un pas intermig que és la sintesi
del RNA missatger. La sequéncia
del RNA és en ultim terme la que
determina la sequencia

d’aminoacids de les proteines d’'una

cél.lula, de manera que cada triplet
del RNA es correspon amb un
aminoacid de la proteina per la que

codifica.

Figural : esquema on es mostra la
sintesi de proteines a partir del

material genétic:
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La transcripci6 és un procés
complex que requereix de la
participaci6 de multiples proteines.
No obstant, I'enzim encarregat
especificament de la sintesi del
RNA és [I'RNA-polimerasa. En
eucariotes es  coneixen tres
polimerases diferents, perd és
'RNA-polimerasa Il l'encarregada
de la transcripcio del mRNA que es
traduira a proteina. Perque I'RNA-
polimerasa transcrigui  una
sequéencia concreta de DNA cal que
aquest fragment estigui accessible.
A meés, la unid de la maquinaria
transcripcional al DNA no té lloc a
'atzar sind que ve regulada per
sequencies de DNA no transcrites
que s’anomenen promotors.

Un promotor és una sequéncia de
DNA que al ser reconeguda per
'RNA-polimerasa Il i daltres
proteines asociades permet que un

gen es transcrigui.

Existeixen moltes proteines que la
cél.lula necessita de forma
permanent per mantenir-se viva. Els
gens que codifiquen per aquestes
proteines s’han d’expressar de
forma constant i per aix0
s’anomenen gens constitutius o
housekeeping. En canvi, daltres

proteines participen en processos

més especifics com ara el
desenvolupament embrionari, la
resposta immune o la diferenciacio
cellular i els gens que les
codifiquen han de ser finament
regulats a nivell transcripcional en
moments i llocs concrets. La
importancia de la  regulacio
transcripcional es posa de manifest
pel gran nombre de proteines
implicades. En eucariotes, aquestes
proteines son els factors de
transcripcio, la maquinaria
transcripcional basal que inclou el
complex de Ila polimerasa, els
factors d’elongacio, factors
remodeladors de la cromatina,
enzims que modifiquen les histones
o el propi DNA, cofactors que fan de
ponts entre les diferents proteines i

d’altres.

1.1.2. Proteines que regulen

’estructura de la cromatina

El DNA esta empaquetat en unes
estructures compactes formades per
proteines i DNA. La unitat basica
d’organitzacié de la cromatina es el
nucleosoma que consisteix en 146
parells de bases (bp) de DNA que
embolcallen un cor proteic amb

dues coOpies de les seglents



histones: H2A, H2B, H3 i H4 (revisat
a (de Ruijter et al., 2003)).

Durant la transcripcio, la cromatina
juga un paper molt important ja que
de portar a terme; [larquitectura
local de la cromatina és un factor
important de la regulacié génica.
Les zones transcripcionalment
actives se solen caracteritzar per
tenir poca H1, i també per tenir les
illes CpG (sequéncies riques en
dinucleodtids CG) poc metilades i les
coneixem amb el nom
d’eucromatina. D’altra banda, les
regions del genoma

transcripcionalment inactives estan

empaquetades i formen la
heterocromatina. Durant el
desenvolupament embrionari,
diferents tipus cel.lulars

empaqueten els seus gens amb
patrons especifics d’eucromatina i
heterocromatina, assegurant unes
caracteristiques uniques per a cada
tipus cel.lular (Fahrner and Baylin,
2003). ElI cas extrem d’aquest
mecanisme es la
heterocromatitzacié del cromosoma
X en les femelles de mamifers.

En general s’assumeix que la
cromatina es prepara per la
transcripcio eliminant barreres a la
polimerasa; és el procés conegut

com la remodelacio de la cromatina.

ha d’adoptar una estructura que en
permeti  l'accessibilitat a les

proteines que I'han

L’arquitectura de les diferents
regions cromatiniques esta molt
influenciada per les modificacions
post-traduccionals de les histones.
Les histones poden fosforilar-se i
metilar-se, perd el mecanisme més
estudiat que regula el nucleosoma
és lacetilacio. Tots els tipus
d’histones es poden acetilar in vivo,
perd les que s’han caracteritzat
millor sén les modificacions a les
histones H3 i H4.

proteines es poden acetilar per

Aquestes

enzims anomenats histona acetil
transferases (HAT) en diferents
residus incloent la lisina 9 i 14 de la
H3 i les lisines 5, 8, 12 i 16 de la H4
(de Ruijter et al.,, 2003)). Altres
proteines s’encarreguen de la
deacetilacié de les histones, les
HDACs. Donades les multiples
modificacions covalents que poden
patir les histones i que aquestes
s’associen tan a I'activacié com a la
repressié d’un gen determinat han
portat a postular la hipotesi del codi
de les histones; diferents
modificacions a una o més cues de
les histones actuen sequencialment

o de forma combinada per generar



un codi que sera llegit per altres
proteines desembocant en diferents
esdeveniments (Strahl and Allis,
2000).

1.1.3. Proteines que modifiquen

les histones: acetilacio

Les Histona Deacetilases (HDAC)
sén les proteines encarregades de
treure els grups acetil de les
histones, el que fa disminuir I'espai
entre els nucleosomes i que aixi el
DNA es

accessibilitat als factors de

compacti impedint

transcripcio. Generalment, la
hipoacetilaci6 de les histones
s’associa a repressio transcripcional
mentre que la hiperacetilacio,
mediada per les Histona Acetilases
(HAT), s’associa a un increment en
la transcripcié genica. Per aixo les
HDACs son proteines associades a
la repressié transcripcional mentre

que les HAT ho son a l'activacio.

La primera proteina que es va
associar a [lacetilaci6 de les
histones va ser Gnc5, una HAT de
llevat. Des d’aleshores s’han
identificat diverses proteines amb
activitat acetilasa que es recluten a

promotors de gens especifics

acetilant les histones a lisines
especifiques de I'extrem N-terminal
per afavorir [lactivaci6 de |la
transcripcio génica.

S’han identificat dues superfamilies
de HATs: les GNAT i les de la
familia MYST. Les superfamilia de
les GNAT  (Gnch-related  N-
acetyltransferase) és la més
coneguda i inclou la familia de Gncb
i PCAF i la familia de p300/CBP.
Gnc5 es va identificar en llevat perd
sha clonat en molts altres
organismes, incloent els humans
(Candau et al., 1996). PCAF es va
identificar per la seva homologia
amb Gnc5, s’ha vist que pot
interaccionar amb CBP/P300 (Yang
et al., 1996) i que funciona tant com
a HAT i com a coactivador (Puri et
al., 1997).

P300/CBP és wuna altra familia
d’histona acetiltransferases
(Bannister and Kouzarides, 1996)
ubiqles que s’ha vist que juguen un
paper important en molt processos
cel.lulars incloent la diferenciacio, el
cicle cel.lular i I'apoptosis.
P300/CBP, dues proteines altament
homologues, activen la transcripcio
de gens especifics interaccionant
amb diferents factors de transcripcio
com els receptors d’hormones
nuclears (Reid et al., 2002).



Figura 2: esquema on es resumeix l'activitat acetilasa/deacetilasa associada a

les histones i la seva funcio en la regulaci6 de la transcripcio (de Ruijter et al.,

2003):
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Relaxed chromatin
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Compacted chromatin

Transcription activation
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———__Complex containing

Finalment s’ha descrit la familia
MYST que s’anomena aixi per les
inicials dels primers components
identificats; MOZ, Ybf2/Sas3, Sas?2 i
Tip60 (Borrow et al., 1996), tots amb
activitat acetiltransferasa.

In vivo, la majoria de les HATs
existeixen en complexes de moltes
subunitats que solen ser més actius
que cadascun dels elements per
separat (Yang, 2004b) i amb

especificitat de substrat també

diferent (Boudreault et al., 2003;
Grant et al., 1997).

Darrerament s’han descrit altres
proteines amb activitat
acetiltransferas que aporten més

complexitat al sistema de les HATSs.



Taula 1: taula on es recullen la majoria de les HATs més conegudes (adaptat
de (Yang, 2004a)):

Familia LAT Organisme
Hat1 Hat1 S. cerevisae
Genb Genb S. cerevisae
GCN5L C. elegans fins mamifers
PCAF mamifers
p300/CBP CBP C. elegans fins mamifers
p300 mamifers
MYST Sas?2 S. cerevisae
Sas3 S. cerevisae
Mof Drosophila
Tip60 mamifers
HBO1 mamifers
Altres families |SRC-1 mamifers
ATF2 mamifers
CDhY humans
TFIIB S.cerevisae fins mamifers




A Figura 3: esquema on es mostren les diferents HDACs de classe | i Il i la

seva estructura, assenyalant els seu domini catalitic en blau (de Ruijter et al.,

2003):
N C
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Al genoma huma s’han descrit fins a
18 proteines amb activitat
deacetilasa, que s’han classificat en
tres classes d’'HDACs, classe |,
classe Il i classe Il basant-se en la
seva homologia amb les HDACs de
llevat; Rpd3 (reduced potassium
dependency 3), Hda1l (histone
deacetilase 1) i Sir2 (silent
information regulator 2),
respectivament (Marks et al., 2001).
Les HDACs de tipus | estan

expressades en tots tipus cel.lulars

mentre que les HDACs classe I
tenen una expressio mes
restringida, probablement perquée
regulen processos relacionats amb
la diferenciacié cellular i el
desenvolupament (revisat a (de
Ruijter et al., 2003). Ambdods tipus
son sensibles a TSA (trichostatina
A) mentre que les de classe Ill no
ho soén, perd requereixen el cofactor

NAD+.



L’activitat de les HDACs sobre les
histones de la cromatina té lloc al
nucli. Les HDACs de classe | tenen
una localitzacié nuclear i la seva
funcié es regula pel reclutament als
promotors de gens especifics. Les
de clase Il tenen a més altres nivells
de regulacid, com per exemple, la
capacitat per a viatjar entre el nucli i
el citoplasma en resposta a
diferents senyals (Grozinger and
Schreiber, 2000).

Les HDACs soén reclutades a gens
especifics a través d’altres proteines
ja que elles no tenen dominis d’unio
al DNA. Les proteines encarregades
de reclutar aquestes proteines als
promotors sén els corepressors
transcripcionals, que no tenen
activitat per ells mateixos i
exerceixen la seva funcio
mitjantcant el reclutament d’enzims

modificadors de la cromatina.

1.1.4.Els

corepressors transcripcionals

coactivadors i els

L’activitat transcripcional d’'un gen
no depén només dels factors de
transcripcio [ dels enzims
modificadors de la cromatina, sino

també d'unes altres proteines

reguladores anomenades
coactivadors [ corepressors
trancripcionals.

Els corepressors depenents

d’activitat HDACs més coneguts son
NCoR (nuclear receptor co-
repressors) i SMRT (silencing
mediator of retinoic and thyroid
hormone receptors). Aquests
corepressors es van definir en el
model dels receptors nuclears
d’hormones, on en abséncia
d’hormona interaccionen d’una
banda amb el receptor unit al DNA i
de l'altra amb les HDACSs, reclutant
aixi  lactivitat  deacetilasa a
promotors especifics (revisat a
(Jepsen et al., 2000)).



Figura 4: esquema que mostra l'activitat dels corepressors transcripcionals en

els model dels receptors nuclears:

0 N-CoR SMRT )

Nuclear receptors
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Figura 5: model en el que CBP/p300 actua de coactivador fent de pont entre

factors de transcripcié i la maquinaria transcripcional basal (Blobel, 2000):
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Els coactivadors recluten activitats
acetilases als complexes activadors
de la transcripcio. Els coactivadors
més estudiats, com CBP i p300,
tenen activitat acetilasa intrinseca;
aixi desenvolupen dues funcions a
la cromatina; fan de coactivadors
actuant de pont entre els factors de
transcripcio i elements del complex
de transcripcido basal i també,
coms’acaba de descriure a l'apartat
histones

anterior, acetilen les

(Blobel, 2000).

En general, els complexes de
repressio, pero també els

activadors, sén direccionats cap als

seus gens diana a través del
reclutament per  factors de
transcripcio especifics de cadascun
dels gens. Malgrat hi ha diferents
tipus de corepressors nuclears, un
mateix tipus de complex repressor
pot regular l'activitat de meés d'un
factor de transcripcié. Aixi, NCoR i
SMRT no

exclusivament els gens diana dels

reprimeixen

receptors d’hormona siné que s’han
vist associats a altres factors de
transcripci6 com AP-1 (Lee et al,
2000), MyoD (Bailey et al., 1999) i
els factors NFkB i RBPjk que es
descriuran amb més detall al llarg

d’aquesta tesi.
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1.2. La via de transducciéo de

senyal de NFxB

NFkB és un acronim de Nuclear
Factor kappa B. Es tracta d’un factor
de transcripcié que va ser descrit
com a regulador de [I'enhancer
kappa de les immunoglobulines en
cél.lules B (Singh et al., 1986) i és
en el sistema immune on s’ha
estudiat més el seu paper. NFkB
regula la produccié de citoquines i
factors de creixement perd també
activa I'expressié d’altres gens com
molécules d’adhesié (revisat a
(Baldwin, 1996)).

El factor de transcripcido NFkB inclou
un grup de proteines altament
conservades al llarg de I'evolucio
des de Drosophila fins a humans.
NF«B es troba, pero, absent en els
llevats i en Caenorabdithis elegans
la qual cosa s’havia relacionat amb
el fet que aquests organismes no
tenen resposta immune ni

inflamatoria.

1.2.1. Activacio de la via d’NFxB

NFkB és un factor de transcripcio
induible que en abséncia d’estimuls
s’associa a les seves proteines
inhibidores (IkB) al citoplasma. En

resposta a un estimul activador de

la via, IkB es degrada, alliberant
NF«B el qual es tranlocara al nucli
per unir-se als seus gens diana i
activar la transcripcié génica. Els
estimuls activadors d’'NFkB actuen
a través de receptors especifics
situats a la membrana cel.lular i
convergeixen en [lactivacio del
complex de quinases dlkB, IKK
(veure Figura 6). S’han definit dues
vies de transducci6 de la senyal que
duen a lactivaci6 d'NFxB per
mecanismes diferents; la via clasica
0 canonica i la via alternativa o no

canonica.

1.2.1.1. Via classica

Aquesta via s’activa en resposta a
citoquines pro-inflamatories com el
TNFo o la IL-1, o a molécules
procedents de patdogens, com el
LPS. Cada wuna
molécules activa els seus receptors
especifics (TNFR, IL-1R o TLRs)

que, mitjangant

d’aquestes

mecanismes
sofisticats que impliquen a diferents
proteines adaptadores,
serina/treonina quinases, ubiquitin-
ligases, etc (revisat a (Baud and
Karin, 2001)), acabaran activant el
complex

quinases |IKKa, IKKB i IKKy/NEMO

IKK que inclou les

(NFxB essential modulator) que és

11



la  subunitat  reguladora. La
consequeéencia ultima de lactivacio
de la via classica es la fosforilacio
d'lkB en les serines equivalents als
residus S32 i S36 d’IkBa. Aquesta
fosforilacio indueix la
poliubiquitinacio d’lkB (a les lisines
corresponents als residus K21 i K22
dIkBa) i a la seva subsequent
degradaci6 pel proteosoma. La
degradacio d’lkB allibera el dimer
NFkB (generalment p50/p65 en
aquesta via) que al exposar els seus
dominis NLS es pot translocar al
nucli, unir-se al DNA i activar la
transcripcio dels seus gens diana.

Al ser el propi IkBa un dels
principals gens diana d’aquesta via,
I'activacié d’'NFxB indueix la rapida
resintesi de l'inhibidor, que entrara
al nucli per exportar els dimers
d’'NFxB al citoplasma, aturant, aixi,

la via.

1.2.1.2.Via alternativa

La via alternativa es independent
d'IKKB i NEMO pero requereix de
I'activacio dels homodimers d’'IKKa.
En resposta a estimuls especifics
com Linfotoxina beta o CD40L, la
via alternativa convergeix en
'activacio dels complexes d’IKKa

(revisat a (Hayden and Ghosh,

2004)). IKKo activada fosforila a
p100 al seu extrem C-terminal que
estructural i funcionalment és similar
a IkB. La fosforilacié de p100 per
IKKa indueix la ubiquitinacio i la
degradacié especifica de I'extrem
fosforilat, alliberant-se, d’aquesta
manera, la molécula activa p52.
Aquest monomer d'NFkB sol
asociar-se a RelB, donant lloc a
heterodimers RelB/p52 que es
translocaran al nucli per activar
gens diana especifics, que solen ser
diferents als activats per la via
classica. Alguns dels gens diana
especifics d’aquesta via son Bic,
Sdf-1 o Elc (Bonizzi et al., 2004).
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Figura 6: esquema on es resumeixen les dues vies d’activacio d’'NF«xB (Luo et
al.,2005b):

The classical pathway The alternative pathway
Proinflammatory cytokines (TNF-a, IL-1[3) Cytokines
Viruses, TLRs, antigen receptors LTBR, BAFF/Blys, and CD40L

Cytokines (TNF-a, IL-1pB, IL-6, GM-CSF) Cytokines (BAFF/Blys)
Chemokines (IL-8, RANTES, MIP-1c, MCP-1) Chemokines (BLC, SLC, SDF-1, ELC)
Adhesion melecules (VCAM-1, ICAM-1, E-selectin) Lymphoid erganogenesis genes (PNAd, GlyCAM-1)
Enzymes (iNOS, COX-2, PLA2) Other genes (Irf3, Rxra)
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1.2.2. El complex IKK

Un dels esdeveniments claus per
I'activacio d’'NFkB és l'activacié del
complex IKK. En la via classica
I'activitat IKK duu a la fosforilacié
dIkB per induir-ne la seva
degradacio via proteosoma. Encara
que s’ha demostrat que in vitro, tant
IKKa com IKKB poden fosforilar I«xB
(Li et al.,, 1998), la utilitzacié de
cél.lules deficients per a les

diferents isoformes ha permés
demostrar que és IKKB l'efectora
d’aquesta funcié (Delhase and
Karin, 1999). No només les IKK sin6
també altres quinases s’associen al
complex IKK per a refinar la seva
funcié. Aixi la preséncia de MEKK2
o MEKKS3 determina la fosforilacio
especifica d’'lkBa o kBB per IKK en
resposta a IL1 o TNFa (Schmidt et
al., 2003).

En la via alternativa d’'NFxB, la

quinasa NIK (NFkB Inducible
Kinase) activa, a través de
fosforilacié, els dimers dIKKa

induint, aixi, el processament de
p100 fins a p52 (Senftleben et al.,
2001).

A més de les seves funcions
citoplasmatiques, recentment s’ha
descrit un nou paper per a IKKa al
nucli (Anest et al., 2003)(Yamamoto
et al., 2003). En resposta a estimuls
activadors d’'NF«kB, IKKa es recluta
als promotors de certs gens diana
d’'NF«kB per fosforilar la serina 10 de
la histona 3 i permetre la seva
activacio  transcripcional. També
s’ha demostrat que IKKa s’uneix als
promotors de clAP2 i IL-8 per
fosforilar el corepressor SMRT i
alliberar-lo de la cromatina per
permetre I'expressié d’aquets gens

diana d’'NF«xB (Hoberg et al., 2004).

(c)

o — - "o 2

(745a3)
Kinase domain

Figura 7: es

0 - mostren les

Helix—loop—helix ~ Regulatory
domain subunits?

f associades

quinases

a l'activacio

- ."
-
de la via

d’NF«B, (Bonizzi and Karin, 2004):
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1.2.2.1.Activacio de les IKKs

No es coneixen tots els detalls del
mecanisme molecular pel qual els
estimuls activadors d’'NF«kB activen
el complex IKK perd s’ha demostrat
que aquesta depén de la fosforilacid
de dues serines de IKKpB: serines
177 i 181 (Delhase and Karin, 1999)
i 176 1 180 de IKKa per la alternativa
(Ling et al., 1998). Les quinases que
fosforilen aquests residus o altres
que puguin estar implicades en
I'activacio del complex IKK varien
segons l'estimul activador de la via i
no s’han descrit en tots els casos.
Per exemple, se sap que l'activacio
de les IKKs per TNFR1 requereix el
reclutament de TRADD que serveix
de plataforma per reclutar RIP1,
FADD i TRAF2. Totes aquestes
proteines sOn necessaries per
I'activacio optima de les IKKs pero
cap d’elles les fosforila directament.
Es coneixen moltes quinases que
quan se sobreexpressen poden
fosforilar les IKKs i activar NFkB,
mentre que les seves formes
inactives inhibeixen aquesta via.
Algunes de les quinases que directa
0 indirectament indueixen la
fosforilacié de les IKKs son MEKK1,
MEKK2, MEKK3, AKT, COT o TAK1
(Baud and Karin, 2001).

Probablement I'activacio d’NF«xB per
diferents receptors i/o estimuls duu
a la formaci6 de complexes
d’adaptadors diferents que activaran
quinases especifiques per al
complex IKK.

S’han descrit altres esdeveniments
necessaris per l'activacié optima del
complex de les IKKs, com la
ubiquitinaci6 de la
reguladora IKKy/ NEMO (Zhou et
al., 2004).

proteina
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1.2.3.Les proteines kB

IkB és l'acronim per l'inhibidor de
NF«kB. S’han definit quatre membres
d’aquesta familia; IkBa, IxBp, BCL-
3, IxBe (veure Figura 7). També es
poden considerar de la familia les
proteines precursores p100 i p105
que contenen una regié C-terminal
similar a un IkB. Aquestes proteines
tenen diferent afinitat pels dimers
d’'NFxB especifics, es regulen per
estimuls diferents i algunes d’elles
s’expressen diferencialment segons
el teixit. ElI que tenen en comu és la
presencia de repeticions de tipus
anquirina (de cinc a set repeticions

depenent de cada IkB) que els

(revisat a (Baldwin, 1996) i a
(Hayden and Ghosh, 2004)).

La proteina millor caracteritzada
d’aquesta familia és IkBa. A nivell
estructural esta formada per tres
dominis: 1) una regié N-terminal que
conté les dues serines conservades
que es fosforilen per les IKKs en
resposta a estimuls activadors de la
via d’NFxB i que modulen la seva
degradacio pel proteasoma, 2) una
estructura central formada per
repeticions d’anquirina que és
'encarregada de I'unié a NF«xB, i 3)
una regié C-terminal que conté un
domini de tipus PEST, que també es

pot fosforilar, i que regula I'estabilitat

de la proteina en abséncia
confereix la capacitat d’'unié a NFkB yur . ,
P d’estimuls activadors d’NF«xB.
Ank repeats
1 317 ) )
| [ | Figura 8: diagrama on
|1 .. .- .359] es mostren
1 b A8 esquematicament les
. 11 | diferents proteines de
1 ROD - ,
N E N | | . la famflia  d'B,
1 BO7 incloent els seus
I:....-.:1 209 dominis  estructurals
| NN | r00es2pecuso mgs rellevants
1 06

g

| I ] o105 (50 precurson

(Bonizzi and Karin,
2004)
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En general s’accepta que IkBa
d’'NF«B,

emmascarant els NLS de p65 i

s’uneix als dimers

parcialment el de p50, impedint aixi
I'entrada del factor de transcripcio al
nucli (Beg and Baldwin, 1993), i la
seva interaccié amb el DNA (Beg et
al., 1992). Aixi, la unié d’'lxB a NFkxB
assegura que aquest factor sigui
transcripcionalment actiu nomeés
quan les cél.lules reben els estimuls
adequats. No obstant, el
manteniment de les proteines Rel al
citoplasma té lloc, en part, per un
procés dinamic que permet I'export
dels complexes NFxB del nucli al
citoplasma tant en situacié de repos
com després de I'activacié del factor
de transcripcié (Johnson et al.,
1999)(Huang et al., 2000). EI
responsable d’aquest export actiu
dels complexes d’'NFkB és IkBa, el
qual viatja continuament entre el
nucli i el citoplasma (Tam et al.,
2000). Pel contrari, el paper dels
homolegs 1kBp i IkBe en la retencio
citoplasmatica d'NFkB és més
passiu (Tam and Sen, 2001) i
encara que part de 'lkBB de nova
sintesi s’ha localitzat al nucli
(Suyang et al., 1996) no sembla que
pugui retornar les proteines Rel al

citoplasma amb I'eficiéncia d’lkBa..

La degradacio d’lkBa en front a
estimuls activadors d’'NFxB és molt
rapida i genera una resposta rapida
i puntual de la via. Pel contrari,
estimuls que actuen a través d’lkBj
generen una resposta més lenta i
persistent (Thompson et al., 1995).
Com els diferents estimuls operen a
través dlkBa o IkBB no esta
totalment resolt perd se sap que la
transducci6 de la senyal per
MEKK2

reclutament d’lkBa al complex IKK,

convergeix en el

generant una resposta rapida,
mentre que l'activacié via MEKKS3
duu al reclutament d’lkBf donant
lloc a una resposta més lenta i
sostinguda d’'NFxB (Schmidt et al.,
2003).

Malgrat les proteines I«kB juguen un
paper clau en la inhibici6 de la via
d’NFxB s’ha vist que en cél.lules de
ratolins deficients per IkBa, B i &,
p65 segueix estant majoritariament
citoplasmatica (Tergaonkar et al.,
2005), suggerint que  altres
proteines també regulen aquest

proceés.
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1.2.4.Les proteines NFxB

S’han descrit cinc membres de la
familia d’'NFxB en mamifers; c-Rel,
NF-xB1 (p50/p105), NF-xB2
(p52/p100), RelA (p65) i RelB, que
s’uneixen formant homo- o hetero-
dimers per donar lloc al factor de
transcripcio NFxB funcional (veure
Figuta 7). Aquestes proteines es
caracteritzen per contenir un domini
N-terminal d’'uns 300 aminoacids,
anomenat Rel homology domain
(RHD), que és comu per a tots els
membres de la familia. Es a traves
d’aquest domini que els factors
NFxB poden dimeritzar, unir-se al
DNA i interaccionar amb les
proteines repressores IkB. No
obstant, un subgrup de les proteines
NF«xB, que comprén p100 i p105 de
mamifers (ortdlegs de Relish en
Drosophila), contenen una
sequéncia lkB-like en l'extrem C-
terminal, llarga i rica en repeticions
d’anquirina, que actua com a
inhibidora dels propis factors.
L’activaci6 d’aquestes proteines
requereix d'un processament
proteolitic que allibera la sequéncia
IxB-like, generant proteines meés

curtes (p105 genera p50 i p100

genera p52) que poden translocar-
se al nucli i unir-se al DNA. No
obstant, p50 i p52 no tenen dominis
de transactivacid6 i necessiten
dimeritzar amb c-Rel (o el seu
homoleg viric v-Rel), RelB o
RelA/p65 per poder ser
transcripcionalment  actius. Els
dominis de transactivacid de p65,
RelB i c-Rel activen la transcripcio
génica reclutant coactivadors
transcripcionals i desplagant els
repressors (revisat a (Baldwin,
1996), (Bonizzi and Karin, 2004) i a

(Hayden and Ghosh, 2004))

En estat de repos, alguns dels gens
diana d’NF«B recluten homodimers
de p50 associats a HDAC1 per tal
de mantenir-se reprimits (Zhong et
al., 2002). En altres casos, la propia
p65 es capac¢ de reclutar repressors
(Ashburner et al., 2001) com les
HDACs a la cromatina per mantenir

aquest gens reprimits.
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Figura 9: diagrama on es mostren esquematicament les diferents proteines de

la familia d’NF«kB, incloent els seus dominis estructurals més rellevants (Bonizzi

and Karin, 2004). TA=tranactivation domain, RHD=Rel Homology Domain,

LZ=Leucine zipper i GGG=zona rica en Gs:

MNH- Ank repeats COOH

RHD | ilnnn

NH., COCH
RHD | Hlliil
NH; COOH
| TA
NH., COOH
RHD | g/
NH., COOH
RHD | A
NH., COCH
RHD | A

p100/p52

p105/p50

v-Rel

RelA

RelB

c-Rel

El dimer d’'NFkB més estudiat és
p65-p50, i malgrat haver-se descrit
altres homo- i heterodimers, com
p50-p50 o p65-p65, no totes les
combinacions son posibles; per
exemple, RelB només dimeritza
amb p50 o p52 (Ryseck et al.,
1995).

A més, tot i haver una sequéncia
consensus GGGRNNYYCC ( on

N=qualsevol base, R=purina i

Y=pirimidina) per a la uni6 d’'NFxB
al DNA, diferents dimers tenen
propietats diferents i reconeixen
afinitat

amb una determinada

sequeéncies especifiques dels
promotors o enhancers dels gens
diana.

Mitjancant la utilitzacio de ratolins
deficients pels diferents membres
d'NFkB s’ha demostrat que en
resposta a TNFa alguns dels dimers
d’NF«B

especifics (Hoffmann et al., 2003).

activen gens diana

Aixi, mentre alguns gens com mcp-1
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s’activen per qualsevol dimer que
contingui una proteina rel (p65 o c-
rel) d’altres, com [if, requereixen
dimers p50:p65 especifics per la
seva activacié. Tot i que no s’ha
pogut determinar amb exactitud la
sequéncia de DNA encarregada de
reclutar especificament els dimers
d’'NF«B a la cromatina, si que s’ha
relacionat la sequéncia del kB site
amb l'abilitat del dimer p65-p50 per
a reclutar coactivadors (Leung et al.,
2004), suggerint que [l'estructura
que adopta el dimer és diferent
segons la sequéncia a la que
s’'uneix. A més, Bonizzi et al.
demostren que els dimers RelB-
p52, associats a I'activacioé de la via
alternativa d’'NFxB, s'uneixen a
sequencies diferents que els dimers
p65-p50 (Bonizzi et al., 2004).

En conjunt, aquesta heterogeneitat
permet regular de forma especifica
diferents grups de gens en

determinats moments o teixits.

1.2.4.1.Regulacié post-

traduccional de p65

Perqué l'activitat transcripcional del
factor NFxB unit al DNA sigui
completa es requereixen diferents

modificacions post-traduccionals

com la fosforilacié o I'acetilacié de
les proteines del complex, les quals
modulen la seva interacci6 amb
coactivadors o corepressors. Aix0
representa un nivell addicional de
regulaciéo de la via d’NFxB. S’han
descrit diverses serines de p65 que
es fosforilen en resposta a estimuls,
encara que el significat fisiologic de
cadascuna d’aquestes fosforilacions
resta per determinar. La serina 276
és fosforilada per PKA (Zhong et al.,
1998) o MSK1-2 (Vermeulen et al.,
2003) en

incrementant, aixi, I'afinitat de p65

resposta a TNFa

pel transactivador CBP (Zhong et
al.,, 1998). La fosforilaci6 de la
serina 536 és essencial pel correcte
import de p65 al nucli en I'activacio
per TCR (Mattioli et al., 2004) aixi
com pel reclutament de Ila
maquinaria transcripcional a la
cromatina. En cél.lules mieloides, la
fosforilaci6 de la serina 536 per
IKKB es imprescindible per induir la
degradaci6 de p65 Ilimitant la
resposta inflamatoria (Yang et al.,
2003). Altres quinases com IKKa o
TBK1 (Buss et al., 2004) fosforilen
també aquest residu de p65. La
fosforilacié de les serines 468 per
IKKB (Schwabe and Sakurai, 2005) i

IKKe (Mattioli et al., 2006) i 311 per
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PKC{ (Duran et al.,, 2003) soén
també importants per a la regulacié
de I'activitat transcripcional de p65.

Una altra de les modificacions post-
traduccionals que pateix p65 i que
de la lisina 221 per CBP/p300
incrementa l'activitat transcripcional
de p65 i impedeix la seva uni6 a
I'inhibidor IkBa (Chen et al., 2002).

Fins el moment, s’han descrit dos
mecanismes encarregats d’aturar la
senyal d’'NFxB i limitar la seva
durada. Aquests inclouen la
degradacié de p65 (Saccani et al.,
2004) i la resintesi d’lkBa, induida
per la propia activacio d'NFxB
(Huang and Miyamoto, 2001), el
qual entra al nucli per unir-se als
dimers actius d’'NF«kB, dissociar-los
del DNA i exportar-los al citoplasma.
Les modificacions post-
traduccionals d'NFkB no només
regulen la seva activitat
transcripcional sin6é també la durada
d’aquesta activacié. Per exemple,
p65 ha de ser deacetilada per
HDACS3 per poder interaccionar amb
IkBa i ser eficientment exportada al

citoplasma (Chen et al., 2001).

regula la seva activitat
transcripcional es [I'acetilacio de

lisines especifiques; I'acetilacio

1.2.5.NFkB en

tumorigénesis

inflamacio i

Una de les funcions més importants
associada a NFkB és la de protegir
les cel.lules de l'apoptosi, induint
I'expressio
antiapoptotics; c-IAP-1, c-IAP-2,
traf1, traf2, a20, iex-1L i bcl-x (Lin
and Karin, 2003). D’altra banda,

de molts gens

NFxB també controla I'expressié de
factors de creixement i citoquines
implicades en la resposta a stress,
la proliferacié cel.lular i el cicle
cel.lular com per exemple c-myc i
ciclina D1 (Kessler et al.,, 1992),
(Hinz et al., 1999) (Fig 10).

Es per les propies funcions
fisiologiques d’NF«kB, que I'activacié
inadequada o excessiva de les
proteines Rel/NFxB juga un paper
clau en la iniciaci6 i progressio
tumoral en diferents tipus de cancer.
El primer factor d’aquesta Vvia
identificat com a proteina
oncogeénica fou la proteina virica v-

Rel. Des d’aleshores s’han
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identificat diferents virus
oncogenics, com per exemple el

virus de Epstein-Barr, que usen

l'activacio d’'NFkB com a part del
seu mecanisme transformant (Bowie
and Haga, 2005).

Figura 10: expressié d’alguns gens implicats en oncogénesi regulats per

I'activacio d’NF«xB

Immortality

e.g; telomerase

Inflammation
TNF, IL-1, Chemokines

Angiogenesis
VEGF, TNF, IL-1, IL-8

Metastasis
e.g; ICAM-1,VCAM-1, ELAM-A1

(Aggarwal, 2004):

Anti-apoptosis/

survival
e.g; becl-xi, clAP, XIAP, cFLIP

Proliferation
e.g; TNF, IL-1, IL-6
Cyclin D1, cMyc

Tumor promotion
e.g; COX2, iNOS, MMP-9, uPA

NFkB esta actiu en algunes linies
tumorals (Aggarwal, 2004), tant
derivades de tumors solids com de
tumors hematopoiétics i també en
tumors primaris humans, com per
exemple alguns mielomas (Feinman
et al.,, 1999), leucémies (Griffin,
2001), tumors de prostata (Palayoor
et al., 1999) i de mama (Nakshatri et
al., 1997). En canvi, en cél.lules

normals no se sol trobar activitat

NFkB, excepte en casos especifics
com en cél.lules B o T proliferants.
S’ha demostrat que la inhibicié de la
via d’NFxB en les cél.lules tumorals,
expressant el superrepressor
IkBaso3s (Pikarsky et al., 2004) o
eliminant l'activitat IKK (Greten et
al., 2004) indueix I'aturada del cicle
cellular i promou [l'apoptosis,
suggerint que NFxB és necessari

per a mantenir el creixement i la
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Figura 11: inductors de I'activacié d’NFxB (Aggarwal, 2004):

Endotoxin

Cytokines
[TNF family, IL-1,
IL-17, IL-18, EGF)

Infection
(bacterialvirus;
e.g HIV-tat, KSHV,
EBV-LMP1; HTLV1)

Apoptosis-inducers
Chemotherapeutic
agents, y-radiation & cytokines

NF-xB

Carcinogens
(e.g: Cigarette smoke, DMBA)

Tumor promoters
(PMA, okadaic acid)

Stress
(pH, hypoxia, heavy metals)

ROl inducers

supervivéncia dels tumors.
L’activaci6 d'NFkB s’ha relacionat
també amb una major malignitat
dels tumors en diferents models de
cancer, aquest és el cas en algunes
linies i tumors primaris de cancer de
mama (Sovak et al., 1997). En
models animals Nakshatri et al. han
demostrat que l'activacié de la via
d'NFkB és un dels mecanismes
utilitzats per les cel.lules tumorals
de mama per esdevenir hormona
independents (Nakshatri et al.,
1997), suggerint que la utilitzacié
d’inhibidors de la via d’NFxB seria
una possible terapia alternativa o
complementaria en aquest i en
altres tipus de tumors (revisat a

(Pande and Ramos, 2005)).

Diferents leucémies i linfomes, com
per exemple el linfoma de Hodgkin
o les leucemies linfoblastiques
agudes, mostren també una activitat
d’NFxB constitutiva (Lu et al., 1991).
En cada sistema, perd, l'activacio
d’NF«B té lloc per causes diferents,
en molt dels casos desconegudes.
En alguns linfomes de Hodgkin
s’han detectat mutacions en |kBa
(Cabannes et al., 1999) pero aixd no

sembla ser un mecanisme general.
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La relacié entre inflamacio, NF«B i
cancer sembla cada cop més
evident. En primer lloc, el
microambient del tumor conté
cél.lules immunitaries que secreten
citoquines proinflamatories i
quimoquines, moltes d’elles dianes
d’'NFxB, com el TNFa, IL-1, IL6, i IL-

8, aixi com enzims encarregats de

degradar la matriu extracel.lular,
factors de creixement i espécies
reactives de l'oxigen (ROS). Aquest
ambient promou la proliferacio
cel.lular, inhibeix I'apoptosi, i activa
I'angiogénesi i la migracié cel.lular,
afavorint el creixement del propi

tumor (Fig 11).
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En el cas de la colitis ulcerosa, una

malaltia cronica inflamatoria
d’etiologia desconeguda, els
pacients presenten un risc

augmentat de patir cancer colorectal
en funcié6 del temps que fa que
tenen la malaltia (Itzkowitz and Yio,
2004). D’altra banda, I'administracio
cronica d’antiinflamatoris redueix la
mortalitat de pacients amb cancers
colorectals esporadics (Oshima and
Taketo, 2002).

S’han proposat diversos
mecanismes que relacionarien
inflamacié i cancer, i en tots ells el
paper dNFxB és clau. Greten et al.
van demostrar com la deleccid
especifica d’IKKBen les cel.lules
intestinals del ratoli feia als animals
més susceptibles al dany per DSS
(substancia que s’usa per induir una
patologia similar a la colitis
ulcerosa) mentre que reduia el risc
de fer tumors colorectals. De fet
activitat NFxB en les cél.lules
epitelials intestinals contribueix a la
formacié dels tumors prevenint
'entrada de les «ceéllules en
apoptosis (Greten et al., 2004).
D’altra banda, Pikarsky et al. van
demostrar un mecanisme similar,

relacionant la inflamaci® cronica i

tumorigénesi a través d’'NFxB, en
cancer de fetge (Pikarsky et al.,
2004). El mdr2-KO

desenvolupen hepatitis cronica que

ratolins

evoluciona cap a la formaci6o de
tumors en els que es detecta
lactivaci6 d'NFkB. L’expressio
especifica de l'inhibidor IkBoaso.36 al
fetge dels mdr2-KO és suficient per
reduir el nombre de tumors que
desenvolupen els animals tot i
seguir patint hepatitis cronica. De fet
el que succeeix és que la majoria de
cél.lules transformades no
progressen sind que entren en
apoptosi.

Finalment, i pel seu paper com a
regulador negatiu d’NFxB, IkB es
podria considerar un supressor
tumoral. No obstant, la desregulacié
d’'NFkB deguda a una malfuncio
d'IlkB s’ha pogut determinar en
molts pocs cancers, com el ja

esmentat del linfoma de Hodgkin.
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1.3. Les proteines 14-3-3

Les 14-3-3 so6n una familia de
proteines que es troben en totes les
cél.lules eucariotes. Estan altament
conservades des dels llevats fins als
humans i el seu pes molecular
oscil.la entre els 28 i 33 KDa.

En humans s’han definit fins a set
isoformes que sén molt semblants
entre elles; 14-3-3a/, v, €, n, &, T (0
o) i . Casi totes les isoformes es
troben molt expressades en tots els
teixits, amb I'excepcié de 14-3-3c
que és especifica de ceél.lules
epitelials.

Les 14-3-3 s’uneixen a proteines
que contenen la  sequéncia
consensus RSXpSXP (tipus1) o la
sequéncia RXY/FXpSXP (tipus 2)
on pS representa una serina
fosforilada. En general, doncs la
unid de 14-3-3 als seus substrats
depen de fosforilacid (revisat a
(Dougherty and Morrison, 2004) i a
(Hermeking, 2003).

El primer consens d’unié a 14-3-3
va ser identificat en la proteina Raf-
1; aquesta quinasa és activa quan
es troba fosforilada a la serina 62,
esdeveniment que genera un lloc
d’'unié a 14-3-3. S’ha descrit que les
14-3-3 es

manteniment

requereixen pel

d’'aquesta  serina

fosforilada i, per tant, per l'activitat
quinasa de Raf-1 (Thorson et al.,
1998). En els

cristalografia es va veure que les

estudis de

14-3-3 formen dimers i creen una
estructura de tassa on shhi
introdueixen els substrats (Yaffe et
al., 1997) (Fig 12). Mitjancant la
generaci6 de mutants puntuals
s’han definit els residuus de les 14-
3-3 necessaris per la interaccid
amb els seus lligands (Thorson et

al., 1998).
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piANAT1 11

Figura 12: esquema
de les 14-3-3
cristalitzades (en
verd) unides a un
dels seus substrats
AANAT (en vermell)
(Mackintosh, 2004):

Entre les proteines que s’uneixen a
les 14-3-3 al ser fosforilades trobem
elements tant importants per la
homeostasi cel.lular com c¢dc25c
que controla el cicle cel.lular
(Graves et al., 2001), FKHL que
promou l'apoptosi (Brunet et al.,
1999) o HDAC4 i 5 implicades en la
diferenciacié cel.lular (Grozinger
and Schreiber, 2000). També hi ha
alguns exemples de proteines que
interaccionen amb 14-3-3 perd no
contenen cap consens d’unié o la
seva unié no depén de fosforilacioé:
com A20, proteina proapoptotica
activada per NFxB (Vincenz and
Dixit, 1996), TERT, subunitat
catalitica de la telomerasa (Zhang et
al., 2003) o Par1 (Benton et al.,
2002). Fins ara s’han definit més de
100 substrats per les 14-3-3 (van
Hemert et al., 2001) i (Aitken, 2002).

1.3.1.Funcions de les 14-3-3

Les 14-3-3 actuen unint-se als seus
substrats alterant, aixi, alguna
propietat de la proteina a la que
regulen. Per exemple, poden 1)
alterar [I'activitat enzimatica del
substrat, com en el cas de la
quinasa Raf-1; 2) alterar-ne Ila
capacitat d’'uni6 a DNA, com s’ha
demostrat per p53 que presenta una
major afinitat pel DNA unida a 14-3-
3 (Waterman et al., 1998) i 3)
segrestar els substrats en un
determinat compartiment cel.lular,
generalment el citoplasma, on no
poden exercir la seva funcid com
seria el cas de FOXO3A o les
HDACs de classe Il. S’ha proposat
que les 14-3-3 indueixen
'acumulacié de factors nuclears al
citoplasma mitjangant dos

mecanismes diferents; d’'una banda,
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'extrem C-terminal de les 14-3-3
conté dominis NES que cooperen
amb els NES del substrat per
exportar el complex substrat:14-3-3
al citoplasma. Per laltra, la unio a
14-3-3 indueix canvis
conformacionals en el substrat que
el fa exposar els propis NES i
amagar-ne els NLS (Brunet et al.,
2002).

1.3.2. 14-3-3 en tumorigénesi

Com ja hem vist, les 14-3-3 regulen
proteines implicades en cicle
cellular, en apoptosi i en la
diferenciacié cel.lular. Es per aixo
que canvis en els nivells de 14-3-3
s’associen a diferents patologies
com ara el cancer.

Per exemple, la sobreexpressid de
14-3-3c s’ha observat en alguns
cancers de colon (Perathoner et al.,
2005) mentre que altres isoformes
de 14-3-3, com la B,y,c i o presenten
nivells augmentats en cancer de
pulmoé (Qi et al., 2005). No obstant,
no s’ha demostrat cap relacio
funcional entre la sobreexpressio de
14-3-3 i la progressié tumoral en
aquests cancers.

Pel contrari, en altres tumors
epitelials és la pérdua de I'expressid

de 14-3-3 la que s’associa amb

tumorigenesi. Un dels mecanismes
per a suprimir I'expressio de 14-3-
3c és la hipermetilacio del seu
promotor i s’ha descrit en tumors de
mama (Ferguson et al., 2000), de
fetge (lwata et al., 2000) i de pulmé
(Osada et al.,, 2002). En altres
tumors de mama que sén negatius
per 14-3-3c,

augmentada de la ubiquitin-lligasa

I'expressio

Efp, promou la degradaci6 de 14-3-
3o pel proteasoma (Urano et al.,
2002). El

oligonucleodtids antisentit contra Efp

tractament amb

reestableix els nivells de 14-3-3c i
es suficient per induir la remissio
dels tumors en ratolins. Es creu que
el paper de 14-3-3 com a supressor
tumoral t¢é a veure amb la seva
capacitat per a segrestar Ila
fosfatasa de CDK2, cdc25c,
responsable d’induir I'entrada de les
cél.lules en mitosi (Bulavin et al.,
2003). A més, les 14-3-3 també
regulen factors proapoptotics com
FoxO (Brunet et al., 1999) o BAD
(Zha et al., 1996).
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1.4. La via de transducciéo de

senyal de Notch

Notch és una via de transduccié de
senyal molt conservada que regula
la  determinacié dels destins
cel.lulars en metazoos a través
d’interaccions cel.lula-cél.lula
(Artavanis-Tsakonas and Simpson,
1991), (Artavanis-Tsakonas et al.,
1995). Molts dels components de la
via de Notch es van definir
inicialment com a gens implicats en
la neurogenesi en Drosophila (Parks
et al.,, 1997); la senyalitzacié per
Notch restringeix la diferenciacio
neural ja que reprimeix I'expressio
dels gens proneurals. En vertebrats,
els receptors i els lligands de la via
de Notch estan expressats en molts
organs i teixits diferents, aixi
mutacions en molécules implicades
en aquesta via generen
malformacions en molts teixits com
el sistema nervids, el cor o el
sistema hematopoétic.

En general, 'activacié de la via de
Notch inhibeix la diferenciacio
estimuls

cellular induida per

especifics, mantenint aixi la
integritat dels compartiments de
cél.lules precursores dels diferents
llinatges. Aixi, I'activacié de Notch

€s una estratégia per impedir que

totes les cél.lules pluripotents
adquireixin el mateix llinatge, com
en el cas que acabem d’exposar
dels progenitors proneurals, en la
diferenciacié granulocitica (Milner et
al., 1996) o en la miogénesi (Kopan
et al., 1994).

Un segon paper de Notch és el de
promoure el desenvolupament d’un
tipus cel.lular, en general induint
'expressid de reguladors positius
per aquest llinatge. En molts casos,
'activacio de Notch crea un nou
tipus celllular a consequéncia
d’interaccions cél.lula-cél.lula en un
marge entre diferents poblacions
cel.lulars. Per exemple, [lactivitat
Notch determina el desti de les
céllules T cap al subtipus of en
detriment del subtipus yd (Washburn
et al., 1997). També s’ha descrit que
en queratinocits i adipocits Notch
promou la diferenciacié d’aquests
tipus cel.lulars en cél.lules nervioses
(Rangarajan et al., 2001) o
hematopoiétiques (Ross et al.,
2004).

En mamifers existeixen 4 membres
de la familia; Notch1, Notch2,

Notch3 [ Notch4.  Aquestes
proteines son receptors
transmembrana que s’activen

mitjancant el contacte del seu
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Figura 13: esquema que mostra les diferents molécules de Notch i els seus

lligands. Se senyalen les parts estructurals més rellevants (Leong and Karsan,

2006):
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domini  extracel.lular amb els
lligands expressats en una cél.lula
veina. Els lligands de Notch poden
ser de dos tipus diferents, els
Jagged; Jagged 1 i 2, ortolegs de

Serrate a Drosophila o els ortolegs

de Delta, Delta-like (DLL)1,3 i 4
(Leong and Karsan, 2006) (Fig 13).
El receptor Notch inactiu es localitza
a la membrana cel.lular, on pot
interaccionar amb lligands que
expressen les ceél.lules veines. La

interacci6 de Notch amb els seus
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ligands desencadena una série de
processaments  proteolitics que
tenen com a fi [lactivacid6 del
receptor. El primer processament es
dona a la regio extracel.lular i esta
produit per una proteasa de la
familia ADAM anomenada TACE
(TNFa  converting enzyme) en
vertebrats o] kuzbanian en
Drosophila. Aquest processament
resulta en un canvi conformacional
que exposa una regio en el domini
transmembrana del receptor que és
sensible a la protedlisi per un
complex amb activitat y-secretasa
que inclou les proteines presenilina
1 i 2, nicastrina, Pen-2 i Aph1.
L’activitat  y-secretasa talla la
proteina  Notch alliberant un
fragment intracel.lular (NotchlC o
NICD) que es transloca al nucli on
s’uneix al factor de transcripcid
RBPjkx per activar els seus gens

diana.

En abscéncia d'estimul, RBPjk
(també anomenat CBF1 o CSL) esta
unit als mateixos gens diana de
Notch a través d'una sequéncia
consens (C/T)GTGGGAA i recluta
repressors transcripcionals que
cooperen per inhibir la transcripcio
d’aquests gens (revisat a (Leong
and Karsan, 2006).

L’activacié de Notch fa que NotchlC
s’'uneixi a RBPjk convertint-lo en un
activador transcripcional. Per aquest
procés es requereix la col.laboracio
de Mastermind-like (MAML), una
familia d’activadors transcripcionals
(Wu et al., 2000). Aquest complex
ternari recluta altres coactivadors,
com CBP/p300, que acetilara les
histones induint els canvis
conformacionals necessaris per que

tingui lloc la transcripcio (Fig 14).
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Figura 14: diagrama on es resumeixen els esdeveniments que donen lloc a

I'activaciéo génica mediada per Notch i els seus lligands (Leong and Karsan,
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1.4.1.Els gens diana de Notch:
hes1

En mamifers podem trobar dues
subfamilies de gens activats per
Notch; la subfamilia de hes, que
inclou hes1, 5i 7 ila de hrt (Hairy
related transcription factor), que
inclou  hrt1/herp2 i hrt2/herp1
(revisat a (Iso et al., 2003).

Aquests gens diana de Notch
codifiquen  per proteines que
pertanyen a la familia bHLH (basic
helix-loop-helix), nom que defineix la
seva estructura; el domini basic els
serveix d’ancoratge al DNA, mentre
que les estructures en hélix alfa
donen la capacitat de dimeritzar
amb altres proteines tipus bHLH.
Aixi, els bHLH

sequéncies especifiques de DNA

s’'uneixen a

com a dimers. S’han definit tres
families de bHLH en funcié de la
sequéncia génica a la que

s’'uneixen; classe A, Bi C:

Les proteines Hes son bHLH de la
clase C; s’uneixen a sequéncies
tipus CACGNG tot i que també es
poden unir a sequéncies tipus N-
Box.

De la familia hes es coneixen 7
membres, hes? al 7, perd només
hes1 (Jarriault et al., 1995), hes5

(Ohtsuka et al., 2001) i hes7
(Bessho et al., 2001) s’ha demostrat
que siguin dianes de Notch. En
general, els membres d’aquesta
familia de bHLH soén repressors
transcripcionals, excepte Hes6 que
es podria definir com a activador per
la seva capacitat d’inhibir a Hes1
(Bae et al., 2000). S’han proposat
tres mecanismes pel quals les
proteines Hes farien la seva funcio;
per una banda s’uneixen com a
homodimers a sequeéncies
especifiques de DNA i inhibeixen els
seus gens diana pel reclutament del
Groucho (TLE en

mamifers). Aquest repressor recluta

repressor

Rpd3 (HDACs en mamifers) que
deacetila la cromatina induint-ne la
seva compactacié (Fisher et al,,
1996). El segon mecanisme és
passiu i es basa en la formacio
d’heterodimers no funcionals amb
altres bHLH que, en abséncia de
Hes1, actuarien com factors de
transcripcié. En un sistema com el
de la diferenciaci6 muscular Hes1
s'uneix a E47, un factor de
transcripcio tipus bHLH de classe A,
impedint la formacié d’un complex
activador de E47 amb els seus
partners MyoD i Mash1 (Sasai et al.,
1992). El tercer mecanisme, encara

poc definit, és essencial per la

33



propia repressio de hes7 i també de
p21"¥ i se sap que requereix d’un
domini anomenat Orange domain.
Es creu que aquest domini podria
reclutar repressors a la cromatina
(Castella et al., 2000).

Es coneixen diversos gens diana de
Hes1, entre ells el propi hes1 que
conté una N-box al seu promotor
(Takebayashi et al., 1994). També
en soOn diana de Hes1 el gen
mash1, ortdleg a mamifers del gen
proneural achaete-scute de
Drosophila (Kageyama et al., 1995),
el receptor CD4 de les cél.lules T
(Tomita et al., 1999), p21*®" (Kabos
et al., 2002), un inhibidor de les
quinases ciclina-depenents (CDK)
reguladores del cicle cel.lular o la
calcipresina  (Mammucari et al.,
2005).
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Taula 3a: classificacié de les proteines tipus bHLH (adaptat de (Iso et al.,

2003)), classificades per la seqiiéncia de DNA a la que s’uneixen:

Fisher and Caudy | Massari and Murre
(1998) (2000)
Classe A [, 1l Activadors transcripcionals
Classe B 0 v Proteines bHLH-cremallera de
leucina
Classe C Vi Repressors transcripcionals
Proteines HLH sense domini
v basic
VIl Proteines bHLH-PAS

Taula 3b: seq”encies a les que s’uneixen al DNA les proteines tipus bHLH:

Sequencies consens d’unio al DNA dels bHLH

Classificacio Consens Exemples

Classe A CANCTG CACCTG, CAGCTG
Classe B CANGTG CACGTG, CATGTG
Classe C CACGNG CACGCG, CACGAG
E box CANNTG CACCTG, CAGCTG
N box CACNAG CACGAG, CACAAG
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1.4.2. Hes 1 en diferenciacio i

oncogeénesi

La via de Notch juga un paper clau
en el desenvolupament embrionari i
en el manteniment de I’'homeostasi
dels teixits adults, regulant
processos cel.lulars claus com la
diferenciacié, la proliferaci6 o
'apoptosis. En molts d’aquests
processos, s’ha pogut demostrar
que la funcié de Notch és depenent
de I'expressio del gen hes1.

Donat que Notch intervé en
processos tan diversos, s’ha descrit
que mutacions en components de la
via de Notch estan a la base de
diferents malalties com ara Ila
leucémia linfoblastica aguda de
cél.lules T (T-ALL) (Ellisen et al.,
1991). Una de les causes d’aquesta
leucémia és una translocacio
cromosomica que fusiona la part
intracel.lular de Notch amb el
receptor de cél.lules T (TCR), aixi
les cel.lules leuceémiques tenen la
via de Notch constitutivament activa.
També s’han descrit mutacions del
receptor Notch que faciliten el
trencament de la molécula i la
consequent activacid6 de la via
(Weng et al., 2004).

A més de en leucémies, també s’ha
observat l'expressi6 andomala de
components de la via de Notch en
diferents tumors solids com els
cancers de colon (revisat a (Radtke
and Clevers, 2005), de pancreas
(Miyamoto et al., 2003) o de pulmo
(Dang et al., 2000). En la majoria
dels estudis, perd, no s’ha identificat
el mecanisme oncogénic pel qual
aquestes proteines operen. Se sap,
pero, que l'expressid de hes? es
imprescindible per mantenir la
tumorigenesi induida per k-Ras
(Weijzen et al.,, 2002) o per
mutacions en APC (van Es et al.,
2005). Pel contrari, en tumors de
pulm6é de cel.lula petita hes? es
troba reprimit i aixd duu a I'activacié
del seu gen diana hash1 que és
necessari per mantenir el fenotip
neuroendocri del tumor (lto et al.,
2003).
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1.5. Interrelacié entre les vies
d’NF«xB i de Notch

La comunicaci6 entre cél.lules és un
requeriment basic per la
funcionalitat dels organismes
pluricel.lulars, ja que és un element
clau no només durant el
desenvolupament embrionari, sind
també en el manteniment de
I’'homeostasi de 'organisme adult.

El cancer no és el resultat d'una
unica alteracioé genética sin6 que sol
ser consequencia de I'acumulacié
progresiva de mutacions en proto-
oncogens O Qgens  supressors
tumorals que provoquen defectes en
el creixement, la diferenciacié i la
supervivéncia cel.lulars. Donat que
els elements que regulen I'expressio
dels gens tampoc actuen de forma
independent i que moltes vies de
transduccio de senyal cooperen o
s’inhibeixen entre elles, és important
conéixer com s'integren aquestes
vies en el context de la fisiologia de
la cel.lula normal i tumoral per tal de
millorar les terapies contra el
cancer. Donada la gran importancia
de les vies de Notch i d’'NFkB en la
genesi i progressio tumoral I'estudi
dels possibles interaccions entre
ambdues vies és de maxima

importancia.

S’han publicat alguns treballs on
s’estudia la relacio entre les vies de
Notch i d’'NFxB. Inicialment, Wang
et al. van demostrar que en cél.lules
T, la fraccio intracel.lular de Notch1
interaccionava amb la subunitat p50
d’'NFxB, perd no amb p65 i van
proposar que Notch jugaria un
paper similar al d’IkB al nucli,
regulant negativament els gens
diana d’'NF«xB al impedir la uni6é del
factor de transcripcio als seus gens
diana (Wang et al., 2001). Aquest
mecanisme s’ha proposat, perd no
demostrat, que podria estar operant
en cél.lules precursores
hematopoiétiques (Cheng et al,,
2001).

En el model del desenvolupament
de les cél.lules T s’ha trobat relacio
entre Notch i NFkB; Notch3 indueix
un increment en I'expressio del gen
pTa (un dels components del pre-
TCR) que comporta una activacio
sostinguda de la senyalitzacié pel
pre-TCR, que augmenta [activitat
NFkB a través de [l'activacio del
complex IKK (Bellavia et al., 2003).
També en céllules T s’ha descrit
que Notch1 augmenta [I'activitat

NFxB facilitant la seva retencié al
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nucli ja que competiria amb kB per
unir-se al factor de transcripcio
(Shin et al., 2006).

S’ha demostrat un mecanisme in
vitro i del qual no esta clara la
rellevancia fisioldgica, en el que
RBPjk s’uneix a sequéncies diana
d’'NFxB (Shirakata et al., 1996).
Aquesta interaccié determinaria que
lactivitat depenent d'NFkB en
aquests gens estigués negativament
regulat en abséncia de Notch i
positivament en la seva preséncia.
Aquest és e cas de -6
(Interleuquina-6), en el que s’ha
detectat RBPjk al seu promotor en
alguns tipus cellulars que s’ha
relacionat amb la repressido basal
d’aquest gen (Plaisance et al.,
1997).

Un cas especial d’'aquest
mecanisme és el promotor d’lxBa;
conté una sequéncia d'unid per
NF«B on es pot unir RBPjk reprimint
el gen al competir amb NFxB pel
mateix domini d'uni6 al DNA
(Oakley et al., 2003). Aixi la via de
Notch/RBPjk podria mantenir
I'activacio cronica d’'NFkB al impedir

la resintesi de I'inhibidor 1kBa..

Pel que fa a la via alternativa
d’NFxB, s’ha demostrat que RBPjk
s’'uneix al promotor d’'nfxb2, el gen
que codifica per p100/p52, i que
aquest gen pot ser activat
transfectant Notch1 (Oswald et al.,
1998), suggerint que nfxb2 seria
una diana de la via de Notch. S’ha
demostrat recentment que aquest
mecanisme opera en sinoviocits
(Nakazawa et al., 2001).

De forma similar, c-Rel i p65
modulen la via de Notch a través de
'activacié transcripcional del seu
ligand jagged1 (Bash et al., 1999).

A un altre nivell de regulacid,
I'expressio ectopica de IkBaso.36 €s
capa¢ d’activar directament la
transcripci6 de gens com hes1?
(Espinosa et al., 2002), (Espinosa et
al.,, 2003) al segrestar els
corepressors transcripcionals  N-
CoR i SMRT al citoplasma.
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OBJECTIUS



Objectius

L’objectiu general plantejat en aquesta tesi ha estat entendre els mecanismes
que regulen la via d’'NFkB i la de Notch i estudiar la seva interrelacio. Aquest
objectiu general s’ha desglossat en dos objectius més especifics:

1- Estudiar el paper de les 14-3-3 en la regulacio de la via classica d’NFxB

2- Estudiar el mecanisme pel qual IkBa regula els gens diana de Notch
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RESULTATS



3.1.Capito | :

Efficient nuclear export of IkBa/p65 complexes requires 14-3-3

En aquest article es demostra com les 14-3-3 regulen la via classica d’'NF«kB
afavorint I'export citoplasmatic dels complexes p65/lkBa després de I'activaciod
per TNFa.

Demostrem que p65 conté dos dominis d’'uni6 a 14-3-3 que inclouen els
aminoacids 38-44 i 278-283, i mapem el lloc d'unié6 d'lkBa a 14-3-3 en els
aminoacids 60-65. La mutacié d’aquests dominis redistribueix p65 i IxkBa al
nucli de les ceél.lules suggerint que 14-3-3 participa en I'export d’aquestes
proteines del nucli.

El tractament amb TNFa promou el reclutament de 14-3-3 i dIkBa als
promotors de gens diana d’NFxB aixi com la uni6 de p65 a les 14-3-3. A
I'inhibir I'activitat NFkB amb un dominant negatiu de les 14-3-3, els complexes
IkBa/p65 s’acumulen al nucli de les cél.lules. En aquestes condicions s’observa
una associacio constitutiva de p65 als seus gens diana que doéna lloc a una
falta de resposta d'aquests gens a [lactivacié induida per TNFa. Aixi
demostrem que les 14-3-3 sén necessaries per la correcte regulacié de la via
d’NF«B ja que facilita I'export del nucli dels complexes IkBa/p65.

Aquest mecanisme podria ser especialment important en alguns cancers de
mama com indica la preséncia de p65 nuclear en tumors que presenten nivells

anormalment reduits de 14-3-3c.
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14-3-3 proteins regulate NFxB

Efficient nuclear export of p65-lkBa complexes requires 14-3-3

Aguilera C., Fernandez-Majada V., Inglés-Esteve J., Rodilla V., Bigas A.*, Espinosa L.*

Centre Oncologia Molecular, IDIBELL-Institut de Recerca Oncologica.

IkB are responsible for maintaining p65 in the cytoplasm under non-stimulating conditions and
promoting the active export of p65 from the nucleus following NFkB activation to terminate the
signal. We now show that 14-3-3 proteins regulate the NFxB signaling pathway by physically
interacting with p65 and IkBa proteins. We identify two functional 14-3-3 binding domains in the
p65 protein involving residues 38-44 and 278-283, and map the interaction region of IkBa in
residues 60-65. Mutation of these 14-3-3 binding domains in p65 or IkBa results in a
predominantly nuclear distribution of both proteins. TNFa treatment promotes recruitment of 14-
3-3 and IkBa to NFxB-dependent promoters and enhances the binding of 14-3-3 to p65.
Disruption of 14-3-3 activity by transfecting a dominant-negative 14-3-3 leads to the
accumulation of nuclear p65-lkBa complexes and the constitutive association of p65 to the
chromatin. In this situation, NFkB-dependent genes become unresponsive to TNFa stimulation.
Together our results indicate that 14-3-3 proteins facilitate the nuclear export of IkBa-p65
complexes and are required for the appropriate regulation of NFkB signaling.

Altered NFxB activity has been linked to
several human diseases such as inflammation
and cancer. Several extracellular stimuli such
as TNFa lead to kB phosphorylation (residues
32-36 in IkBa) and degradation, thus releasing
NFkB and permitting the transcriptional
activation of NFkB target genes. In general, kB
proteins inhibit NFkB by maintaining p65 in the
cytoplasm (reviewed in reference (Baldwin,
1996)) whereas IkBa plays a unique role in
actively removing p65 from the nucleus
because of its ability for nucleo-cytoplasmic
shuttling both in basal condition (Huang et al.,
2000; Johnson et al., 1999) or in response to
stimuli (Huang et al.,, 2000; Huang and
Miyamoto, 2001; Johnson et al., 1999; Nomura
et al., 2003; Tam and Sen, 2001). Despite this
specific  function has been classically
associated with IkB proteins, in cells lacking
IkBa,, B and ¢ isoforms, p65 remains
cytoplasmic (Tergaonkar et al., 2005). Although
p100 and p105 can interact with p65 in these
cells, other unknown proteins may be involved
(Moorthy and Ghosh, 2003; Prigent et al., 2000;
Tergaonkar et al., 2005).

14-3-3 is a highly conserved family of
proteins that regulate a wide variety of signal
transduction pathways (Fu et al., 2000; Tzivion
et al., 2001) by promoting the cytoplasmic
export of prephosphorylated substrates (Brunet
et al., 2002; Grozinger and Schreiber, 2000).
Many different 14-3-3 targets have already
been identified such as Raf-1(Thorson et al.,
1998), the cell cycle regulator Cdc25 (Lopez-
Girona et al.,, 1999), Histone Deacetylases
(Grozinger and  Schreiber, 2000), the
proapoptotic factors FKHRL1 (Brunet et al.,

2002), Bad (Hsu et al., 1997) and Bax (Nomura
et al.,, 2003), the tumor suppressor p53
(Waterman et al.,, 1998) or the kinase Par1
(Benton et al., 2002), and most of them, but not
all, require prephosphorylated 14-3-3 binding
domains corresponding to the RXXpSXP or
RXXXpSXP  consensus, being pS a
phosphorylated serine. Althought 14-3-3 are
primarily cytoplasmic proteins, it has been
shown that Protein Kinase B-dependent
phosphorylation of the 14-3-3 binding sites of
FKHRL1, that promotes its cytoplasmic
translocation, occurs in the nucleus thus
suggesting that the interaction between both
proteins takes place in this cellular
compartment (Brunet et al., 2002).

Since nuclear-cytoplasmic shuttling is crucial
in the regulation of NFkB activity, we
investigated whether 14-3-3 proteins may play
a role in this signaling pathway. Here we show
that 14-3-3 interact with both p65 and IxB
proteins and play a role in the regulation of
NFkB pathway after TNFa treatment by
facilitating the export of [kBa-p65 complexes.

MATERIALS AND METHODS

Plasmids. Expression vectors for pCMV-HA-IkBa.s;.36,
GFP-p65, Flag-p65, myc-14-3-3n, myc-14-3-3ngrsea-re0a
(DN-14-3-3), and GST-14-3-3n have been previously
described (DiDonato et al., 1995; Thorson et al., 1998).
IkBa and p65 constructs were obtained by PCR and primer
sequences are available upon request. PCR products were
cloned in frame into the pGEX-5.3 vector (Pharmacia) or
into the pcDNA3.1-HA. GFP-p65 mutants were generated
with the QuickChange Site-Directed Mutagenesis KiT
(Stratagene). All construct sequences were confirmed by
automated sequencing.
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Antibodies and inhibitors. a-IkBa (sc-1643 and sc-
371G), o -p65 (sc-109), a-HDAC1 (sc-7872), o-14-3-3p (sc-
629) and a-14-3-3y (sc-731) were purchased from Santa
Cruz Biotechnology. a-14-3-3B (recognizing different 14-3-3
isoforms and referred as a-pan-14-3-3) (KAM-CCO13) was
from Bioreagents, a-flag (clone M2) and a-alpha-tubulin
from Sigma, a-HA from Babco and a-HDAC4 (07-040) and
o-lkBa (06-494) were from Upstate and a-phospho-14-3-3
binding motif (9601) was from Cell Signaling. Secondary
antibodies conjugated with horseradish peroxidase (HRP)
were purchased from DAKO. Fluorescein-conjugated goat
anti-mouse or Cy3-conjugated goat anti-rabbit antibody was
from Amersham and Alexa-fluor-594-conjugated goat anti-
mouse antibody was from Molecular Probes.

BAY 11-7082, JNK inhibitor Il and SB203580 were used
at 100uM, 20 uM and 12 uM respectively and purchased
from Calbiochem. TNFa was purchased from Preprotech
and used at 40 ng/ml.

Cell culture and transfection. HEK-293T, RWP1
pancreatic cancer cells, NIH-3T3 murine embryonic
fibroblasts (MEF), p65" MEF and IkxBa™ MEFs were
cultured in DMEM plus 10% FBS. Cells were plated at
subconfluence and transfected with calcium phosphate or
Lipofectamine Reagent (Invitrogen). Cells were harvested
after 24h for immunofluorescence, coimmunoprecipitation,
ChlIP or western blot analysis.

Cell fractionation. Individualized cells were incubated
in 500ul of 0.1% NP-40/PBS for 5 min on ice and the
reaction was stopped by adding 3ml of cold PBS. Nucli
were isolated by centrifugation at 2,000 rpom and washed
with 3ml of cold PBS twice. After washing, nucli were lysed
for 30 min in 50mM Tris-HCI pH 7.5, 150mM NaCl, 1%
Nonidet P-40, 5mM EGTA, 5mM EDTA, 20mM NaF and
complete protease inhibitor cocktail (Roche).

siRNA transfection: siRNAs against 14-3-33 (sc-
29186), 14-3-3y (sc-29582), 14-3-3¢ (sc-29588) or control
siRNA (sc-36869) were transfected in HEK-293T cells with
the siRNA reagents from Santa Cruz Biotechnology,
according to the manufacturer’s instructions (sc-36868).

Pull down assays. Pull down assays have been
previously described (Espinosa et al., 2003). Briefly, GST
fusion proteins were purified and incubated with 400 pg of
cell lysates for 2h at 4°C in lysis buffer and extensively
washed. Pulled down proteins were analyzed by western
blot.

Coimmunoprecipitation assays. Cells were lysed for
30min at 4°C in 500ul of PBS containing 0.5% Triton X-100,
1mM EDTA, 100 pM Na-orthovanadate, 0.25 mM PMSF
and complete protease inhibitor cocktail (Roche). After
centrifugation, supernatants were incubated for 3h at 4°C
with 1 ng of the indicated antibody coupled to Protein A-
Sepharose beads. Beads were extensively washed with the
precipitation buffer and samples were assayed by western
blot.

Immunofluorescence. Cells were grown on glass
slides and transfected with the indicated plasmids. After
48h, cells were fixed in 3% PFA and permeabilized with
0.3% Triton X-100, 10% FBS and 5% non-fat dry milk in
PBS. After incubation with the appropriate antibodies, slides
were mounted with Vectashield plus DAPI or Propidium
lodide (PI) (Vector) and stainings were visualized in an
Olympus BX-60 microscope or a Leica TCS-NT laser
scanning confocal microscope equipped with the x63 Leitz
Plan-Apo objective (NA 1.4). Representative images were
edited on Adobe Photoshop. For each experiment a
minimum of 200 cells was counted in the Olympus BX-60
by two independent researchers (CA and LE).

Protein Kinase assays. Cells were lysed for 30min at
4°C in 500ml of PBS containing 0.5% Triton X-100, 1mM
EDTA, 100 mM Na-orthovanadate, 0.25 mM PMSF and
complete protease inhibitor cocktail (Roche). Cell lysates
were assayed for kinase activity on GST-p65 peptides in
the presence of *Py-ATP.

Chromatin Immunoprecipitation Assay. Chromatin
from crosslinked cells was sonicated, incubated overnight
with the indicated antibodies in RIPA buffer and precipitated
with  protein G/A-Sepharose. Cross-linkage of the
coprecipitated DNA-protein complexes was reversed, and
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DNA was used as a template for semiquantitative PCR.
Primer sequences are available upon request.

RT-PCR. Total RNA from HEK-293T cells was isolated
using Trizol Reagent (Invitrogen), and cDNA was obtained
with RT-First Strand cDNA Synthesis kit (Amersham
Pharmacia Biotech) according to the manufacturer's
instructions. Densitometric analysis of the PCRs was
performed with the Quantity One software from Biorad.
Oligonucleotide sequences are provided upon request.

RESULTS

TNFa induces p65 binding to 14-3-3.By
pull down experiments, we first demonstrated
that p65 physically bound to GST-14-3-3n in
response to TNFa stimulation and that this
interaction was maintained after 60 min of
chronic treatment in HEK-293T cells (Fig 1a).
We next confirmed this interaction by
precipitating endogenous p65 from these cells
and detecting 14-3-3 after TNFa treatment in
the precipitates (Fig 1b). By sequence analysis,
we identified three putatives 14-3-3 binding
domains containing the RXXSXP and
RXXXSXP (Yaffe, 2002), involving residues
AA38-44 (BD42), AA278-283 (BD281), and
AA336-342 (BD340) of human  p65.
Nevertheless, only two of these domains, 38 to
44 and 278 to 283 are evolutionary conserved,
suggestive of their functional relevance (Fig 1c).

In many identified 14-3-3 substrates,
phosphorylation is required for 14-3-3 binding
(Muslin et al.,, 1996). To further investigate
whether binding of p65 to 14-3-3 was
phosphorylation-dependent, we incubated
protein extracts from TNFa-treated HEK-293T
cells with acid phosphatase and performed pull
down assays with GST-14-3-3n. In Fig 2a, we
show that phosphatase treatment completely
abolished the TNFa-induced binding of p65 to
14-3-3, indicating that this interaction was
phosphorylation-dependent. To investigate
which kinases were involved in regulating this
interaction, we treated HEK-293T cells with
different kinase inhibitors such as BAY11-7082
(IKK), JNK inhibitor, SB203580 (p38),
Wortmanin (PKC and PI3K), PD98059 (ERK)
and H89 (PKA and MSK) and used the different
cell lysates for pull down assays with GST-14-
3-3n (Fig 2b and Supplemental Information, Fig
S1). Our results demonstrated that BAY11-
7082 specifically abrogated the interaction
between p65 with 14-3-3 suggesting that IKK
activity is required for p65 binding to 14-3-3.

We next tested whether the three theoretical
14-3-3 binding domains of p65 were
phosphorylated in response to TNFa. With this
aim we generated GST fusion proteins that
contained these domains from wild type p65
(GST-BD42, -BD281 and -BD340) and the
corresponding Ser to Ala mutants. Wild type or
mutated GST-p65 peptides were incubated with
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untreated or TNFo-treated cell lysates in the
presence of *?P-ATP. We detected TNFo-
dependent phosphorylation in GST-BD42 and
GST-BD281 proteins that was abrogated by the
point mutations S42A and S281A (Fig 2c), while
GST-BD340 was not phosphorylated. To

confirm that S42 and  S281 were
phosphorylated in response to TNFa, an
antibody that specifically binds to

phosphorylated 14-3-3 binding motifs (a-P-14-
3-3BM) efficiently recognized precipitated GFP-
p65 from TNFo treated cells and in a minor
extent the GFP-p65 mutants S42A and S281A
(Fig 2d).

To test whether these binding domains were
functionally involved in the interaction between
p65 and 14-3-3, we performed pull down
assays with cell extracts from HEK-293T
transfected with GFP-p65wt or the point
mutants S42A, S281A and S340A. In Fig 2e,
we show that 30 min after TNFa treatment,
interaction between 14-3-3 and p65 is severely

reduced in mutants S42A and S281A.
TNFa 30min
a 5 b
& —INEa 30min < & s
- QO ’ %)
O +__ phosphatase & N &
— § \5\ é’r\(\ Q,WQ
Pull down O N2 =)
a-p65 nout
npu a-p65| I -
T S -
| o
\g X
N N ) S
c R A
Q N Q Q Q Q
R R A
& & & & & &
TNFa — + — + —+ —+ —+ —+
ain - - | 32P_peptide
GST
TNF o, 30min
\g X
e ¥y &
d ; ) W
60m|nT<l(\lFo:( q,§ ‘o(ov ‘:‘J\/ ‘oof)b
22589 § § & £
IPo-p65 & & v & @ éz' éz' l?“l éz'
8 8 o b » & & & &
a—p65 Pull down _ a-p65
Input | GST-14-3-3

14-3-3 proteins regulate NFxB

Together, these results indicate that both Ser42
and Ser281 are phosphorylated in response to
TNFa to create two functional 14-3-3 binding
sites in p65. Despite we did not detect
phosphorylation of Ser340 in response to

IP 0-p65
Inout 196G 0 60 TNFo (min)

0-14-3-3

[

FIG 1: p65 binds to 14-3-3 proteins in response to TNFa.(a) Pull
down experiment using GST-14-3-3n and lysates from
untransfected HEK-293T cells incubated with TNFa at the indicated
times. Upper panel shows immunoblot with a-p65. Ponceau staining
of GST proteins is shown in lower panel. Inputs represent 1/10 of
the lysates. (b) Cell lysates from HEK-293T, untreated or treated
with TNFo., were precipitated with a-p65 antibody or rabbit IgG as a
control. The presence of 14-3-3 in the precipitates was determined
by immunoblot with a-14-3-3n antibody recognizing different 14-3-3
isoforms (a-pan-14-3-3). (c) Schematic overview of the p65 protein
sequence indicating the putative 14-3-3 binding domains.

TNFa, we observed a decrease in the
interaction between S340A mutant and 14-3-3.
Based on this result, we cannot exclude that
BD340 is also involved in 14-3-3 binding.

IkBa interacts with 14-3-3 in a TNFa
independent manner. We next tested whether
other NFxB family members were also
associated with 14-3-3 proteins. By pull down
experiments, we demonstrated that the NFxB
inhibitor IkBa binds to GST-14-3-3 in untreated
HEK-293T cells, whereas TNFa resulted in a
decrease in both, the total levels of IkBa as
expected, and in the amount of IkBa bound to
14-3-3 (Fig 3a). However, coprecipitation

experiments from HEK-293T transfected
with  the non-degradable IkBos;.36
demonstrated that TNFa treatment is not
inhibiting the binding of IkBa to 14-3-3
(Fig 3b)

FIG 2: Interaction between p65 and 14-3-3 depends on
phosphorylation.

(@ and b) Pull down assay with GST-14-3-3n and cell
lysates from TNFa-treated HEK-293T cells incubated with
acid phosphatase for 30 min (a) or from cells incubated for 2
hours with the indicated inhibitors plus 30min with TNFa. (b).
The presence of p65 in the precipitates was determined by
western blot with a-p65 antibody. Comassie staining of GST
proteins is shown in lower panel. Inputs represent 1/10 of
the lysates.

(c) In vitro kinase assay to test the capacity of total cell
lysates, from untreated or TNFa-treated HEK-293T cells, to
phosphorylate GST-p65 peptides including the putative 14-
3-3 binding domains. Upper panels show phosphorylated
peptides by autoradiography. Comassie staining of GST
proteins is shown in lower panel.

(d) Cell lysates from HEK-293T transfected with the full
length GFP-p65wt and the indicated mutant plasmids,
treated for 60min with TNFo were precipitated with the a-
p65 antibody. Western blot analysis with a-P-14-3-3 binding
motif antibody confirmed the presence of phosphorylated
14-3-3 binding domains in p65. Precipitated GFP-p65
protein levels are shown in the lower panel.(e) Pull down
experiment using GST-14-3-3n and lysates from HEK-293T
cells transfected with the indicated p65 mutants and treated
for 30min with TNFa. Upper panel shows immunoblot with
o-p65. Comassie staining of GST proteins is shown in lower
panel. Inputs represent 1/10 of the lysates.
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Pull down assays with phosphatase-treated cell
extracts demonstrated that phosphorylation of
IkBa. was not required for its binding to 14-3-3
(Fig 3c). Next, we analyzed the IkBa protein
sequence for the presence of conserved 14-3-3
binding motifs. As we could not identify any
consensus, we generated sequential I|kBa
deletion mutants (Figs 3d, e and f) and tested
their ability to bind 14-3-3 in pull down assays.
From these experiments, we identified a unique
region in the first ankyrin repeat of IkBa that
was required for the interaction of lkBa with 14-
3-3. Since IkBaA55-59 still bound GST-14-3-3
whereas [kBaA55-65 did not (Fig 3f), we
propose that 14-3-3 binding domain of IxBa
includes residues AA60-65, that greatly
resembles a 14-3-3 binding motif (Fig 3f).

14-3-3 binding domains of p65 and IkBa
are required for their efficient nuclear
export. Since 14-3-3 proteins regulate the
subcellular distribution of many of their
substrates, we determined the subcellular
localization of GFP-p65 wild type compared to
GFP-p65 mutants S42A and S281A in RPW1
(Fig 4a) and HEK-293T (data not shown) cells.
As shown in Fig 4a, transiently transfected
GFP-p65 was mainly cytoplasmic, as expected.
Single mutation of S42 or S340 to A resulted in
a moderate increase in the nuclear localization
of GFP-p65 (56% and 66% respectively)
compared to the wild type (43%) whereas
S281A mutation was sufficient to promote the
nuclear retention of p65 in almost all the cells
(94%) (Fig 4a). These results indicate that 14-3-
3 binding domains of p65, and particularly
BD281, are required for its cytoplasmic
localization.
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To test the functional relevance of the 14-3-
3-binding region of IxBa, we determined the
subcellular distribution of the 14-3-3-binding-
deficient mutant, IkBaA55-65, as well as its
capacity to induce cytoplasmic localization
ofp65 in IkBa-deficient MEFs. As shown in Fig
4b, transfected flag-p65 primarily localized in
the nucleus in most of the IkBa™ cells (86%).
Coexpression of the non-degradable IkBais, 3s
or the IkBaA55-59 mutant that binds 14-3-3
leads to the cytoplasmic redistribution of GFP-
p65 compared to the control (24% and 19%
nuclear respectively). By contrast, the IkBaA55-
65 mutant, lacking the 14-3-3 binding site, failed
to retain p65 in the cytoplasm (76% nuclear)
(Fig 4b). Of note, localization of this lkBaA55-
65 mutant, containing an intact NES (see Fig
3f), was predominantly nuclear, suggesting that

FIG 3: IkBa binds to 14-3-3 proteins irrespective of TNFa.

14-3-3 also regulates subcellular distribution of
IkBa. As a control, we performed
coprecipitation experiments to demonstrate that
mutations in the 14-3-3 binding motifs do not
affect the interaction between p65 and IxBa
(Figs 4c and 4d).

14-3-3 activity is required for the
appropriate nuclear export of p65-lkBa
complexes. To test whether the aberrant
nuclear distribution of the p65 and IxBa
mutants was due to 14-3-3, we analyzed the
subcellular localization of endogenous p65 (Fig
5a) in control HEK-293T cells transfected with a
dominant-negative form of 14-3-3 (DN-14-3-3)
(Thorson et al., 1998) that blocks the interaction

(a) Pull down experiment using GST-14-3-3n and lysates from HEK-293T cells incubated with TNFa as indicated. Upper panel shows immunoblot
with a-p65 and a-lkBa antibodies. Ponceau staining of GST proteins is shown in lower panel. Inputs represent 1/10 of the lysates.

(b) Immunoprecipitation with o-HA from HEK-293T cells control and transfected with HA- 1xBay.36, treated for 60 min with TNFa. The presence of
coprecipitated endogenous 14-3-3 and p65 was determined by western blot with a-14-3-3y/m or a-p65 antibodies.

(c) Pull down assay with GST-14-3-311 and cell lysates from HEK-293T cells untreated or treated with acid phosphatase for 30 min. The presence of
IkBo proteins in the precipitates was determined by immunoblot with a-IkBa. antibody. Ponceau staining of GST proteins is shown in lower panel.
Inputs represent 1/10 of the lysates.

(d) Pull down experiment using different GST-IkBa constructs and lysates from HEK-293T cells transfected with myc-14-3-3n. Upper panel shows
immunoblot with a-myc antibody. Comassie staining of GST proteins is shown in lower panel.

(e and f) Pull down experiments using GST-14-3-3n and lysates from HEK-293T cells transfected with the indicated Ha-lkBa deletion mutants.
Upper panel shows immunoblot with a-HA. Comassie staining of GST proteins is shown in lower panel. Inputs represent 1/10 of the lysates. A
schematic overview of the IkBa protein is shown, indicating the putative 14-3-3 binding domain.
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FIG 5: 14-3-3 activity is required to maintain p65 in the cytoplasm.

(a) Immunolocalization of endogenous p65 in HEK-293T cells transfected with the indicated 14-3-3 plasmids and incubated with TNFa for 15 and
60min as indicated. Representative confocal images are shown (630x). Western blot showing the levels of transfected wild type (WT) and DN-14-3-3
(DN) with a-myc antibody.

(b) Pull down experiment using GST-14-3-3n and lysates from HEK-293T cells untransfected or transfected with DN-14-3-3 treated for 30 min with
TNFa as indicated. Upper panels show immunoblot with a-p65. Inputs represent 1/10 of the lysates. Ponceau staining of GST proteins is shown in
lower panel.

(c) Nuclear extracts from HEK-293T cells, untransfected or transfected with DN-14-3-3 and treated with TNFa at different time points, were
precipitated with the o-p65 antibody. Coprecipitated IkBo was detected by western blot with a-lkBa antibody. Tubulin is shown as fractionation
control and HDAC1 as loading control for nuclear extracts in the left panel. Inputs represent 1/10 of the lysates.

(d) Pull down experiment using GST-14-3-3n and lysates from wild type or IkBa knockout MEF cells untreated or treated for 30 min with TNFa as
indicated. Upper panels show immunoblot with a-p65. Inputs represent 1/10 of the lysates. Ponceau staining of GST proteins is shown in lower
panel.

(e) Subcellular localization of endogenous p65 in HEK-293T cells treated with siRNA against different 14-3-3 isoforms. Right panels show the
nuclear entrance of HDAC4 in the 14-3-3-¢ siRNA-treated cells as a control. Representative confocal images are shown (630x). Pl was used for
nuclear staining. Western blot assayed with o-pan-14-3-3 antibody recognizing 14-3-3 family members shows the levels of 14-3-3 in cell lysates from
HEK-293T treated with the isoform-specific sSiRNA. HDAC1 is shown as loading control.

be due to 1) the nuclear accumulation of IkBa-
p65 complexes or 2) the impairment of nuclear

between p65 and 14-3-3 induced by TNFa p65 to bind IkBa. To investigate these
(Fig 5b). Confocal microscopy showed that in possibilities we isolated nuclear extracts from
unstimulated HEK-293T cells, DN-14-3-3 HEK-293T cells expressing DN-14-3-3,
induces a partial redistribution of p65 into the precipitated endogenous p65 and checked for
nuclear compartment compared to the the presence of IkBa in the precipitates. We
exclusively cytoplasmic p65 observed in the demonstrated that nuclear extracts from DN-14-
control or in cells transfected with wild type 14- 3-3 expressing cells contained increased levels
3-3. After 15min of TNFa treatment nuclear of p65 bound to IkBa compared to almost
entrance of p65 was observed in both control undetectable levels of this complex in
cells and cells expressing myc-14-3-3 untransfected cells (Fig 5c), suggesting that 14-
constructs, ~as  expected.  Interestingly, 3-3 activity is required for the efficient nuclear
expression of DN-14-3-3 significantly reduced export of IkBa-p65 complexes.
the nuclear export of p65 after 60min of TNFa Further indicating that after TNFa treatment
treatment (Fig 5a). By western blot (Fig 5a) a ternary complex is formed, we did not detect
and immunofluorescence (data not shown) with TNFa-dependent interaction of p65 with GST-
a-myc antibody, we confirmed that 80-90% of 14-3-3 in IkBo. knockout cells (Fig 5d).
the cells expressed similar levels of the 14-3-3 To confirm the requirement of 14-3-3 for
constructs. Since IkBa is mainly responsible for regulating subcellular distribution of p65, we
p65 nuclear export after TNFo activation, we used specific siRNA to knockdown different 14-
reasoned that nuclear persistence of p65 in the 3-3 isoforms in HEK-293T cells. As shown in
DN-14-3-3 expressing cells in both non- Fig 5e, treatment with siRNA against both 14-3-

stimulated and 60 min TNFa-treated cells might
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3B and 14-3-3y resulted in the nuclear retention
of endogenous p65 compared to HEK-293T
control cells and cells treated with the specific
14-3-3¢  siRNA. Altogether, these results
demonstrated that abrogation of specific 14-3-3
activities results in a general redistribution of
p65 protein to the nucleus in both unstimulated
cells and most interesting in response to TNFa
activation.

FIG 6: 14-3-3 proteins associate with the chromatin in response
to TNFa to modulate NFkB-dependent transcription.

(a) Subcellular localization of endogenous 14-3-3 (left panels), p65
(middle panels) and IkBa (right panels) in control or 30min TNFa-
treated HEK-293T cells. Pl was used for nuclear staining. Slides
from three independent experiments were counted on the BX-60
microscope and the percentage of cells displaying nuclear 14-3-3 is
indicated. Representative confocal images are shown (630x).

(b) Western blot with the indicated antibodies of total cell lysates
(left) and nuclei (right) from HEK-293T cells incubated with TNFa at
different time points. Absence of f-actin in the nuclear extracts is
shown as a fractionation control whereas HDAC1 is a nuclear
loading control.

(c) Chromatin from  TNFa-treated NIH-3T3 cells was
immunoprecipitated with «-14-3-38 and vy, a-p65 and o-lkBa
antibodies. The presence of the indicated NF«B target promoters in
the precipitates was determined by PCR.

(d) Chromatin from HEK-293T cells untransfected or transfected
with DN14-3-3 and treated with TNFa at different time points, was
immunoprecipitated with the a-p65 antibody. The presence of the
indicated NF«B target promoters in the precipitates was determined
by PCR

(e) Semiquantitative RT-PCR to determine the transcriptional activity
of the indicated NF«B target genes in HEK-293T cells untransfected
(triangle) or transfected with DN-14-3-3 (round) treated with TNFa at
the indicated time points. Graphs represent the relative amounts of
mRNA levels, as measured by densitometric analysis, from one of
two equivalent experiments.

a-14-3-3 PI 0-p65
B -

Whole-cell extracts  Nuclear extracts

PI

14-3-3 proteins regulate NFxB

14-3-3 are recruited to the chromatin and
modulate NFxB-dependent transcription.
Since 14-3-3 can enter the nucleus to bind
specific partners (Brunet et al., 2002; Miska et
al.,, 2001; Wakui et al., 1997) and after TNFa
treatment p65 is mainly nuclear, we tested
whether the subcellular distribution of 14-3-3
proteins  was modulated by  TNFa.
Immunodetection of endogenous 14-3-3 with an
antibody  recognizing  different  isoforms
demonstrated that 30min of TNFa treatment
induces a partial redistribution of these proteins
from a predominantly cytoplasmic localization
into a combined cytoplasmic plus nuclear
pattern (Fig 6a). Nuclear entrance of 14-3-3
was confirmed by western blot analysis with
nuclear extracts from HEK-293T cells treated
with TNFa at different time points (Fig 6b). Our
results demonstrated that nuclear levels of 14-
3-3 gradually increased following TNFa
treatment and reached a maximum at 30 min.
Interestingly, nuclear accumulation of 14-3-3
seemed delayed compared to p65 nuclear
entrance and both nuclear p65 and 14-3-3
levels decreased after 60min of chronic TNFa
treatment

Recruitment of 14-3-3¢ proteins to the
chromatin has been shown to occur in both
clAP-2 and IL-8 promoters in response to
laminin attachment resulting in the release of
chromatin-associated SMRT and facilitating
gene activation (Hoberg et al., 2004). We
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speculated that 14-3-3 could also interact with
the chromatin to facilitate the release of
chromatin-bound p65 from specific genes, thus
participating in the termination of TNFa
signaling. Chromatin precipitation from NIH-3T3
cells demonstrated that 14-3-3f, 14-3-3y and
IkBa. associated with the IL-6, A20 and
RANTES promoters in response to TNFa with a
kinetics that is slightly delayed compared to p65
recruitment (Fig 6¢). In contrast, in HEK-293T
cells transfected with DN-14-3-3, p65 was
constitutively associated to the NFxB-target
promoters in the absence or presence of TNFa
(Fig 6d), suggesting that 14-3-3 play a role in
regulating the specific interaction of p65 with
the chromatin. To test whether 14-3-3 modulate
the ftranscriptional activity of NFkB, we
performed semiquantitative RT-PCR of different
NF«B targets from HEK-293T cells transfected
with DN-14-3-3. We detected an increased
basal transcriptional activity from A20 and
RANTES genes that correlated with the higher
association of p65 to the chromatin in
unstimulated conditions (Fig 6d). However, DN-
14-3-3 expressing cells became unresponsive
to TNFa-dependent transcriptional activation
(Fig 6e).

Altogether, our results fit in a model in which
14-3-3 cooperate with IkBa in the release of
p65 from the chromatin of specific promoters
and participate in the subsequent nuclear
export of IkBa-p65 complexes after TNFa
treatment.

DISCUSSION

14-3-3 regulate the subcellular distribution of
many proteins that are crucial in both cell cycle
control and cell signaling (reviewed in (Tzivion
et al., 2001)). In this study, we show that 14-3-3
binds to both p65 and IkBa, facilitates the
nuclear export of IkBa-p65 complexes and are
required for the appropriate regulation of NFkB
activity.

Part of the complexity of NFkB resides in the
regulation of its nucleo-cytoplasmic shuttling.
Although it is clearly established that IxBa is
mainly responsible for sequestering NFkB in
the cytoplasm, it also participates in the nuclear
export of NFkB complexes not only after TNFa.
stimulation but also in basal conditions to
ensure the NF«kB-target gene silencing (Huang
and Miyamoto, 2001). Nevertheless, it has been
recently reported that in the absence of the
three classical kB family members, p65
remains localized in the cytoplasm (Tergaonkar
et al.,, 2005). Although p100 and p105 are
overexpressed and interact with p65 in these
cells, other proteins such as 14-3-3 could also
play a role (Moorthy and Ghosh, 2003; Prigent
et al., 2000; Tergaonkar et al., 2005). We have
characterized two functional 14-3-3 binding
consensus including AA38-44 and AA278-283
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of p65 that are highly conserved from
Drosophila to human.

We also demonstrate that IkBo interacts
with 14-3-3 independent of TNFa stimulation.
By pull down assay we characterize a unique
functional 14-3-3 binding site in the lkBa protein
involving AA60-65, close to its nuclear export
signal (NES). Interestingly, it has been
proposed that 14-3-3 might facilitate subcellular
redistribution by masking-unmasking the
nuclear localization signal (NLS) or NES of their
substrates (Muslin and Xing, 2000). By
comparative sequence analysis we show that
S63, located in the core of this 14-3-3 binding
domain, is exclusively found in the human IxBa.
protein but not in closely related species such
as mouse or swine consistent with the finding
that phosphorylation is not required for IkBa to
bind 14-3-3.

Although many efforts have been made to
identify proteins that interact with the NF«xB
pathway after TNFo treatment, the direct
association between p65 and IkBa with 14-3-3
had not previously been detected
(Bouwmeester et al., 2004).

It has been described that formation of
heterodimers between different 14-3-3 isoforms
may allow the interaction between signaling
proteins that do not directly associate (Jones et
al., 1995). Although this is not the case for p65
and IkBa our results suggest that after TNFa
treatment, phosphorylated nuclear p65 binds to
IkBa and 14-3-3 leading to the formation of a
ternary complex that is more efficiently exported
from the nucleus. Involvement of 14-3-3
proteins in the export of nuclear factors has
been extensively reported mainly associated
with cell differentiation, cell cycle and apoptosis
(Brunet et al., 2002; Lopez-Girona et al., 1999;
Yoshida et al, 2005) and both altered
expression of 14-3-3 and aberrant activation of
NF«kB have been directly implicated in cancer
development (reviewed in (Garg and Aggarwal,
2002; Hermeking, 2003)). More specifically, 14-
3-3c is considered a tumor suppressor gene in
breast carcinomas by promoting the nuclear
export of cdc25 thus leading to cell cycle arrest
(Urano et al., 2002). However abrogation of
NFxB activity is sufficient to inhibit cell
proliferation and to induce cell death in MCF-7
and MDA-MB-231 breast cancer cells (Tanaka
et al., 2006). Considering our results, it is
tempting to speculate that aberrrant NFxB
activation may result from deficiency of 14-3-3
in breast cancer. To address this question we
are currently investigating the precise role of
specific 14-3-3 isoforms in regulating the NF«xB
pathway in cancer cells.

In summary, we have demonstrated that 14-
3-3 are required for regulating the appropriate
subcellular distribution of p65 and that
abrogation of 14-3-3 activity by DN-14-3-3 or
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specific siRNA induces the accumulation of
p65-IkBo. complexes in the nucleus and the
constitutive binding of p65 to the chromatin.
Since efficient nuclear export of p65-IkBa
complexes is required for reestablishing the
permissive conditions for NFkB to be rapidly
activated in response to specific stimuli
(Arenzana-Seisdedos et al., 1997; Huang and
Miyamoto, 2001), abrogation of 14-3-3 function
results in a deficiency in NFxB-target gene
activation after TNFa treatment
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Supplemental Figure S1: Pull down experiment using GST-14-3-3n and lysates from untransfected
HEK-293T cells incubated with the indicated inhibitors for 2 hours plus 30min TNFa. Upper panel shows
immunoblot with a-p65. H89 and Wortmanin were used at 1mM and PD98059 was used at 50mM
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De: Sue Chamberlain [mailto:sue@biologists.com]
Enviado el: jue 4/6/2006 3:47

Para: abigas@iro.es

Asunto: JCS 16536

Re: JCS 16536 - Efficient nuclear export of p65-IB
complexes requires 14-3-3.

Dear Dr Bigas,

Thank you for submitting your paper "Efficient nuclear
export of p65-IB complexes requires 14-3-3. " to the
Journal of Cell Science. The referees reports are enclosed.
As you will see they like the paper but make some
suggestions for improvement. If you were able submit a
revised version which takes into account the points raised
it would be sent back for re-review.

If you choose to make the revisions suggested, please
submit your revised manuscript to the ESPERE system as a
New Submission but be sure to state in your covering letter
that it is a revised manuscript and include your manuscript
number.

The letter should be prepared as a separate PDF file and
uploaded using the Covering Message File upload button
provided. Please remember, your covering letter should also
include your point-by-point response to the reviewers
comments.

In order to promote timely publication, we require that the
revision be completed within three months from the date of
this letter. Manuscripts received after that time will be
considered as new submissions.

We look forward to receiving the revised manuscript.

Yours sincerely,

Sue Chamberlain

For John Heath - Editor, Journal of Cell Science
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3.2.Capitol II:

Recruitment of IkBa to the hes?1 promoter is associated with
transcriptional repression

En aquest article es demostra com l'inhibidor de la via d’'NF«kB, IkBa, juga un
paper nuclear associant-se a la cromatina de gens diana de Notch com hes? i
herp2, sent aquest un nou element en els mecanismes d’interrelacio entre la via
de Notch i la d'NFkB. Proposem que IkBo participa en la repressi
transcripcional reclutant elements corepressors a promotors especifics.

En larticle es mostra com |kBa interacciona amb elements repressors com
corepressors nuclears i HDACs. Per immunoprecipitacions de cromatina es
demostra que IkBa es recluta al promotor de hes? juntament amb HDAC1 i
HDACS. IkBa s’allibera temporalment del promotor de hes1 quant es tracten les
cél.lules amb TNFa, aquest fet correlaciona amb un increment en I'acetilacio de
les histones i I'activitat transcripcional del gen. L’alliberament d’lkBa de hes7 i
la seva activacio transcripcional coincideix amb el reclutament d’'IKKa i d’'IKKp a
aquest promotor. A més a més, tant l'alliberament d’'lxkBa de hes? com
I'increment d’acetilacié de les histones induit per TNFa estan afectats en els

fibroblastes deficients per IKKa.
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The NF-«B pathway plays a pivotal role in proliferation, differen-
tiation, apoptosis, and immune responses in mammals. The NF-«B
inhibitor, 1kB, has classically been characterized for its ability to
sequester NF-kB transcription factors in the cytoplasm. Neverthe-
less, a nuclear fraction of IkBa has consistently been detected and
associated with repression of nuclear NF-kB. Now we show that
IkBa physically associates with different repression elements such
as nuclear corepressors and histone acetyltransferases and
deacetylases (HDACs). More remarkably, chromatin immunopre-
cipitation experiments demonstrate that I«Ba is recruited to the
promoter regions of the Notch-target gene, hes1, together with
HDAC1 and -5, whereas we did not detect IkBa associated with
classical NF-«B target genes such as IL6 and RANTES. TNF-« treat-
ment results in a temporary release of IkBa from the hes1 promoter
that correlates with increased histone acetylation and transcrip-
tional activation. In addition, we demonstrate that both I«xB ki-
nase-a and - are simultaneously recruited to the hes1 promoter in
response to TNF-¢, coinciding with a maximum of IkBa release and
gene activation. Moreover, TNF-a-dependent histone H3 acetyla-
tion, release of IkBa from the hes1 promoter, and hes1 mRNA
synthesis are affected in IKK-a~/~ mouse embryonic fibroblasts.
We propose that IkBa plays a previously undescribed role in
regulating the recruitment of repression elements to specific pro-
moters. Recruitment of IKKs to the nucleus in response to TNF-«
may induce chromatin-associated IkBa release and gene activation.
These findings provide additional insight in the cross-talk between
NF-«B and other signaling pathways.

IkB kinase | NF-«B | chromatin | TNF-«

he role of histone acetyltransferases and deacetylases

(HDACG:S) in the control of individual gene expression has
clearly been established. A diversity of complexes containing
different combinations of corepressors and HDACs mediate
specific gene silencing, thus playing critical roles in the regulation
of biological processes, including cell proliferation, develop-
ment, and tissue homeostasis (1-3). Nuclear corepressor (N-
CoR) and silence mediator of retinoic acid and thyroid hormone
(SMRT) are components of these multiprotein repression com-
plexes and interact with other repression elements such as
mSin3, Sharp (4), or different HDAC: class I (5, 6) and class II
(7). In addition, they also associate with several transcription
factors (7, 8), including nuclear hormone receptors (9), MyoD
(10), p65-NF-«B (11), or RBP-J« (12), which are thought to drive
the repression complexes to specific gene promoters.

The IkB proteins are classically considered as the specific
inhibitors of the NF-«B transcription factors (13). In the canon-
ical NF-«B pathway, the NF-«B inhibitor IxB binds to different
NF-kB homo- or heterodimers, thus masking their nuclear
localization sequences and causing their cytoplasmic retention.
Multiple NF-«B stimuli, including TNF-«, activate the IxB
kinase complex that in turn binds and phosphorylates cytoplas-
mic I«B, leading to its proteasomal degradation (14, 15). This
allows the NF-«kB transcription factors to translocate into the
nucleus and activate gene transcription (reviewed in refs. 15 and
16). Nevertheless, several reports have demonstrated that IkBa

www.pnas.org/cgi/doi/10.1073/pnas.0404429101

can also shuttle between the nucleus and the cytoplasm (17, 18),
thus adding further complexity to the system. Although nucle-
ocytoplasmic shuttling of IkBa is important for regulating
NF-«B signaling termination (19, 20), its physiological relevance
is not completely understood, thus pointing to the possibility that
IkBa can play additional nuclear functions (21). Recently, a new
nuclear function for IkB kinase (IKK-«) in phosphorylating
histone H3 has been reported. IKK-a is specifically recruited to
the chromatin of NF-«B-dependent promoters in response to
TNF-« and participates in the activation of these genes. Never-
theless, not only IKK-a, but also IKK-B, is recruited to the
chromatin, and they are both required for the appropriate
transcriptional activation of NF-«kB targets (22, 23).

We have shown that p65-NF-«B and IkBa participate in the
regulation of the Notch-target gene, hesi, which is not a classical
NF-«B target gene (11, 24), by modifying subcellular distribution
of repression elements such as N-CoR. Besides, recent work
showed the association of cytoplasmic IkBa with HDAC:s class
I (25). Now, we present evidence that IkBa regulates transcrip-
tion through its recruitment to the DNA regulatory regions of
heslI together with HDACI and -5. Release of IkBa in response
to TNF-a is associated with acetylation of the Aes! promoter and
increased transcriptional activation of the gene. In addition,
IKK-« and -B are recruited to the hes! promoter in response to
TNF-« and release of hesl-associated IkBa together with TNF-
a-dependent hes! activation is affected in IKK-co-deficient
mouse embryonic fibroblasts (MEFs). Surprisingly, this regula-
tory mechanism is not operating on two classical NF-«B-
dependent genes such as IL-6 and RANTES.

Materials and Methods

Plasmids. Expression vectors for pCMV-HA-IkBas, 36, myc-
SMRTc, flag-N-CoR, flag-HDAC4, flag-HDACS, flag-
HDACI, and flag-HDAC2 have been described (8, 26-28).
Myc-N-CoRc and GFP-N-CoR details are available upon
request.

Antibodies. a-IxkBa (sc-1643 and sc-371), a-HDACS (sc-11419),
a-p65 (sc-109), a-HDACI (sc-7872), and o-IKK-B (sc-7330)
were from Santa Cruz Biotechnology; a-Flag (clone M2) and
a-B-actin were from Sigma; a-hemagglutinin (HA) was from
Babco (Richmond, CA); a-SMRTe (06-891), a-IkBa (06-494),
and a-acetyl-histone-H3 (06-599) were from Upstate Biotech-
nology (Lake Placid, NY); and a-IKK-a was from Oncogene
(OP133). Irrelevant immunoglobulins from mouse, rabbit, and
goat were from Sigma.

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: HDAC, histone acetyltransferase and deacetylase; N-CoR, nuclear corepres-
sor; SMRT, silence mediator of retinoic acid and thyroid hormone; MEF, mouse embryonic
fibroblast; IP, immunoprecipitation; ChIP, chromatin IP; IkB, NF-«B inhibitor; HA, hemag-
glutinin; IKK, kB kinase.
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Cell Culture and Transfection. 3T3, 293T, .929sA, IkBa~/~, WT
MEF, IKK-a~/~, and IKK-B~/~ MEF were cultured in DMEM
and 10% FBS. Cells were plated at subconfluence and trans-
fected with Lipofectamine Reagent (Invitrogen). Murine and
human TNF-a were purchased from PeproTech (Rocky Hill, NJ)
and Upstate Biotechnology and were used at 25-40 ng/ml,
respectively.

Coimmunoprecipitation Assays. Cells were lysed for 30 min at 4°C
in 500 ul of immunoprecipitation (IP) buffer containing 0.5%
Triton X-100, 1 mM EDTA, 100 uM Na-ortovanadate, 0.25 mM
PMSF, and protease inhibitor mixture (Roche Diagnostics) in
PBS. After centrifugation, supernatants were incubated for 3 h
at 4°C with 1 pg of the indicated antibody coupled to Protein
A-Sepharose beads.

Immunofluorescence. 3T3, 293T, and IkBa~/~ MEF or IkBa WT
MEF were seeded on slides and transfected with the different
plasmids. After 48 h, cells were fixed in 3% paraformaldehyde
and permeabilized in 0.3% Triton X-100/10% FBS/5% nonfat
dry milk in PBS and incubated with the primary and secondary
antibodies. Slides were visualized in an Olympus BX-60
(Melville, NY) microscope or in a Leica (Deerfield, IL) TCS-NT
laser-scanning confocal microscope with the X63 Leitz Plan-
Apo objective (numerical aperture, 1.4).

Northern Blot Analysis. Total RNA was extracted by using the
TRIzol Reagent (Invitrogen) following the manufacturer’s in-
structions. Hybridization was analyzed in a Phospholmager
(Molecular Imager FX, Bio-Rad), and RNA levels were quan-
tified with QUANTITY ONE software (Bio-Rad). To evaluate the
statistical significance, the area under the curve (AUC) was
calculated for the increase from baseline between 0 and 60 min
(AUCy_¢0omin) by using the standard trapezoidal method.

Chromatin IP (ChIP) Assay. Chromatin from crosslinked cells was
sonicated, incubated with primary antibodies in RIPA buffer,
and precipitated with protein G/A-Sepharose. Crosslinkage of
DNA-protein complexes was reversed, and DNA was used as a
template for PCR. For second ChIP experiments, complexes
from the first ChIP were eluted by incubation in 25 wl of 10 mM
DTT for 30 min at 37°C. After centrifugation, the supernatant
was diluted with RIPA buffer and subjected to the ChIP
procedure. PCR primers are available upon request.

Results

We previously described (11, 24) that p65 and IkBa can interact
with the nuclear corepressor SMRT, thus modulating the tran-
scriptional activation of NF-«kB-independent promoters, and we
hypothesized that IkBa together with p65 could play a direct role
in transcriptional repression. Coprecipitation experiments dem-
onstrated that the nondegradable IkBas, 36 mutant (29) physi-
cally interacts with N-CoRs (myc-N-CoR and myc-SMRT) (Fig.
la), HDAGC: class I (flag-HDACI and -2) [as recently reported
(25)] and HDAGC: class II (flag-HDAC4 and -5) (Fig. 1b). As a
control, we did not detect IkBass 36 in the precipitates from
other myc-tagged proteins such as dishevelledl (dvll) or the
nuclear form of Notchl (N1-IC) (Fig. 7, which is published as
supporting information on the PNAS web site). We next inves-
tigated whether these interactions occur under physiological
conditions. Using 293T cell extracts, we demonstrated that
endogenous IkBa coprecipitates with a-SMRT (Fig. 1c¢) and
a-HDACT and -5 antibodies, whereas no IkBa was detected in
the precipitates with nonrelevant IgG (Fig. 1d) or with a-p300
(Fig. 7). Moreover, by pull-down and coprecipitation experi-
ments, we determined that N-CoRs and HDAC:s bind to differ-
ent IkBa regions (AA151-179 for N-CoRs and AA180-317
HDAG:S), thus suggesting that both proteins directly bind to
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Fig. 1. IkBa binds to multiple repressor proteins including N-CoRs and
HDAGs. (a) Whole-cell lysates from 293T cotransfected with the indicated
plasmids were immunoprecipitated with the a-myc followed by immunoblot-
ting with a-HA; 1/50 of the input is shown. (Lower) Immunoblotting with
a-myc to detect N-CoR and SMRT. (b) Lysates from 293T cells transfected with
HA-IkBa alone or cotransfected with flag-HDAC4, -5, -1, or -2 were immuno-
precipitated with a-flag. Coprecipitated IkBa was detected with a-HA; 1/50 of
the inputis shown (Left). Western blot with the a-flag is shown as a control for
precipitation. (c) 293T cell lysates were precipitated with control 19G or
a-SMRTe. (Upper) Coprecipitated IkBa. (d) Endogenous HDAC1 and -5 were
precipitated from 293T cells with specific antibodies. (Upper) Coprecipitated
IkBa was detected with the a-IkBa by Western blot.

IkBa (see Supporting Text, which is published as supporting
information on the PNAS web site, and Fig. 7).

To address whether these interactions were taking place in the
nucleus or in the cytoplasm, we determined the subcellular
distribution of IkBa and the different repression elements.
Consistent with previous reports (17), confocal microscopy
revealed that endogenous IkBa is mainly distributed in the
cytoplasm, although the presence of a nuclear fraction displaying
a punctuate pattern was consistently detected. Because the
different repression elements displayed a predominantly homog-
enous nuclear distribution (data not shown), colocalization
experiments of the endogenous proteins were not informative.
Taking advantage of the fact that coexpression of ectopic
HDACS with N-CoR induced relocalization of both repression
elements into nuclear speckles, we now performed colocalization
experiments in these conditions. We detected endogenous IkBa
colocalizing with some, but not all, N-CoR/HDACS5-containing
nuclear speckles (Fig. 2a), suggesting that IkBa might be a
component of specific repression complexes. Because different
cytokines such as TNF-« lead to IkB phosphorylation and
subsequent degradation (14), we tested whether IkB was in-
volved in regulating repression complexes by incubating the
N-CoR/HDACS5-transfected cells with TNF-a for 30 min. We
observed a 30-40% reduction in the number of cells displaying
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Fig.2. EndogenousIkBa colocalizes with N-CoR/HDACS nuclear speckles. (a)
Colocalization of endogenous IkBa with ectopic N-CoR/HDAC-5-containing
nuclear speckles [confocal image (x630)]. (b) Subcellular localization of GFP-
N-CoR and flag-HDACS5 in cotransfected 293T cells before (Left) and after 30
min of TNF-a treatment (Right). A minimum of 200 cells were counted for each
condition in an Olympus BX-60 microscope [confocal image (X630)]. The
a-lkBaimmunoblot shows TNF-a-induced IkBa degradation. (c) Percentage of
cells displaying N-CoR/HDACS5 speckles in IkBa™/* and IkBa~/~ MEFs cotrans-
fected with GFP-N-CoR and flag-HDACS in the control or after 30 min of TNF-a
treatment (Left) or in the IkBa~/~ MEFs transiently transfected with IkBazy-36
(Right). A minimum of 200 cells were counted for each condition in an
Olympus BX-60 microscope.

N-CoR/HDACS5-containing speckles in these conditions (Fig.
2b). A similar reduction in the number of nuclear speckles was
observed when N-CoR and HDACS were transfected into
IkBa™/~ MEF. Moreover, these complexes were not responsive
to TNF-« treatment (Fig. 2c). When IkBa~/~ MEF were recon-
stituted with IkBasp 36, the number of cells displaying the
nuclear speckles increased up to 65%, similar to that observed
in the IkBa WT MEF (Fig. 2c). Nevertheless, chronic TNF-«
treatment plays a double role in regulating the levels of IkBe;
first, triggering its degradation and next, activating its synthesis
to terminate NF-«B signaling (30). Consistent with this, we
observed that N-CoR/HDACS5-containing speckles increased
after 2 h of TNF-« treatment (data not shown), coinciding with
the increase in the levels of IkBa protein. Together, these
observations strongly suggested a role for IkBa in the formation
or stabilization of specific repression complexes.

Because we previously reported that IkBa modulates the
expression of different Notch-target genes such as hes! (11), we
now hypothesized that the IkBa fraction that interacts with
repressor elements was directly responsible for ses! repression.
To test this, we performed ChIP assays to investigate whether
IkBa protein was recruited to the promoter region of this gene.
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(Top). Western blot analysis showing the kinetics of total IkBa levels after
TNF-a treatment and Ponceau staining as a loading control (Middle). Western
blot showing the levels of nuclear IkBa or phospho-lkBa after TNF-« treat-
ment. Nuclear levels of p65 and HDAC1 are shown as a control (Bottom). (c-e)
Recruitment of IkBa and p65 to the /L6 (c), RANTES (d), and B-actin (e)
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We consistently detected the hes! promoter from chromatin
precipitated with two different a-IxkBa antibodies (Fig. 3a), thus
indicating that this promoter is indeed occupied by IkBa. As a
control, we could not amplify hes! from precipitates with
different nonrelevant immunoglobulins (Fig. 3a). We next in-
vestigated whether the recruitment of IkBa to the hesl promoter
was fine-tuned in response to TNF-a. For these studies, we
performed ChIP assays from 3T3 cells treated with TNF-« at
various times after stimulation. We detected a strong association
of IkBa with the hes! promoter in control conditions, that
progressively decreased after 30 min of TNF-« treatment, was
minimal at 45-60 min, and reappeared after 90 min of treatment
(Figs. 3b and 4a). Of note is that IkBa dissociation kinetics was
delayed compared with the kinetics of cytoplasmic IkBa deg-
radation, suggesting the presence of a specific mechanism that
regulates chromatin-associated IkBa (Fig. 3b). We next tested
whether phosphorylation and degradation of IkBa by TNF-a
were occurring in the nuclear fraction. Western blot from 373
nuclear extracts showed that nuclear levels of IkBa were mod-
erately affected after TNF-a treatment, as described (31). In
contrast, phosphorylation at serine 32-36 of IkBa consistently
increased after 30—-60 min of treatment, coinciding with the
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Recruitment of a-IkBa correlates with histone deacetylation and hes? repression. (a) Chromatin prepared from TNF-a-treated 3T3 cells was

immunoprecipitated with a-IkBa (Upper) and a-AcH3-K14 (Lower) antibodies. Coprecipitated DNA was analyzed by PCR with specific primers for hes? or histone
H4. Results are representative of two independent experiments. (b) TNF-a treatment induces a temporary activation of the endogenous hes? transcription.
Northern blot from 293T cells treated with TNF-« at different time points showing hes7 mRNA levels. 28s rRNA is shown as a loading control. (c) Chromatin from
control or 60 min TNF-a-treated 3T3 cells was first precipitated with a-IkBa (Lower). Chromatin was then eluted and a second precipitation with a-HDAC1 or -5
antibodies was performed (Upper). The presence of hes1 promoter in the precipitates was determined by PCR analysis. (d) Northern blot showing relative hes?
transcriptional activation in IkBa*/* (Left) and IkBa~/~ (Right) MEF treated with TNF-« at the indicated time points. 28s ribosomal RNA is shown as a loading
control. RNA levels were quantified, and the ratio between hes7 and 28s is represented (Lower). Induction of IkBa transcription in the IkBa*/* is shown as a control

of TNF-« activation (Lower).

release of IkBa from the hes! promoter, thus suggesting that the
interaction between IkBa and the chromatin may be regulated
by phosphorylation. As a control, p65 is recruited to the nucleus
after TNF-« treatment, whereas HDACI is constitutively de-
tected in the nuclear fraction (Fig. 3b).

Because we previously reported that not only IkBa but also
p65 plays a role in regulating ses/ transcription (11), and because
p65 can bind to a very broad spectrum of NF-«kB-dependent and
-independent genes (32), we tested whether the hes! promoter
was also occupied by p65. We observed that p65 was only
marginally, but constitutively, associated with the hesl promoter
in a TNF-a-independent manner (Fig. 3b), suggesting that hesl
is not regulated by the recruitment of NF-kB transcription
factors to its promoter. Further studies were performed to define
whether IkBa was also associated with classical NF-«kB-
dependent promoters such as IL6 and RANTES. We detected
IkBa recruitment to these promoters neither in control condi-
tions nor after TNF-« stimulation up to 90 min (Fig. 3 ¢ and d).
As expected, p65 was recruited to these promoters in a TNF-
a-dependent manner (Fig. 3 ¢ and d). In contrast, we did not
detect association of IkBa or p65 to the B-actin gene (Fig. 3e).
Altogether, these results demonstrate that IkBa binds to the hes!
promoter, and that this association is regulated by TNF-a.
Because of the kinetics observed for the association of IkBa and
p65 to the hesI promoter, the possibility that p65 may be involved
in recruiting IkBa to the chromatin instead of IkBa binding itself
might be considered. We next extended our study to different
Notch targets and other unrelated genes, and we detected IkBa
associated not only with /esI but also with the Notch-target gene
herp-2, but not with hes5 or the Notch-unrelated genes histone
H4, B-globin, or hoxB7. As a control, we used IkBa~/~ MEF and,
as expected, we could not amplify any of these promoters from
the IkBa precipitates (Fig. 3f).

Because we speculated that chromatin-associated IkBa is
playing a role in gene repression, we investigated whether IkBa
recruitment inversely correlates with acetylation of histone H3
and transcriptional activation of the hes! promoter in response
to TNF-a. Our results demonstrate that acetylation of Lys-14 of
histone H3 in the sesI promoter progressively increased after 30
min of TNF-a treatment, being maximal at 60 min (Fig. 4a). This
kinetics nicely correlates with the release of IkBa from the hes?
promoter (Fig. 4a) and with the increased transcriptional acti-
vation measured by hes/ mRNA levels (Fig. 4b). In contrast, we
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did not observe any changes in the acetylation levels of the
histone H4 promoter (Fig. 4a).

Based on these results, together with the observed interaction
of IkBa with different repression elements, we hypothesized that
nuclear IkBa could be recruiting deacetylase activities to specific
promoters. To test this possibility, we precipitated chromatin
from untreated or 60-min TNF-a-treated 3T3 cells with the
a-IkBe, followed by a second precipitation with a-HDACI or -5
antibodies (Fig. 4c). We consistently detected hes! in both
a-HDACI and -5 precipitates from untreated cells, indicating
that IkBa and HDAC:s coincide on this promoter in the absence
of stimuli. As a control, we could not detect hes! promoter in the
precipitates from TNF-a-treated cells when IkBa is not present
in this promoter (Fig. 4c). To further confirm the role of IkBa
in repressing the hes! gene, we performed Northern blot assays
and determined hes! mRNA levels in the IkBa™/~ MEF com-
pared with WT after TNF-« treatment. In the absence of stimuli,
we detected higher levels of the ies] mRNA in the IkBa~/~ MEF
compared with WT (Fig. 4d). Surprisingly, hes! transcription was
consistently down-regulated after 60-min TNF-« treatment in
both knockout and WT cells (Fig. 4d), suggesting that IkBa is not
required for the late repression of this gene or that in the absence
of IkBa, other compensatory mechanisms are operational.
These observations strongly support that chromatin-associated
IkBa is involved in the recruitment of specific repression com-
plexes in the noninduced state, and that TNF-a regulates hes?!
transcriptional activation by modulating the association of IkBa
with the hes! promoter.

While this work was in progress, a new mechanism for
TNF-a-dependent gene activation involving a nuclear function
of IKKs, the upstream regulators of the NF-«B signaling, was
reported (22, 23). Both IKK-« and -B are shown to be recruited
to NF-kB-dependent promoters after TNF-« treatment, where
IKK-«a is responsible for phosphorylating Ser-10 of histone H3
and activation of gene transcription. Nuclear function of IKK-f3
is still unknown. Because IKKs could also play a role in
NF-«kB-independent gene transcription (33), we next investi-
gated whether these kinases are involved in 4es! transcription in
response to TNF-a stimulation. ChIP assay with a-IKK-« and -3
antibodies demonstrated that both kinases are recruited to the
hesl promoter in response to TNF-a with a maximum at 60 min
of treatment (Fig. 5a), whereas, as a control, we did not detect
IKK-a or -B bound to the B-actin gene. The simultaneous
presence of both IKKs on the hes! promoter coincides with its
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Fig. 5. IKK-a and -B are recruited to the hes? promoter and correlate with
IkBa release. (a) Chromatin prepared from TNF-a-treated 3T3 cells was immu-
noprecipitated with a-IKK-a or -8 antibodies. Association of IKKs to the hes?
(Upper) or B-actin (Lower) genes was analyzed by PCR analysis. (b) Chromatins
from TNF-a-treated IKK-a~/~ and -8/~ MEFs were precipitated with a-IkBa
and a-AcH3-K14 antibodies. (Upper) Recruitment of IkBa and acetylation of
histone H3 on the hes? promoter was determined by PCR analysis. (Lower)
IkBa is not recruited to the B-actin gene in these cells. (c) Northern blot
showing hes1 transcriptional activation in IKK-a~/~ (lanes 1-5) and IKK-g~/~
(lanes 6-10) MEF treated with TNF-« at the indicated time points. 28s ribo-
somal RNA is shown as a loading control. RNA levels were quantified and the
ratio between hes? and 28s is represented (Lower). Differences between
IKK-a~/~ and -8/~ were statistically significant, being the median area under
the curve (AUComin-6omin) Of 3.43 and 4.18, respectively (P = 0.032). One
representative of three independent experiments is shown.

higher transcriptional activity and with the release of IkBa from
the chromatin (Fig. 4 a and b). Because IkBa is the best-
characterized IKK substrate, and we observed that phosphory-
lation of nuclear IkBa is maximal at 30-60 min of TNF-«
treatment (Fig. 3b), it is tempting to speculate that recruitment
of IKKs to the promoters could induce phosphorylation and
subsequent degradation of chromatin-associated IkBa. To fur-
ther determine the role of IKKs in the regulation of chromatin
associated IkBa, we performed ChIP assays with a-IkBa from
IKK-a~/~ and -B~/~ MEFs. Release of IkBa from the hesl
promoter was affected in IKK-a~/~ cells, because we detected
only a slight decrease after 60 min of TNF-a treatment (Fig. 5b)
compared with 3T3 cells (Fig. 4a). In contrast, in IKK-B~/~
MEFs, TNF-a stimulation results in the release of hesi-
associated IkBa after 60 min (Fig. 5b). We next tested the
acetylation kinetics of the Ahes! promoter in response to TNF-«
in the absence of IKK-« or -B. Consistent with the stabilization
of hesl-associated IkBa in the IKK-o~/~ cells, TNF-« treatment
results in minor changes in the acetylation of Lys-14 of histone
H3 in this promoter (Fig. 5b), concomitant with a reduced
transcriptional activation of the gene (Fig. 5¢). In contrast, in the
IKK-B~/~ cells, Lys-14 of histone H3 on the hes! promoter is
acetylated in response to TNF-a coinciding with the transcrip-
tional activation of the hes! gene (Fig. 5 b and c). Altogether,
these results suggest that IKK-« plays a predominant role in the
release of IkBa from the hes! gene, although both IKK-« and -3
are recruited to the promoter in response to TNF-«. Additional
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work should be done to better characterize the role of hesi-
associated IKK-« and -f.

In summary, our results are consistent with a previously
undescribed role for IkBa in recruiting HDAC activity to repress
the hesl gene. TNF-« treatment results in the release of hesl-
associated IkBa, coinciding with the transcriptional activation of
this gene. In addition, both IKK-« and -f proteins are simulta-
neously recruited to the ses promoter, strongly suggesting a role
for these proteins in regulating hes! transcription. In agreement
with this, IkBa release, histone acetylation, and Aes! activation
are impaired in IKK-a™/~ cells.

Discussion

We previously demonstrated that IkBa binds to the SMRT
corepressor, leading to changes in its subcellular localization and
affecting the transcription of NF-kB-independent promoters
(11). Although I«B proteins were first identified as cytoplasmic
inhibitors of NF-«B, it is now clear that they shuttle between the
nucleus and the cytoplasm (17). An important nuclear function
postulated for IkBa is the repression of the NF-«B signal by
inducing the nuclear export of the transcription factor (34). In
this work, we investigate the putative role of nuclear IkBa in
transcriptional repression on non-NF-«B target genes. We here
describe that IkBa interacts with N-CoRs and HDACs and is
recruited to the regulatory sequences of the Notch-target pro-
moters hesl and herp2. Chromatin-associated IkBa is released
from the hes! promoter in response to TNF-« correlating with
increased levels of histone H3 acetylation, strongly suggesting
that deacetylase activity is associated with the presence of IkBa.
Consistent with this, we demonstrate that HDACI and -5 are
associated with the hes! promoter together with IkBa. More-
over, IkBa=/~ cells showed increased basal hesl transcription
and failed to up-regulate fes! in response to TNF-«. Neverthe-
less, late TNF-a-dependent repression is still operating in these
cells. Although this repression could be explained by I«Ba-
independent mechanisms, we consider most likely that other IkB
members could compensate IkBa deficiency. In agreement with
this, there is strong evidence for IkBB compensation in I«kBa™/~
cells (20, 35).

Although this is a completely unexpected function for I«Be,
a new mechanism for TNF-a-dependent gene activation has
recently been reported involving a nuclear function of another
upstream regulator of the NF-«B signaling, IKK-a (22, 23).
IKK-« is recruited to NF-«kB-dependent promoters after TNF-a-
treatment to phosphorylate Ser-10 of histone H3 and to activate
gene transcription. In fact, both IKK-« and -B are recruited to
NF-kB-dependent promoters, although the function of chroma-
tin-associated IKK- is not known. Recently, the possibility that
IKKs are associated with NF-kB-independent promoters has
been suggested (33). We have demonstrated that both IKK-«
and -B are recruited to the hes! promoter, and that the release
of IkBa is affected in IKK-deficient cells. Because IkBa is a well
known IKK substrate, and based in the kinetics of nuclear IkBa
phosphorylation, it is reasonable to speculate that recruitment of
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Fig. 6. Modelillustrates that nuclear IkBa is recruited to the hes? promoter
together with repressor elements under basal conditions. Upon TNF-« induc-
tion, IKKs are recruited to this promoter resulting in IkBa release and tran-
scriptional activation.
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IKKs to NF-kB-independent promoters upon TNF-« treatment
could induce phosphorylation and subsequent degradation of
chromatin-associated IkBa. Because we cannot exclude that
most of the nuclear IkBa is phosphorylated in the cytoplasm,
future work should address whether IkBa bound to specific
promoters is phosphorylated and requires the recruitment of
IKK-a and/or -B. Because maximal recruitment of IKKs to the
hesl promoter is observed after 60 min of TNF-« induction,
coinciding with the maximal activation of this gene, it is possible
that hesI-associated IKK-« is also phosphorylating histone H3,
as reported for NF-«kB-dependent genes (22, 23).

Current experiments are directed toward investigating the role
of IkBa in different promoters as well as the mechanism that
dictates the specificity of the IkBa-containing complexes that
respond to TNF-a. That we could not detect IkBa in IL6 or
RANTES promoters suggests this regulatory mechanism does
not generally operate on NF-«kB target genes. Nevertheless,
numerous genes are regulated by NF-«kB and, to completely
exclude this possibility, a broader spectrum of early- and late-
responding NF-«B promoters should be analyzed in more detail.

The physiological significance of the TNF-a-dependent hesl
up-regulation is extremely intriguing. Hes1 is a basic helix-loop—
helix protein with a well characterized transcriptional repression
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Together, our results support the idea that IkBa binds to the
chromatin in specific promoters (hes! and herp2) to facilitate
HDAC recruitment. After TNF-«a treatment, IKK-« and -8
associate with the same promoters, leading to the release of IkBa
and permitting gene activation (see model in Fig. 6).
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4. Discussio

En aquesta tesi s’han identificat dos
nous mecanismes de regulacio
transcripcional depenents de la via
d’NFxB que contribueixen a resoldre
part de la complexitat d’aquesta via
de senyalitzacio, aixi com la seva

interaccid amb d’altres vies.

4.1. Les 14-3-3 com a reguladors
d’NFxB

En el primer capitol d’aquesta tesi
es descriu el paper de les 14-3-3 en
la regulaci6 de la via classica
d'NFxB. Hem

aquestes proteines sén necesaries

demostrat que

per la correcte distribucio
subcel.lular de p65 ja que la
disrupcio de la funci6 de les 14-3-3
indueix una  acumulaci6 de
complexes IkBa/p65 al nucli. En
aquestes condicions observem una
associacio constitutiva del factor de
transcripcio als promotors dels seus
gens diana. Al no exportar-se
correctament el complex |kBo/p65
al citoplasma, els gens diana
d’'NFxB esdevenen tolerants i no
responen eficientment a l'activacio

per TNFa.

També hem demostrat que tant p65
com IkBa s’uneixen directament a
les 14-3-3 tot i que no ho fan de la
mateixa manera; la unié d’'lxB a les
14-3-3  és

fosforilacié, similar al que s’ha

independent de

descrit per altres substrats com A20
(Vincenz and Dixit, 1996). No
obstant, podria ser que altres
modificacions post-traduccionals
que no hem investigat en aquest
treball modulessin la interaccio entre
ambdues proteines. Per exemple,
modificacions com la ubiquitinacio,
la sumoilacié o l'acetilacié podrien
actuar com a reguladors positius o
negatius d’aquesta interaccid.

Pel contrari, la interaccié entre p65 i
14-3-3 és dona per la fosforilacié de
dos dominis que es corresponen
amb els consensus d'uni¢ a 14-3-3.
Aquests dos dominis estan molt
conservats des de Drosophila fins al
humans, indicant la seva rellevancia
fisiologica. Un dels llocs inclou la
serina 281 que és fosforilada en
resposta a TNFa per les IKKs
(dades no publicades).

La preséncia de llocs d’unié a 14-3-
3 en la proteina p65 significa

incrementar el seu potencial de ser
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exportada al citoplasma. A nivell
funcional sembla un mecanisme
addicional per a induir una aturada
rapida de la senyal després de
I'estimulacié per TNFa. A més, el fet
que les mateixes quinases que
s’encarreguen d’activar la via siguin
responsables d’aturar la senyal fa
que la fiabilitat del mecanisme
d’aturada sigui absoluta.
Recentment s’ha descrit una funcié
per les IKKs associada a la
cromatina (Anest et al., 2003),
(Yamamoto et al., 2003), (Hoberg et
al., 2004). Per acabar d’entendre
com funciona aquest mecanisme
volem determinar si son les IKKs
citoplasmatiques o les IKKs
associades als promotors qui
fosforila la serina 281 de p65 per
crear els llocs d'unio a 14-3-3.

La quinasa o quinases responsables
de la fosforilacié a la serina 42 de
p65 encara no ha estat identificada.
Malgrat aixd, sabem que es tracta
d’'una activitat quinasa activada per

TNFa.

Inicialment vam identificar una regio
incloent la serina 340 com a
possible consensus d’unié per 14-3-
3. La seva sequéncia, pero, no esta
conservada en cap espeécie tret dels

humans. Aquest fet sol ser indicatiu

de la seva poca rellevancia
funcional. Aixd0 és aixi perqué
levoluci6 segueix un  proceés
conservatiu pel qual elements que
regulen funcions importants de les
proteines se solen conservar. A
meés, no hem pogut demostrar que
aquest domini es fosforili en
resposta a TNFa. com si que ho fan
els dominis que inclouen les serines
42 i 281. Aixi pensem que el domini
de p65 que inclou la serina 340 no
és un veritable lloc d’'unié a 14-3-3.
Existeix la possibilitat que altres
estimuls indueixin la fosforilacid
d’aquest motiu i generin un lloc
d’uni6 a les 14-3-3 en algun sistema
en particular. En aquest sentit, hi ha
molts estimuls diferents que activen
la via d’NFxB de manera especifica
i en el que participen quinases
concretes (Hayden and Ghosh,
2004).

Les diferents isoformes de les 14-3-
3 sén molt similars entre elles i s’ha
vist que en general totes les
cél.lules contenen alts nivells
d’aquestes proteines (Aitken et al.,
1992). A més a més els anticossos
comercials contra isoformes de 14-
3-3 especifiques solen reconeixer
més d’una isoforma, probablement

degut a la seva similitud. Per la
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mateixa rad es fa dificil saber fins a
quin punt son especifics els siRNAs
i altres reactius utilitzats, i fins i tot
es fa dificil descartar que existeixin
mecanismes de compensacio entre
elles que emmascarin ['efecte
d’eliminar una isoforma. Amb
aquestes limitacions, queda per
demostrar quina o quines isoformes
de les 14-3-3 son responsables de
regular, en condicions fisiologiques,

la via d’'NF«kB.

4.2. Paper de les 14-3-3 en

tumorigénesi

Malgrat la majoria de les 14-3-3
s’expressen en tots els tipus
cel.lulars, s’ha descrit una excepcio;
les 14-3-3c. Aquesta isoforma
s’expressa exclusivament en
cél.lules epitelials (Leffers et al.,
1993). Es tracta duna dada
interessant ja que la major part del
cancers provenen de cél.lules
epitelials. Apuntant a un possible
paper per les 14-3-3 com a
supressors tumorals s’ha observat
que en molts tumors de mama hi ha
nivells anormalment reduits de 14-3-
3c. Els treballs de Urano et al.
demostren que al restablir els nivells

normals de 14-3-3c Ss’inhibeix la

proliferacié de les célules de cancer
de mama injectades en ratolins
indicant que la manca de 14-3-3c €s
una de les causes del creixement
cel.lular en aquest tipus de tumors
(Urano et al., 2002).

Les 14-3-3 regulen la distribucio
subcel.lular de la fosfatasa de
CDKs, cdc25 (Graves et al., 2001) i
aixo podria ser suficient per explicar
el paper de les 14-3-3 en el
manteniment dels fenotip
transformant. Nosaltres creiem que
la regulaci6 anomala de la via
d’'NF«kB induida per la manca de 14-
3-3oc podria tenir un paper important
en la supervivéncia de les cél.lules
transformades. Com s’ha comentat
a la introduccio, en molts cancers es
detecta p65 nuclear i aquesta
activacid6 anomala d’NFxB podria
fins i tot estar induida pel propi
sistema immunitari de I'hoste. El
que nosaltres proposem es que la
14-3-3c

'aturada de la senyal en resposta a

manca de impediria
una situacio d’estimulacié cronica
de la via d'NFxB. En aquest sentit
s’ha vist que [lactivacid cronica
d'NFkB és necessaria per la
progressid del cancer de mama
(Nakshatri and Goulet, 2002) i que

la preséncia de p65 nuclear es un
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factor de mal prondstic en aquest
tipus de cancer (Biswas et al.,
2004).

4.3. Funcié d’lkBa a la cromatina

En el segon capitol (Aguilera et al.,
2004) hem definit una nova funcio
per IkBa que es independent de la
seva funcio classica associada a la
via d’'NFkB. Per primer cop, s’ha
demostrat que IxBa pot
interaccionar fisicament amb la
cromatina en gens especifics,
concretament  hes1 i herp2,
juntament amb repressors
transcripcionals com les HDACs. En
estimular les cel.lules amb TNFa,
IkBa és alliberat del promotor de
hes1, fet que es correlaciona
perfectament amb un increment en
I'acetilacio de les histones i amb
I'activacio transcripcional del gen.
L’acetilacié en residus especifics de
les cues de les histones genera un
impediment esteric que obliga al
DNA a desplegar-se, fet que
s’associa amb una millor
accessibilitat dels factors de
transcripci6 a la cromatina i
I'activacio de gens. En estat de
repos, les HDACs son els enzims

implicats de mantenir les histones

deacetilades i, per tant, la cromatina
compactada. Aquesta correlacio,
juntament amb el fet que IxBa esta
unit als seus gens diana amb
HDACS, suggereix que el
mecanisme pel qual IkBa reprimeix
la transcripcio és a través de I'accio
deacetilasa de les HDACs. De totes
maneres no es pot descartar que
IkBa reprimeixi els gens diana de
diferents maneres que cooperin
entre elles, com per exemple
reclutant corepressors especifics o
emmascarant el lloc d’'unié de un
factor de transcripcid a proteines
activadores. El paper d’'lkBa com a
repressor transcripcional de hes1
encaixa amb el fet que hes? es
troba sobreexpressat tant en
fibroblastes immortalitzats com en
cél.lules del llinatge mieloide dels
ratolins deficients per IkBa (Rupec
et al., 2005).

IkBa sempre s’havia considerat una
proteina de funcié principalment
citoplasmatica. Tot i aixi IkBa es
capag de viatjar continuament entre
el nucli i el citoplasma, la qual cosa
s’havia associat al paper que juga
en la terminaci6 de la senyal
d’'NFxB ja que exporta del nucli els

complexes p50/p65 (Huang et al.,
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2000). El fet de trobar IkBa a la
cromatina de hes1 i herp2 demostra
que aquesta proteina té una funcio
nuclear totalment nova, que sembla
independent d’'NF«xB, i que afecta a
gens diana de Notch. Probablement,
I'lxkB soluble que regula la via
dNFkB i [I'lkBo associat a la
cromatina que regula els gens de la
via. de Notch tenen alguna
modificacié post-traduccional que
els diferencia i modula la seva
funcié. Hi ha moltes modificacions
post-traduccionals descrites que
afecten les funcions d’'una proteina;
la fosforilacio, la metilacid, la
sumoilacié o la ubiquitinacié. Cada
modificacié genera un canvi diferent
segons la proteina de la que es
tracti. Per exemple, la ubiquitinacio
s’associa en general a la degradaci6
de la proteina, perd no sempre és
aixi. Es dificil predir a priori quines
modificacions podrien fer que IkBa
es pogués associar a la cromatina.
Aixi doncs, caldra fer més
experiments per definir quines
poblacions d’lkBa conviuen en la
cél.lula i com aquests diferents IkxBs
participen  especificament  dels
mecanismes de regulacio
transcripcional. També caldra

determinar quins son els elements

que regulen ['especificitat d’unio
d’'IxkBa nuclear als seus gens diana.
Una possibilitat seria que IkBa
s’unis directament a la cromatina, a
través d’'una sequéncia concreta.
Degut al fet que el mecanisme és
nou, no s’ha identificat mai una
sequéncia especifica de DNA
encarregada d’unir IkBa. També té
sentit pensar que IkBa s’uneix als
promotors dels gens a través de
p65, un factor de transcripcio
reconegut per IkBa i amb llocs
d’unié al DNA perfectament definits.
El fet que hem detectat la preséncia
de p65 unida de forma constitutiva
al promotor de hes1 referma
aquesta  hipotesi. Una altra
possibilitat seria que IxBa
interaccionés amb RBPjk o altres
factors presents als promotors de
hes1 i herp2 i que el reclutament de
Notch en resposta a estimuls
activadors induis l'alliberament d’'lxB
juntament amb els elements
repressors transcripcionals. Una
forma d’intentar validar aquesta
hipotesi seria activar el reclutament
de NotchlC al seus promotors diana
a través d’estimuls diferents de

TNFa.
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4.4. Multiples funcions de les
IKKs

Diferents grups, entre ells el nostre,
han demostrat recentment que la
quinasa d’lkB, IKKa, responsable
de l'activaciéo de la via alternativa
d'NFxB i de funcié classicament
citoplasmatica, té una funcié nuclear
associada a la cromatina. En primer
lloc els grups de Gaynor (Yamamoto
et al., 2003) i Baldwin (Anest et al.,
2003) van demostrar que els gens
diana d’NF«B requereixen la funcio
cromatinica d’'IKKo. per fosforilar la
serina 10 de la histona 3 la qual
cosa €s necessaria per la seva
activacio.

Els nostres treballs demostren que
IKKa i B es recluten al promotor de
hes1 en resposta a TNFa coincidint
amb [alliberament d’IkBa. Donat
que I'lkBo citoplasmatic és una
diana classica del complex [KK,
pensem que les IKKs que es
recluten a la cromatina podrien estar
fosforilant I'lkBa. unit al promotor de
hes1 induint la seva fosforilacio i
posterior degradacio. Aixo indicaria
que les mateixes proteines estarien
exercint funcions reguladores
similars al citoplasma cel.lular i a la

cromatina de promotors especifics.

En aquest cas, podria tractar-se de
mecanismes de seguretat per
permetre I'activacié génica nomes
en els casos en que totes les
senyals que han arribat a la cel.lula
hagin estat correctes, o bé al
contrari, una forma de restringir
quins son els gens diana d’aquesta
regulacio. EI més probable és que
els diferents mecanismes d’activacio
per IKK estiguin actuant al mateix
temps i podria ser que la IKKa
reclutada al promotor de hest
fosforilés la serina 10 de la histona
3, com en el cas dels gens d’NFkB,
per generar un context optim per
I'activacio dels gens diana de Notch
al mateix temps que fosforila IkBa
per alliberar-ne les HDACs i
corepressors. Si  es comprovés
aquesta hipotesi, tindriem dues
families de gens diferents, activats
per factors de transcripcio diferents,
que compartirien part del
mecanisme d’activacio
transcripcional. Es podria tractar
duna manera de  coordinar
'activacio de totes dues vies en
resposta a estimuls especifics. Pel
contrari, podria ser que l'activacio
d'una d’elles impedis I'activacié de

I'altra al competir pel reclutament de
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les IKK nuclears als seus gens

diana.

Un dels punts importants que estem
intentant determinar és si I'lkBa
associat als promotors es degrada
després del tractament amb TNFa, i
si aquesta degradacid té a veure
amb el reclutament de les IKKs al
promotor. En aquest cas, I'lkBa que
es torna a unir al promotor de hes1?
a temps llargs d’incubaci6 amb
TNFa, i que es correlaciona amb
una aturada de I'expressio, hauria
de ser IkBa de nova sintesi.
Aquesta possibilitat podria ser
testada utilitzant inhibidors de la
sintesi proteica. També volem
definir si el promotor d’lkBa és
també diana del mecanisme que es
descriu al segon article i seria
resintetitzat, un cop degradat, per
tornar a reprimir els seus gens
diana, en aquest cas els gens diana
de Notch com hes1. Hem detectat
IkBaw unit al promotor dixbe,
suggerint que la proteina pot estar
reprimint la seva sintesi. En contra
d’aixd, hem vist que quant es
tracten les céllules amb TNFa,
IkBa es torna a reclutar a hes1?
després del seu alliberament

suggerint que IkBa es pot tornar a

sintetitzar o bé que el mecanisme

d’alliberament no inclou degradacio.

Com ja hem explicat, hes1 se
sobreexpressa en cél.lules
deficients per IkBa i no respon a
I'estimulacié per TNFa indicant que
lkBa regula negativament els nivells
basals de hes1. Sorprenentment, a
temps llargs de tractament amb
TNFa; a 120 minuts  post-
estimulacid, hes1 es torna a reprimir
tant en les cél.lules wild type com en
les que son deficients per IkBa.
Aix0 suggeriria que o la repressid
post-activaci6 de hes? no és
deguda al reclutament d’lkBa
associat a HDACs o que en les
cél.lules deficients per IkBa
existeixen mecanismes alternatius
de compensacié. De fet s’ha descrit
que IkBp pot exercir la funci6 d’lkBa
en la seva abséncia (Huang and
Miyamoto, 2001), (Cheng et al.,
1998), encara que no es pot
descartar que altres IkBs, inclos
kBB, també exerceixin algun tipus
de funci6 nuclear o cromatinica,
semblant a IkBa. En aquest cas es
podria pensar que diferents IkBs
podrien reprimir gens especifics o
reclutar

complexes  repressors

diferents, depenents o no de
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HDACs, o fins i tot regular
diferentment un  mateix gen

depenent de I'estat de la cél.lula.

4.5. IkBa cromatinic en els gens

diana d’NFxB

Encara que en el nostre treball no
hem  demostrat que  aquest
mecanisme de repressio tingui lloc
en els gens diana d’NFkB, només
hem estudiat els promotors de /6 i
RANTES, dos citoquines diana de
p65 que s’activen en resposta a
TNFo. Fins el moment es coneixen
dues vies principals que activen els
gens diana d’'NFkB; la via classica o
canonica i la alternativa o no
canodnica. En canvi existeixen
infinitat de gens diana d’'NFxB que
responen amb diferents cinétiques
als mateixos estimuls (Hoffmann et
al., 2003), o s’expressen en teixits
diferents o responen especificament
a alguns estimuls com TNFa pero
no a LPS (revisat a (Xiao, 2004).
Aquesta complexitat suggereix que
existeixen mecanismes addicionals
que regulen de forma fina
I'expressio dels gens diana d’'NF«kB.
Nosaltres pensem que un d’aquests
mecanismes podria ser la repressio

de gens especifics per ['lkBa

cromatinic associat a HDACs. En
aquest sentit, caldria fer un
screening per veure si alguna
subfamilia de gens diana d’NF«B té
IkBa associat als seus promotors
operant com a repressor
transcripcional. Una altra possibilitat
seria que hes1, una vegada activat
per TNFa funcionés com a
repressor transcripcional d’alguns
gens diana d’'NFxB. En aquest cas
Hes1 podria actuar de forma similar
a lkBa evitant I'activacioé cronica de
determinats gens diana d’'NF«kB. Per
respondre a aquestes questions,
estem estudiant si Hes1 es capac
d'unir-se als promotors d’'NFxB
impedint, per exemple, la unié de
p65 o si l'expressi6 de hest
interfereix en el reclutament d’algun
element necessari per a I'activacio

d’aquests gens.

4.6. Interrelacid entre la via de
Notch i NFxB: Hes1

De moment, no coneixem quina es
la funcié del Hes1 que es sintetitza
en resposta a l'activacio de la via
d’'NFkB i encara esta per descriure
un sistema fisioldgic on aquest
mecanisme operi. Pensem, pero,

que el nou mecanisme que hem
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descrit podria estar coordinant
I'activacid de les vies de Notch i
NFkB durant la

cellular per tal de mantenir els

diferenciacio

patrons adequats d’expressio
génica. Com s’ha descrit a la
introduccié, NFkB esta activat en
molts tipus de cancers (Lin and
Karin, 2003) i es creu que el seu
paper principal es la generacio de
senyals promitogéniques (Aggarwal,
2004) i antiapoptotiques (Luo et al.,
2005a) en les

transformades. Mai s’ha descrit,

cel.lules

perd, que NFxB pugui activar gens
implicats en el manteniment del
fenotip indiferenciat en cancer

Hes1, que esta expressat en molts
tumors (Leong and Karsan, 2006)
en seria un candidat. Darrerament
s’ha relacionat inflamacié i cancer a
travées de d’'NFxB
(Pikarsky et al., 2004), (Greten et

al., 2004). Com s’acaba d’explicar,

I'activacio

es coneixen gens dianes d’'NFxB
implicats en la inhibicio d’apoptosi
que probablement expliquen
parcialment el paper d'NF«xB en la
tumorigénesi. L’activacio de hes7
podria ser una aportacié important a
aquest procés. NFkB, a més de
promoure la supervivencia de les

céllules tumorals podria estar

prevenint la seva diferenciacié a
través de I'activacié de hes1. També
caldria determinar si la inflamacio
associada amb cancer doéna lloc a
l'activacié de hes1, i en aquest cas
quina seria l'aportacié de Hes1 al
manteniment del fenotip tumoral.
Una eina molt atil per tal de
determinar la funcié d’'una proteina
a la céllula i, per tant, en
'organisme sén els ratolins knock
out. Els animals deficients per lkBa
poden desenvolupar-se
correctament perd moren al poc
temps de néixer, el que impedeix
estudiar el paper tumorigénic d’lkBa
utilitzant aquests ratolins.

No obstant, s’ha demostrat que la
mort dels ratolins deficients per
IkBa es produeix per un desordre
mieloproliferatiu (Beg et al., 1995),
(Klement et al., 1996) que no es
dona en animals al que s’ha eliminat
especificament I'lkBa en les
cél.lules mieloides (Rupec et al.,
2005) suggerint que el problema té
'origen en I'drgan hematopoiétic on
es desenvolupen les cél.lules. En el
mateix article es demostra que
l'expressi6 de jagged? esta
augmentada en els organs
hematopoiétics dels animals

deficients per IkBa que duu a
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I'activacio aberrant de hes? en les
cél.lules precursores del llinatge
mieloide. Els autors justifiquen
I'increment d’expressié de Jagged1
per un augment en l'activitat NFxB
(Bash et al., 1999) i proposen que
Hes1 es responsable del desordre
proliferatiu de les cél.lules
mieloides. Els nostres resultats
demostren que les cél.lules
deficients per lkBa sobreexpresen
hes1 pel mecanisme de regulacié
transcripcional que hem descrit. A
més, resultats obtinguts al nostre
laboratori (dades no publicades)
suggereixen que la manca d’lkBa
es responsable directe de la
sobreexpressio de Jjagged1
independentment  de I'activitat
NF«B. Pensem que en I'activacio de
hes1 en els animals deficients per
IkBa podrien estar cooperant dos
mecanismes; la manca de Ila
repressio associada a IkBa en el
propi promotor de hes17 i I'activacio
de la via de Notch per la preséncia
d’alts nivells del lligand Jagged1 en
les cél.lules de I'estroma.

Actualment existeixen knock outs
condicionals en que es pot
deleccionar el gen de forma teixit
especifica o administrant farmacs

que indueixen la pérdua del gen en

el moment que es desitja. La
utilitzacié d'animals en els que
s’elimini l'expressio d'lkBa, per
exemple en l'intesti o en la glandula
mamaria, pot ser molt util per a

I'estudi del paper d’'IxkBa en cancer.

En resum, hem identificat dos nous
mecanismes de regulacio
transcripcional que afecten a les
vies de transduccié de senyal de
Nocth i d’'NFkB. Aquestes vies sén
clau en la génesi i la progressio
tumoral. Pensem que cal seguir
estudiant els mecanismes que
regulen les funcions cel.lulars
normals per tal de detectar-ne els
elements que es troben alterats en
diferents tipus de tumor. Aix0 ens
permetra intervenir d’'una manera
més eficag al dissenyar terapies
especifiques per a cada tipus de
cancer segons les alteracions

identificades.
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CONCLUSIONS



5. Conclusions

En aquesta tesi hem demostrat que:

1.

IkBa s’associa a la cromatina; s’uneix a promotors dels gens diana de
Notch hes1 i herp2

Aquesta associacié d’lkBa amb la cromatina es regula per TNFa.
IkBa s’associa amb repressors transcripcionals, concretament NCoR,
SMRT i HDAC:s.

La unié d’lkBa. al promotor s’associa amb la repressio transcripcional
de hes1

Les IKKs es recluten al promotor de hes7i juguen un paper
fonamental en la regulacié de hes? per TNFa i IkBa

P65 s’uneix a les 14-3-3 en resposta a TNFa

La interaccié entre 14-3-3 i p65 depéen de la fosforilacié de dos
dominis conservats de p65

IkBa s’uneix a les 14-3-3 i aquesta unio es independent de TNFa i de
fosforilacio

Les 14-3-3 participen en I'export del nucli dels complexes IkBa/p65
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