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RESUME

Titre : IMPACT FONCTIONNEL DE MUTATIONS SOMATIQUES DANS E GENE
ERN1 (IREJALPHA) DANS LES GLIOBLASTOMES

Dans les cellules eucaryotes, des altérations dwosmvironnement cellulaire ou des
mutations des protéines de la voie de sécrétionisedt un stress du RE et activent une
réponse adaptative nommée UPR. Les signaux infwsaiets associés a 'UPR sont transmis
de la lumiere du RE vers le noyau par trois pragitransmembranaires dont IREAussi
appelée ERN1. Lors d'un stress du RE, I&REDligomérise, activant ses domaines kinase et
endoribonucléase desquelles découle une signahsatntracellulaire complexe. De
nombreuses études reliant 'UPR au cancer désigRé&itn comme un acteur majeur de la
tumorigenése, en particulier dans la croissante\&scularisation des glioblastomes (GBM),
bien que les mécanismes précis mis en jeu resegteaminer. Des études menées dans notre
laboratoire ont identifié deux cibles de l'active@@doribonucléase d'IREYRIDD) : SPARC
et PER1, comme effecteurs respectifs des effetangeoatoire, pro-angiogénique et pro-
prolifératif d'IREJ dans les GBM. De plus, ces derniéres anneesgleeséage d'IREil a
permis d'identifier environ cinquante mutations,ntdayuatre non silencieuses ont été
identifiées dans des biopsies de GBM. L'expressi@rces quatre mutations, dont A414T
identifiée dans le laboratoire, dans les cellule8AMG, et I'implantation de ces cellules dans
le cerveau de souris a permis de mettre en évidenée pro tumoral de la mutation A414T
et le r6le anti-tumoral de la mutation P336L. A41gtabilise les oligomeres d'IR&1sur-
activant les voies de signalisation en aval et a@aht a une croissance plus rapide et une
vascularisation plus importante des tumeurs. Aingg travaux confirment qu'IRklest un
régulateur central du développement des GBM etrpiwonstituer un marqueur pronostic et

une cible thérapeutique des GBM.

Mots clés réticulum endoplasmique, stress, IREERN1, cancer, glioblastome



ABSTRACT

Title: IMPACT OF FUNCTIONAL SOMATIC MUTATIONS IN THE GENEERN1
(IREIALPHA) IN GLIOBLASTOMAS

In eukaryotic cells, alterations in the cellularcnoenvironment or mutations in the
protein secretory pathway induce ER stress andaetian adaptive response termed UPR.
The intracellular signals associated with UPR aeamdmitted from the ER lumen to the
nucleus by three transmembrane proteins among WRiEla also called ERN1. During ER
stress, IREd oligomerizes, activating its kinase and endorimbease domains and a
downstream complex intracellular signaling. Manydgs linking the UPR to cancer point to
IRElo as a major player in tumorigenesis, particulaniythe growth and vascularization of
glioblastomas (GBM), although the precise mechasigmolved remain to be determined.
Studies led in our laboratory have identified twogets of IRE& endoribonuclease activity
(RIDD): SPARC and PER1 as respective effectorsrof-@ngiogenic, pro-migratory and pro-
proliferative effects of IREd in GBM. In addition, in recent years, IRélsequencing
identified around fifty mutations, four of which v& been identified in GBM biopsies. The
expression of these four mutations, including A4lddntified in the laboratory, in the U-87
MG cells, and implantation of these cells into ne@lsain has highlighted the pro-tumoral
role of the A414T mutation and the anti-tumor rofehe P336L mutation. A414T oligomers
stabilize IRE®, over-activating downstream signaling pathways &watling to a faster
growth and greater tumor vascularization. Thus, wark confirms that IREd is a central
regulator of GBM development and may be a progoasiarker and therapeutic target in
GBM.

Keywords: endoplasmic reticulum, stress, IREERN1, cancer, glioblastoma



INTRODUCTION

|. Introduction générale

A. Lavoie de sécrétion chez les eucaryotes

La cellule eucaryote est une unité complexe ingged sein d'un organisme
multicellulaire. Face a des sollicitations extére=u(variations du microenvironnement) ou
face a des modifications intrinseques (différemratellulaire), les cellules mettent en jeu de
nombreuses voies de signalisation dont l'activateur permet de s’adapter et ainsi de
conserver un équilibre fonctionnel, appelé homéistaellulaire [10]. Une des clés du
maintien de 'homéostasie des cellules eucaryostslae compartimentation cellulaire en
organites. Ces organites aux propriétés et auxtifors distinctes augmentent I'éventail de
réponses dont la cellule dispose, ce qui lui perdetsurvivre a un grand nombre de
perturbations intracellulaires ou extracellulairézarmi ces compartiments le réticulum
endoplasmique (RE) joue un réle central dans lentiesi de 'hnoméostasie cellulaire: en plus
d'étre le premier compartiment de la voie de skixrétles protéines, le RE régule les

homéostasies calcique, lipidique et redox

Des les années 1960, la voie de sécrétion a edéétahez la levure et les mammiféeres
[10], permettant d'identifier les compartiments tuicompose et leur hiérarchie: la voie de
sécrétion débute avec le REidqure 1, (1)), ou les protéines néosynthétisées sont iagur
(repliement, N-glycosylation, formation de ponts sulfures intramoléculaires et
intermoléculaires, isomérisation de résidus prlinersque ces protéines atteignent une
conformation correcte et peuvent échapper aux nsoas de controle-qualité du RE, elles
sont exportées vers des compartiments plus taddila voie de sécrétion par I'intermédiaire
de vésicules (COPIHgure 1, (2)). Elles sont alors exportées notamment veppéareil de
Golgi (Figure 1, (3)), ou elles finissent leur maturation (N/O-gggylation, clivage) puis sont

ameneées par des vésicules de transport jusqu’@éstination finaleKigure 1, (4)).

Dans certains cas, comme lors de carences en euatsnou en acides gras [11], les
protéines de la voie de sécrétion peuvent étreadégs sélectivement par macro-autophagie,
fournissant des acides aminés et des acides griksedbles par la cellule pour générer de

I'ATP et produire de nouvelles protéines [12]. Liguinagie est médiée par l'activation de
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protéines ATG (Autophagy related genes), qui peenétl'invagination de membranes en
phagophore jusqu'a former des veésicules appelé&plagosomes autour des protéines a
dégraderigure 1, (5)). Les autophagosomes fusionnent ensuite lagdgsosomesHigure

1 (6)) dans lesquels les protéines sont hydrolygssl 4].

I
lysosome ( 2 ﬂdf membrane
¥ @ . £y
. plasmique
\ endosomes )
N W ¢
enveloppe nucléaire QE:“;O o / \
) / reticulum endoplasmique / -~ —
o/ ®
O . "
’ L) }O
CYTOSOL C')
) “

vésicules
de sécrétion

Figure 1: Représentation schématique de la voie dgcrétion chez 'Homme
Adaptéd’Alberts et al. 2002.

La voie de sécrétion est constituée du réticulmmaioplasmique (RE),
l'appareil de Golgi, des vésicules de sécrétiondet lysosomes. |
communication entre ces compartiments est assuréeqs vésicules
transport. Les protéines sont synthétisées a labmama du RE, maturé
et repliées dans lamiére du RE puis exportées vers l'appareil de i
elles finissent leur maturation. Elles sont alorgpaetées vers le
localisation finale, soit par un flux rétrogrades/ée RE ou les vésiculi
soit vers la membrane plasmiquea les vésicules @ sécrétion, soit ve
les lysosomes pour dégradation.
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B. Le RE, premier compartiment de la voie de sécrétion

La membrane du RE, en continuité avec la membrac&aire, constitue un réseau de
tubules et de saccules arrangés en domaines ag&fartttions distinctes, dont les principaux
sont le REL (Réticulum Endoplasmique Lisse) et IERR(Réticulum Endoplasmique
Rugueux).

Bien que tous les domaines du RE contiennent ghofieht les mémes protéines, ils sont
enrichis spécifiquement en protéines leur permedassurer leurs fonctions propres soit la
biosynthése protéique, la biosynthése lipidiqualdeoxification des substances hydrophobes
et le stockage du calcium [15]. Cette sous-comparitalisation dépend de l'adressage
spécifigue a ces domaines, par des meécanismeseenumwnnus, de protéines capables
d'assurer les fonctions de chacun de ces domaib€s Elle dépend également du
positionnement de ces domaines par rapport awesawtrganites de la cellule tels que le
noyau (Figure 2 (1)), la mitochondrie Kigure 2 (2)), les lysosomes, l'appareil de Golgi
(Figure 2 (3)), et la membrane plasmiquEidure 2 (4)), avec lesquels le RE interagit

étroitement Eigure 2).

Ribosomes

Cytoplasme

Réticulum
endoplasmique

Golgi

Lysosomes

Vacuole Membrane
plasmique

Figure 2 : Représentation schématique des organiteune cellule humaine.
Position centrale du RE par rapport aux autresnitems
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II. Les machines moléculaires du RE

A. Les principales fonctions du RE

1. Stockage du calcium

Le calcium (Ca? est un ion intracellulaire essentiel a la physio¢ humaine, qui est
impliqué dans de nombreuses fonctions biologiquetamment dans la régulation du
développement embryonnaire ou de la contractilaédiaque, dans l'apprentissage et la
mémoire [17]. La concentration calcique doit poalacétre controlée de fagcon trés précise,
dans le temps et dans l'espace. Ainsi la signaisatlcique met en jeu un nombre important
de protéines capables de fixer le Cake pompes et d'échangeurs qui agissent en sgnergi
[18].

Le RE est le compartiment principal de stockagecalgium intracellulaire: pour une
concentration calcigue moyenne de 0,1 pM dans tesol, le RE a une concentration
calcigue moyenne de 300 - 400 uM, qui peut atteiddmM [19]. Dans la lumiere du RE, ce
Cd* est majoritairement lié & des protéines (calrétiey calnexine, GRPs (Glucose related
protein)), qui ont une grande capacité a lier I€*@aalgré une affinité relativement faible
[20]. Cette différence de concentration en*Centre le RE et le reste de la cellule est
essentielle au bon fonctionnement de nombreusésipes du cytosol et du RE, et permet le
relargage rapide et modulable du®Caans le cytosol en réponse a des stimuli. Ainsi,
I'homéostasie calcique du RE est primordiale p@unaimbreuses fonctions cellulaires telles
gue la transduction des signaux, la sécrétion einddilité. En outre, le RE collabore
étroitement avec les mitochondries pour le contd@d'apoptose et de la survie cellulaire au
niveau de sous-domaines du RE appelés « mitoctsadsiociated ER membranes » (MAM)
(Figure 3): le rapprochement physique entre ces deux comparts assure une entrée rapide
et durable de Ga dans la mitochondrie, principalement via la pongaécique VDAC
(Voltage-dependent anion channel) et le recept2Rr (Sigma-1 receptor) [21, 22].

Le relargage de Ghdans le cytosol est contrdlé par I'activation @endrécepteurs
canaux: le récepteur a la ryanodine (RyR) et leptaur a 'inositol triphosphate (IP3R) [23].
Au contraire, I'entrée de €adans le RE est assurée par |'action de pompeguieniSERCA

(Sarcoplasmic/endoplasmic reticulum calcium ATP§34). L'utilisation de drogues inhibant
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les pompes SERCA, telles que la thapsigargine, ehepi recapture du Eaprésent dans le

cytosol, provoquant de graves dysfonctions celletai

. - I

B\
O

Mitochondrie
% VDAC
AG Mitofusin2
AG

Ca?\
.
éAG)\ Gouttelettes [\
~  lipiques M eétabolisme des §‘

acides gras et du |
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Figure 3 : Représentation schématique des MAM

Adapté de DiMauro et al, 2014]

Le RE communique avec les mitochondries via desegode rapprocheme
membranaire: les MAM (mitochondria-associated ERnim@&ne). Ce soudemaine d
RE a des caractéristiques particulieres, commeati=aux lipidijues ou des protéir
de rapprochement a la mitochondrie telles que tafasine 2 et le récepteufiR. Ce
caractéristiques font des MAM des zones de réguilatle la synthese de lipi
(cholestérol, phospholipides) et d'échanges casi@mtre le RE et la mitochondrie.
PC, phosphatidylcholine; PE, phosphatidylethanat@nPS, phosphatidylserine; T
triacylglycerol, VDAC, voltage-dependent anion-stie channel

2. Biosynthése des lipides et dérivés lipidiques

Le REL est le sous-compartiment du RE impligué darnsosynthese des phospholipides
qui constituent les membranes internes de la eeflila membrane plasmique, en association
avec l'appareil de Golgi. Les précurseurs cytosekgsolubles sont assemblés au niveau de la
couche cytosolique de la membrane du REL puis negees de transfert, appelées flippases,
permettent aux phospholipides synthétisés de bersdiin feuillet membranaire a l'autre,

jusqu'a former une bicouche lipidique au niveaur@il [25].

Les membranes ainsi synthétisées, contenant panpdxedes sphingolipides et des
glycérophospholipides, forment des vésicules denspart qui leur permettent d'étre
transportées sur de longues distances, vers lesiteg de destination (appareil de Golgi,

endosomes, lysosomes, membrane plasmique) [26, 27].
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Il existe un deuxiéme systeme de transport qui o les sites de contacts
membranaires entre le RE et les compartiments ngistomme par exemple les MAM
(Figure 3): les lipides néosynthétisés ont alors pour dastin une membrane jouxtant le RE,
distante de moins de 10 nm [28-30]. Ces lipided sapidement transférés entre les deux
membranes juxtaposées a l'aide de protéines capddbldistinguer la membrane donneuse de

la membrane réceptrice: les LTP (Lipid transfert@ires) [31].

Dans le cas des cellules sécrétrices de dérivadiglies tels que les hormones
stéroidiennes (cellules cortico-surrénaliennesesuckllules endocrines des gonades, etc.), le
REL est abondant et assure une syntliesaovode cholestérol, notammenwia I'activation
des facteurs de transcription SREBP (Sterol regufaklement binding proteins). Ces
facteurs de transcription sont synthétisés somdode précurseurs inactifs car ancrés dans la
membrane du RE par des complexes protéiques capablier les stérols (SCAP, INSIG1,
INSIG2) [32-36]. Lors d'une déplétion en cholestéim complexe SCAP/SREBP est pris en
charge par les vésicules COPII et exporté verpdiagl de Golgi ou SREBP est clivé par les
protéases S1P et S2P [35], libérant la partie olitpse du précurseur, qui constitue le facteur
de transcription actif [32, 33]. La libération d&REEBP peut également étre induit par
I'intervention des caspases 3 et 7 [37, 38]. SR&&Me alors la transcription de genes cibles
impliqués dans la lipogenése, a l'aide de co-aetiva tels que CBP (CREB binding protein),
CBF/NFY (CCAAT-binding factor/nuclear factor-Y) 8p1l (Stimulating protein 1) [39, 40].

Dans ces cellules, le cholestérol synthétisé daiRE est alors exporté vers la membrane
interne de la mitochondrie qui contient des cytoohes de la famille P450 capables
d'hydroxyler le cholestérol en prégnénolone [4H.dtégnénolone est le précurseur commun
aux cing classes dhormones stéroidiennes (ces&pgenogestérone, androgenes,
minéralocorticoides (aldostérone) et glucocortiesittortisol)) [42]. Une fois synthétisé dans
la mitochondrie, ce précurseur est ensuite matoitédans la mitochondrie soit dans le RE
[43].

Une fonction ubiquitaire du cholestérol est égalente modifier les caractéristiques des
membranes cellulaires, que ce soit leur fluiditél®yositionnement des protéines dans le
feuillet membranaire. Ainsi, lorsque le cholest@olrsuit sa route dans la voie de sécrétion
jusqu'a la membrane plasmique, il peut étre impgligans la signalisation cellulaire par la
formation des radeaux lipidiques propices a la eatration de récepteurs membranaires [44].
Des boucles de rétrocontréle entre la membranemidae et le RE régulent alors la
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production de cholestérol, une diminution du chigled au niveau des membranes ayant pour

conséquence d'activer SREBP et la production deestéool.

3.  Fonctions spécialisées du RE

Du fait de son réle central dans la physiologidaleellule, le RE est un compartiment
adaptatif dynamique, dont 'hnoméostasie est finemégulée. Ainsi, selon la spécialisation
fonctionnelle de la cellule et/ou son activité néleque, les composants du RE peuvent
varier. C'est le cas notamment du RE dans lesleglkécrétrices (lymphocytes B, cellupes

pancréatiques) qui peut représenter jusqu’a 60% dslerface membranaire de la cellule [11].

Le RE des cellules musculaires, appelé réticuluncopdasmique, a une capacité de
mobilisation du calcium trés développée. Ceci perdiassurer une signalisation calcique

rapide et réversible indispensable a la contraceébna la décontraction des cellules

musculaires [45].

De méme, les cellules rénales ou les hépatocytésuwnREL performant pour la
détoxification par hydroxylation de composés orgaes trés divers (métabolites
cytosoliques, xénobiotiques). Un systeme d'oxygesagui comprend notamment la famille
des cytochromes P450, hydroxyle ces composés caugmente leur solubilité et permet

ainsi leur élimination [46].

4. Biogenese des protéines de la voie de sécrétion

Les protéines qui transitent par la voie de sémétieprésentent environ 30% des
protéines produites par la cellule [14]. Ces pr@éisont traduites au niveau de ribosomes
attachés a la face cytosolique de la membrane daetREnétrent, au cours de leur synthese,

dans la lumiere du RE via un canal protéique apjpaissiocon.

Une fois entrées dans le RE, les protéines sosepren charges par des machineries
protéiques qui assurent leur bon repliemdsigyre 4. ERAF) puis leur export vers les
compartiments suivants de la voie de sécrétieigufe 4. Export), ou a défaut vers le

protéasome pour dégradatidngure 4: ERAD).
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Figure 4: Les fonctions principales du réticulum edoplasmique (RE)

Le RE assure la synthese de lipides et de stérdiges le REL (RE lisse), le stockage de cal
grace aux pompes calciques SERCA et la synthégeatéines dans le RER (RE rugueux). Dai
RER, les protéines néosynthétisées entrent dalsniare du RE a travers un translocon, puis
prises en charge par le systeme de repliement aeéines (ERAF: ER associatedlding). Le:
protéines correctement conformées sont achemirgrasles reste de la voie de sécrétion grace
vésicules, tadis que les protéines mal conformées sont prisesharge par le systéme ERAD (
associated efradation). Une défaillance de ce systeme de &yathde repliement et d'export
protéines aboutit a I'accumulation de protéines coalformées dans la luére du RE et déclenc
I'UPR (Unfolded protein responseoit I'activation d'une ou plusieurs des prot®iRERK, ATF6 ¢
IRE1. L'UPR résorbe l'accumulation des protéines coaformées ou, le cas échéant, conduit
mort de la cellule.
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B. La maturation des protéines dans le RE

1. Translocation des protéines dans le RE

Les protéines entrant dans la voie de sécrétiosgaamnt pour la plupart en début de
séquence, un signal d'adressage au RE: le pejgita.sDes la synthese de ce peptide, une
protéine vient s’y fixer et ainsi arréter la tratioo : la « Signal Recognition Particule »
(SRP). Le complexe ARNmM/SRP/ribosome/chaine polygiepie naissante s'attache a la face
cytosolique de la membrane du RE en interagissat des protéines membranaires telles
gue le récepteur a la SRP ou le complexe « Traatocassociated proteins » (TRAP). Un
canal protéique appelé translocon se forme alopgmhet I'entrée dans la lumiére du RE du
polypeptide en cours de synthésEig(re 5). Le translocon est un canal aqueux
principalement composé des complexes Sec61l im@igaés I'ancrage des ribosomes a la
membrane du RE [47-51]. Selon que les protéinesthéfisées sont solubles ou
membranaires, leur translocation differe: les domsi hydrophobes des protéines
transmembranaires sont insérés dans la membraR& dw fur et a mesure de la synthése de
la protéine, grace a une ouverture du translocaos kebicouche lipidique. Les séquences
dont les caractéristiques (longueur, hydrophobigtit adéquates, s'ancrent par affinité dans
la membrane du RE [52, 53]. La sous-unité 28S ibesomes est séparée d’environ 1,5 nm
de la partie cytosolique du complexe Sec6l. C'estespace qui permet le passage des
domaines cytosoliques qui jouxtent les domaines rdpltbbes des protéines

transmembranaires.

ribosome

cytosol

?

récepteur Translocon Lumiére

au SRP Complexe Secé1 protéine % du RE
transloquée

Figure 5 : Schéma de translocation d’une protéineaissante soluble.
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2.  Maturation et repliement des protéines dans le RE

L'ERAF (Endoplasmic reticulum associated foldingpnésente I'ensemble des acteurs
impliqués dans le repliement des protéines néosyisées. || comprend le translocon, canal
protéique par lequel les polypeptides en coursydéhése pénéetrent dans la lumiére du RE,
les enzymes qui se lient a la protéine néosyn#et{sligosaccharyl-transférase, protein-
disulfure isomérases, etc.) ainsi que les enzymegegliement ou foldases (calnexine,
calréticuline). Lors de sa translocation, apresage du SRP, la protéine naissante est prise en
charge par des enzymes de modification post-tramhuetlle comme I'OST (Oligosaccharyl-
transferase) qui transfére des sucres sur les gnoeits amine libres (N-glycosylation) et les
PDI (Protein disulfide isomerase) qui forment destp disulfures.

Ces modifications post-traductionnelles, qui coneat la majorité des protéines de la
voie de sécrétion, permettent aux protéines dd&tneectement repliées, c'est-a-dire d'acquérir
une conformation tridimensionnelle de moindre éigerge repliement peut s'effectuer
spontanément ou nécessiter l'aide de foldasesefdn calréticuline) ou de chaperonnes
(BiP, GRPs, HSPs (Heat Shock Proteins), oxydorédes), qui, en se liant aux protéines
néosynthétisées, fournissent un environnement &m®ra leur repliement, notamment en
masquant des seéquences hydrophobes qui provoquesaieement I'agrégation des protéines

ou en les rapprochant des protéines de modificatomt-traductionnelle.

Les protéines néosynthétisées sont retenues damsréudu RE jusqu'a ce que le contrble
qualité (QC ; Quality control) I'étiquette commeoig@ine ayant atteint sa conformation de
moindre énergie et I'envoie vers la machineriepex(

Figure 6). Si la protéine est étiguetée comme mal condernelle sera au contraire
adressée a la machinerie de dégradation ERAD (Hasloc reticulum associated
degradation), afin de limiter la production de nomeolécules aberrantes. Il existe deux
systemes de contr6le qualité: un qui prend en ehdeg protéines glycosylées et fait
intervenir les foldases a site lectine (calnexineadréticuline), et un qui prend en charge les
protéines non-glycosylées [54]. Si le premier sy&tést bien connu [55], peu d'informations
sont disponibles sur le fonctionnement du deuxiépa, implique probablement des

chaperonnes comme GRP94 ou BIP [56].
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degradation

Figure 6: Modélisation des protéines dans le RE

Wiseman et al. 2007 [5].

L'hnoméostasie des protéines présentes dans larturdie RE (gris
résulte d'un équilibre énergétique définissantitésractions entre
machinerie de repliement des protéines (ERAF, verties machineri
d'export (ERAD, rouge et Export, bleu).

3.  Export des protéines hors du RE

a) Export des protéines bien conformées dans la voie

de sécrétion

Lorsque les protéines échappent au QC, elles seentrent dans des sous-domaines du
RE appelés ERES (Endoplasmic reticulum exit sib&).[Les protéines bien conformées ou
"cargo" sont exportées vers l'appareil de Golghadétre adressées a leur compartiment de
destination. Pour cela, elles interagissent avesylstéme d'export, qui comprend des
protéines chaperonnes, des protéines réceptewarde et des protéines impliquées dans le
bourgeonnement des vésicules de transport (COIBHt @rotein complex II) [10, 57, 58],
comme schématisé surf#&yure 7 ci-apres.
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Figure 7: Représentation schématique de la formatiodes vésicules COPII
Adapté de Budnik and Stephens 2[3].

b) Export et dégradation des protéines définitivement
mal conformées

Au contraire, si la protéine ne peut atteindre safamation native, elle est dite
définitivement mal conformée, et spécifiquementeadée a un systeme de dégradation, ce
qui évite l'accumulation de protéines mal conforsndans la lumiére du RE, accumulation
qui pourrait compromettre la fonction de l'organites protéines mal conformées semblent
majoritairement dégradées par le systeme ERAD, martains complexes comme les
agrégats protéiques peuvent étre dégradés par faatmphagie: les protéines se regroupent
au niveau d'un sous-domaine du RE: 'omégasomaitiét guquel elles sont dirigées vers les
phagophores qui maturent en autophagosomes. Lephagiosomes fusionnent ensuite avec

les lysosomes pour former des autophagolysosomkes quiotéines sont dégradées.

La machinerie ERAD est, comme les autres machineleaulaires du RE, finement
régulée par de nombreuses protéines du RE ou daatyafin de maintenir I'homéostasie du
RE. Elle est principalement constituée de chapersrat de protéines du RE mais aussi de
protéines membranaires ou cytoplasmiques qui demirde rapatriement des protéines a
dégrader vers le cytosol, et en particulier versykteme principal d'élimination des protéines
de la cellule: I'« Ubiquitin/proteasome system »P&) [59, 60]. Cette dégradation des
protéines mal conformées passe par quatre étapesssivesHigure 8).
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La premiere étape est la reconnaissance du sylugirdit intervenir les lectines OS-9 et
XTP3B capables de se lier aux protéines a dégradérpar reconnaissance des protéines
chaperonnes associées a la protéine mal confofBiée GRP94), soit par reconnaissance de
motifs de glycosylation spécifiques [2, 61, 62].damplexe contenant la protéine a dégrader,
0S-9 et XTP3B est alors dirigé vers un canal pgokiappelé dislocon, qui permet a la

protéine d'étre exportée vers le cytosol et rapatgrdégradée.

Puisque la majorité des protéines a dégrader pergedes zones hydrophobes, il est
important que leur dégradation se fasse aussit@@saleur translocation. Pour cela, les
complexes d'ubiquitination sont directement asso@é dislocon et les protéines mal
conformées sont trés rapidement ubiquitinées etegrien charge par la chaperonne
cytosolique p97, dont le role est central puistpifelurnit I'énergie nécessaire a la dislocation
de la protéine puis guide celle-ci lors de sa daion et de son ubiquitination et enfin la

dirige vers le protéasome [2].
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Figure 8 : Schéma récapitulatif des différentes éfes du systéme ERAD
Adapté de Olzmann JA, Kopito RR, Christianson 0@3[2].
Les protéines reconnues comme mal conformées p&Clesont adressées

complexe de dislocation (1), exportées vers lesoft¢2), ubiquitinées (3) pt
reconnues et dégradées par le protéasome (4).
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Comme nous l'avons vu précédemment, les capaa@tésptiement des protéines du RE
dépendent de l'activité des protéines composaninbeshineries de repliement (ERAF, QC,
ERAD et export). Ainsi, I'état oxydant du RE, ddecstatut redox de la cellule, et la quantité
d'oxygene, de glucose, de calcium et d'ATP dispesjbsont autant de parametres qui
affectent la formation des ponts disulfures ou Neglycans, donc les capacités du RE a
replier correctement les protéines de la voie deésién [15]. Si un de ces paramétres change,
I'homéostasie du RE est perturbée, ce qui décledebevoies de signalisation adaptatives
depuis la lumiere du RE, qui visent a rétablire#éibméostasie. Une des réponses adaptatives
du RE est I'UPR, détaillée ci-apres. Cette répomse meédiée par trois protéines
transmembranaires: IRE,IPERK et ATF6 [Figure 9).
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C. Signalisation emanant du RE: I'UPR (Unfolded Protei

Response)

L'UPR est une réponse adaptative de la celluleledébée par I'accumulation de
protéines mal conformées au sein du RE. Cette adation de protéines mal conformées
génere un stress appelé stress du RE, qui décturieddséquilibre entre la quantité de
protéines a replier et la capacité du RE a repliea exporter ces protéines. Ce stress dépend
ainsi de quatre parameétrday:la quantité de protéines a replier qui dépend B=oins en
protéines de la cellule ou de la présence de noagationformationnelles) I'efficacité de la
machinerie de repliement (ERAF), dépendant de lantii¢ et I'efficacité des protéines
chaperonnes, du statut redox et des taux de gluebskoxygene; mais aussi) de la
machinerie d'export des protéines correctementiéeql dépendant des protéines et des
membranes des vésicules d'export;i@t de la machinerie de dégradation des protéines
associée au RE (ERAD), dépendant des moléculegaiteat de dégradation.

Ces parameétres peuvent étre altérés dans de nammbreonditions physiologiques
(cicatrisation, production d'insuline) ou pathobpggs (infection virale, chimiothérapies). En
effet, I'accroissement des besoins, en énergiacidles aminés ou en protéines, mais aussi les
modifications du milieu extracellulaire, dues a inypoxie, une inflammation, ou la présence
de virus ou d'agents de chimiothérapie sont awtargituations suscitant un stress du RE et
déclenchant ainsi I'UPR. Les voies de signalisatalars activées visent a rétablir
I'homéostasie du RE notamment en atténuant ladtiadugénérale de protéines et en activant
spécifiqguement la transcription de protéines impes dans le repliement des protéines
(Figure 9). Lorsque I’homéostasie du RE ne peut étre radabliPR bascule d'une réponse

de survie cellulaire a une réponse de mort cetkl@di.C.3 ci-dessous).
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Figure 9 : Schématisation des principaux acteurs déUPR

Hetz, 20176].

Le stress du RE déclenche une réponse adaptdtiARR | en activant trois protéir
transmembranaires du RE: IREPERK et ATF6. Les conséquences de 'UPR
principalement l'induction de I'expression de nognlargénes qui somtotammer
impligués dans les machines moléculaires du RE (ERBC, ERAD, expor
synthese de lipides et sécrétion de protéinesyret H contrdle de la mort cellula
(autophagie, apoptose).

1. Les effecteurs de 'UPR: PERK, ATF6 et IRE1

L’'UPR est initiée par trois protéines transmembir@sadu RE: la protéine kinase PERK
(PKR-like ER kinase), le facteur de transcriptioms (Activating transcription factor 6) et
la protéine IRE& (Inositol requiring enzyme &) aussi appelé ERN1 (Endoplasmic reticulum
to nucleus signaling 1). Chez les mammiferes, emdition de stress, certains de leurs
partenaires luminaux (par exemple BiP (Binding imimgiobulin protein)) se dissocient de
ces trois protéines, permettant ainsi leur activatLes trois voies de 'UPR sont redondantes
pour l'expression de certaines protéines ciblesnoentes protéines chaperonnes BiP et
GRP94 (Glucose-regulated protein of 94 kDa), eesebont coopératives pour d'autres,
comme par exemple pour l'activation de XBP1l (X-bbiding protein 1), dont la
transcription dépend d'ATF6 et la maturation d'IRH2e plus, ces trois voies sont activées a
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une vitesse et pour une durée différentes ce qungie chez les mammiferes, d'avoir une

réponse intégrée tres finement régulée [6, 8.

La protéine serine/thréonine kinase PERK est unetépre transmembranaire
monomerique. En réponse a un stress du RE, plssprotéines PERK s'assemblent ce qui
permet le rapprochement de leurs domaines et dews trans-autophosphorylation.
L'oligomérisation et la phosphorylation de PERKraiment la phosphorylation de ses
substrats, dont le principal est la sous-unité leggae du facteur d'initiation de la traduction:
elF2o (eucaryotic Initiation Factordd. elF2x phosphorylé ne peut plus s'intégrer dans le
complexe d'initiation de la traduction, atténuarstantanément la synthése de la majorité des
protéines, celles dont la synthése dépend de Ifed@3]. Cette inhibition rapide de la
traduction est la premiére phase de 'UPR et pedeaaiduire le flux de protéines entrant
dans la lumiére du RE. En conséquence de cettaviaton globale de la synthése protéique,
il y a une activation ciblée de la traduction deaias ARN messagers (ARNm), comme par
exemple 'ARNm du facteur de transcription ATF4 {(®ating transcription factor 4) [64].
ATF4 va ensuite activer la transcription de homRrggnes codant pour des protéines qui
vont a leur tour réguler 'homéostasie du RE, gmrtexemple CHOP (C/EBP homologous
protein), ATF3 (Activating transcription factor 3$5] et GADD34 (Growth arrest DNA
damage inducible protein 34) [66]. L'activation @ADD34 va déclencher une boucle de
rétrocontréle négatif en activant la déphosphoigthat'elF2x. 1l y a alors blocage de la voie
PERK/elF2/ATF4 et reprise de la traduction globale des ARN®BG]. PERK active
€également une réponse anti-oxydaritela phosphorylation et donc la translocation nuokéa
de Nrf2 (NF-E2 related factor 2) [67-69].

ATF6 est une glycoprotéine transmembranaire dodblaaine luminal est doté de sites
de localisation a l'appareil de Golgi, et dont tamgine cytosolique contient une activité de
facteur de transcription (motif leucine zipper) J[70omme toutes les protéines de la famille
des facteurs de transcription membranaires, ATE®easlisée au RE en conditions basales et
donc inactive (cf. SREBPII.A.2), alors qu'un stress du RE déclenche son expag ve
l'appareil de Golgi. Cette localisation spécifigdidTF6 dépend de deux mécanismes: en
conditions basales, ATF6 interagit avec BiP qui quasles séquences de localisation au
Golgi [71], et ATF6 est dans une conformation "mative" comprenant des ponts disulfures
[72, 73]. La présence de protéines mal conforméabstrat préférentiel de BiP, ou les

modifications du statut redox, changent l'accebigibd’ATF6 notamment a la protéine
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PDIA5, qui réduit ses ponts disulfuresf.(annexe: ARTICLE 6). Les changements de
conformation qui en résultent rendent la séqueregdrt au Golgi accessible aux molécules
du systeme d'export des protéines (COPII) [71-AMF6 peut alors étre exportée vers
'appareil de Golgi ou deux protéases, les protge&P (Site-1-protease) et S2P (Site-2-
protease), clivent ATF6 au niveau de sites de smmaihe transmembranaire. Ce clivage
libére le fragment cytosolique, qui correspond afdeme active d'ATF6. Cette protéine
mature est a son tour exportée vers le noyau,lewetive la transcription de ses génes cibles
[75-77] dont les chaperonnes BiP, GRP94 et calritie, mais aussi les facteurs de
transcription CHOP et XBP1 [78-80].

Il existe deux isoformes de la protéine ATF6: At ATF@. L'extinction de chacune
de ces deux isoformes ne compromet pas le dévetoppechez la souris [81], alors que
I'extinction simultanée des deux isoformes (doutieckout (KO)) entraine une mortalité
embryonnaire. Le phénotype observé chez ces sdouBle KO est similaire au phénotype
observé chez les souris KO pour XBP1 [82] ou IREBIB, 84]. Au contraire, il est intéressant
de noter que l'extinction de la voie de signalmatie PERK, par un KO de PERK, ATF4 ou
CHOP ne provoque pas de létalité embryonnaire m&itsesont a l'origine de désordres
varies tels que des dysfonctions pancréatiques eétabuliques et des défauts de
développement du squelette (¢f.A ) [85-88].

IRElo est une protéine transmembranaire comportant detidtés enzymatiques dans
son domaine cytosolique: une activité kinase et andvité de clivage d'’ARNm dite
endoribonucléase (RNase). Les voies de signalisadiécoulant de I'activation de cette
protéine et son mode d'activation sont détailléassde paragraphe suivant. Bien qu'lRE1
soit trés conservée, il semble que son réle diffewma organisme a l'autre étant donné que la
signalisation UPR elle-méme differe d'un organisim&autre. Par exemple, la réponse UPR
est constituée de la seule protéine Irelp cheaviaré, et de deux ou trois effecteurs chez la
drosophile, le nématode ou les mammiferes [89]siiles caractéristiques d'lrelp ou de ces
homologues chez le nématode ou la drosophile neden partie transposables a IRE1
chez 'Homme. Sauf mention contraire, les chapgtegant sont détaillés pour 'UPR chez les

mammiferes.

2. Lavoie de signalisation d'IRka1

IREla est une protéine de 110 kDa comprenant 977 aeidesés [90]. Le domaine

luminal d'IREXx contient, comme ceux de PERK ou d'ATF6, des giediaison a des

27



protéines du RE. En réponse a un stress du REprfeide luminal d'IREA perdrait son
interaction avec BIiP [91] et lierait des protéineml conformées [92], induisant des
changements conformationnels nécessaires a sanigsation, et ainsi son activation [92-
94]. L'oligomérisation par les domaines luminaubRHE1o entraine la juxtaposition de ses
domaines cytosoliques, leur trans-autophosphooylaéit I'activation de ses deux activités
enzymatiques: son activité kinase et son activitdase Figure 10: Représentation
schématique de la protéine IREhussi appelée ERN1).

Luminal domain : Cytosolic domain :
BiP binding, homodimerisation,
ER stress regulation. kinase and BNase functions.
I 1 T 1
1 ™ 977
retaonazan [ | | | KINASE [ |

Figure 10 : Représentation schématique de la protée IRE1a, aussi appelée ERN1
IREla ou ERN1 est une préine de 977 acides aminés contenant trois domain
domaine lumial, un domaine transmembranaire (TM) et un domaitesolique
Le domaine luminal est la partie impliquée danslidgson d'IREL avec se
partenaires du RE (ex: BiP), qui est activée los cstress du RE. La pa
cytosolique d'IREd& contient quant alle les domaines a activité kinase (en vert
activité RNase (en bleu).

IRElo s'associe également a des protéines cytosoliquiegoqt moduler ses activités:
lorsqu'IREL est activée, elle recrute et phosphoryle, son domaine kinase, la protéine
adaptatrice TRAF2 (TNF receptor associated facjoerffrainant la phosphorylation de la
protéine kinase ASK1 (Apoptosis signal regulatingake 1) et I'activation de la protéine c-

Jun N-terminal kinase (JNK), un facteur impliquésiée processus d’apoptose [83].

D'autres protéines telles que les protéines NCKdn(Bhatalytic region of tyrosine kinase
adaptator protein 1), BI-1 (Bax inhibitor 1) et ldsaperonnes HSP90 (Heat-shock protein of
90 kDa) et HSP72 (Heat-shock protein of 72 kDa)iesgt a IREL en absence de stress du
RE. La modulation de nombreuses voies de signalisgiasse par ces interactions. Par
exemple, en piégeant BI-1, IR&empéche l'inhibition de Bcl-2 (B-cell lymphoma &)
module ainsi I'apoptose. De méme, la liaison eiREelo. et NCK1 inhibe la voie dépendante
de la protéine kinase ERK (Extracellular signaldiated kinase). De plus, les chaperonnes
HSP90 et HSP72 stabilisent IRElet contribueraient a la régulation de I'UPR [9Bgux
autres réles d'IREilpassent par son activité RNase: la dégradatioRNMIA cibles ou RIDD
(RNA regulated IRE1 dependent decay) et I'épissage-conventionnel de I'ARNm de
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XBPL1. L'épissage de I'ARNmM de XBP1 a été identhés les cellules mammiferes du fait de
son analogie fonctionnelle avec I'ARNmM de Hacls#pjzar I'hnomologue d'IRklIrelp, chez
la levureS. cerevisia¢96].

Chez les mammiféres, IARNm de XBP1 est recruténagau du domaine RNase
d'IRElo, ce qui entraine le clivage de cet ARNm au nivdaudeux séquences consensus
portées sur des structures tige-boucle, aboutiss#iépissage d'un intron de 26 nucléotides
chez 'HommeFKigure 11A). Cet épissage est suivi d'une ligation, par igesé encore non
caractérisée [97], et le décalage du cadre derkedubséquent permet I'expression d'un
facteur de transcription de type leucine zipper menXBP1s (spliced form of XBP1). Le role
de la protéine XBP1 synthétisée a partir de I'ARNom épissé de XBP1 est a ce jour mal
connu, bien qu'il soit considéré comme inhibiteailalvoie IRE&/XBP1s. En effet, la liaison
de cette protéine XBP1l avec la protéine XBP1ls fomume complexe dégradé par le
protéasome, déstabilisant ainsi la protéine XBPA&)].[XBP1ls appartient a la famille
ATF/CREB (cAMP response element binding proteing)se fixe, aprés translocation
nucléaire, sur des séquences CRE (cAMP responseciele ERSE (ER stress response
element) ou UPRE (UPR response element) préseunteles régions promotrices de ces
cibles transcriptionnelles. XBP1s induit ainsi peassion de nombreuses chaperonnes et co-
chaperonnes (BiP, ERp57, ERdj4) mais aussi de Uextele transcription (CHOP),
d'oxydoréductases (PDI, ERp57) et de protéinea deie ERAD (EDEM, HRD1, OS-9) [99,
100]. L'ensemble de ces protéines permet d'augmbsecapacités de prise en charge des
protéines par le RE et ainsi d'atténuer I'accunmrlade protéines mal conformées a l'origine
de l'activation de 'UPR et donc de la voie IREXBP1. Cette voie IRE/XBP1 est
essentielle lors du développement embryonnaire lzheauris et seuls des KO conditionnels

ont permis de déterminer le réle physiologique @X [8, 82].

La deuxieme activité d'IREldépendante de son domaine RNase est le RIDD. Des
ARNmMm cibles sont recrutés, par des mécanismes emoeconnus, a proximité du domaine
RNase d'IRE&. Il sont ensuite clivés au niveau de séquencesermus portées sur des

structures tige-boucle ([101figure 11B).
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Figure 11 : Séquences et structure des sites devaljes par le domaine RNase d'IREd
A. Représentation des séquences consensus de ctieati@RNm deXBP1 pa
IRE1a, localisées au sommet de structures tige-boucle.

B. Représentation des trois sites de clivage de I'AR#MMPERIOD1 (PERI
également au sommet de structures tige-boucle.

L'identification de cette activité RIDD chez la dophile [102] puis chez la souris [103,
104], a permis de mettre en évidence des ciblesnfietles du RIDD chez 'Homme comme
par exemple l'insuline, le PDGFR (PDGF (Plateletriized Growth Factor) receptor) ou
CD59 (cluster of differentiation 59). De plus, patte activité, IREd contrble la stabilité de
son propre ARNm, en le clivant [103-105]. Graca a@égradation sélective d'ARNm, IRE1
pourrait réduire les protéines a synthétiser esiaidduire la charge protéique du RE pour
favoriser la traduction des protéines dont I'exgimes est spécifiquement induite par 'UPR
telles que les chaperonnes BIiP et GRP94. En plsiABNmM, IRED est également capable
de dégrader directement des micro-ARN (miR) comasentiR-17, -34a, -96 ou -125b [106,
107] ou le miR-1291 [108].

3.  UPR: pro-survie ou pro-mort

En réponse a un stress protéotoxique, I'UPR atiivied'abord des voies permettant a la
cellule de s'adapter temporairement face a destisins de stress. En effet, ces voies
cytoprotectrices permettent de diminuer la chargetémue du RE (inhibition de la
traduction, dégradation d’ARNm) tout en augmentast capacités de repliement du RE
(expression/activation des acteurs des machineéud®E). Toutefois, lorsque le stress est trop
intense ou lorsqu'il se prolonge, les dommagesssdni la cellule peuvent étre nocifs pour les
cellules voisines. L'UPR active alors des voiesntat cellulaire, par autophagie ou par

apoptoseKigure 12), par exemple par I'activation des protéines progaotiques CHOP [85]
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et JNK [83]. L’activation de CHOP par la voie PER&orise tout d’abord I'expression de
GADD34, levant ainsi l'inhibition de traduction due elF2. Il en résulte un afflux de
protéines néosynthétisées au niveau de la lumigRE] ce qui accentue le stress du RE. De

plus, CHOP favorise I'expression du facteur progptbque Bim [109].

Il existe de nombreux liens entre la voie de siga#ibn IREL et la mort cellulaire, qui
montrent tanto6t le rble d’IRElpro mort cellulaire et tantot un réle anti mortiwaire. Dans
ces fonctions pro-mort, en plus d’activer JNK, tenplexe IRE4/TRAF2 induit I'apoptose
chez la souris par le clivage de la pro-caspaset 12ctivation en cascade de la caspase 12
puis des caspases 9 et 3 [110, 111], bien quelth@nme il semble que la caspase-12 soit
exprimée sous une forme tronquée dont l'activati®mlépend pas du stress du RE [112]. En
outre, le clivage par IRElde miR inhibiteurs permet de stabiliser leurs ARNilvles tels
gue celui de la caspase 2, une protéine pro-apgpétou encore, dans le cas du miR-17,
celui du facteur pro-inflammatoire TXNIP (Thioredminteracting protein) aussi connu sous
le nom de TBP-2 (Thioredoxin binding protein-2) ¥DUP1 (vitamin-D3 upregulated
protein-1) [113, 114]. Cependant, d’autres étudestmant que lorsqu’IREiLs’'oligomérise, il
libére le facteur anti-apoptotique BI-1. De plus, mcentes études ont montré que la voie
IRE10/IJNK peut promouvoir la survie cellulaire en activda transcription de facteurs de
croissance tels que I'épiréguline [115]. Cette iogpion d’'IREX dans la survie des cellules
est étayée par le fait qu'une surexpression d’'lRpdut augmenter la résistance a la mort de
lignées cellulaires [116, 117], tout comme un @mssmaintenu de 'TARNm de XBP1 [118].
Ce double réle d’IREd dans la mort cellulaire se retrouve également darfenction RIDD,
qgui a été montré comme réponse pro-survie en deminla charge protéique du RE [103],
mais aussi pro-mort en dégradant des facteursraiegid]. Ceci souligne combien la balance
entre UPR pro-survie et UPR pro-mort est finemégutée, par des régulations dont une

partie nous échappe encore.

Une des clés de cette régulation réside peut-ame ks systemes de contrble de la durée
de l'activation d'IREd. Parmi ceux-la, on peut citer la protéine chapeeoRDIA6, capable
de lier la cystéine 148 oxydée présente dans keedaminale des oligomeres actifs d'IRE1
ce qui entraine la dissociation des oligomeéresnsi #atténuation de la signalisation IRE1
[119].
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Figure 12 : Représentation des voies de signalisai pro-apoptotiques de I'UPR.

Hetz, 20176].

L'UPR induite par le stress du RE est une répodsgptative qui promeut la survie de
cellule lorsque le stress du RE initial est tramsstet/ou peu intense.

Au contraire, lors d'un stress intense etpoolongé les voies de signalisation de I'UPR
sont activées deviennent des réponses de mortadediupar I'activation de I'autophagie ot
l'apoptose. Les médiateurs de I'apoptose ainsiésctont principalement les facteurs pro-
apoptotiques de la famille de Bcl-2.
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Ill.  Reéticulum Endoplasmique et pathologies

A. Généralités

De nombreuses pathologies ont pour origine destimoogaqui altérent le repliement de
protéines. Ces maladies peuvent affecter les coamp®sies machines de repliement ou
d’export (LMAN1 (Lectine Mannose-binding 1) MCFD2Mgltiple Coagulation Factor
Deficiency 2) [120], BAP [121, 122]dFglucosidase | [123]) ou peuvent affecter directeime
les propriétés de la protéine a replier et ainprise en charge de ces protéines par le QC. Les
maladies ou les protéines a replier sont mutéespmles maladies neurodégénératives ou la
mucoviscidose, sont dites maladies conformatioeeellElles se caractérisent par la
dégradation de la protéine mutée ou son accumuola#ms la lumiére du RE, ce qui peut
entrainer un stress du RE.

Ainsi, dans le cas de la mucoviscidose, ce sontndetations de la protéine CFTR
(Cystic fibrosis transmembrane conductance regilaga sont a I'origine de la pathologie,
en conduisant a sa dégradation [124, 125]. En,&¥feTR étant une glycoprotéine complexe,
son repliement est long, ce qui conduit 75% degepres synthétisées a la dégradation. Toute
mutation ralentissant son repliement provoque aslage de la totalité des protéines CFTR a
'ERAD, et ainsi une absence totale de la protéina membrane donc une perte de fonction
de CFTR [126, 127].

De méme, plusieurs mutations de-I-antitrypsine ¢1AT) ont été associées a une
pathologie appelée ATD (Alpha 1 Antitrypsine Dediccy). Ces mutations peuvent stimuler
la formation d’oligomeéres s’agrégeant en inclusims®lubles et s'accumulant dans le RE des
hépatocytes dans lesquels elle est synthétiséé. [T28e accumulation a deux conséquences
majeures : tout d’'abord, elle peut entrainer urgahction du RE et ainsi étre toxique pour
les cellules hépatiques voire pour le foie (apparide cancer [129]) et, d’autre part, elle
abroge la sécrétion denllAT, ce qui fait de I'agrégation une cible thérampie pertinente
[130]. D’autres mutations de olAT entrainent la production d’'une protéine trorgué
retenues dans le RE puis dégradée par 'ERAD [18Hbsence @1AT sécrétée est
responsable des symptomes de I’ATD [132], qui slestdommages importants au niveau des

tissus, notamment pulmonaires, soumis a l'action éastases [129]. En effetaTAT a un
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effet protecteur sur les tissus en inhibant I'ésstleucocytaire, une protéase activée en cas

d’infection pulmonaire ou d'irritation chronique.

Parmi les mutations affectant les protéines deshimas moléculaires du RE, on peut
noter la mutation de la protéine BAP, partenairedfistabilise I'interaction de BiP avec les
protéines mal conformées, a l'origine du syndronee Marinesco-Sjoegren [121]. Ce
syndrome, caractérisé par des retards de dévelapypemes cataractes et des myopathies
[122], est dO & une dysfonction ou une absencerdéduption de la chaperonne BiP qui
compromet le repliement des protéines voire de éatrée dans le RE [133]. De méme, des
mutations de d-glucosidase | peuvent aboutir a une pathologi@ngllde [latteinte
neurologique sévére associée a un retard merdaalee hypotonie axiale a des atteintes multi
viscérales graves [134].

Des mutations peuvent également affecter les efiestde 'UPR, et par conséquence,
les voies de signalisation qui en découlent. G&shs par exemple du syndrome Wolcott-
Rallison associant un diabéte néonatal permanem, dysplasie épiphysaire multiple et
d'autres manifestations dont des épisodes d'isanffe hépatique aigué. Cette pathologie
découle de mutations de PERK inhibant son actkiitédse [135, 136] et aboutissant a une
accumulation toxique de protéines dans le RE d#sle® pancréatigues notamment [137,
138].

La pathogénicité de nombreuses maladies peut ég@ dine dysfonction cellulaire voire
a la mort cellulaire induite par un stress chroeigiu RE, et toute dérégulation des voies
cytoprotectrices de I'UPR peut accroitre cette ggghicité, comme le soulignent les modéles
murins de KO d'ATF6, de PERK, d'IR&1d'ATF4, de XBP1 ou de CHOP [139]. Ces
dérégulations peuvent, a titre d'exemple, étre olgEs dans le cas des maladies
meétaboliques (obésité, diabete, stéatose hépatid4d) ou inflammatoires (maladie de
Crohn, iléite, colite) [141]. Dans le cas des medadcheurodégénératives telles que la maladie
de Parkinson, la maladie d’Alzheimer, ou de la mhalade Huntington, il a également été
montré que la mort des neurones peut étre due @éfaut du systéeme de dégradation qui

maintien le stress du RE et une UPR pro-apoptof{itd2].
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B. Voie de sécrétion et cancer

La voie de sécrétion est un processus cellulairamlygue hautement régulée qui permet
la sécrétion de protéines dans le milieu extralzetkl et 'acheminement des protéines
membranaires vers leur destination finale. La d$#&eréde protéines dans le milieu
extracellulaire, telles que les facteurs diffusbleu des composants de la matrice
extracellulaire, permet a la cellule de communicaec les cellules voisines ou de modifier
son microenvironnement. Ainsi, chez 'Homme, laevdie sécrétion est essentielle a de
nombreuses fonctions biologiques (sécrétion dinsulproduction d'anticorps, libération de
neurotransmetteurs et d’hormone) et toute condiiofogique, physique ou chimique qui
perturbe cette voie finement régulée déclenche@mnses adaptatives dont 'UPR. Lorsque
I'activation de cette signalisation de stress rifit as a rétablir le bon fonctionnement de la
voie de sécrétion, sa dérégulation chronique peuduire a des pathologies comme le
diabete, certaines maladies neurodégénérativésé@udphilie.

Certaines pathologies, comme le cancer, entraineet augmentation des besoins
meétaboliques, de la demande en protéines secrétégs la prolifération ce qui sollicite
anormalement les acteurs de la voie de sécrétien particulier le RE [9]Rigure 13).

De plus, les cellules cancéreuses sont des cellyléspeuvent survivre dans des
conditions difficiles, comme [I'hypoxie, ce qui infple que cette importante sollicitation
s'accompagne, dans ces cellules, d'une augmentigmcapacités de la voie de sécrétion.
Bien que les mécanismes d'adaptation mis en jaoieat pas encore entierement décryptés,
il semblerait que des mutations ou tout autre systéle levée des points critiques (check
point) de contr6le de mort induite soit un mécamisimcogénique répandu [143].

Dans cette idée, de nombreux acteurs de I'UPR ténimgpliqués dans la progression
tumorale (cflll.C : UPR in cancer).

Il a également été montré que le développementedaines tumeurs ou I'échappement
aux traitements anticancéreux semblent favorisés lpa sécrétion de facteurs pro-
oncogéniques, tels que des facteurs de croissancd'amgiogenése, ou de molécules
modulatrices de la matrice extracellulaire, tele tgs métalloprotéases [144, 145]. Outre cet
effet direct des protéines sécrétées, la voie deesén peut affecter le développement de
cancers par le fait qu'une altération de 'homénstarotéique du RE peut augmenter la
production de ROS (Reactive oxygen species), ceeqtraine un stress oxydatif qui a son
tour favorise linstabilité génomique [146, 147|nfla des dérégulations de la voie de

sécrétion peuvent favoriser la protéolyse anormalprotéines du RE telles que la famille des
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facteurs de transcription liés a la membrane (CREBSIS, SREBP1/2, et ATF6) [35] et la
calnexine (CNX) [148], ce qui permet aux cellules@éreuses de respectivement augmenter
la résistance au stress protéotoxique [35] ou dactuer des voies de signalisation pro-
tumorales telles que celles de 'TEGFR et de STAB]. Ainsi, de nombreuses mutations
affectant des protéines du RE ou des protéinegteés (BiP, GRP94, CRT, ERp29, PDIAG,

CNX, CREB, etc.) ont été identifiées dans le cancer

Cette relation étroite entre voie de sécrétion atcer peut étre exploitée pour la
recherche de nouvelles thérapies, par exemple blantiles protéines anormalement
présentes a la surface des cellules cancéreuses regponsables de I'immunogénicité des
tumeurs (calréticuline) [150, 151], ou en pertutbsuffisamment les machineries de la voie

de sécrétion pour rétablir les mécanismes d’indaatie mort cellulaire.
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Figure 13: Représentation schématique des contraintes impaes
au RE des cellules cancéreuses.
Dejeans et al, 201[9].
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C. UPR et cancer

Comme nous I'avons vu précédemment, les cellules smimises a de nombreux stress
(protéotoxique, oxydatif, hypoxique, etc.) qui smtent le RE et déclenchent des réponses
adaptatives telles que I'UPR. Toutefois, les celBukancéreuses survivent alors qu'elles
subissent un stress aigu qui devrait suffire a&faasculer TUPR d’'une réponse pro-survie a
une réponse pro-mort. On comprend des lors quéadi@ent de la mort programmeée est un
enjeu majeur des cellules cancéreuses et que codrprees mécanismes d’échappement est

un enjeu thérapeutique tout aussi important.

Souvent, ces mécanismes résultent de l'instalgiétéomique des cellules cancéreuses ou
de modifications importantes du microenvironnemé@st le cas des mutations initiatrices
de tumeurs, qui affectent des protéines centrates th dérégulation déstabilisent des
systemes clés de surveillance, tels que I'UPR,esempttent aux cellules cancéreuses de

survivre.

La revue qui suit liste les acteurs de 'UPR dagg dérégulations ont été identifiées dans
le cancer. Elle souligne en particulier 'importande la signalisation IREldans la
progression tumorale, et plus particulierement damsigration des cellules cancéreuses et la
vascularisation de la tumeur.

De récentes données confortent ce réle centralldfeRl et en particulier de la voie
PERK, dans la survie des cellules cancéreusesffBry ees travaux montrent que la voie
PERK/ATF4/CHOP est une voie de résistance au dppeloent tumoral, qui peut étre
atténuée dans les cellules cancéreuses pulmormarela surexpression de la chaperonne
p58°X en réponse & un stress chronique [143]. Ce dément du stress chronique, induit
par une carence en glucose au sein de la tumeugpense cytoprotectrice fait de J%8une
cible thérapeutique pertinente.

Des études pré-cliniques prometteuses étayentrégatde potentiel thérapeutique de la
voie PERK, cependant dans ce cas le traitementagti&reux consiste a inhiber totalement
cette voie [149]. Ces données soulignent donc argede plus le réle dual que 'UPR peut

avoir dans le cancer.
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Cancer cells present a deregulated replication cycle and are able to grow quickly
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have to cope with elevated oxidative stress, high DNA replication and protein
synthesis rates. As a consequence cancer cells must show high adaptive capabili-
ties in order to cope with such stresses. In the past couple of vears, the Unfolded
Protein Response (UPR) has emerged as an important adaptive response for can-
cer cells to manage these stresses and to survive under challenging conditions.
Although the UPR is primarily a pro-survival response, it can also induce cell
death if the stress is not alleviated. In addition to presenting enhanced adaptive
capacity. cancer cells have also developed strategies to get around UPR-induced
death signals. In the present chapter. we describe how cancer cells use the UPR
or have altered the UPR signaling machinery to gain selective advantage over
surrounding cells. We also discuss how UPR signaling is connected to classical
carcinogenic pathways. Finally, we will focus our attention in particular on IRE1
signaling pathways. Collectively these elements constitute an integrated adap-
tive system in cancer and therefore open the way to new poiential anticancer
therapeutic avenues.

Keywords

UPR. signaling - Cancer - Mutations - BiP/GRP78 - IRE1/ERNI - ATF6 - PERK -
XBP1 - NRF2 - NFkappaB - p53

Abbreviations

ARE antioxidant responsive element

ATF4 activating transcription factor-4

ATF6 activating transcription factor-6

ASK1 apoptosis signal-regulating kinase-1

BIl BAX inhibitor-1

BiP immunoglobulin heavy chain-binding protein
CHOP C/EBP-homologous protein

EDEM]1 ER degradation enhancing mannosidase-like protein-1
clF2a alpha-subunit of the cukaryotic translation initiation factor-2
ER endoplasmic reticulum

ERAD ER-associated degradation

ERdj ER DNAI like

Erol ER oxidoreductin 1

ERSE ER stress-response element

GADD34 growth arrest and DNA damage 34

GRP78 78 kDa glucose-regulated protein

GRP94 94 kDa glucose-regulated protein

IREI inositol-requiring protein-1

IP.R1 inositol 1.4, 5-trisphosphate receptor 1

INK c-Jun N-terminal kinase

Keapl Kelch-like ECH-associated protein-1
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MAP mitogen-activated protein

MAPK MAP kinase

MAPKK MAP kinase kinase

MAPKKK MAP kinase kinase kinase

Nrf2 nuclear factor-E2-related factor-2
PERK protein kinase RNA-like ER kinase
PI3 K phosphoinositide-3-kinase

PDI protein disulfide isomerase

RIDD regulated IRE [-dependent mRNA decay
ROS reactive oxygen species

sXBP1 spliced form of XBP1

SIPand S2P site-1 and site-2 proteases

TNF tumor necrosis factor

TRAF2 TNF receptor-associated factor-2
UPR unfolded protein response

XBP1 X-box binding protein-1

1 Introduction

Cancer cells, particularly solid tumors, are often exposed to adverse stressful con-
ditions that should normally lead to cell death. Moreover these cells often elicit
metabolic specificities that place them in high energetic demand. To cope with these
challenging conditions, cancer cells have not only modulated their adaptive capac-
ity but also reduced their sensitivity to stress-mediated cell death. For instance,
these cells can grow on very little oxygen, nutrient or calcium, despite an oxidative
environment or even in the presence of chemotherapeutic agents (Fig. 1). These
conditions, combined with cancer cells’ high replicative rates, lead to the primary
activation of adaptive cellular responses such as the UPR. The recent demonstration
of the important role of the UPR in tumor growth has led one to address the pro-
oncogenic role of this signaling pathway. In particular, major objectives have been
set to identify the mechanisms involved and those that have been altered to allow
such events to happen in cancer cells. Many studies carried out in human cancer
tissues or cell lines and/or in animal models have tried to identify key regulators
of UPR involved in cancer development and progression (Table 1). In the present
chapter, we will list the components of the UPR and precisely describe their role in
cancer cells as well as the conditions in which the UPR is activated. Moreover, we
will provide information on how the UPR connects with canonical oncogenic path-
ways. Finally, we will more precisely focus on the role of IRE1 and the alteration of
its downstream signaling pathways in cancer.
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Fig. 1 Contribution of the UPR to the response to various stresses in normal and cancer cells

2 Principal components of the UPR in cancer cells

The Endoplasmic Reticulum (ER) is an organelle involved in calcium homeostasis,
lipid biosynthesis and is an essential compartment for the synthesis of secreted and
trans-membrane proteins (see Chap. 1). Following translocation into the ER, newly
synthesized proteins are supported by ER chaperones and are subjected to a quality
control system. Proteins can then be targeted to their compartment of destination
or be degraded by the ER-Associated Degradation (ERAD) system. Under basal
conditions, there is a balance between the amount of newly synthesized proteins
entering the ER and that of proteins exported to more distal compartments of the
secretory pathway. However, under ER stress conditions this balance is disrupted
which leads to accumulation of proteins in the ER. This increased ER protein load
triggers Unfolded Protein Response (UPR) which aims to restore ER balance or,
if this is not possible, to kill the cell (see Chap. 3 for full detail). The intracellular
signals involved in the UPR are transmitted from the ER lumen to the rest of the cell
by three trans-membrane proteins of the ER: PERK (protein kinase (PKR)-like ER
kinase), IRE! (Inositol Requiring Enzyme 1) and ATF6 (Activating Transcription
Factor 6).

2.1 ERIlumen resident UPR sensors
2.1.1 BiP (immunoglobulin heavy chain-Binding Protein)

BiP, also named GRP78 (Glucose-Related Protein 78) is a soluble protein chaperone
of the ER lumen and belongs to the Hsp70 family. It contains two major domains:
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a N-terminal ATP dependent domain and a C-terminal domain, which binds hydro-
phobic patches within proteins [1]. BiP has different functions in the ER: it regulates
ER Ca’"levels through binding to Inositol 3 Phosphate Receptor (IP3R) channels
and plays an important chaperone role for the nascent polypeptides translocated into
the ER and for misfolded proteins. Surprisingly, BiP was also found to associate
with cytosolic, mitochondrial and extracellular partners that not only make it a key
factor in cellular stress response [2, 3, 4, 5], but also the physiological relevance of
these interactions remains to be demonstrated. BiP is also the first and major sensor
of the UPR. Indeed, under basal conditions, BiP binds to hydrophobic segments of
neo-synthesized and unfolded proteins present in ER lumen, but is also bound to the
three trans-membrane proteins PERK, ATF6 and IRE1, the initial UPR transducers.
Seeing as BiP has a greater affinity for misfolded proteins, BiP will be titered away
from those three transducers following the accumulation of misfolded proteins in
the ER, leading to the activation of UPR signaling. Moreover, in response to ER
stress, BiP expression is up-regulated by a selective increase in transcription and
translation [6, 7], thus enhancing ER folding capacities, as explained further below.

2.1.2 Glucose Regulated Proteins (GRP) family chaperones

Three major chaperoning systems define the ER folding capacity: the Protein Di-
sulfide Isomerases (PDI), the lectin chaperones including calnexin and calreticulin,
and the GRP chaperones. Similar to BiP, GRP94, also called gp96, is part of the
latter chaperone group and belongs to the Hsp90 family. GRP94 and BiP show
many common targets and GRP94 expression is increased in response to BiP si-
lencing, suggesting a tight cooperation between those proteins and compensatory
(but not replacement) mechanisms [1]. GRP170 is a nucleotide exchange factor of
BiP and thereby modulates BiP activities such as binding with ERdj (ER DNAJ
like) proteins and regulation of Ca**[8]. GRP94 and GRP170, two proteins that
participate in the regulation of calcium homeostasis, are involved in supporting and
folding numerous secretory proteins alongside BiP and are essential for expression
of integrins and Toll-like receptors on the cell surface [9, 10]. The perturbation of
the Ca’>*homeostatic balance, tightly regulated particularly by GRP chaperones, has
been shown to lead to caspase-7 and caspase-4 activation and subsequently apop-
tosis upon activation of ER stress [11]. Furthermore, the expression of GRP94 and
GRP170 is up-regulated upon ER stress.

2.1.3 Chaperones and cancer

Over expression of BiP has been associated with poor diagnostic cancers such as
castration-resistant prostate cancers [12], some aggressive breast cancers [13], gas-
tric cancers with lymph node metastasis, hepatocellular carcinoma with tumor ve-
nous infiltration [14] and glioblastoma [15]. In the case of the latter two, high BiP
expression levels are correlated with less overall survival and resistance to chemo-
therapeutic agents. BiP has even been thought to be used as a tumor biomarker for
poor prognosis melanoma [16]. However, clinical studies showed cancers with neg-
ative correlation between the level of expression of BiP and poor diagnosis: in lung
cancers [5], esophagus adenocarcinoma [17] and neuroblastoma [18]. These results
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confirm data obtained in mouse models heterozygous for BiP, which show no effect
of lower BiP levels on organ development but an impediment in tumor angiogenesis
[19]. Over expression of BiP is not restricted to the ER only. Indeed, upon severe
ER stress, BiP is strongly up-regulated and it is possible that BiP will be located in
mitochondria or the plasma membrane. Moreover, presence of BiP at cancer cell
surface tightly regulated their fate for survival or death, as shown in ovarian cancer
[20], prostate cancer [21], melanoma [22] and gastric cancer [23]. When extracel-
lular elements like az-microglobuline, Cripto or T-cadherin bind to the N-terminal
or C-terminal domain of BiP they can promote PI3K Akt/PKB and MAPK signaling
pathways leading to the activation of proliferative and pro-life pathways and posi-
tive feedback loops increasing BiP expression, which allows cancer cells to survive
ER stress [1]. GRP94, similar to BiP, has been found mutated in aggressive gastric
carcinoma and esophagus adenocarcinoma and is linked to poor prognosis [24, 25].

2.2 The transmembrane UPR transducers

2.2.1 PERK (protein kinase (PKR)-like ER kinase)

PERK is a 125-kDa type I transmembrane kinase activated by ER stress. Upon ac-
cumulation of un/misfolded proteins in the lumen of the ER, BiP dissociates from
PERK allowing oligomerization and trans-autophosphorylation of PERK, leading
to its activation. PERK then activates two major cytosolic signaling pathways of the
UPR. Firstly, PERK phosphorylates the eukaryotic translation initiation factor 2o
(elF2q), leading to its inhibition and to translation attenuation and consequently to
a decrease in the amount of newly synthesized proteins entering the ER (ER load)
[26]. Moreover, translation attenuation causes a decrease of cyclin D1 pool trigger-
ing cell cycle arrest in G1 [27, 28]. Phosphorylation of elF2a leads to ATF4 (activat-
ing transcription factor 4) translation. Indeed under basal conditions, ATF4 mRNA
translation is prevented by the presence of a micro open reading frame in 5” of ATF4
ATG and elevated concentrations of e[F2-GTP. The translation inhibition caused by
elF2a phosphorylation leads to a decrease in elF2-GTP amounts thus allowing for
the bypass of the micro-ORF and ATF4 translation [29, 30]. ATF4 translocates to the
nucleus and subsequently promotes transcription of genes with CRE (Cyclic AMP
Response Element) such as CHOP (C/EBP homologous protein), ATF3 (Activat-
ing Transcription Factor 3) and GADD34 (Growth Arrest DNA Damage inducible
protein 34) [31, 32, 33] (Fig. 2). CHOP is a transcription factor that decreases the
transcription of the anti-apoptotic factor BCL-2 (B-Cell Lymphoma 2) [34] and en-
hances transcription of the pro-apoptotic factors BIM (B-cell lymphoma 2 Interact-
ing Mediator of cell death), BAK (Bcl-2 homologous Antagonist-Killer) and BAD
(Bcl-2-Associated Death promoter). Furthermore, CHOP promotes the expression
of TRB3 (Tribbles Related Protein 3), which can bind to Akt/PKB (Protein Kinase
B) preventing its activation (phosphorylation) and its anti-apoptotic function [35].
GADD34 is the mediator of a negative feedback loop on elF2a phosphorylation, as
GADD34, which is activated in response to elF2a phosphorylation, is the regula-
tory subunit of the elF2a phosphatase Protein Phosphatase 1 (PP1) [36]. Secondly,
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PERK directly phosphorylates NRF2 (NF-E2 Related Factor 2), releasing NRF2
from its cytosolic partner KEAP1 (Kelch-like ECH-Associated Protein 1) and pro-
moting its nuclear translocation [37]. NRF2 is a basic leucine zipper transcription
factor which can then regulate transcription of genes with ARE (Antioxidant Re-
sponse Element) in their promoter that are able to regulate ROS (Reactive Oxygen
Species) cellular levels [38] and the Nitric Oxide pathway [39] (Fig. 2).

Studies were carried out to determine the impact of PERK on cancer develop-
ment. Transformed MEF (Mouse Embryonic Fibroblasts) from mice deficient for
PERK generate smaller tumors, less vascularized and less resistant to hypoxia than
tumors from transformed wild type MEF [40]. Another study performed using ani-
mal models of mammary carcinoma showed the importance of PERK in cancer
cells to decrease ROS cellular levels and so to avoid cell cycle slow-down due to
DNA damage and active DNA damage checkpoints [41]. Moreover, cancer cell
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lines such as HT29 (colorectal adenocarcinoma), dominant-negative for PERK,
have worse survival rates under hypoxia compared to cancer cells expressing PERK
[42]. Additionally, over activation of PERK/elF2a signaling has been involved in
tumor dormancy of squamous carcinoma cells [43]. Recently, activating mutations
of ATF4 have been reported in neuroectodermal tumor cells [44] and it was seen
that ATF4 expression was increased upon anoxia in cancer cells through mecha-
nisms independent of hypoxia inducible factor-1c. (HIF-101) [45]. In the same line
of evidence, NRF2 is over activated in squamous cell carcinoma such as lung, skin,
head and neck, larynx and esophagus cancers [46, 47] with mutations in the KEAP1
binding domain. KEAP1 is inactivated in adenocarcinoma such as lung, gallblad-
der, liver and prostate cancers [48, 49], increasing NRF2 stability in these cancer
cells. However, studies in mice deficient for KEAP1 demonstrated that KEAP]
inactivation and NRF2 over expression are not sufficient to promote spontaneous
cancer formation [49, 50]. These mutations only confer a selective advantage and
increased chemotherapy resistance to cancer cells.

2.2.2 ATF6 (Activating Transcription Factor 6)

ATF60 is a 90 kDa-type Il trans-membrane protein activated upon ER stress, it be-
longs to a larger family of trans-membrane transcription factors that also comprises
proteins such as ATF6a, OASIS, or CREBH [51]. As it is a basic leucine zipper
transcription factor located in the ER upon basal conditions, ATF6a must relocate to
the nucleus to achieve its biological functions [52, 53, 54]. Upon ER stress, ATF6a
undergoes modifications of its disulfide bridges and dissociates from BiP, which
allows separation of ATF6a oligomers into monomers [55]. ATF6a is then exported
to the Golgi apparatus through COPII vesicles and cleaved by two proteases: SIP
(Site-1 Protease) and S2P (Site-2 Protease). This enables the release of the cyto-
plasmic N-terminal part of ATF6a, containing its transcription factor activity and
which is approximately 50 kDa in size. As a consequence, nuclear ATF6a regulates
the transcription of genes encoding ATF/CRE or ERSE (Endoplasmic Reticulum
Stress Response Element) promoting sequences [56]. For instance, ATF6a increases
the transcription of ER chaperones (BiP/GRP78, GRP94, GRP170/ORP150, calre-
ticulin), and UPR actors such as CHOP and XBP1 (X-box Binding Protein 1) [57].
Over expression of ATF6a has been shown to contribute to liver carcinogenesis [58,
59]. Moreover, several studies have reported mutations in ATF6a in human ovar-
ian cancer tissues (COSMIC database). However, the ATF6a. pathway is linked to
cancer development through mutations of downstream targets of ATF6a, mainly the
GRPs chaperones and XBP1.

2.2.3 IRE1 (Inositol Requiring Enzyme 1)

IREla (Inositol Requiring Enzyme 1 o), also named ERN1 (Endoplasmic Reticu-
lum to Nucleus signaling 1), is a 110 kDa-type I trans-membrane protein activated
by ER stress and the most conserved UPR transducer. IREla has a close homolog
in mammals, which presents a sequence conservation of 51% and is named IRE1B
[60]. IRE1B expression is restricted to cells from the gastro-intestinal tract and this
protein presents a spectrum of activity slightly different from that of IREla. [60,
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61]. It has been involved in mesoderm formation in Xenopus laevis [62] and in the
regulation of chylomicron formation in primary mouse enterocytes [63].

IRLTa contains two separated enzymatic activities in its C-terminal cytosolic re-
gion: a kinase domain and an endoribonuclease domain. Activation of IRE Lo, upon
['R stress has not yet been fully decrypted, but it is known that dissociation of BiP
s part of the activation process [64]. When IRE l« is activaled, it forms oligomers
and, similar to PLRK, is trans-autophosphorylated and adopts a suitable conlorma-
tion for its endoribonuclease activity [65]. IREla activates three distinct signaling
pathways: 1) a phosphorylation cascade signaling pathway by its kinase domain,
whereas the activated endoribonuclease domain leads to two additional signaling
pathways: 2) XBP1 splicing and 3) RIDD for Regulated IRE1-Dependent Decay.

1) IREla, via its kinase domain, triggers a phosphorylation reaction chain initi-
ated by the recruitment of TRAF2 (Tumor Necrosis Factor Receptor-Associated
Factor 2) to IREla [66]. The adaptor TRAF?2 recruits and activates ASK1 (Apop-
tosis Signal rcgulating Kinase ). Furthermore, TRAI'2 activates caspase 4, which
leads to an apoptotic response. When ASK is phosphorylated, it in turn phosphor-
ylates JNK (c-Jun N-terminal kinase), which also leads to an apoptotic response
[67]. JIK (c-Jun N-terminal inhibitory kinase) binds activated IR1!1o and modu-
lates ASK1/INK activation [68]. Morcover, activated IRE la dissociates from the
oncogene NCK (Non Catalytic region of tyrosine Kinasc adaptor protein), leading
to the subsequent activation of a MAPK pathway: the ERK (Extracellular signal-
Regulated Kinase) pathway [69]. IREla also leads to phosphorylation of IxK (In-
hibitor of NF-kB (IxB)-Kinase) (Fig. 2). IkappaK activation leads to IxB inactiva-
tion and so promotes NF-«B activity. NF-«B is a transcription factor cnhancing the
transcription of many genes involved in cell proliferation, apoptosis, inflammation,
immunity, plus negative regulators of NFkappaB itself. For instance, NFkappaB
increases transcription of anti-apoptotic genes like BCL2A1 (Bel-2 related protein
Al) and cIAP1/2 (c- Inhibitor of Apoptosis Protein 1 and 2) [70] and of the pro-
inflammatory prolein Tumor Necrosis Factor a (TNFo; [67]).

2) IREle, via its endoribonuclease domain, is responsible for the atypical cyto-
solic splicing of XBP1 mRNA. Indeed, IREla cleaves a non-conventional 26-nu-
cleotides intron from human XBP1 mRNA [71], which is then re-ligated by an as of
yet unknown ligase in human. This leads to a change in XBP1 open reading frame,
translation of which generates an aclive leucine zipper transcription factor termed
XBP1s (spliced XBP1). XBP1s binds to CRE, ERSE or UPRE (UPR Response Ele-
ment) promoters, thereby enhancing transcription of ER chaperones (such as BiP,
PDI, ERp57, ERdj4), ERAD components (EDEM (ER degradation enhancer man-
nosidase o-like protein), HRD1, OS-9, XTP3-B, Derlin 2/3) and CHOP [72, 73].

3) RIDD allows the selective degradation of mRNA, encoding mostly secretory
proteins, which results in a decrease in ER load. Some largets of RIDD have been
identified as SPARC (Secreted Protein Acidic and Rich in Cysteine), CD59 (Cluster
of Differentiation 59), insulin or PDGFR (Platelet Derived Growth Factor Recep-
tor) [74,75,76].

Following the first report of the modulation of IREla signaling by BAX (Bcl-2-
Associated X protein) and BAK [77], IREla activity was found inhibited by BI-1
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(Bax Inhibitor-1) [78]. BI-1 is an anti-apoptotic protein related to BCL-2 and the ac-
tivation of these two proteins depends on calcium concentration. But BI-1 interacts
with many proteins such as IREla, G-actin, NADPH (Nicotinamide Adenine Di-
nucleotide Phosphate)-P450 reductase and of course BAX. Through these interac-
tions, BI-1 enhances actin polymerization, decreases ROS production and inhibits
BAX-mediated and IRE l a-mediated pro-apoptotic responses [78]. The links exist-
ing between IRE1 and cancer will be described in the last section of the chapter.

2.3 ER-Associated Degradation (ERAD)

As mentioned before, ER stress is the consequence of the accumulation of un/mis-
folded proteins in the ER lumen. As part of the mechanisms set in place to attenuate
the stress, cells have developed a mechanism to reduce the load of proteins accu-
mulated in the ER. This mechanism consists of trafficking properly folded proteins
to their correct localization or in directing proteins recognized as misfolded pro-
teins towards ERAD. Indeed, when proteins cannot fold properly, they are handled
by protein chaperones that will retro-translocate them into the cytosol. Depending
whether proteins are glycosylated or not, their spectrum of chaperones can differ.
The N-glycosylated proteins are handled by EDEM (ER Degradation Enhancer
Mannosidase a-like protein), OS-9 (OSteosarcoma amplified 9), XTP3-B and other
chaperones that bind SEL1L (sel-1 homolog 1), a cofactor of the transmembrane
protein HRD1, that retro-translocate the misfolded proteins to the cytosol [79, 80].
This retro-translocation pathway is accompanied by a cytosolic deglycosylation of
glycoproteins, which is mediated by N-glycanase (RE) [81], and binding to cyto-
solic segregases such as the AAA +ATPase p97/VCP [82], which allows for protein
ubiquitination and the subsequent targeting to the proteasome leading to their pro-
teolytic degradation [83, 84]. The non-glycosylated proteins are handled by BiP
and addressed to trans-membrane proteins like HERP (Homocysteine-induced En-
doplasmic Reticulum Protein) and DER1 (Degradation in Endoplasmic Reticulum
protein |, homolog of Derlin1) [79, 80]. The misfolded proteins are thus retro-trans-
located to the cytosol where they are ubiquitinated by E3-ubiquitin ligases such as
synoviolin (synovial apoptosis inhibitor 1, homolog of HRD1) and degraded by the
proteasome. Many ubiquitin ligases are mutated in cancers [85]. Moreover gp78,
an E4-ubiquitin ligase involved in ubiquitination and degradation of many proteins
such as mutant CFTR (Cystic Fibrosis Trans-membrane conductance Regulator)
[86] and the metastasis suppressor KAII [87]. Gp78 is over expressed in human
sarcoma and has been shown to inhibit metastasis formation (at least) by inducing
the degradation of KAI1 [87]. Gp78 expression is partially regulated by synoviolin,
as well as P53, which makes synoviolin an interesting protein in cancer as described
further below. Moreover, the ubiquitin-ligase RNF5 is over expressed in breast can-
cer, melanoma, and associated with metastasis formation [88], whereas another
ubiquitin-ligase, Parkin, well known as a tumor suppressor, is under expressed in
breast, lung and ovarian cancer, glioblastoma and hepatocellular carcinoma [89, 90,
91, 92, 93, 94, 95]. Finally, high expression levels of p97/VCP in liver cancer have
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associated with high levels of recurrence and poor prognosis [96] and the targeting
of VCP/p97 in hematological cancer cells has lead to promising results in anti-
cancer therapies [97].

3 Connection between the UPR and canonical cancer signaling
pathways

Cancerous cells that have acquired the capacity to bypass all the cellular prolifera-
tion and/or replication fidelity checkpoints are highly resistant against both environ-
mental and internal death signals. Many studies have highlighted the key mecha-
nisms of cancer formation, development, progression to metastasis and resistance to
anti-cancer therapies and identified canonical signaling pathways involved in these
processes. Here, we list the connections between UPR signaling and major cancer
signaling pathways (Fig. 2).

3.1 p53

P53 was discovered in 1979 [98] as a transcription factor that binds to promoters
containing p53 Responsive Element (p5S3RE; [99]). This is true for the majority of
P53 targets but P53 can also bind non-canonical promoter sequences [100]. The
targeting of non-conventional DNA sequences by P53 may principally result from
the abnormal accumulation of P53 in the cell. This could instance occur when there
is a stabilization of p53 by its natural antisense transcript Wrap53 [101]. P53 thus
regulates the transcription of a large number of genes involved in mitosis or pro-
grammed cell death such as miR-34a, miR-34b and miR-34c [102], p21, HDM2
(Human Double Minute 2), PUMA (P53 Up-regulated Modulation of Apoptosis),
Noxa or BAX (Bcl-2-Associated X protein).

Thus far, P53 has been shown to control many pathways regulating protein trans-
lation, apoptosis, senescence, DNA damage repair capacities, cell cycle arrest and
differentiation [103], thereby indicating that this protein is a major regulator of cell
fate. In normal cells, this key role needs to be tightly regulated by P53 modulators
such as HDM2, ATR (Ataxia Telangiectasia and Rad3-related protein), CHK1 and
CHK2 (Checkpoint Kinase 1 and 2) or otherwise cells may die prematurely and
unnecessarily (cell cycle arrest followed by apoptosis). In contrast, in numerous
cancers, P53 mutations allow the cells to escape from death (Table 1). For example,
HDM?2 is an E3 ubiquitin ligase able to inactivate P53 by promoting its nuclear
export and thus its ubiquitination and degradation by the proteasome [104]. This
role of HDM2 on P53 seems to be potentiated by MDM 4 binding to HDM2. P53 is
activated by a lot of factors such as oncogene activation (MYC, E2F1, Ras, BCR-
ABL), DNA damage, ribosomal stress and developmental defects. Thus, P53 activi-
ty is regulated by post-translational modifications like phosphorylation, acetylation,
sumoylation or ubiquitination, which control localization, stability, activity and
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half-life of P53. P53 localization in the cell is important for its activation because
as a transcription factor it is active only in the nucleus and will be inactivated upon
relocalization in the cytosol. Many links connect the UPR to p53 down-regulation
but also to p53 up-regulation. It has been demonstrated that GSK33 for instance can
phosphorylate P53 on serine 315 and 376 and consequently promotes P53 transport
from the nucleus to the cytoplasm. P53 is thus ubiquitinated by synoviolin or HDM2
and degraded by the proteasome [105]. Other phosphorylations of the P53 amino
terminal domain can stabilize this protein by disrupting the HDM 2-P353 interaction
[104, 106]. PERK activates GSK3p, and synoviolin has been demonstrated to be
up-regulated upon activation of the UPR [107, 108]. Indeed, synoviolin is a double
agent: it is part of the ERAD system and it retains P53 in the cytosol under basal
conditions. Upon light stress, P53 is still retained by synoviolin and trafficked to
the proteasome, but upon more acute stresses synoviolin binds to unfolded proteins
rather than to P53. P53 is then freed to travel to the nucleus [107]. Eventually,
chronic and prolonged UPR leads to the up-regulation of two targets of P53: PUMA
and Noxa [109], two pro-apoptotic molecules, emphasizing the fact that P53 activ-
ity is tightly linked to the UPR.

3.2 PKB (Akt)/PI3K - NF-kB

The PI3K/PKB(Akt)/NFkB pathway comprises a phosphorylation cascade result-
ing in control of cell cycle progression and cell proliferation, and it is globally
an anti-apoptotic pathway. Among other things, it inhibits the TSC1/TSC2 (Tuber-
ous Sclerosis 1 and 2) complex, thus enhancing cell proliferation via activation of
the mTOR (mammalian Target Of Rapamycin) pathway. TSC1/TSC2 have both
been connected to the UPR recently [110]. Additionally, it accelerates the cell cycle
progression by promoting the G1/S phase transition, and inhibits GSK3f, result-
ing in the increased stability of crucial protein of the cell cycle [111, 112, 113].
PI3Ks (PhosphatidylInositide-3-Kinases), first actors of this signaling pathway, are
lipid kinases activated by a large range of extracellular signals such as interferon,
growth factors (EGF (epidermal growth factor) PDGF (platelet-derived growth fac-
tor), FGF (fibroblast growth factor), IGF (insulin-like growth factor), VEGF), and
interleukins but also by activated intracellular proteins like Rac, Rho (Ras homolog
gene family), Src, SHP1 (Src-Homology domain-containing protein tyrosine Phos-
phatase 1) and PKC (Protein Kinase C) [114].

Activation of PI3K induces phosphorylation of PIP2 (phosphatidylinositol-3,4-
diphosphate) giving birth to PIP3 (phosphatidylinositol-3,4,5-triphosphate). PIP3
recruits the serine/threonine kinases PDK 1 (phosphoinositide-dependent kinase 1)
and Akt/PKB (Protein Kinase B), this complex then relocates to the plasma mem-
brane where PDK1 is able to phosphorylate Akt/PKB. This PDK1 activation by
PIP3 can be blocked by the phosphatase PTEN (Phosphatase and TENsin homolog),
which dephosphorylates PIP3 to form PIP2. PKB, best known as Akt, is a serine/
threonine kinase and it is the major target of PI3K. It regulates cell cycle progres-
sion and proliferation, migration, metabolism, apoptosis, angiogenesis and tumor
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growth [112, 115, 116]. Among other things, phosphorylated Akt/PKB activates the
mTOR pathway, inhibits the pro-apoptotic ASK1/JNK pathway and enhances acti-
vation of the pro-angiogenic factors VEGF and HIF-1 [112]. Moreover, it promotes
cell survival as it enhances anti-apoptotic proteins like BCL-2, IxK and HDM?2 and
it inhibits pro-apoptotic proteins such as BAD and FOXO [112, 117]. Similar to
p53, this important role in cellular regulation indicates that PI3K and Akt/PKB may
actually be seen as oncogenes. Indeed, several studies have shown.that Akt/PKB
and PI3K were up-regulated in human cancers like thyroid cancer, ovarian cancer,
malignant glioma and oral squamous cell carcinoma [111, 118, 119, 120], support-
ing results obtained in colorectal cancer cell lines [121]. PTEN for its part is a tumor
suppressor down-regulated in lymphoma, leukemia, cancers of the prostate, breast,
thyroid and endometrium and in glioblastoma multiforme [122, 123, 124].

3.3 Mitogen/Stress-Activated Protein Kinases pathways

The MAPK pathway includes about 14 serine/threonine kinases, which are phos-
phorylated in a cascade leading to activation of a transcription factor modulating dif-
ferent cellular functions and responses such as survival, apoptosis, proliferation and
differentiation, by acting on mitosis, metabolism, motility, cell cycle progression,
cellular proliferation, survival and growth, gene expression and protein synthesis.
These kinases are separated in two groups named conventional and unconventional
MAPKSs. The conventional MAPKs are ERK1/2/5 (Extracellular signal-Regulated
Kinase 1, 2 and 5), p38 isoforms and JNK1/2/3. These kinases are groups of three
successive kinases: a MAPK, activated by a MAPK kinase (MAPKK or MAP2K),
itself activated by a MAPKK kinase (MAPKKK or MAP3K). For instance, the
MAPKs ERK /2 are phosphorylated and activated by the MAPKKs MEK1/2, who
are in turn phosphorylated and activated by the MAPKKKs A-Raf, B-Raf and Raf-
1. The MAPKKKSs are phosphorylated in response to extracellular signals and by
the activation of small GTPases, and the MAPKSs activation, which can be empha-
sized by others kinases named MK (MAPK-activated protein Kinases). This leads
to transcriptional inductions. The unconventional kinases are not activated by phos-
phorylation cascades and little is known about their activation mechanisms [125],
but all the MAPK kinases participate in the cellular responses cited above, and their
activation is provoked by extracellular signals such as exposure to growth factors
(PDGF (Platelet-Derived Growth Factor), EGF (Epidermal Growth Factor), NGF
(Nerve Growth Factor)), insulin, cytokines, osmotic stress, microtubule disorgani-
zation and ligands for GPCR (heterodimeric G Protein Coupled Receptors). Envi-
ronmental stresses (oxidative stress, hypoxia, growth factor deprivation, ischemia,
heat shock, ionizing radiations, UV irradiation, DNA-damaging agents, DNA and
protein synthesis inhibitors) and inflammatory cytokines (TNFa and Interleukin-1
(IL1)) promote TRAF, Racl (Ras-related C3 botulinum toxin substrate) or CDC42
(Cell Division Cycle 42) activation and subsequent activation of the MAPKs p38
and INK (MAPKK=ASK1/2 among others). It leads to the phosphorylation of
many targets in the cytoplasm (c-PLA2 (cytosolic phospholipase A2), MNK1/2,
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MK2/3, HuR (Hu antigen R), BAX and Tau) and in the nucleus (ATF1/2, MEF2,
Elk-1 (E twenty-six (ETS)-like transcription factor 1), NF-ATcl (nuclear factor of
activated T-cells, cytoplasmic, calcineurin-dependent 1), Ets1 (v-ets erythroblas-
tosis virus E26 oncogene homolog 1), MSK1/2, HSF1 (Heat shock factor protein
1), STAT3 (Signal Transducer and Activator of Transcription 3), c-Mye, JunB and
more importantly for this chapter: p53, NF«B, c-Jun, CHOP.and ATF6a) [126, 127,
128]. Similar to p53, MAPKs control a large range of cellular responses and thus
are prime candidates for cancer development. They are often mutated in cancers
like thyroid follicular cell-derived neoplasm [111], skin, prostate, breast and bone
cancers.

4 IRE1a pathway components involved in cancer promotion

IRE Lo activity (activation of at least three downstream signaling pathways) in vari-
ous pathophysiological situations supports the idea that IREla is a key regulator of
cell fate upon ER stress. Moreover, recent reports have demonstrated that IRE1a
plays a key regulatory role in cancer initiation and development. Some mutations
in the IRE 1o gene found in human cancer samples (ovary, lung, kidney, brain and
stomach) have reinforce the idea of IRE 1 as being a potential actor in tumor initia-
tion and growth [129, 130] (Fig. 3). In addition to mutations present in IRElo itself,
many mutations have also been discovered in IREla downstream targets, which in
turn could contribute to cancer development, as described below.

4.1 IRE1akinase activity and cancer

The IRE1a mediated recruitment of TRAF2 and subsequent JNK activation is linked
to pro-apoptotic responses. The ability of cancer cells to avoid cell death can occur
for instance through the inhibition of this pathway. In this line of evidence, TRAF2
mutations have been found in breast, lung, ovary and skin cancers. Similarly JNK
mutations were found in kidney, ovary, lung and central nervous system cancers
(COSMIC database). Although these mutations do not directly involve IREla sig-
naling, they certainly may contribute to alter UPR signaling in cancer.

4,2 XBP1 splicing and cancer [131]

Some target genes activated (over expressed) by XBP1 transcription factor ac-
tivity are EDEM and PDI. Globally, XBP1" mice cannot survive more than two
weeks and show increased apoptosis particularly in the liver at the embryonic stage
[132]. These mice also present defects in pancreas morphology and function [133].
Moreover, XBP1 has been involved in plasma cell differentiation [134] and regula-
tion of the cellular changes associated with specialized secretory cells [135, 136].

52



372 S. Lhomond and E. Chevet

Luminal domain: Cytosolic domain:
BiP binding, homodimerisation,
ER stress regulation. kinase and RNase functions.
f ) — 1
1 18 444 4|54 571 832 837 963 977
NBE: h kinase RNAse
244 336 474 635 830
769 780
Aminoacids Cancer
244: Asn > Ser Kidney Greenman, Nature, 2007
336: Pro > Leu Glioma Parsons, Science, 2008
474: Leu > Arg Lung Greenman, Nature, 2007
635: Arg > Trp Stomach Greenman, Nature, 2007
769: Ser > Phe Glioma Greenman, Nature, 2007
780: GIn > STOP Glioma Greenman, Nature, 2007
830: Pro > Leu Qvary Greenman, Nature, 2007

Fig. 3 Schematic representation of IRE1 structure and mutations found in cancer. SF: signal pep-
tide; TM: trans-membrane domain; kirase: kinase domain; RNAse: endoribonuclease domain. The
numbers represent the position of the amino-acids bordering IRElalpha domains (top of IRElal-
pha representation) or the amino-acids mutated in cancers (bottom of IRETalpha representation)

Furthermore, the direct interaction of BAX and BAK with IRElc is essential for
XBP1 splicing [77, 137].

The importance of XBP1 in cancer biology has been clearly illustrated in many
cases. Indeed, transformed MEF cells with a deletion of the XBP1 gene cannot form
tumors in SCID mice, contrary to transformed MEF expressing functional XBP1
[138]. These results have been confirmed in human cancers with an over expression
of XBP1 in breast, lung and pancreas cancers [58, 131, 139] and by the fact that
inhibitors of IRE1a. endoribonuclease activity appeared to act as anti-cancer drugs
as demonstrated in mouse models [140] and on multiple myeloma [141]. Moreover,
animal studies demonstrated that expression of a dominant negative construct of
IRElo. in a glioblastoma cell line (U87) impairs angiogenesis of xenograft tumors
derived from these cells and that rescue of the IRE1a/XBP1 pathway by expressing
the spliced form of XBP1 is sufficient to restore angiogenesis [142, 143].

4.3 RIDD and cancer

IREla endoribonuclease activity has been demonstrated to degrade many mRNA
encoding secretory proteins, which allows a decrease of ER protein load [76]. This
IRE1-mediated mRNA decay pathway (RIDD) may also be involved in tumor
development since some of its targets are essential for cancer formation, cancer
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development and metastasis. This is the case for Secreted Protein Acid Rich in Cys-
teine (SPARC), and Target of Methylation-induced Silencing (TMS1) [144, 145].

4.4 Involvement of IRE1 modulators in cancer

BI-1 has a double role (tissue specific) in cancer as it is over expressed in prostate,
breast, uterus and ovary cancers [146, 147] but under expressed in kidney, stomach
and colon cancers [147]. Collectively, these elements strongly suggest that IRE1
and its downstream signaling pathways might represent important actors in cancer
development and progression.

5 Conclusion

This book chapter is a non-exhaustive review of the literature for the existing links
between UPR and major cancer signaling pathways. We can note the particular
involvement of the three UPR trans-membrane sensors, ATF6, IRE1 and PERK
in regulating many cellular responses and particularly cancer cell fate. We can see
that many links exist between the well-characterized cancer signaling pathways and
the UPR signaling. Thus, major oncogenes such as Akt/PKB, or tumor suppressor
genes, like p53, or pro-inflammatory pathways, like the NKkB pathway, can be
modulated by these three ER stress sensors and are often deregulated in cancer.
That is why an understanding of the UPR signaling is important in deciphering
cancer biology. IREla is one of the most promising element for which functional
characterization can lead to major advances in the understanding and the treatment
of many human cancers due to the major role of this protein in controlling many
cellular responses that are mis-regulated in cancer cells. To this end, recent studies
focused on IRE1a mutants in human cancer cell lines or patient samples to decipher
the precise mechanisms of IREla activation in cancer, especially in lung carci-
noma, ovarian cancer, gliomas, kidney cancer and gastric cancer.
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V. Signalisation IREla et glioblastome

A. Le glioblastome multiforme (GBM)

Les gliomes sont parmi les cancers primitifs lagsphortels. C'est le deuxiéme cancer le
plus fréquent chez I'enfant, apres la leucémide étoisieme cancer le plus mortel chez le
jeune adulte. Ces tumeurs restent rares, avec patasl00 000 habitants, et leur pronostic
est principalement lié a leur localisation ou ar lille. Les gliomes sont classés en quatre
stades selon la derniére classification de '0.MeS2007 [150], du plus bénin nommé grade |
au plus grave nommé grade IV.

Les tumeurs de grade IV, aussi appelées glioblagtomultiforme (GBM) ou
astrocytomes de stade IV, sont le plus souventratdels, avec une médiane de survie
inférieure a 2 ans (14,5 mois), et un taux de suavb ans quasiment nul [151]. Le GBM
survient principalement chez des personnes de 4B @ns et représente a lui seul environ
50% des gliomes diagnostiqués. Le mauvais prondstiGBM est majoritairement di a):
un phénotype infiltrant, avec une disséminationcdfules cancéreuses invasives dans le
cerveau, ce qui les rend difficiles a atteindre Ilpachirurgie ou par une radiothérapie ciblée;
etii) la résistance aux traitements. Ces tumeurs peé@pentolumineuses et profondes, donc
peu opérable, et méme apres une chirurgie la plogplete possible, la grande hétérogénéite
de ces tumeurs, la présence de spots infiltrants&tabilité génétique résultant notamment
des chimiothérapies, expliquent I'échappement d&sl Gux traitements. L'ajout d'un agent
alkylant depuis 2000, le témolozomide (TMZ - ténmpdan complément de la radiothérapie
puis en chimiothérapie seule, a permis une améhoranodeste de la survie des patients (de
12 a 15 mois) [152] ainsi que de leur qualité d= Gependant, de nombreuses résistances
sont apparues suite a ce traitement, a cause diutegenese importante au niveau de la
tumeur conduisant notamment a des mutations du GG®T (et méthylation). Une
deuxieme thérapie a base d'antiangiogénique (ayamstid'inhibiteur de topoisomérases peut
étre mise en place lors d'une rechute apres uertrant au TMZ. Les traitements actuels ne
donnant presque aucune chance de rémission, wuEiatt particuliere est apportée a la
gualité de vie des patients et chaque traitementmasagé en fonction des effets sur la
tumeur mais aussi des effets sur le patient etcapacités neurologiques. Une meilleure
compréhension de la physiopathologie des GBM esengelle pour :i) découvrir de

nouvelles cibles thérapeutiques et développer dwelles thérapies, éi) définir des bons

64



marqueurs pronostics qui permettent d'adapter awmles thérapies et conserver aux
patients la meilleure qualité de vie possible. Aftfidentifier de nouvelles cibles
thérapeutiques, de nombreuses études ont list@gdaes dont les mutations pourraient
impacter des étapes clés du développement des G&tisinment des études menées par The
Cancer Genome Atlas project (TCGA) [153, 154]. Rluss candidats ont ainsi été mis en
évidence: EGFR, PTEN, TP53, NF1 et IDH1. Cependantraitement ciblé du GBM par des
molécules inhibant spécifiquement ces candidatsexample avec un inhibiteur de I'EGFR,
peut étre inefficace a cause de phénomeénes conipeasaAinsi, des inhibiteurs moins
spécifiques qui ciblent la famille des EGFR sontcenrs d'essais cliniques, en association
avec un antiangiogénique. Ceci souligne la perteayu'il y a a comprendre I'ensemble des
voies de signalisation impliquées, afin d'avoirlamge panel de chimiothérapies qui pourront
permettre de contourner les multiples résistanagssqnt apparues et apparaitront. Le
deuxieme enjeu majeur de la recherche sur les GBMl'identification de marqueurs
pronostics qui permettent de définir des thérapiteptées, selon par exemple les profils de
mutation des tumeurs, I'dge du patient ou les Eg@aAUX traitements.

B. Lerble d'IRExZ dans les GBM

Le role de la signalisation IRkldans le GBM a été démontré par des approches
d'extinction de la signalisation IRE1En effet, I'expression d'un dominant négatif (DN)
[155], qui ne contient pas les domaines a actisdti@alytique d'IRE& mais qui est toutefois
capable de se lier aux protéines IREdndogénes, a pour conséquence d'inhiber l'activité
d'IRE1o y compris endogene et de bloquer ainsi les vaeesighalisation en aval d'IRE1

Afin d'étudier le role de la signalisation IRiEHans le développement de GBM, ce
dominant-négatif (DN) a été exprimé de fagon stalales des cellules issues de glioblastome
humain U-87 MG. Ces cellules U87-DN implantéessue membrane choro-allantoidienne
de poulet [156] ou dans un cerveau de souris [id#)ent des tumeurs de taille inférieure et
moins vascularisées que les tumeurs issues ddeselli+87 MG controles (U87-EV). La
perte du phénotype prolifératif et angiogénique paafit d’'un phénotype avasculaire et
migratoire s’explique en partie par le role d'IRE#lans la production de facteurs pro-
angiogeéniques tels que VEGF-A, II3;1L-6, et IL-8. Cependant, ces études n’ont pamjse
d’établir précisément quel domaine ou quelle a&id@IREL est (sont) impliqué(s) dans le

phénotype des tumeurs formées dans les conditmmsdtes (U87-EV). Afin de déterminer
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dans quelle mesure l'activité RIDD est responsdbl@hénotype observé dans les U87-DN,
nous avons réalisé une étude comparative entreatsdriptome des U87-EV et celui des
U87-DN. De facon plus générale, lI'expression desatioms d'IRE# identifiees dans des
GBM humains nous a permis de comprendre commentnuadifications de séquence
d'IRElo peuvent conférer des avantages sélectifs auxlegltumorales et ainsi favoriser la

progression tumorale et la résistance aux traitésrarti-cancéreux.
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HYPOTHESES ET OBJECTIFS DU
PROJET

En 2010, date de début de mon projet de thése,nsefaitions somatiques ponctuelles
avaient été identifiees dans des biopsies de patsteints de divers cancers (glioblastomes,
cancer du rein, de l'ovaire, du poumon et de Featy), dont six définies comme étant
initiatrices de tumeur. Des travaux de séquencéfgeteés au sein de notre équipe, ont mis

en évidence une huitieme mutation, la quatriemetifi€e dans une biopsie de GBM.

Nous avons fait I'nypothése que ces mutations songuies d'IREla changent les
capacités de signalisation de cette protéine, modiht de ce fait les propriétés du RE et
de la voie de sécrétion et impactant ainsi sur leédeloppement et l'agressivité des

tumeurs.

Ainsi, l'objectif de ma these a été de définir sewu plusieurs des mutations d'IRE1
identifiées dans des cancers humains a (ont) uadatdpnctionnel dans ces cancers.

Pour cela, jai tout d'abord étudié l'impact foowctiel de ces mutations sur la
signalisation IRE&, puis j'ai caractérisé l'impact de ces mutatiansles phénotype tumoral,
gue ce soit la tumorigenese, la croissance tumolal@ascularisation ou la réponse aux
traitements meédicaux.

Dans ce but, nous avons reproduitvitro ces mutations et mis en place des outils de
criblage nous permettant de sélectionner les naustpotentiellement intéressantes pour
I'évolution du cancer. Nous avons ensuite validétéfét de ces mutations pour le
développement de la tumeur a l'aide de travawsvo réalisés chez la souris, dans un modele
de GBM.

En paralléle de cette étude, j'ai en outre pu piger aux travaux du laboratoire visant a
caractériser le réle d'IRkldans le GBM, travaux qui ont donné lieu aarticles 3 et 4

présentes ci-apres.
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APPROCHES EXPERIMENTALES

Toutes les méthodologies utilisées durant ma théeat décrites dans la revue

meéthodologique incluse ci-apreBRTICLE 2) ou dans &rticle 5 figurant dans la section

résultats.
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ARTICLE 2

_ Adaptation of the secretory pathway in cancer thragh IRE1 signaling

Stéphanie Lhomorid Nestor Pallarés Kim Barrosd, Nicolas Dejearfs Helena FalZj Said
Taouji', John B. Pattersérand Eric Chevét
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Abstract

The unfolded protein response (UPR) was originadlgntified as a signaling network
coordinating adaptive and apoptotic responses ¢anaglation of unfolded proteins in the
endoplasmic reticulum (ER). More recent work haswsh that UPR signaling can be
triggered by a multitude of cellular events andt tttee UPR plays a critical role in the
prevention of cell transformation but also in tunt@velopment. This has been particularly
well illustrated with studies on one of the thre@jon ER stress sensors, IRE1. This ER
resident type | transmembrane protein senses luiaRa&tress and transduce signals through
its cytosolic RNase activity. IRE1 signaling hagibeshown to contribute to the progression
of solid tumors through pro-angiogenic mechanishetein, we expose the methodologies
for investigating IRE1 signaling in tumor cells aimd tumors. Moreover, we show that
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selective pharmacological inhibition of IRE1 RNasgivity sensitizes tumor cells to ER

stress.

1. Introduction

Twenty-five years ago, the existence of a signapathway was identified in mammalian
cells to control adaptation to protein folding defeThis occurs through the transcriptional
upregulation of key ER chaperones (1) mediatedhiBet classes of ER stress sensors, nhamely
Inositol-requiring enzyme-1 (IRE1lg and 3 isoforms), activating transcription factor 6
(ATF6) (o and B isoforms) and protein kinase RNA-like ER kinasd&RK) (2). PERK
activation also involves its dimerization and atramsphosphorylation (3, 4). Activated
PERK phosphorylates the translation initiator fact-2u, inhibiting protein synthesis, and
nuclear factor erythroid 2-related factor 2 (NRFR&)transcription factor involved in redox
metabolism (5). This reduces the load of newly Isgsized proteins entering the ER, thus
having an important pro-survival effect (6). Phaspiation of elF2x limits the amount of
active ribosomes and allows the translation of mRBNAntaining short open reading frames
(micro-ORFs) in their 5-untranslated regions, utihg Activating Transcription Factor-4
(ATF4). ATF4 controls the expression of genes imedlin redox and amino acid metabolism,
in addition to ER chaperones and foldases (7, 8F4Aalso regulates the expression of
important genes involved in apoptosis including titaascription factor C/EBP-homologous
protein (CHOP) and growth arrest and DNA damagewiide-34 (GADD34) (see above).
GADD34 participates on a feedback loop to dephosgphie elF2x by interacting with
protein phosphatase 1C (PP1C), restoring protemhsgis (9). Finally, ATF® is a type-ll
ER located protein that contains a bZIP transaiptn its cytosolic domain. Upon ER stress
ATF6a translocates to the Golgi apparatus where itesva@d by S1P and S2P proteases to
release a cytosolic fragment (ATF6c) (10, 11). AGF®6 a transcription factor that regulates
the expression of genes of the ERAD pathway amahegrdarget genes (12, 13). Exclusive
or combined action of ATF6c and XBP1ls may also havdifferential effect on gene
expression (14).

Activation of IREIn involves its oligomerization, and auto-transphasplation,
leading to a conformational change that activatesRNase domain. IRE1RNase excises a
26-nucleotide intron of the X-Box binding proteintABP1) encoding mRNA, which is then
religated by a yet unknown RNA ligase. This chartgescoding reading frame of the mRNA,
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leading to the expression of an active transcniptactor, termed XBP1s, for the spliced form
(12, 15, 16). XBP1s trans-activates a subset afetagenes involved in protein folding,
endoplasmic reticulum-associated degradation (ERAD)tein translocation to the ER, and
protein secretion (17, 18Fig. 1). IREla also signals through the scaffolding of many
adapter proteins and regulators, a dynamic pratiatiorm referred to as the UPRosome (5)
(Fig. 1). IREla interacts with the adapter protein TRAF2, leadimg the downstream
activation of the kinase JNK (19). IREIRNase activity also degrades a subset of mMRNA
through a process known as regulated IRE1-depemgeatly of mMRNA (RIDD) (20-22)Hig.

1). The pool of RNAs degraded by RIDD depends on dek type affected and targets
MRNAs encoding for proteins of the secretory pathwae selectivity of IREG to degrade
particular RIDD substrates may depend on the poeseha conserved nucleotide sequence
accompanied by a defined secondary structure (20Mi&eover, IRE& has also been shown
to cleave premature microRNAs thereby impacting tbe control of apoptosis (24).
Furthermore, the regulation of IR&EXExpression levels by microRNAs was shown to impact
on its biological functions (25-27).

The role of IRE1 in cancer has been well docunte(@8-30). In particular we have
shown that in glioblastoma IRE1 activity contribait® tumor growth through the activation
of pro-angiogenic and pro-inflammatory pathways-829, thereby indicating that IRE1
could represent a potentially relevant therapetatiget in this disease. Herein, we list the
methodologies used in our laboratory to investigatd pharmacolocgically perturb IRE1

(32) signaling in glioblastoma cells.

2. Materials
2.1. Cell lines and mouse strains (U-87 MG, RagGanarmice)
Human glioblastoma derived cells U-87 MG were fré¢fiCC. RagGamma mice were

produced in the Bordeaux 1 University animal hdiie R. Pineau).

2.2. Antibodies
2.2.1. Mouse monoclonal antibodies against XBP1ls (clo2€g and 5E4) were
produced in-house and respectively used for immistmthemistry and immunoblotting.
2.2.2.Rabbit antisera to JNK1 were from SantaCruz Bimetogies (SantaCruz, CA,
USA). Anti phospho-JNK were from Cell Signaling ieology (Danvers, MA, USA).
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2.2.3.Rabbit antisera to IRE1 were from SantaCruz Bimtetogies (SantaCruz, CA,
USA). Rabbit monoclonal antibodies to phospho-IR&124) were from Abcam (Cambridge,
MA, USA).

2.2.4. Antibodies to Vimentin (dil. 1/400) were from AsriAntibodies (Herford,
Germany) and antibodies to CD31 (dil. 1/200) wewanf BD Pharmingen (Franklin Lakes,
NJ USA).

2.2.5.Secondary antibodies used herein were Alexia Bftiofoprobes 547h Donkey
Anti Rat IGG FP-SB6110) 1/200, Alexia 488 (Fluoropes 488h Donkei Anti Mouse IGG
FP-5A4110) 1/200 or EnVision FLEX/HRP (Dako F8018BE2/F8024). Hoechst
(Molecularprobes 34580) 1/1000)) was used.

2.3. PCR primers

RT-PCR primers: hPerl Fwd, 5-GGGTCCTCCAGTGATAGCAA-; Rev, 5-
GAGGAGGAGGCACATTTACG-3"' (amplicon length: 386 bp)hGapdh Fwd, 5'-
ACCACCATGGAGAAGGCTGG-3’ ; Rev, 5-CTCAGTGTAGCCCAGGKC-3
(amplicon length: 528 bp); hPer2, Fwd, 5-TACGCTGGERCCTTGAAGTA-3 ; Rev, 5'-
CACATCGTGAGGCGCCAGGA-3’ (amplicon length: 386 bg)RNA: GL2, 5'-
CGUACGCGGAAUACUUCGA-3'; Ireh, 5-UUACUGGCUUCUGAUAGGA-3’ ;
Xbpl, 5-CUCAUGGCCUUGUAGUUGA-3'. For quantitative R the corresponding
primers were used: hPER2, Fwd, 5-TACGCTGGCCACCTRE&ANA-3' ; Rey, 5'-
CACATCGTGAGGCGCCAGGA-3'; hPER1, Fwd, 5-TATACCCTG&GAGCTGGA-3';
Rev, 5'-AGGAAGGAGACAGCCACTGA-3 ; 18S, Fwd, 5'-
GGATCCATTGGAGGGCAAGT-3'; Rev, 5-CCGCTCCCAAGATCCANA-3'.

2.4. Chemicals

IREL1 inhibitors: Irestatin (Axon Medchem, Vienna MUSA), Toyocamycin (Sigma-Aldrich,
StLouis, MO, USA) and MKC8866 (labeled MKC; MannkinCorporation, WO
2011/127070 A2) (33). Tunicamycin was purchasednfr@albiochem (Merck KGaA,
Darmstadt, Germany). Acrylamide-Bis-acrylamide 3Wa&s from Biorad (Hercules, CA,
USA). SDS was from Thermo Fisher Scientific (WalthaMA, USA).

2.5. SDS-PAGE and PhosTag SDS-PAGE gel components
2.5.1.Resolving buffer: 1.5 M Tris/HCI solution, pH 8.8x( solution for resolving
gel): add about 100 mL distilled water to a 1 Ldyrated cylinder or a glass beaker. Weigh
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181.7 g Tris and transfer to the cylinder. Additlext water to a volume of 900 mL. Mix and
adjust pH with HCI. Make up to 1 L with distilledater. Filter the solution. Store at 4°C in
the dark.

2.5.2.Stacking buffer: 0.5 M Tris/HCI solution, pH 6.8x(solution for staking gel):
add about 100 mL distilled water to a 1-L graduatgiihder or a glass beaker. Weigh 60.6 g
Tris and transfer to the cylinder. Add distilledtesato a volume of 900 mL. Mix and adjust
pH with HCI. Make up to 1 L with distilled watertd$e at 4°C.

2.5.3.10% (w/v) SDS solution: add about 100 mL distilledter to a 1-L graduated
cylinder or a glass beaker. Weigh 100 g SDS antstea to the cylinder. Add distilled water
to a volume of 1 L. Store at room temperature.

2.5.4. 5.0 mmol/L Phostag solution containing 3% (v/v)thamol: add 0.1 mL
methanol to the oily product Phostag AAL-107 pladtibe (Wako Cat. No. 304-93525).
Dilute the methanol solution with 3.2 mL of distidl water by pipetting. Wrap the tube with
aluminum foil. Keep the solution in 2-mL microtubes4°C in the dark.

2.5.5.10 mM MnC} solution: add about 50 mL distilled water to a 500 graduated
cylinder or a glass beaker. Weigh 0.10 g Muid20)4 (MW: 198) and transfer to the
cylinder. Add distilled water to a volume of 500 nMix and store at room temperature.

2.5.6 10% (w/v) ammonium persulfate solution: weigh 509 (NH4)2S208 (MW:
228) and transfer to a 15 mL conical flask. Addiliesl water to a volume of 5 mL. Mix and
aliquote in 2-mL microtubes placed at -20°C fordegrerm storage.

2.5.7.30% acrylamide/Bis solution (29.2:0.8 acrylamids)BBio-Rad, Hercules, CA,
USA). Store at 4°C.

258.N, N, N, N’ -tetramethyl-ethylenediamine (TEMED) (Sigma Cheahic
Company, St. Louis, MO, USA). Store at 4°C.

2.5.9.Running buffer, pH 8.3 (10x solution): add aboud 1AL distilled water to a 1-L
graduated glass beaker. Weigh 30.2 g Tris, 10.08 &nd 144 g glycine and transfer to the
glass beaker. Add distilled water to a volume d &fL. Vortex to pre-dissolve Tris, SDS and
glycine then add distilled water to a volume of 900. Mix and adjust pH to 8.3. Make up to
1 L with distilled water. Store at room temperature

2.5.10. Sample buffer (3x solution): add about 1 mL distil water to a 10-mL
graduated cylinder. Weigh 1.5 mg bromophenol blod .60 g SDS and transfer to the
cylinder. Add 3 mL glycerol, 3.9 mL of solution 8.5 M Tris/HCI solution, pH 6.8). Add

distilled water to a volume of 8.5 mL. Mix and al@je in 2-mL microtubes placed at -20°C
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for long-term storage. Just before use, thaw thepsa buffer and add 15% of 2-

mercaptoethanol.

2.6. Immunoblotting components
2.6.1.PVDF membranes (Millipore, Darmstadt, Germany).
2.6.2.Western blot transfer buffer: 0.025 M Tris, 0.192Mcine and 10% methanol.
2.6.3.Phosphate-buffered saline (PBS; 10x): 1.5 M Na@lNd Tris—HCI, pH 7.4.
2.6.4.PBST: TBS containing 0.1% Tween-20.
2.6.5.Blocking solution: 3% bovine serum albumine (BSAPFBS. Store at 4°C.
2.6.6.Diluent solution: 5% BSA in PBST. Store at 4°C.
2.6.7.Mini PROTEAN® 3 System glass plates (catalog nuni&s3311) (Bio-Rad).
Medium binder clips (1% in.). Plastic container.
2.6.8.Wypall X-60 reinforced paper (Kimberly-Clark, Neén&Vl, USA).

2.7. RNA extraction and RT-PCR

2.7.1. RNA extraction - TRIzo® Reagent (life technologies, Ref: 15596026),
chloroform Sigma-Aldrich, Ref: C2432)isopropanol (Carlo Erba, Ref: 415156), ethanol
75%.

2.7.2. Reverse transcription -Nuclease free wateRandom Hexamer 100 pmol
(Thermo Scientific, Ref: SO142JNTP Mix, 10 mM eachThermo Scientific, Ref: R0191)
5X RT Buffer (Thermo Scientific, Ref: EP0J4 Ribolock™ RNase Inhibitor Thermo
Scientific Ref: EO0381), MaxinfaReverse Transcriptase (200 Units/uThérmo Scientific,
Ref: EP0741).

2.7.3. PCR amplification- 10X PCR Buffer minus MgGl(Life technologies, Ref:
18067-017), MgCl(50 mM) (Life technologies, Ref: 18067-01Taq DNA Polymerasg200
Units/pL) (Life technologies, Reft0342-053),dNTP Mix, 10 mM eachl(fe technologies,
Ref: 18427013.

2.7.4. Agarose gel electrophoresisAgarose (UltraPure! Agarose, Ref: 16500-100),
Tris base, acetic acid and EDTA buffer (TAE) (Sigmldrich, Ref: T9650),UltraPure™
10mg/mL Ethidium Bromide used at 0.5 pg/mL (lifelteologies, 15585-011), Loading dye
5X (Quiagen, Ref: 1037649)
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3. Methods

3.1. Immunoblot

3.1.1.Gel and transfer - Samples were resolved by SDS-PAGE and transfennéo
PVDF membranes (EMD Millipore, Billerica, MA, USAJsing liquid transfer for 40 min at
30 V using and the transfer buffer: 25 mM Tris-HT32 mM glycine pH 8.8.

3.1.2. Membrane preparation - Membranes were then washed with distilled water
and incubated with Ponceau S (0.1 % (x/v) Ponceaul%b (v/v) acetic acid) for 5 min prior
extensive washing with distilled water. Membranesravthen blocked using PBS, 0.1%
Tween 20 (PBST) and 3% (w/v) Bovine Serum Albuntin45 min at room temperature.

3.1.3.Incubation with antibodies — primary antibodies were diluted with PBST at the
appropriate dilution (see 2.2) and incubated with membrane overnight at 4°C. Then the
membrane was washed 5x 5-10 min with PBST pridse¢ancubated with HRP-conjugated
secondary antibodies (dil. 1/5000) for 45 min abmotemperature. Membrane was then
washed with PBST 5x 5-10 miRifs. 2, 3.

3.1.4. Blot revealing and analysis — Membranes were incubated with
chemoluminescent reagent (KPL, Gaithersburg, MD,AlU%s recommended by the
manufacturer and exposed to X-Ray films. Bands wemantified using the ImageJ software
(NIH).

3.2. Phostag analysis
Carry out all procedures at room temperature urddsswise specified.

3.2.1.Resolving gel- Mix 2.5 mL of resolving buffer, 3.33 mL of aceyhide mixture,
4 uL of Phostag solution, 100 pL of MnpGlolution and 3.87 mL of distilled water in a 50 mL
conical flask. Add 10QL of SDS, 50uL of ammonium persulfate, and 10 of TEMED, and
cast gel within a 7.25 cm x 10 cm x 1.5 mm gel etissAllow space for stacking the gel and
gently overlay with isobutanol or water.

3.2.2. Stacking gel- Prepare the stacking gel by mixing 2.5 mL oforeisig buffer,
1.5 mL of acrylamide mixture, and 5.84 mL waterai®0 mL conical flask. Add 100L of
SDS, 50uL of ammonium persulfate, and 10 of TEMED. Insert a 10-well gel comb
immediately without introducing air bubbles.

3.2.3.Sample preparation and electrophoresis- U-87 MG cells were plated on 6-
well plates (200000 cells/well). Twenty-four houssst seeding, cells were treated with
Tunicamycin (5 pg/mL) or vehicle (DMSO) for 6 hou@ells are lysed in RIPA buffer with
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protease and phosphatase inhibitors (Roche, B&salzerland). Mix 12 uL cell lysate
samples (around 30 pg total proteins) with 6 pl2ahercaptoethanol containing sample
buffer. Heat at 95°C for 5 min and centrifuge tleated samples at 3,000 x g for 30 s to bring
down the condensate. Load 18 pL of each sample ok 6f protein standard in the gel.
Electrophoresis should be performed at 10-15 mA the dye front (from the bromophenol
blue dye in the samples) has reached the bottdireajel.

3.2.4.Gel preparation before immunoblotting - Following electrophoresis, pry the
gel plates open with the use of a spatula. Theagehins on one of the glass plates. Remove
the stacking gel. Rinse the gel twice with a geneaasfer buffer containing 10 mM EDTA
for a minimum of 10 minutes with gentle agitatida,eliminate the manganese ions @n
from the gel. Transfer carefully to a containerhmitestern blot transfer buffer without EDTA
for 10 min.

3.2.5.Immunoblotting - Cut a PVDF membrane to the size of the gel amdarse in
methanol. Rinse twice in distilled water and onceghwransfer buffer. Samples were
transferred onto PVDF membranes (Millipore, Darmst&ermany) using liquid transfer for
3 hrs at 10 V at 4°C using the transfer buffer. Ndesmes were then washed with distilled
water and incubated with Ponceau S (0.1 % (x/vcBau S in 1% (v/v) acetic acid) for 5 min
prior extensive washing with distilled water. Memmbes were then blocked using PBS, 0.1%
Tween 20 and 3% (w/v) Bovine Serum Albumin for 4 @t room temperaturéig. 2).

3.3. RT-PCR for XBP1 mRNA splicing

3.3.1. mRNA extraction - mRNA extraction should be perform in a RNase-free
environmentAfter the stress, the medium is removed from thisvaand the cells are washed
with PBS. Add 1 mL offRIzol® Reagenfor 10 min in each well. Lyse the cells directhythe
wells by pipetting the cells up and down severakes. Transfer each extract in a clean 1.5 mL
tube and add 200 pL of chloroform. Vortex the tubigerously for 15 seconds. Incubate for
2-3 minutes at room temperature. Centrifuge thepsssnat 12,000 x g for 15 min at 4°C.
Remove the aqueous phase of the sample by anpkniibe at 45° and pipetting the solution
out. Avoid drawing any of the interphase or orgdaieer into the pipette when removing the
agueous phase. Place the aqueous phase (aboutlLp.stcna new tube. Add 0.4 mL of
isopropanol to the aqueous phase. Incubate at -86fCQ1 hour or at -20°C overnight.
Centrifuge at 12,000 x g for 10 minutes at 4°C. Beenthe supernatant from the tube,
leaving only the RNA pellet. Wash the pellet, withmL of 75% ethanol. Vortex the sample
briefly, then centrifuge the tube at 7500 x g fombutes at 4°C. Discard the wash. Vacuum
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or air-dry the RNA pellet for 5-10 minutes. Do mirty the pellet by vacuum centrifuge.
Resuspend the RNA pellet in 20 pL of RNase-freeewatt 4°C for 20 min. After
homogenization, dose the RNA at 260 nm. Check @230 and 260/280 ratios for protein
contaminant.

3.3.2. Reverse transcription In a clean 200 pL tube, use 1 pg of RNA as tatepl
for the reaction, then add the following reacti@mponents (manufacturer protocol, Thermo
Scientific): 1 pL Random Hexamer, 1 pL dNTP Mix @M, 4 puL 5X RT Buffer, 0.5 pL
Ribolock™ RNase Inhibitorl pLMaxima® Reverse Transcriptagomplete with RNase free
Water to 20 pL. Start with 10 minutes at 25°C faldal by 30 minutes at 50°C, terminate the
reaction by heating at 85°C for 5 minutes.

3.3.3. XBP1 splicing Polymerase Chain Reaction -PCR reaction should be
performed in a DNA-free environment. Use of "cleatedicated automatic pipettors and
aerosol resistant barrier tips are recommendea dfean 200 pL tube, use 20 to 40 ng as
template for the reaction, then add the followiagation components (manufacturer protocol,
Life technologies): 0.3 uM Forward primer, 0.3 pMvrse primer, 5 pL 10X Buffer minus
MgCl,, 2 pL MgCh (50 mM), 0.5 uLTag DNA Polymerase, 1 pL dNTP Mix 10 mM,
Nuclease free water to 50 pL. PCR program: inti@haturation step start at 95°C for 10
minutes, followed by 40 cycles of: 30 seconds dema#ibn step at 95°C, 45 seconds
annealing step at 60°C and 45 seconds elongatem at 72°C. The PCR reaction was
finalized by 10 min elongation at 72°C.

3.3.4. Agarose gel electrophoresis Cast a 4% agarose gel containing 0.5 pg/mL
ethidium bromide in TAE buffeMix 10 pL of PCR reaction with 2.5 pL of 5X loadimiye.
Load the mix onto the geind set the power supply at 100 V for 2 ho@Bserve the result
under UV light, prolong the migration time if theol unspliced and Xbp1 spliced forms are

not separated enoughig. 3).

3.4. Measure of RIDD
This protocol was designed to measure the RIDDvaiitin of IREL in U-87 MG human cells
and can be used to evaluate IRE1 mRNA decay actejulators.

3.4.1.Cells preparation - Incubate 300000 cells by well in 4-well of a 6-ivaate,
48 hrs. before siRNA transfection.

3.4.2.siRNA transfection - Transfect cells by using the siRNAi Max Lipofeciam
reagent (Invitrogen Corp.). Briefly, for each siRNdilute 9 uL of RNAIMAX Reagent in
150 uL of Opti-MEM® Medium (Life technologies) and 30 piof siRNA in 150uL of
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Opti-MEM® Medium. Add the diluted siRNA to the dikd Lipofectamine® RNAIMAX and
incubate for 5 min at room temperature. Add 25@fithis solution to the cells and incubate
for 2 to 4 days.

3.4.3. RNA extraction, reverse transcription and PCR -Perform these steps as
described in the first chapter, excepted for th&R@ogram. Samples were denatured for 10
min at 95°C, then cycled for 30 cycles (denaturati®5°C, 30s; annealing: 62°C, 30s;
elongation: 72°C, 45s) and then subjected to d @lwmgation of 10 min at 72°C.

3.4.4.Gel electrophoresis The PCR products were resolved on 2% agarose s (
section 1).

3.4.5.Analysis - Quantify the bands using the ImageJ software (NNtrmalize by
dividing the PERIOD1 and PERIOD2 signal to the aigof the GAPDH. Normalization of
each biological replicate can be performed by dngdhe values by the mean of all values of

the corresponding experiment or by dividing eadnevdy the controlKig. 3).

3.5. Immunohistochemistry for Vimentin/CD31 and XBR.s
The entire process for Vimentin and CD31 stainmgerformed at room temperature and in
moist chamber.

3.5.1. Tissue preparation- Dry the sheets for 15 minutes. Fix the tissuthViAAF
4%: 10 mL Formaldehyde 16 % (Elecron Microscopye8Sces 15710) plus 30 mL of 1X
PBS. Wash with 1X PBS for 5 minutes. Do this prec8stimes. Permeabilize with PBS-
Triton 0.1% for 1 hour (add 1 mL of Triton 100% 1oL of PBS 1x). Wash with 1X PBS 3
times for 5 minutes.

3.5.2. Blocking and antibody reaction (immunofluoescence)— Mark the area
around the tissue with a Dako Pen (Dako 52002ur8t with PBS-BSA 5% for 1 hour (add
50 mg of Albumin from bovine serum (Sigma 96%) ta df 1X-PBS). Wash with 1X PBS
for 5 minutes, 3 times. Primary antibody: PBS-BSA Wwith Anti-Vimentin 1/400 (Mouse
IgG1) (Acris BM5050P) for 1 hour. Wash with 1X PBStimes for 5 minutes. Secondary
antibody: PBS-BSA 1% with Alexa 488 (Fluoroprobed84Donkey Anti-Mouse IGG FP-
5A4110), at a 1/200 dilution for 30 minutes. WashhwiX PBS for 5 minutes, 3 times.
Primary antibody: PBS-BSA 1% with Anti-CD31 PurdieRat Anti-Mouse 1/200 (BD
Pharmingen 550274) for 1 hour. Wash with 1X PBS Sominutes, 3 times. Secondary
antibody: PBS-BSA 1% with Alexa 547 (Fluoprobes ®dhkey Anti-Rat IGG FP-SB6110)
(dilution 1/200) with Hoechst (PBS BSA 1% + Hoec{istL000)) for 30 minutes. Wash with
1X PBS 3 times for 5 minutes. Mount with 1QQ. of Interchim glue (FP-483331
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Fluoromount-G Four immunofluorescent) and one aglass (RS France Coverglass 24X60
mm 0.13-0.17 mm).

3.5.3Antibody reaction (HRP) - Primary antibody: PBS BSA 1% with anti-XBPIs
mouse monoclonal IgG1 for 2 hours. Wash with 1X FBfimes for 5 minutes. Secondary
antibody: EnVision FLEX/HRP (Dako K8010/K8012/K8QZ4r 30 minutes. Wash with PBS
1x 5 minutes. Do this 3 times. Reveal with EnVisieBbEX DAB+CHROMOGEN (Dako
K8010/K8012/K8024). Wash with distilled water formsinutes. Stain with hemalun for 3
minutes. Wash with running water for 5 minutes. kvasth distilled water and 3 drops of
NH3. Dehydrate by increasing battery graduatioofadt and toluene. Mount with 1QfL of
mounting medium (PERTEX HistoLab F/00811) and aetghass (RS France Coverglass
24X60mm 0.13-0.17mm¥g. 4).

3.6. Orthotopic injections and tumor collection

3.6.1. Cell culture and treatments— U-87 MG cells were plated on 75 cm? flasks
(500000 cells/flask). Forty-four hours post seeduwils were trypsinized, washed three times
with PBS and suspend in PBS at the concentraticf0000 cells per microliter. Mice were
anesthetized using ketamine and xylazine, then duU-87 solution was injected using
Hamilton syringe directly into mouse brain at thegma (length -0.1 um; lateral 2.2 mm on
the left, depth: 3 mm). Five mice are injecteddach cell type. The analgesic buprenorphine
is used before and after intracranial injection.

3.6.2. Tumor collection - Two to three weeks after orthotopic injectionsce are
sacrificed (cervical dislocation) and brains areniediately frozen in liquid nitrogen. Mouse

brain slices are obtained using a cryostat thenedaas indicated beloviFig. 4).

3.7. Cytotoxicity assays

3.7.1. U-87 MG cells (5000 cells per well) are grown irféwell plate in 10QuL
growth medium (DMEM, FBS 5%) in presence or absafdbe indicated compounds (final
concentration 44ig/mL in 0.1% DMSO) for 24hrs or 48hrs (37°C, 5% .0

3.7.2. Without removing the cell culture supernatant, beatld dropwise 50 pL of
cold 50% TCA to each well, and incubate the platied °C for 1-3 hours. Note: the plates
should be disturbed as little as possible during) after fixation solution step. Do not inject
the water stream directly onto the bottom of thélsyas this can cause the cell monolayer to
detach.
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3.7.3. Remove the liquid by inverting the plate. Wash fiirees with water, tapping
on paper towels after rinsing.

3.7.4.Air dry the plates (face up) in room temperatunelf2-24 hours.

3.7.5.Cells are stained by addition of 100 puL of 0.4%@hlodamine B (SRB)/1%
glacial acetic acid to each well at room tempegafar 30 min, and rinse the plates four times
with 200 uL of 1% glacial acetic acid (each time), tappingpmaper towels after rinsing to
remove unbound dye.

3.7.6.Air dry the plates (face up) at room temperaturelfs24 hours.

3.7.7.Add 100 pl of 10 mM Tris and shake until all bouslB is into the solution.

3.7.8. Measure absorbance at 515 nm read with a miceopkdder (PerkinElmer

Envision plate reader) and cell viability was c#dt¢ed as a percent of control (untreated) cells

(Fig. 5).

3.8. Statistical analyses

Non-linear regression was used to fit curves to iean and standard deviations (N=3)
calculated with GraphPad Pristhsoftware. Statistical significance of compoundsdity in
U87 cells was determined by ANOVA and Dunnepitsst hoccomparison test at the 0.05

confidence level.

4. Notes

4.1. For Phostag analysis gels must be ran at rathernvtbtage (10-15 mA/gel) to
allow better resolution and sharp bandsg( 2C). For the detection of IRE1l ser724
phosphorylation using the phosphospecific antib&dieis better to immunoprecipitate IRE1
(following cell lysis with RIPA buffer containing rptease and phosphatase inhibitors
(Complete and PhoSTOP; Roche, Basel, Switzerlame)naght at 4°C. Immunoprecipitates
are then resolved by SDS-PAGE and transferred dPWDF membranes prior to
immunoblotting using anti p-IRE1 antibodidsd. 2D).

4.2. For quantifying the increase in XBP1s expressignnmunoblot Fig. 3B), the
amount of basal and ER stress-induced XBP1ls shbaldnvestigated in preliminary
experiments and depend on the cell lines/tissudsetanalyzed. Several cell lines exhibit
strong basal XBP1s such as Hela cells or humandwepaHuH7 cells.
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4.3.RIDD activity: Note that if you intend to validatee ability of IRE1 to cleave an
MRNA upon stress, it is necessary to block thestraptional regulation of potential
substrates in order to validate their posttransiomal regulation by IRE1. Furthermore, in
this protocol the degradation of PERIOD1 mRNA waseds as a marker of IRE1
endoribonuclease basal activation (FHiy( 3). Depending of the cell type, and the expression
level of PERIOD1, it could be necessary to use latopreviously identified substrate of
IRE1 mRNA decay activity, such as GPC3 (27) or SBAR4). The sIilRE1 is used as a
positive control of IRE1 modulation and PERIOD2 m&Na non-target of IRE1, as a
negative control. The siGL2 represents a contralpenific SIRNA. The siXBP1 is used to
confirm that the regulation of the IRE1 mRNA targehot due to transcriptional regulation
mediated by XBP1.

4.4. For immunohistochemistry experiments, all the ®©ohs are prepared
extemporaneously and conserved fresh. Hematoxyim loe used several times but the
incubation time must increase with recycled sohgioFinally, the volume of each solution

necessary for each slide (Dakopen-delimited asea)) about 30QuL.

4.5. For xenografts, cells must be resuspended in A0Q1.5 mL tubes) or 5QL
(round bottom tubes) in order for the syringe uBmdnjection to homogenize properly the
cell suspension and collectyl / brain for injection. To inject more than 10008lIs is not

necessary.
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Figure Legends

Figure 1: Schematic representation of IRE1 signalig. Upon accumulation of misfolded
proteins in the ER, BIP is titered away from IREhding to IRE1 oligomerization and
downstream signaling. Three major signaling patlsvase activated downstream of IRE1
including the activation of the JNK cascade, theamventional splicing of XBP1 mRNA and
the regulated IRE1 dependent decay of mRNA (RIDD).

Figure 2: IRE1 phosphorylation analysis.(A) Schematic representation of Phostag-p-IRE1
interaction. B) Schematic representation of the Phostag analgsiocol. C) IRE1l
phosphorylation analysis using Phostag. U87 ceksewlysed and protein samples were
resolved by SDS-PAGE and phostag. Following trahsfeto PVDF membranes, IRE1 and
p-IRE1 are visualized by immunoblot with anti-IREftibodies. D) IRE1 phosphorylation
analysis by immunoblotting using anti p-IRE1 (S724B7 cells were lysed and protein
samples were immunoprecipitated with anti-IRE1 l@odies. Immunoprecipitates were
resolved by SDS-PAGE, transferred onto PVDF andumablotted with anti-p-IRE1 or anti-
IRE1 antibodies.

Figure 3: Analysis of IRE1 downstream signaling(A) XBP-1 mRNA splicing. B) XBP1s
protein expression. U87 cells were lysed and pnasaemples were resolved by SDS-PAGE.
Following transfert onto PVDF membranes, XBP1sisia&lized by immunoblot with anti-
XBP1s antibodies @) Analysis of RIDD activity towards PER1 mRNAD) JNK
phosphorylation in response to tunicamycin-indudeld stress. U87 cells treated with
tunicamycin were lysed and protein samples werelved by SDS-PAGE and phostag.
Following transfert onto PVDF membranes, JNK1 antNK1 are visualized by immunoblot
with anti-JNK1 and anti-p-JNK1 antibodies

Figure 4: Orthotopic glioblastoma model in the mous. (A) Schematic representation of
the orthotopic graft injection of UB7MG cells intamunocompromised miceB) Following
injection of U87 cells and 2-3 weeks, mouse brawese collected and preserved. Sections
were performed and staining with H&E, anti-XBP1stilaodies (revealed using HRP-
conjugated secondary antibodies), anti-Vimentinti-@»31 (revealed with fluorescently

labeled secondary antibodies). T: tumoral; NT: tonoral.
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Figure 5: Impact of IRE1 inhibition on U87 cells sasitivity to tunicamycin-induced ER
stress.(A) Impact of Toyocamycin, Irestatin and MKC8866 @&l MKC) on XBP1 mRNA
splicing activity. The concentrations used are ¢atkd in the figure. XBP1 mRNA splicing
activity was evaluated in control U87 cells andJ@7 cells stably overexpressing wild-type
IRE1, a situation sufficient for IRE1 activatiorB)(Toxicity of Toyocamycin, Irestatin and
MKC8866 (labeled MKC) as assessed using Sulforhagd&nstaining and increasing
concentrations of the compound€) (Synergistic effects of MKC8866 and tunicamycin on

toxicity in U87 cells.
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RESULTATS

Comme cela a été démontré dans les dix derniéreseanla signalisation d'IRElest

essentielle au développement de tumeurs cérélissliess de glioblastome humain chez la
souris [157]. Cette étude repose sur I'expressams des cellules provenant d'un GBM, les U-
87 MG, d'une protéine chimere IRE1-NCK ayant uneteflominant-négatif sur la
signalisation en aval d'IREJ]155].

Les cellules inactivées pour IR&les U87-DN, forment des tumeurs plus petites,nsoi
vascularisées mais plus invasives, ce qui globalemegmente la survie des souris. L'étude
comparative des transcrits entre ces U87-DN etUe&d7 contrble (U87-EV) a mis en
évidence une sous-expression dans les U87-DN deufacproangiogéniques tels que le
VEGF-A, IL-1B, IL-6 ou IL-8, associée a une surexpression defas antiangiogéniques tels
que SPARC (Secreted protein acidic and rich ineiggt PER1 (period 1), la décorine ou la
thrombospondine [157].

Dans les articles décrits ci-aprés, nous avonschbBer déterminer comment la
signalisation d'IREd pouvait étre responsable du phénotype tumoralre®set en particulier
quelle était Iimplication de la fonction d'IR&Xe dégradation d'’ARNm cibles: la fonction
RIDD.

ARTICLE 3. AUTOCRINE CONTROL OF GLIOMA CELLS ADHESION AND MIGRAION

THROUGH IREJ1ALPHA-MEDIATED CLEAVAGE OF SPARCMRNA

Dans cet article, nous avons posé I'hypothéseajsighalisation IREd, en particulier a
travers la dégradation d’ARNm, joue un réle clésdadaptation des cellules tumorales a leur
microenvironnement.

Afin de tester cette hypothése, nous avons rechenchtranscrit dont I'expression est
augmentée dans les U87-DN par rapport aux U87-E\juepuisse étre impliqué dans le
remaniement du microenvironnement tumoral. Cecisr@permis d'identifier SPARC, une
protéine de la matrice extracellulaire, comme ciid¢entielle du RIDD pouvant expliquer
I'acquisition de propriétés migratoires par lesubes U87-DN.

Afin de décrypter les mécanismes moléculaires migeel lors de la formation des
tumeursin vivo, nous avons établi un modéle mimant la formatiertuimeurin vitro, ainsi

gue la migration des cellules depuis la tumeur &@nPour cela, nous avons déposé les U-87
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MG sur une surface non-adhérente (agar) et mefangtesse de formation de sphéroides
appelés ci-aprés neurosphéres. Les capacités datimigdes cellules cancéreuses a partir des
sphéroides est ensuite évalué en transférant cessphéres sur une surface adhérente et en
mesurant la distance parcourue depuis le sphéebigs caractéristiques des cellules en cours
de migration. Ces méthodes, associées a des meathladsiques de mesure d'adhésion et de
migration (Transwell), ont permis de confirmarvitro les résultats précédemment observés
in vivo, c'est-a-dire I'acquisition d'un phénotype migratales cellules U87-DN par rapport
aux U87-EV.

Des expériences de clivagevitro de 'TARNm de SPARC par IRl1complétés par une
approche d'extinction de I'expression d'IRE$iRNA) dans les U87-EV, ont confirmé que
SPARC est une cible du RIDD. Nous avons alors sétilune approche de siRNA ou
d'anticorps bloquant pour restaurer dans les U87«DNniveau d'expression de SPARC
équivalant au niveau basal présent dans les US7IE¥L nous a permis de confirmer que la
stabilisation de SPARC et sa sécrétion dans leemiéixtracellulaire sont impliqués dans
I'acquisition d'un phénotype migratoire des ceull87-DN. Nous avons enfin démontré que
le réle de SPARC dans l'acquisition de ce phénopgsse par son action sur le cytosquelette

d'actine [158], en particulier par I'activationldegGTPase RhoA.

Dans les cellules U87-DN, la perte de l'activit&RB'la lIéve la dégradation de 'ARNmM
de SPARC par IRKIL, ce qui entraine une augmentation de la sécrélionette protéine.
SPARC peut alors activer la protéine RhoA et phosgar la protéine FAK, favorisant la

formation de fibres de stress et d'adhésions feadlen conséquence la migration des cellules

U87-DN (Figure 14).
Actin Stress Fiber v
s = O

Golgi complex

Sparc mRNA
Figure 14: Schéma récapitulatif du réle d'IREn et de SPARC dans les U87

J'ai participé a ce travail en testant 'impactlieactivation de la voie de signalisation
dépendante d'IREi sur la migration des cellules de glioblastomeiaijue sur la formation

de neurospheres.
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Summary

The endoplasmic reticulum (ER) is an organelle specialized for the folding and assembly of secretory and transmembrane proteins. ER
homeostasis 1s often perturbed in tumor cells because of dramatic changes in the microenvironment of solid tumors. thereby leading to
the activation of an adaptive mechanism named the unfolded protein response (UPR). The activation of the UPR sensor IRE1x has been
described to play an important role in tumor progression. However, the molecular events associated with this phenotype remain poorly
characterized. In the present study, we examined the effects of IRElx signaling on the adaptation of glioma cells to their
microenvironment. We show that the characteristics of U87 cell migration are modified under conditions where IREla activity is
mpaired (DN_IRE1). This 1s linked to increased stress fiber formation and enhanced RhoA activity. Gene expression profiling also
revealed that loss of functional IREla signaling mostly resulted in the upregulation of genes encoding extracellular matrix proteins.
Among these genes, Sparc, whose mRNA is a direct target of IREle endoribonuclease activity, was in part responsible for the
phenotypic changes associated with IRE1x inactivation. Hence, our data demonstrate that IRElz is a key regulator of SPARC
expression in vitro in a glioma model. Our results also further support the crucial contribution of IRE o to tumor growth, infiltration and

invasion and extend the paradigm of secretome control in tumor microenvironment conditioning.

Key words: IRE1, Cell adhesion, cell migration, Endoplasmic reticulum, SPARC

Introduction

The endoplasmic reticulum (ER) plays an essential role in
maintaining the maturation and folding of secreted and
transmembrane proteins. Disruption of normal ER functions
upon various physiological conditions faced by solid tumors such
as hypoxia or glucose deprivation, leads to the accumulation of
misfolded proteins and the subsequent activation of an
evolutionarily conserved signaling pathway named the unfolded
protein response (UPR) (Schréder and Kaufman, 2005). UPR
signaling induces translation attenuation and activation of
specific gene expression programs aiming at reducing the
protein load in the ER and at increasing ER folding and
clearance capacity, respectively. As part of this mechanism,
IREla, which is an ER stress sensor and an ER-resident kinase/
endoribonuclease, promotes the splicing of Xbp/ mRNA, thereby
resulting in the synthesis of a potent transcription factor, and the
subsequent transcriptional activation of specific genes involved
in restoring ER homeostasis (Calfon et al., 2002; Yoshida et al.,
2003). Recently IREla has also been shown to contribute to
mRNA degradation through a process named Regulated IREI
Dependent Decay of mRNA (RIDD) (Hollien et al, 2009).

Connections between UPR signaling and human discases have
been established for instance with pathologies such as diabetes or
cancer (Marciniak and Ron, 2006; Moenner et al., 2007). An
increasing body of evidences indicates a functional link between
IREla and tumor growth/progression. Indeed, impairing IRE1o
signaling in human glioma cells reduced tumor growth and
angiogenesis both in vitro and in vivo through mechanisms
dependent on ischemia-induced VEGF expression (Auf et al.,
2010; Drogat et al., 2007). The IRE1x substrate Xhp/ has been
shown to be necessary for tumor growth in vivo without affecting
VEGF expression, suggesting that IREla mediates its angiogenic
properties independently of the XBP1 pathway (Romero-Ramirez
ct al., 2004). Moreover, several reports also showed that XBP1 is
overexpressed in human cancers (Shuda et al., 2003) and that
constitutive expression of its spliced form 1s sufficient to promote
multiple myeloma in vivo (Carrasco et al.. 2007). Recently, a
large-scale sequencing analysis of somatic mutations present in
the kinome of a wide variety of human cancers revealed a high
prevalence of mutations in the IRElx gene (Greenman et al.,
2007). However, the precise mechanisms by which wild-type or
mutant IRElo contribute to cancer development/progression
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Summary

The endoplasmic reticulum (ER) is an organelle specialized for the folding and assembly of secretory and transmembrane proteins. ER
homeostasis is often perturbed in tumor cells because of dramatic changes in the microenvironment of solid tumors, thereby leading to
the activation of an adaptive mechanism named the unfolded protein response (UPR). The activation of the UPR sensor IRE1a has been
described to play an important role in tumor progression. However, the molecular events associated with this phenotype remain poorly
characterized. In the present study, we examined the effects of IREla signaling on the adaptation of glioma cells to their
microenvironment. We show that the characteristics of U87 cell migration are modified under conditions where IREla activity is
impaired (DN_IREI). This is linked to increased stress fiber formation and enhanced RhoA activity. Gene expression profiling also
revealed that loss of functional IRE1a signaling mostly resulted in the upregulation of genes encoding extracellular matrix proteins.
Among these genes, Sparc, whose mRNA is a direct target of IREla endoribonuclease activity, was in part responsible for the
phenotypic changes associated with IREla inactivation. Hence, our data demonstrate that IREla is a key regulator of SPARC
expression in vitro in a glioma model. Our results also further support the crucial contribution of IRE1a to tumor growth, infiltration and

invasion and extend the paradigm of secretome control in tumor microenvironment conditioning.

Key words: IRE1, Cell adhesion, cell migration, Endoplasmic reticulum, SPARC

Introduction

The endoplasmic reticulum (ER) plays an essential role in
maintaining the maturation and folding of secreted and
transmembrane proteins. Disruption of normal ER functions
upon various physiological conditions faced by solid tumors such
as hypoxia or glucose deprivation, leads to the accumulation of
misfolded proteins and the subsequent activation of an
evolutionarily conserved signaling pathway named the unfolded
protein response (UPR) (Schroder and Kaufman, 2005). UPR
signaling induces translation attenuation and activation of
specific gene expression programs aiming at reducing the
protein load in the ER and at increasing ER folding and
clearance capacity, respectively. As part of this mechanism,
IRE1a, which is an ER stress sensor and an ER-resident kinase/
endoribonuclease, promotes the splicing of Xbp! mRNA, thereby
resulting in the synthesis of a potent transcription factor, and the
subsequent transcriptional activation of specific genes involved
in restoring ER homeostasis (Calfon et al., 2002; Yoshida et al.,
2003). Recently IREla has also been shown to contribute to
mRNA degradation through a process named Regulated IRE1
Dependent Decay of mRNA (RIDD) (Hollien et al., 2009).

Connections between UPR signaling and human diseases have
been established for instance with pathologies such as diabetes or
cancer (Marciniak and Ron, 2006; Moenner et al., 2007). An
increasing body of evidences indicates a functional link between
IRElo and tumor growth/progression. Indeed, impairing IREla
signaling in human glioma cells reduced tumor growth and
angiogenesis both in vitro and in vivo through mechanisms
dependent on ischemia-induced VEGF expression (Auf et al.,
2010; Drogat et al., 2007). The IRE1a substrate XbpI has been
shown to be necessary for tumor growth in vivo without affecting
VEGF expression, suggesting that IRE1o mediates its angiogenic
properties independently of the XBP1 pathway (Romero-Ramirez
et al., 2004). Moreover, several reports also showed that XBP1 is
overexpressed in human cancers (Shuda et al., 2003) and that
constitutive expression of its spliced form is sufficient to promote
multiple myeloma in vivo (Carrasco et al., 2007). Recently, a
large-scale sequencing analysis of somatic mutations present in
the kinome of a wide variety of human cancers revealed a high
prevalence of mutations in the IREla gene (Greenman et al.,
2007). However, the precise mechanisms by which wild-type or
mutant IREla contribute to cancer development/progression
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independently of the activation of other branches of the UPR,
remains to be fully characterized. We have previously shown that
IREla-deficient cell (DN_IRE1)-derived tumors had a different
shape and spatial organization (Auf et al., 2010; Drogat et al.,
2007). These changes were also accompanied by a decrease of
the growth rate and a highly infiltrative and mesenchymal tumor
phenotype. The goal of the present study was to better
characterize the molecular pathways by which IREla can
impact on glioma characteristics.

Herein, using different in vitro approaches, we have examined
the effects of IREla inactivation on cell migration and cell
adhesion in U87 glioma cells. We show that migration is
increased in DN_IRE!1 cells through the upregulation of the
extracellular matrix protein SPARC. In addition, we demonstrate
that IREla directly regulates Sparc mRNA expression at the
post-transcriptional level, thereby contributing to auto/paracrine
SPARC signaling in tumor cells. Our data reveal an emerging
role of IREla in the control of tumor cell adhesion and
migration.

Results

Loss of IRE1a activity correlates with changes in U87
glioma cells attachment and migration properties

To characterize the molecular and cellular mechanisms
responsible for IREl-dependent modulation of cancer cell
proliferation and migration in vivo (Auf et al., 2010; Drogat
et al., 2007), we tested the effect of the expression of a well
characterized dominant negative form of IRElo (DN_IRE1) (Auf
et al., 2010; Drogat et al, 2007; Nguyén et al., 2004)
(supplementary material Fig. S1A) on U87 cells proliferation,
adhesion and invasion ability (Fig. 1). Alteration of IREla
signaling was confirmed by the weak induction of Xbp/ mRNA
splicing in response to various ER stress inducers (Fig. 1A), as

previously described (Drogat et al., 2007; Lee et al., 2002;
Papandreou et al., 2011; Welihinda et al., 1998).

As expected, DN_IRET1 cells proliferation rate was lower than
that of empty vector expressing cells (EV; Fig. 1B) and the number
of migrating cells was significantly higher than in EV cells
(Fig. 1C; supplementary material Fig. S1B). In addition, adhesion
of DN_IRET1 cells was also increased on both collagen matrices
and Matrigel (Fig. 1D). However, both cell lines exhibited similar
invasion properties in Matrigel (supplementary material Fig. S1C).
As the features of U87 cells characterized in the orthotopic tumor
model (Auf et al., 2010; Drogat et al., 2007) presented some
specificities that were not recapitulated in the experiments
presented in Fig. 1, another model was developed to investigate
cell adhesion and migration properties of DN_IRET1 cells. To this
end, a neurosphere model was used to mimic the U87 EV and
DN_IREI cells phenotypes previously described in vivo. As
shown in Fig. 2A, the expression of DN_IREI resulted in a delay
in neurosphere formation and in a decrease of the size they
reached. This phenomenon was most likely due to differences in
cell growth (Fig. 1B) and cell-cell adhesion properties existing
between EV and DN_IRE] cells. To further compare the migration
properties of DN_IRE1 and EV cells, neurospheres of the same
size were allowed to adhere, and both neurosphere dissociation and
cell migration abilities were monitored across time. Cell number in
both types of neurospheres plated on glass slides was also counted
and was similar in EV and DN_IRE1 neurospheres (not shown).
Forty-eight hours after seeding, EV neurospheres remained
compact and homogenous whereas DN_IREI neurospheres
appeared flattened and dissociated (Fig. 2B). Interestingly, the
mode of cell migration appeared to be different for both cell lines.
Indeed, DN_IREI cells presented a more collective and organized
migration, in contrast to EV cells, which migrated in a stochastic/
individual manner (Fig. 2B). Both the dissociation capacity of

Fig. 1. Impairment of IREla signaling alters U87 cells
migration, adhesion and proliferation properties.

(A) Biochemical characterization of U87 cells expressing an
empty vector (EV) or a dominant-negative form of IRElo
(DN_IREL1) for the splicing of Xbp/ mRNA upon Tunicamycin
(5 ng/ml)-induced ER stress. Xbpl mRNA splicing was
evaluated by RT-PCR. The spliced (sXBP1) and unspliced
(uXBP1) forms of XBPI are indicated. (B) Cell growth was
measured in normal serum conditions in EV and DN_IRE]I cells.
(C) EV and DN_IREI cells were tested for migration in vitro in
Transwell chambers as described in the Materials and Methods.
The percentage of cells migrating through the Transwell inserts
was determined. Results are expressed as percentage of the
control (EV). (D) EV (closed symbols) and DN_IRE1 (open
symbols) cells were assessed for their ability to attach to collagen
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Fig. 2. Impairment of IRE1a signaling modulates neurosphere formation
and migration capacity of U87 cells. (A) The ability of U87 cells expressing
an empty vector (EV) or a dominant-negative form of IREla (DN_IRE1) to
form neurospheres was evaluated as described in the Materials and Methods.
24, 48 and 72 h after seeding, photos were taken and after 72 h the
neurosphere surface was measured using the ImagelJ software. (B) EV and
DN_IRE]1 neurospheres of the same size and number of cells were allowed to
adhere on a 22-mm glass coverslip and cell migration was studied for 48 h.
Phase-contrast (4 h after neurosphere seeding) images and nuclear and F-actin
stainings (48 h after seeding) are shown. (C) The distance achieve by all the
cells escaping the neurosphere bulk was measured using nucleus staining and
an ImageJ macro, and the number of cells travelling less than 2, 3-4, 4-5, 5-6
and more than 6 arbitrary unit (A.U.) was estimated. (D) Quantification of
cells migrating from the neurosphere bulk (*P<0.05; **P<<0.01).

DN_IRE neurospheres and the migration mode of the DN_IRE1
cells were reflected by the fact that more DN_IRE1 cells were
migrating compared to EV cells, but the former appeared to
migrate to a relatively shorter distance from the neurosphere center
(Fig. 2C,D). Taken together, these data support the ability of
IREla activity to regulate tumor cell features, including growth,
migration and adhesion properties. Moreover, these data are
consistent with those observed in vivo where DN_IREI cell-
derived tumors were smaller, exhibited extensive tumor cell
infiltration in the surrounding normal tissue than EV cell-derived
tumors and were also tightly associated to the abluminal site of
blood vessels without apparent penetration (Auf et al., 2010;
Drogat et al., 2007).

As observed in Fig. 2B, the global organization of actin
cytoskeleton was modified in DN_IREl cells. In this
organization, stress fibers and focal adhesions constitute a
contractile apparatus that allows cell attachment to the

extracellular matrix through the plasma membrane and focal
adhesions (Pellegrin and Mellor, 2007). Furthermore, these
structures are known to constitute major cellular elements in
the ability of cells to migrate. Considering these observations, we
further examined the organization of the actin cytoskeleton and
the associated adhesive contacts using immunofluorescence
microscopy. We observed more actin stress fibers/cables in
DN_IRE1 compared to control (EV) cells (Fig. 3A). This was
accompanied by a gain of focal adhesions as illustrated by
vinculin or paxillin staining (Fig. 3A; and quantified in Fig. 3B).
In this context the small GTPase Rho represents one of the main
regulators of actin stress fibers formation in adherent cells
through activation of its effector protein Rho kinase (Ridley et al.,
1999; Ridley et al., 1992). This led us to test whether RhoA
activation was altered in DN_IREI1 cells compared to EV cells
using commercially available kits (see Materials and Methods).
Impairment of IREla activity led to significant basal activation
of RhoA as assessed by using the G-LISA™ assay (Fig. 4A).
The role of RhoA as the main regulator of stress fiber formation
was then confirmed in DN_IREl cells using either the
pharmacological Rho-kinase inhibitor Y-27632 or RhoA

A DN_IRE1

Actin Phase contrast

Actin + Vinculin

Paxillin

30
25
20
15
10

Number of FA/cell

EV  DN_IRE1

Fig. 3. Impairment of IRE1a signaling leads to F-actin cytoskeleton and
cell architecture remodeling. (A) Phase-contrast analysis, phalloidin
staining of F-actin and immunofluorescence analysis of vinculin and paxillin
of EV and DN_IRE] cells. (B) Measurement of focal adhesions (FA) in EV
and DN_IREI cells as determined using vinculin staining (*P<0.05).
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silencing strategies (supplementary material Fig. S2A) followed
by immunofluorescence analyses. As shown in Fig. 4B, targeting
RhoA signaling using either pharmacological or siRNA-based
silencing strategies was sufficient to inhibit/prevent stress fiber
formation in DN_IREI cells. This observation was also supported
by the evaluation of the impact of RhoA silencing or Y-27632
treatment on U87 EV and DN_IRE1 cell migration capacity and
focal adhesion number (Fig. 4C,D). In Fig. 4D, a two-way
ANOVA statistical analysis revealed that both pharmacological
treatment (Y27632) and expression of DN_IREI impacted on
focal adhesion number per cell (P<<0.05). These experiments
showed that targeting RhoA expression or activity was sufficient
to counteract DN_IRE1 cells migration ability and, in a same
way, their increased focal adhesion number. This was also
confirmed by measuring the impact of Y-27632 on the
phosphorylation of the focal adhesion kinase (FAK), another
focal adhesion marker (supplementary material Fig. S2B). Taken
together, these results demonstrate that loss of IREla activity
influences U87 cells attachment and migration properties by
involving the small GTPase RhoA.

Gene expression profiling in EV and DN_IRE1 cells
revealed differential expression of genes encoding
extracellular matrix proteins

One of the major roles of IREla is to control the expression of
membrane or secreted proteins coding genes through its
capacities to splice the Xbpl mRNA or by directly cleaving a
set of mRNA. Considering this, we hypothesized that DN_IRE1
cells might present modulations of the expression of mRNA
encoding secretory or trans-membrane proteins in favor of an
increase in adhesion and migration processes. To address this
question, we compared mRNA expression profiles in control
(EV; clone T1PS) and DN_IRE1 (clone 1C5) cells subjected or
not to different ER stress inducing agents and thus IREla
activators: glucose (—Glu) or glutamine (—GlIn) deprivation,
hypoxia (Hx) or tunicamycin (Tun) exposure. The data sets were

Fig. 4. Impairment of IREla signaling alters RhoA
activation and cell adhesion properties in U87 cells.
(A) RhoA activation in U87 EV and DN_IREI cells
(measured as described in the Materials and Methods;
*P<0.05). (B) EV and DN_IREI cells were either
subjected to RhoA silencing by two different siRNAs
(named no. 1 and no. 2) as well as a non-target
luciferase siRNA (GL2) as a control, for 48 h or they
were treated with the Rho Kinase inhibitor Y-27632
(10 uM) for 4 h. Fluorescence microscopy using
phalloidin to stain F-actin was then performed on both
cell lines. (C) Cells were subjected to RhoA silencing
by the two different siRNAs as well as a non-target
luciferase siRNA (GL2) as a control, for 48 h, and were
tested for migration in vitro in Transwell assays.
Migration was determined as in Fig. 1C (*P<<0.05; NS,
non-significant). (D) The number of focal adhesions
was determined as described in the Materials and
Methods in EV and DN_IRE] cells treated with Y-
27632 (10 uM) or DMSO for 24 h. A two-way ANOVA
revealed a statistical difference between the DMSO and
Y27632 conditions (P<<0.05) and between the EV and
DN_IREI cell types (P<0.05).

DN_IRE1 DN_IRE1
DMSO  Y27632

deposited at the NCBI Gene Expression Omnibus GSE27306.
Principal Component Analysis (PCA) was applied to visualize
correlations in the control and DN_IRE] transcriptional profiles.
Fig. 5A illustrates that DN_IRE1 cells could be distinguished
using the first two principal components, which account for 53%
of total variation. DN_IRE]1 cell populations were separated from
control cells populations along the first principal component. We
also noted that cultures performed under hypoxia (Hx) produced
gene expression profiles that were separated from the other stress
and basal culture conditions which showed intermediates
positions along the second principal component. Other principal
components did not display any information. This indicated that
EV and DN_IRE]1 populations subjected to Hx were associated
with distinct transcriptional profiles, with some similarities in
their gene expression. In contrast, the transcriptional profile of
genes modulated in others control conditions showed very little
overlap with profiles seen in others DN_IREI1 conditions.

To extract more information from these data, the PCA was
applied by considering genes as individuals (Fig. 5B). The two
first principal components accounted for 97% of the total
variation. Fig. 5B shows genes that presented the most elevated
mean between the different conditions along the first principal
component and indicates the comparison of individual gene
expression levels. The second principal component is built
around genes that showed the biggest differences between
samples from control and DN_IREI1 cells. PCA dimension 2
graphically shows the split between control and DN_IRE1 cells.
The top 50 probe sets both positively and negatively regulated
(corresponding to 40 genes; supplementary material Table S1)
were subjected to functional annotation. The Kyoto Encyclopedia
of Genes and Genome (KEGG), a compendium of genes
annotated and organized by signaling pathway (Ogata et al.,
1998), was used for this purpose (Fig. 5C). This revealed that
both the ECM-receptor interaction and the focal adhesion
signaling pathways were enriched in the DN_IRE1 signature,
thus reinforcing our initial phenotypic observations.
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Fig. 5. Transcriptional profiles of EV and DN_IRE1a cells
revealed substantial differences in genes encoding
extracellular matrix proteins. (A) Principal component analysis
(PCA) of transcriptional profiles of EV (T1P5 clone) and
DN_IRET cells (1C5 clone). The two-dimensional scatter plot
shows the first two principal components of the analysis of 6078
genes. Data points from individual experimental conditions were
represented using different shapes (triangles represent DN_IRE1
U87 cells, circles represent control U87 cells; Hx: hypoxia 0.1%
for 16 h; -Glu: glucose deprivation for 16 h; -Gln: glutamine
deprivation for 16 h; Tun: tunicamycin 1 pug/ml for 16 h).

(B) Plot of individual genes that were significantly differentially
expressed between EV and DN_IRE]1 cells (all conditions

C D Term P value combined). The top 50 probe-sets contributing the most to
4512 ECM-Receptor Interaction 0,00022 differences between EV and DN_IRE] cells are listed in
4510 Focal Adhesion 0,0058 supplementary material Table S1. (C) Over-represented molecular
4514 Cgll Ad_hesion M.oler.:ules' ) 0,086 pathways and functional annotation of the gene list in
0760 Nicotimide and nicotinamide metabolisms 0,086

IRE1e signaling regulates migration of U87 cells by
downregulating Sparc mRNA expression

Based on the above-mentioned data, we further analyzed the list of
genes identified through gene expression profiling (supplementary
material Table S1) and selected genes that were 1) overexpressed in
DN_IRE1 cells, ii) involved in the modulation of cellular
microenvironment and iii) functionally related to ER stress
signaling. Based on these selection criteria, we selected SPARC.
SPARC/Osteonectin is a matrix-associated protein that elicits
changes in cell shape, inhibits cell-cycle progression and influences
the synthesis of extracellular matrix (ECM) (Brekken and Sage,
2001; Chlenski and Cohn, 2010). Moreover, SPARC was a good
candidate to explain the in vivo DN_IREI expressing tumor
phenotype previously observed. Indeed, it was shown that SPARC
overexpression delays tumor growth and promotes invasion in a rat
glioma model (Kunigal et al., 2006; Rempel et al., 2001). Adding to
that, Sparc mRNA was identified as a RIDD substrate that led to the
repression of its expression through an internal cleavage (Hollien
and Weissman, 2006). Using quantitative real-time PCR and semi-
quantitative PCR we showed that SPARC mRNA was
overexpressed in different clones of DN_IRE1 expressing cells
compared to control cells under basal conditions and upon ER
stress (Fig. 6A,B). As previously demonstrated (Hollien et al.,
2009; Hollien and Weissman, 2006), we found that ER stress
inducers (tunicamycin and dithiothreitol; DTT) were able to
decrease Sparc mRNA in an IREla dependent manner in our
glioma model (Fig. 6B). Moreover, siRNA-mediated IREla
silencing in glioma cells led to increase Sparc mRNA expression

supplementary material Table S1 using KEGG pathway analysis.

(Fig. 6C; supplementary material Fig. S2C). A recent study
identified a conserved consensus IREla cleavage sequence
located in stem-loop structures on mRNA (Oikawa et al., 2010).
Based on this information, we found only one potential IREla-
cleavage site within Sparc mRNA using the M-FOLD program
(Fig. 6D). We then investigated whether Sparc mRNA was cleaved
by IREla using an in vitro RNA cleavage assay as previously
reported (Bouchecareilh et al., 2011a). Total RNA from U87 cells
was subjected to the in vitro cleavage assay in the presence of GST—
IREla. RT-PCR using primers overlapping or not the putative
cleavage site were then performed to determine the Sparc mRNA
levels (Fig. 6E). In vitro results indicated a strong decrease in Sparc
mRNA expression corresponding to the cleaved amplicon only
(1499-1709) whereas another region of Sparc mRNA (278-479)
remained intact (Fig. 6E). These data indicate that IREla is
responsible of Sparc mRNA cleavage, which will lead inevitably to
its exonuclease-mediated degradation in a cellular context.

We next sought to investigate the consequences of IREla-
mediated alteration of SPARC expression in U87 cells. To
modulate Sparc mRNA expression in U87 cells, a siRNA-based
approach was undertaken and SPARC expression was indeed
efficiently silenced in both control (EV) and DN_IREI cells at both
RNA and protein levels (Fig. 7A; supplementary material Fig.
S2D). This strategy allowed us to almost completely suppress
SPARC secretion in the extracellular medium (supplementary
material Fig. S3A). To identify if SPARC overexpression was
associated with RhoA activation and focal adhesion/stress fiber
regulation, we measured FAK phosphorylation and RhoA
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Fig. 6. IREla mediates the cleavage of Sparc mRNA. (A) Sparc mRNA
expression in wild-type, EV (T1P5 and T2P4 clones) and DN_IRE1 (1C5, 2A4
and 2D3 clones) cells as quantified by quantitative RT-PCR. (B) Sparc mRNA
levels were measured by quantitative RT-PCR and were normalized to beta-2
microglobulin (B2M) levels upon treatment with ER stress inducers including
Tunicamycin (Tun, 20, 5 and 1 pug/ml, 24 h) or DTT (2 mM, 6 h). Results were
normalized to the EV non-stressed condition. (C) siRNA-mediated attenuation
of IREla expression (white bars) leads to enhanced Sparc mRNA expression
(black bars). (D) Schematic representation of the IRE 1o cleavage sites with
secondary structures, predicted using M-FOLD. The cleavage site is indicated
by an arrow. (E) In vitro RNA cleavage assay. Total RNA extracted from U87
cells was incubated with GST or GST-IRE la-cyto in the presence of ATP for
2 hat 37°C. In the ‘GST-IREI heated + ATP’ condition, GST-IRE la-cyto was
heated to suppressed its activity, and used as a negative control. RT-PCR was
then performed to determine Sparc and Gapdh mRNA levels. Quantifications
are indicated as percentage of control (*P<0.05).

activation in EV or DN_IRE1 cells silenced or not for SPARC
(Fig. 7). As expected, SPARC expression correlated perfectly with
P-FAK (Fig. 7A-C) and with RhoA activation (Fig. 7D). To
further test whether SPARC-mediated RhoA activation and FAK
phosphorylation were associated with the migration/proliferation
phenotype observed for DN_IRE1 cells, the capacity of EV and
DN_IRE] cells to form neurospheres and to migrate in Transwell
assays was then studied (Fig. 8). First and as anticipated, siRNA-
mediated downregulation of Sparc mRNA expression significantly
increased the size of neurospheres after 72 h (Fig. 8A). Second,
SPARC silencing altered the migration capacity of both EV and
DN_IRE! cells (Fig. 8B). Third, the use of SPARC blocking
antibodies (Sweetwyne et al., 2004) in the medium of cultured cells
led to a similar observation with the reduction of cell migration,
thus suggesting an autocrine/paracrine mechanism of action
(Fig. 8C). This demonstrated that the process of IREla-mediated
control of U87 cells was SPARC-dependent and most likely
occurred in an autocrine/paracrine fashion.

Discussion
In the present study, using a combination of cellular and molecular
approaches we correlate the inhibition of IRE1a activity in glioma
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Fig. 7. IREla-mediated Sparc mRNA controls U87 architectural
structure. (A) EV and DN_IRE1 cells were subjected to SPARC silencing by
siRNA or non-target luciferase (GL2) silencing as a control. SPARC protein
levels and FAK phosphorylation were evaluated by western blotting. Tubulin
(Tub) was used as a loading control. (B,C). Relative quantification of SPARC
protein levels and FAK phosphorylation. Values were normalized to tubulin
levels. (D) EV and DN_IRE]I cells were subjected to SPARC silencing by
siRNA or non-target luciferase (GL2) silencing as a control and were assessed
for RhoA activation. (*P<0.05; **P<0.01).

with alteration of tumor cells/extracellular matrix interactions. We
show that the structure of the actin cytoskeleton is affected in
IRE1la signaling deficient cells compared to control cells (Figs 2,
3), thereby indicating an alteration of cell’s architecture and
demonstrating an increase in focal adhesions number. Moreover, at
the molecular level, transcriptional profiles indicated substantial
differences between control and DN_IREI cells. Indeed a majority
of genes modulated in DN_IREL1 cells encoded secreted proteins
associated to the extracellular matrix or to cell adhesion (Fig. 5)
such as collagen or fibronectin (supplementary material Table S1).
Based on these analyses, we identify Sparc mRNA as an IREla-
endoribonuclease regulated transcript relevant of our glioma
model. Sparc encodes a matrix secretory protein that regulates
the interaction of tumor cells with the extracellular matrix and
impacts on their adhesion/migration properties through, among
others, the activation of RhoA signaling (Figs 7, 8). These data led
us to propose a model in which ER stress-mediated control of
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Fig. 8. Role of Sparc mRNA expression in DN_IRE1 cell migration and
neurosphere formation. (A) Sizes of spheroids formed by incubating 2000
cells silenced or not for SPARC on an agar matrix for 72 h, as described in the
Materials and Methods. (B) EV and DN_IRE] cells were subjected to SPARC
silencing by siRNA or non-target luciferase (GL2) silencing as a control and
were tested for migration in vitro using Transwell assays. (C) EV and
DN_IREI] cells were exposed to SPARC blocking antibodies (ab236) added to
the medium and were tested for migration in vitro using Transwell assays
(*P<0.05; ***P<0.001).

Sparc mRNA expression could provide a selective advantage for
tumor cells to adapt to challenging environments (Fig. 9).

Several reports have previously demonstrated that IREla
mediates both the cleavage and the degradation of mRNA
encoding secretory proteins independently of the Xbp! pathway
(Hollien et al., 2009; Hollien and Weissman, 2006; Oikawa et al.,
2010; Oikawa et al., 2007). Oikawa and colleagues identified a
consensus sequence CU |, GCAG with IREla cleavage site
present between the second and the third base and located in
the loop portion of a stem loop structure, similar to those found in
Xbpl mRNA (Yoshida et al., 2003; Yoshida et al., 2001).
Interestingly, we found a sequence compatible with this
consensus in Sparc mRNA and its in vitro cleavage by IREla
was monitored by PCR (Fig. 6). Moreover, the D. melanogaster
ortholog of Sparc mRNA was identified as an IRE1a substrate in
a previous study (Hollien and Weissman, 2006). This reinforced
the relevance of our observation and strongly suggested a link
between ER stress signaling and tumor cells adhesion/migration
processes.

High levels of Sparc mRNA have been correlated with cancer
progression and poor prognosis, or in contrast, with tumor

Actin Stress Fiber

Golgi complex

Sparc mMRNA

Fig. 9. Schematic representation of the mode of action of IRE1a signaling
in gliomas leading to control of cell proliferation and migration. U87
wild-type cancer cells can still proliferate under challenging conditions
through enhanced adaptability. In contrast, when IRE1a signaling is impaired,
cell proliferation capacity is decreased, which is associated to the post-
transcriptional derepression of Sparc mRNA expression (1 and 2). Secreted
SPARC (3) will in turn, interact with the extracellular matrix (4) and
consecutively enhanced cell migration, stress fiber formation and focal
adhesion number through RhoA-dependent mechanisms (5). ECM,
extracellular matrix; ER, endoplasmic reticulum; FA, focal adhesion.

suppression depending of the cancer types (Podhajcer et al.,
2008; Tai and Tang, 2008). As such, downregulation of SPARC
by siRNA in invasive glioma cell lines, which were subsequently
injected in an orthotopic mouse model, led to inhibition of
infiltrating tumor cell dissemination (Seno et al., 2009). As well,
in glioma, overexpression of SPARC inhibits cell proliferation
both in vitro and in vivo (Podhajcer et al., 2008; Tai and Tang,
2008). When injected into immunodeficient rat brains, U87 cell-
derived tumors overexpressing SPARC exhibited small tumor
size with extensive tumor cell infiltrations compared to U87
control cell-derived tumors, which were bigger with a well
delimited perimeter (Schultz et al., 2002). The latter phenotype
presented therefore features similar to those observed in
DN_IRE1 glioma cell-derived tumors (Auf et al., 2010; Drogat
et al., 2007).

SPARC has been characterized as acting in matrix remodeling
and cell migration processes. SPARC participates to survival,
adhesion, migration, invasion in glioma cell lines (Arnold and
Brekken, 2009). Both aggressiveness and migration capacity of
cancer cells were shown to depend on SPARC concentration in
the ECM, thereby making SPARC a target for therapies treating
glioma invasion (Kunigal et al., 2006). Moreover, we observed an
enhanced activation of RhoA in cells deficient for IREla
signaling (Fig. 4). This is in agreement with data showing that
RhoA is involved in the SPARC-induced migration of U87 cells
(Kunigal et al., 2006) and is consistent with our previous work
linking Rho GTPase signaling to the Unfolded Protein Response
(Bouchecareilh et al., 2011b; Caruso et al., 2008). Moreover,
SPARC expression has been previously described to increase
U87 cell migration (Rempel et al., 2001). Furthermore, in our
study, DN_IRE1 cells migration specific properties were also
correlated with increased attachment to collagen and Matrigel
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compared to EV cells (Fig. 1) and to the upregulation of the
expression of extracellular matrix proteins (supplementary
material Table S1). Interestingly Schultz and colleagues and
Golembieski and Rempel found that the level of secreted SPARC
controls the balance between tumor cells adherence and
migration (Schultz et al., 2002; Golembieski and Rempel,
2002). They showed that, in contrast to low and high levels of
SPARC expression, which promote tumor invasiveness,
intermediate expression levels induce stronger adherence and a
typical in vivo invasion as a bulk tumor along the corpus
callosum. In our study, DN_IRE1 glioma cells presented some
characteristics that could correspond to an intermediate level of
SPARC expression. Indeed, DN_IRE1 expressing cells present
elevated migration capacity, weak invasion ability and a
migration profile more collective than that of EV expressing
cells (Figs 1, 2; supplementary material Fig. S1).

SPARC downstream signaling regulating glioma migration
was shown to involve HSP27 and p38MAPK (Golembieski et al.,
2008) as well as the uPA—uPAR system (Kunigal et al., 2006),
the TGF-beta (Francki et al., 2004) and integrins (Barker et al.,
2005) signaling pathways or the SHC-RAF-ERK pathway
(Thomas et al., 2010). As our initial phenotypic observations
correlated with increased stress fiber formation and RhoA
activity, we focused on this signaling pathway as a read out of
SPARC secretion and activity. Our data suggest that secretion of
SPARC and extracellular matrix proteins (collagen, fibronectin)
may influence the local environment, resulting in enhanced
glioma cell migration (supplementary material Table S1).
Interestingly, we found that SPARC addition to the media (0.1
and 1 pg/ml, 24 h) was not sufficient to reproduce the DN_IRE1
effect on U87 cell migration or focal adhesion increase (not
shown). However, we also found that SPARC blocking
antibodies were sufficient to suppress the increase in DN_IRE1
expressing U87 cells migration capacity (Fig. 8C). With regard to
these results, we might propose that SPARC overexpression is
necessary but not sufficient to explain DN_IRE1 cells migration
capacity. For instance, SPARC has been shown to enhance
fibronectin-induced stress fiber formation and fibronectin matrix
assembly (Barker et al., 2005). In our model, both fibronectin
expression and SPARC levels were increased (supplementary
material Table S1; Fig. 7A; supplementary material Fig. S3B),
thereby suggesting a synergistic effect. We propose a model in
which SPARC impacts on the cell interaction with its ECM and
induces a range of signaling pathways to promote a general
induction of stress fiber formation and increase in cell migration
(Fig. 9).

Our data provide the first molecular connection between IRE1o
signaling in the ER and tumor phenotypes. In Fig. 9, we propose a
model that recapitulates our data in which impairing IREla
signaling in glioma cells relieves the post-transcriptional
repression of Sparc mRNA. This in turn leads to the modulation
of cell migration properties through RhoA-dependent mechanisms.
This model could be disease-relevant since /RE o has been found
mutated in a panel of human gliomas (Greenman et al., 2007,
Parsons et al., 2008). Interestingly, two of these mutations, more
precisely the Q780 (a stop mutant) and the S769F were recently
found to result in the abrogation of IREla endoribonuclease
activity (Xue et al., 2011). Hence, we propose that IREla activity
may be modulated in these mutated human cancers, and therefore
may contribute to tumor progression through, for instance, SPARC
dependent processes.

Materials and Methods

Cell culture and treatments

U87 cells were grown in DMEM glutamax (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FBS and antibiotics. U87 were stably transfected with
pcDNA3/IREI-NCKI1, an expression vector encoding a cytoplasmic-defective
IREla mutant). U87 cells were selected using 450 pg/ml G418 and several
isolated clones were tested: TIPS (referred as EV in the text) and T2P4 as empty
vector and 1C5 (referred as DN_IREI in the text), 2A4 and 2D4 as IRE1 dominant
negative expressing cell lines. For microarray experiments, tunicamycin
(purchased from Calbiochem; Merck KGaA, Darmstadt, Germany) was used at
1 pg/ml for 16 h, hypoxic conditions were done at 1% in a Heraeus incubator BB-
6060, glucose deprivation was performed by using DMEM F405 medium
supplemented with 1% FBS and glutamine deprivation was done by using
DMEM F405 medium supplemented with 1% FBS and glucose. RhoA inhibitor Y-
27632 and DTT were purchased from Sigma (St Louis, MO, USA).

Western blotting

Antibodies against P-FAK and fibronectin were purchased from BD Transduction
Laboratory (Oxford, UK), alpha-tubulin from Sigma (St Louis, MO, USA), RhoA
from Santa Cruz Biotechnology (Santa Cruz, CA) and SPARC from Cell Signaling
Technology (Danvers, MA). Anti-CNX antibodies were kindly given by John
Bergeron (McGill University, Montreal, QC, Canada). SPARC extraction from cell
culture media was performed by adding 75 pl of rehydrated Heparin Sepharose
CL-6B (GE Healthcare, USA) to 5 ml of cell culture media containing 1% FBS.
The solution was then incubated with agitation at 4°C for 4 h. The gel was then
recovered by centrifugation and mixed with Laemmli sample buffer before western
blotting.

Small Interfering RNA

Small interfering (si) RNAs were chemically synthesized (MWG) and transfected into
U87 cells and derivatives (50 nmol) using Lipofectamine ™ RNAIMAX (Invitrogen,
Carlsbad, CA, USA) for 72 hrs according to the protocol of the manufacturer. Small
interfering RNAs were designed against RhoA mRNA (5'-AAGAAGTCAA-
GCATTTCTGTC-3" or purchased from Applied Biosystems, Ambion, Carlsbad,
CA, USA), against SPARC mRNA (5'-GAAGAUCCAUGAGAAUGAG-3'; 5'-
ACACACAUUGCAGCUUCAA-3";  5'-ACAAGACCUUCGACUCUUC-3') or
IRE1 mRNA (5'-GCGUCUUUUACUACGUAAU-3") or purchased (for IREl)
from Dharmacon (Lafayette, CO, USA). As a control we used the GL2 siRNA
sequence (5'-CGUACGCGGAAUACUUCGATT-3") designed to target the firefly
luciferase.

RhoA activity assay

RhoGTPase protein activity assay was performed by using the G-LISA™ RhoA
Activation Assay Biochem Kit™ (Cytoskeleton Inc., CO, USA) according to the
manufacturer’s instructions.

Attachment assays

Plates (96-well) were coated with a filtered solution of 400 pg/ml collagen in PBS
(Sigma, St Louis, MO, USA) or with Matrigel as previously described (Kunigal
et al., 2006; Rempel et al., 2001). Rat tail collagen I was purchased from BD
Bioscience and was coated on culture plates as recommended by the manufacturer.
EV and DN_IREI cells (25,000 cells) were plated for time points 0, 15 and 30 min
and 1, 2 and 4 hours. Medium and unattached cells were aspirated. Wells were
washed with PBS and attached cells were fixed in 3% paraformaldehyde for
30 min, rinsed with PBS three times, and stained with Sulforhodamine B (SRB
assay kit, Sigma, St Louis, MO, USA). Data were quantified by spectrophotometry
at 492 nm. At time 0, no cell was attached to the substratum.

Immunofluorescence analyses

Cells grown on 12-mm coverslip (Rempel et al., 2001) were treated as indicated,
washed with PBS, fixed with 4% paraformaldehyde for 15 min at room
temperature, and then blocked with 5% BSA, PBS, 0.1% Triton X-100 for 1 h.
Filamentous actin was visualized using phalloidin—FITC as previously described
(Liu et al., 1999). Cortactin, paxillin, vinculin, cells were visualized as previously
described (Moreau et al., 2003). Cells were incubated with primary antibodies for
16 h at 4°C, washed with PBS, and incubated for 1 h with FITC/TRITC conjugated
secondary antibodies (Invitrogen, Carlsbad, CA, USA). To visualize the nucleus,
cells were counterstained with 1 pg/mL 4,6-diamidino-2-phenylindole (DAPI,
Sigma, St Louis, MO, USA). After mounting, cells were analyzed with a SP5
confocal microscope (Leica Microsystems, Mannheim, Germany).

Focal adhesion quantification

Quantification of focal adhesion was adapted from the method of Juin and
colleagues (Juin et al., 2012). Confocal images of isolated cells were obtained
using a SP5 confocal microscope (Leica Microsystems, Mannheim, Germany) by
using a 63x/NA 1.4 Plan Neo-Fluar objective. Cell surface area was measured
upon phalloidin staining, and vinculin staining was used as a focal adhesion
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marker. We developed a macro with ImageJ software that allowed measurement of
all required parameters of focal adhesions: number/cells and cell size (using the
Feret diameter, the longest distance between any two points). At least 2000 focal
adhesions were counted for each condition in three independent experiments and in
a total of 180 to 280 cells. The results were expressed as the mean of the three
experiments.

Migration and invasion assays

Cells were tested for migration and invasion abilities in vitro using 8 pm pores
Transwell inserts (BD BioCoat™). The upper side of the Transwell inserts with
8 mm pores was either uncoated (migration) or coated (invasion) with Matrigel.
U87 cells were added to the upper chamber at 25,000 cells per well in serum free
medium. The lower portion of the chamber contained 1% serum as chemo
attractant. After incubation for 16 h, the cells at the upper side were removed with
a cotton swab. Filters were fixed with paraformaldehyde 3% for 30 min, and then
the cells at the lower side were stained with Crystal Violet 0.1%. The level of
migration and invasion was determined by counting cells in five randomly areas
under a light microscope.

Neurospheres

Neurosphere formation experiments were performed by incubating 2000 cells by
well in a 96-well plate previously coated with 50 pl of 1.5% agar gel. For
neurosphere dissociation/migration, neurospheres of the same size (obtained by
incubating 3000 and 6000 of EV and DN_IRE!1 expressing cells, respectively)
were put on a 22-mm coverslip and incubated for 48 h. Then, neurosphere were
fixed with 4% paraformaldehyde for 20 min at room temperature. Cell actin
(phalloidin-546) and nucleus (Hoechst) were stained and visualized as described in
the Immunofluorescence analyses section with some modifications: after blockage,
neurosphere cells were incubated 1 h with Hoechst and phalloidin-546. After
mounting, cells were analyzed using a Zeiss epifluorescence microscope.

RNA cleavage assay

Total RNA (10 pg) from U87 was incubated with the cytoplasmic domain of
human GST-IRElo (5 pg) at 37°C for the indicated times in a 5x buffer
containing 250 mM Tris pH 7.5, 600 mM NaCl, 5 mM MgCl,, 5 mM MnCl,,
25 mM B-mercaptoethanol, supplemented with or without 10 mM ATP. As
control, we used GST-IRE 1o denatured by heating 10 min at 100°C. RT-PCR was
performed using SPARC primers and GAPDH as internal control. IREla cleaved
or uncleaved RNAs were used as a template for reverse transcription and PCR was
then performed using SPARC primers. Secondary structure of Sparc mRNA was
predicted using M-FOLD (http://mobyle.pasteur.fr/cgi-bin/portal.py?form=
mfold).

Microarray experiments and analyses

Microarray assay and preprocessing analysis were performed in the microarray
core facility of the Research Institute for Biotherapy at Montpellier using the
standard Affymetrix protocol. Total RNA was extracted using Trizol (Invitrogen).
RNA integrity was verified on an Agilent 2100 Bioanalyzer. For each of the
samples, total RNA was reverse transcribed into ¢cDNA, followed by in vitro
transcription and biotin labeling to generate cRNA (Enzo Biochem, Farmingdale,
NY, USA). The fragmented, biotin-labeled cRNA was hybridized to Human
Genome U133 2.0 oligonucleotide arrays (Affymetrix, Santa Clara, CA, USA)
containing approximately 22,000 probes. Microarrays were stained with
streptavidin antibody and streptavidin—phycoerythrin in an Affymetrix Fluidics
station. Arrays were scanned using a 3000 7G scanner. Row data were analyzed
and principal components analysis (PCA) was carried out to highlight potential
expression profiles within and across cell lines using R software version 2.8.0
(Gentleman et al., 2004). Spots for which the gene expression values were too low
or not statistically significant were removed (6078 probesets were selected).
Principal Component Analysis (PCA) builds a new coordinate system, which
maximizes the variance in the data. The Principal Components (PCs) are linear
combinations of the original variables X1, X2, ..., Xz, chosen in such a way that
PCA dimension 1 describes the largest fraction of variation in the data, and
subsequent PCs describe maximal portions of the remaining variation. An essential
requirement is that all PCs should be orthogonal to each other. Thus, only the first
few PCs need to be considered to get a good overview of the data. In our datasets,
the variables X1, X2, ..., Xz represent our different cell conditions. The data of n
objects (gene expression), each measured at m treatments or cell lines, can be
written as an n by m matrix X. Before mapping the data, the samples in X were
centered by subtracting their means and a biplot was then constructed. The Kyoto
encyclopedia of Genes and Genomes (KEGG), a compendium of genes annotated
and organized by signaling pathway was used for annotations (Ogata et al., 1998).

Semi-quantitative PCR and quantitative real-time PCR

Total RNA was prepared using the Trizol reagent (Invitrogen, Carlsbad, CA,
USA). Semi-quantitative analyses were carried out as previously described
(Nguyén et al., 2004). PCR products were separated on 1% agarose gels. For

real-time quantitative PCR, RNA was reverse transcribed with Superscript IT
(Promega, Charbonniéres-les-Bains, France). All PCR reactions were performed
with a Stratagene X4000 thermocycler (Stratagene, Amsterdam, The Netherlands)
and the SYBR Green PCR Core reagents kit (Bio-Rad, Marnes-La-Coquette,
France). Experiments were performed in triplicates for each data point. Each sample
was normalized on the basis of its expression of the RLPO or B2M genes (2AAC).
For amplification, the following pairs were used: SPARC 278-479: 5'-GTGC-
AGAGGAAACCGAA-3" (FWD) and 5'-AAGTGGCAGGAAGAGTCGAA-3'
(REV). SPARC 1499-1709: 5'-GGTTCAAACTTTTGGGAGCA-3" (FWD) and
5'-CCGATTCACCAACTCCAC-3" (REV). GAPDH: 5'-ACCACCATGGAG-
AAGGCTGG-3" (FWD) and 5'-CTCAGTGTAGCCCAGGATGC-3" (REV).
RPLO: 5'-GGCGACCTGGAAGTCCAACT-3' (FWD) and 5'-CCATCAGCA-
CCACAGCCTTC-3" (REV). IREla: 5'-GCCACCCTGCAAGAGTATGT-3'
(FWD) and 5'-ATGTTGAGGGAGTGGAGGTG-3' (REV). B2M: 5'-GTGCT-
GTCTCCATGTTTGATGTATC-3' (FWD) and 5'-CTAAGTTGCCAGCCCT-
CCTAGA-3" (REV), XBP1: 5'-GGAACAGCAAGTGGTAGA-3' (FWD) and 5'-
CTGGAGGGGTGACAAC-3' (REV).

Assay for cell growth (SRB)

The SRB assay was performed as previously described (Vichai and Kirtikara,
2006). Briefly, cells were seeded into 96-well plates in 100 pl at a density of 5000
cells/well. After cell inoculation, the plates were incubated at 37°C for 24, to 96 h.
Cell were then fixed in situ with trichloroacetic acid and stained with
sulforhodamine B (Sigma, St Louis, MO, USA). Absorbance was measured at
510 nm.

Statistical analyses

Data are presented as means * s.d. or s.e.m. of at least three experiments.
Statistical significance (P<<0.05 or less) was determined using a paired or unpaired
t-test or ANOVA as appropriate and performed with GraphPad Prism software
(GraphPad Software, San Diego, CA, USA).
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Abstract

Growing evidence supports a role for the unfolded protein response (UPR) in carcimogenesis; however, the

precise molecular mechanisms underlyving this phenomsenon remain elusive. Herein, we identified the circadian
chieck PERT mBNA as o movel substrate of the endoribonudease setivity of the UPR sensor IRE Les Analysis of the
maschanizm shows that IRE 1ot enderibonudesse activity decreased PERD mBNA in tumor cells withowt affecting
PER] gene transcription. Inhibition of [RE1ce signaling using either siRNA-mediated silencing or a dominant-
negaltive drategy prevended PERT mBNA decay, reduced tumorigenesis. and increased survival, features that were
reversed upon PER! sllencing. Clinically, patients showing reduced survival have lower levels of PERI mRNA
expression and increased splicing of X8PI, a known [TRE-ix substrate, thereby pointing toward an increased
IRE lex activity in these patients. Hence, we describe a novel mechanism connecting the UPR and circadian
check components in tumor cells, thereby highlighting the importance of this interplay in tumor development,
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Introduction

The tumor micreenvironment, and in particular, hypoxia
armd nutrdent limitation, can lesd o Inerlurllaiinn.ﬁ of endo-
plasmic reticulum functions, thereby resulting in the acti-
vation of an adaptive response mamed the unfolded protein
response (UPR; refs. 1, 2). The UPR primarily provides tumor
cills with the ability to cope with stress and 1o adapl for
survival. In addition to its role in cellular adaptation, the
UPR, and in particular TRElx sigmaling, have been proposed
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to play significant roles during tumor development. This
was supported by the identification of somatic mutations
in the IREQ gene (3) or the dysregulation of endoplasmic
reticulum stress targets in various cancers (4-6)L Moreover,
the BMAse activity of IRElx and the XBPI transcription
factor, whose mENA is spliced by the combined action of
IREle RNAse activity and o yet unknown ligase, have also
been found to be necessary for tumor formation and growth
in multiple myeloma, gliohl astoma, and transformed embry-
onic fibroblast {7 -9). Although our dita have pointed toward
a role for IRE1o signaling in tumor biology, IRE lo-depen-
dent signaling pathways involved in such process still
remmain unclear,

In the present study, using glioblastoma as @ model, we
show that IREle endoribonuclease unexpectedly deaves
the mANA encoded by the core circadian dock gene, PERI.
therehy lesding to its degradation. As PER] is not a secre-
tory protein but rather localizes to the evtosol/nucleus, this
cowld therefore contribute to the regulation of a central
signalimg pathway and to an endoplasmic reticulum -depen-
dent contral of tumor growth, Collectively, we define a
novel interplay between IRE1G and PERT regulating tumsor
growth and angiogenesiz, an observation consistent with
the emerging role of PER! in cancer (10, 11). Moreover, the
snalysis of clinical sumples reveaked thai low FERD mRNA
expression and high YBP! mRNA splicing correlated with
poorer prognoses. These results identify IREla as a master
regulator of cellular homeo stisis in tumors, and provide the
rationale for the development of IREla-targeted therapies
in cancer cells.
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Abstract

Growing evidence supports a role for the unfolded protein response (UPR) in carcinogenesis; however, the

precise molecular mechanisms underlying this phenomenon remain elusive. Herein, we identified the circadian
clock PERI mRNA as a novel substrate of the endoribonuclease activity of the UPR sensor IRE10.. Analysis of the
mechanism shows that IRE1o. endoribonuclease activity decreased PERI mRNA in tumor cells without affecting

PER1 gene transcription. Inhibition of IRE1a. signaling using either siRNA-mediated silencing or a dominant-

negative strategy prevented PERI mRNA decay, reduced tumorigenesis, and increased survival, features that were

reversed upon PERI silencing. Clinically, patients showing reduced survival have lower levels of PERI mRNA

expression and increased splicing of XBPI, a known IRE-0. substrate, thereby pointing toward an increased

IRElo activity in these patients. Hence, we describe a novel mechanism connecting the UPR and circadian

clock components in tumor cells, thereby highlighting the importance of this interplay in tumor development.

Cancer Res; 73(15); 4732-43. ©2013 AACR.

Introduction

The tumor microenvironment, and in particular, hypoxia
and nutrient limitation, can lead to perturbations of endo-
plasmic reticulum functions, thereby resulting in the acti-
vation of an adaptive response named the unfolded protein
response (UPR; refs. 1, 2). The UPR primarily provides tumor
cells with the ability to cope with stress and to adapt for
survival. In addition to its role in cellular adaptation, the
UPR, and in particular IRE1ca signaling, have been proposed
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to play significant roles during tumor development. This
was supported by the identification of somatic mutations
in the IREI gene (3) or the dysregulation of endoplasmic
reticulum stress targets in various cancers (4-6). Moreover,
the RNAse activity of IRElo. and the XBP1 transcription
factor, whose mRNA is spliced by the combined action of
IRE1lo. RNAse activity and a yet unknown ligase, have also
been found to be necessary for tumor formation and growth
in multiple myeloma, glioblastoma, and transformed embry-
onic fibroblast (7-9). Although our data have pointed toward
a role for IREla signaling in tumor biology, IRE1a-depen-
dent signaling pathways involved in such process still
remain unclear.

In the present study, using glioblastoma as a model, we
show that IRElo endoribonuclease unexpectedly cleaves
the mRNA encoded by the core circadian clock gene, PERI,
thereby leading to its degradation. As PERI is not a secre-
tory protein but rather localizes to the cytosol/nucleus, this
could therefore contribute to the regulation of a central
signaling pathway and to an endoplasmic reticulum-depen-
dent control of tumor growth. Collectively, we define a
novel interplay between IRElo. and PERI regulating tumor
growth and angiogenesis, an observation consistent with
the emerging role of PERI in cancer (10, 11). Moreover, the
analysis of clinical samples revealed that low PERI mRNA
expression and high XBPI mRNA splicing correlated with
poorer prognoses. These results identify IRE1o. as a master
regulator of cellular homeostasis in tumors, and provide the
rationale for the development of IRElo-targeted therapies
in cancer cells.
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Materials and Methods

Recombinant protein expression

IRElcyto cDNA (AA 470-977) was cloned from human liver
cDNAs using the Gateway technology (Invitrogen Corp.) into
either pGEX-2TK or pDEST17. IRElcyto cDNA devoid of ATG,
was amplified by PCR using the Platinum Taq DNA Polymerase
High Fidelity (Invitrogen Corp.) and the following amplifica-
tion scheme: denaturation at 94°C for at 40 seconds, annealing
at 60°C for 40 seconds, elongation at 68°C for 2 minutes, 35
cycles. The PCR products were precipitated using PEG8000 and
recombined into pDONR201 using the Gateway BP clonase
(Invitrogen Corp.). The plasmids were then transformed into
competent DH50. cells and positive clones selected and
sequenced. Positive clones were recombined into destination
vectors using LR clonase (Invitrogen Corp.). Five individual
colonies were selected and pooled and plasmid DNA was
amplified and subsequently transformed into competent BL21
bacterial cells. Recombinant protein expression in BL21 cells
was induced using 1 mmol/L IPTG for 3 hours. Bacteria were
then collected by centrifugation, lysed, and recombinant pro-
teins purified as recommended by the manufacturer (Gibco
BRL). The resulting purified proteins were concentrated and
dialyzed using Amicon ultra centrifugal filters (cutoff = 20,000
Da; Millipore Corp.), followed by functional testing as previ-
ously described (12, 13).

Animal experiments, intracranial injections, tumor size,
and blood capillary measurements

The protocol used was as previously described (14, 15) and
was approved by the local animal committee. Cell implanta-
tions (2 x 10° cells) in Nude mice were at 2 mm lateral to the
bregma and 3 mm in depth using empty vector and IRE1_DN
cells stably expressing pGIPZ-GFP-shPerl or pGIPZ-GFP
alone. Twenty-eight days postinjection, brain sections were
observed for GFP fluorescence and stained using hematox-
ylin and eosin for visualization of tumor masses. Tumor
volume was then estimated by measuring the length (L)
and width (W) of each tumor and was calculated using
the following formula (L x W? x 0.5). CD31-positive vessels
and Ki-67-positive cells were numerated after immunohis-
tologic staining using rat antibodies against CD31 (Phar-
Mingen), mouse antibody against Ki-67 (Clone MIB1, Dako),
and secondary antibodies coupled to HRP (Dako). Imaging
was carried out using a Nikon E600 microscope equipped
with a digital camera DMX1200.

Microarray analysis

Microarray assay and preprocessing analysis were con-
ducted in the microarray core facility of the Research
Institute for Biotherapy at Montpellier using the standard
Affymetrix protocol. Total RNA was extracted using TRIzol
reagent (Invitrogen). RNA integrity was verified on an Agi-
lent 2100 Bioanalyzer. For each of the samples, total RNA
was reverse transcribed into cDNA, followed by in vitro
transcription and biotin labeling to generate cRNA (Enzo
Biochem). The fragmented, biotin-labeled cRNA was hybrid-
ized to the Human Genome U133 2.0 oligonucleotide arrays
(Affymetrix) containing approximately 22,000 probes. Micro-

arrays were stained with streptavidin antibodies and strep-
tavidin-phycoerythrin in an Affymetrix Fluidics station.
Arrays were scanned using a 3000 7G scanner. Raw data
were processed into R/Bioconductor by using the Limma
package (16). To determine genes whose expression
increased when IREla is inactivated, probe set intensities
were obtained by means of Gene Chip Robust Multiarray
Averaging and were selected by using a corrected P value
threshold of 0.05 and fold change threshold of [log2(fc)| >2.5
as previously described in ref. 15. The regulated genes are
listed in Supplementary Table S1. Data are accessible on the
NCBI Geo portal with the reference number GSE27306.

RNA isolation, reverse transcription PCR, and
quantitative PCR analyses

Total RNA was prepared using the TRIzol reagent (Invitro-
gen Corp.). Semiquantitative analyses were carried out as
previously described (17). The primers used were designed
using Primer depot software (18) and are listed in Supplemen-
tary Table S4. The PCR products were resolved on 1% to 3%
agarose gels. For real-time quantitative PCR (qQPCR), RNA was
reverse transcribed with Superscript II (Promega). All PCR
reactions were carried out with a Stratagene %4000 thermo-
cycler (Stratagene) and the SYBR Green PCR Core Reagents Kit
(Bio-Rad). Experiments were conducted in triplicate for each
data point. Each sample was normalized toward the expression
of the Rplp0 gene.

RNA cleavage assay

Total RNA (10 pg) from U87 or HepG2 was incubated with
the cytoplasmic domain of human GST-IREla (5 pg) at 37°C
for the indicated amounts of time in a buffer containing 250
mmol/L Tris pH 7.5, 600 mmol/L NaCl, 5 mmol/L MgCI2, 5
mmol/L MnCl2, 25 mmol/L -mercaptoethanol, supplemen-
ted with or without 10 mmol/L ATP as previously described
(12). As control, we used heat-denatured GST-IRE1c. Reverse
transcriptase (RT)-PCR was then conducted using Per! pri-
mers and Gapdh as internal control. The pcDNA3.1-hPerl
expression vector was linearized by using Sspl and used as
a template for in vitro transcription by using T7 polymerase
(Promega) in the presence of ANTP and 32PadUTP. In vitro
transcribed radiolabeled RNA was incubated in kinase buffer
(50 mmol/L Tris-HCI, pH 7.5, 150 mmol/L NaCl, 1 mmol/L
MgCl2, 1 mmol/L MnCl2, 5 mmol/L 2-mercaptoethanol, and 2
mmol/L ATP) with the cytoplasmic domain of human GST-
IREla at 37°C for increasing amounts of time. Fragments
resulting from the enzymatic reaction were resolved by Tris
Borate EDTA-Urea electrophoresis and visualized by radioau-
tography on X-ray films. Secondary structure of Per/ mRNA
was predicted using M-FOLD (19). For actinomycin D pulse-
chase experiments, actinomycin D was applied to 50% con-
fluent empty vector or IRE1_DN cells at a final concentration
of 5 pg/mL for the indicated amounts of time. Total RNA was
then extracted and reverse transcribed before qPCR analy-
sis using the following primers targeting Perl: forward 5'-
cteagtggetgtetecttee and reverse 5'-gagccaggagetcagagaag
(fragment 898-1016) or forward 5'- ggatgtgcatctggtgaage and
reverse 5'- ccttgaacgtgectgtagea (fragment 1891-1991).
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Lentiviral transduction and PER1 knockdown by shRNA

For Perl knockdown experiments, we used the pGIPZ-GFP-
lentiviral vectors expressing Perl short-hairpin RNA (shRNA)
as previously described (Open Biosystems). Lentivirus-con-
taining supernatant was collected 48 hours after transfection
in LTA-HEK293T cells, 0.2 um filtered, and snap frozen at
—80°C. U87 cells were infected with lentivirus at low multi-
plicity according to the manufacturer's instructions. Cells were
selected in puromycin (2.5 pg/mL) and polyclonal populations
were expanded and analyzed.

Luciferase reporter gene assay

The human Perl promoter luciferase reporter gene con-
struct was kindly provided by U. Albrecht (Freiburg, Switzer-
land). The hPerl-Luc plasmid was generated as previously
described (20). Following transfection, cells were incubated for
24 hours and stimulated or not with drugs for an additional 16
hours. Luciferase activity was measured using the dual lucif-
erase kit (Promega) according the manufacturer's instructions.
Light emission was measured in a luminometer (Lumistar).

RNA interference

siRNA were designed using Greg Hannon's webtool and
listed in Supplementary Table S5. Cells were transfected by
using the siRNAi Max Lipofectamine reagent (Invitrogen
Corp.). Following incubation for 48 to 72 hours, total RNA
was extracted and used for semi-quantitative RT-PCR.

Colony formation assay

Cells were plated at density of 104 per well in 12-well plates
and cell proliferation rate was measured by cell counting
(Beckman Coulter). For colony formation, 2,500 cells were
seeded in 6-well plates. Twenty-four hours later, fresh medium
was added and the cells were allowed to form colonies. After 2
weeks, the colonies were stained with 0.1% crystal violet and
counted. The experiments were carried out at least twice in
triplicate.

Antibody-based analyses

Total protein extracts and immunoblotting were conduct-
ed as previously described (14). Antibodies against PERI and
tubulin were purchased from Cogenics and Santa Cruz Bio-
technology. Proteins were detected using secondary anti-
bodies coupled to HRP (Dako) and immunoblots revealed
using enhanced chemiluminescence and radioautography.
For immunohistochemistry, analyses were carried out as
previously described (15) using an antibody that was raised
against the protein translated from Xbpls mRNA (21).

Cell culture, transfections, and treatments

HepG2 and U87 cells were grown in Dulbecco's Modified
Eagle Medium, supplemented with 10% FBS, L-glutamine, and
antibiotics. U87 and HepG2 cells were stably transfected with
pcDNA3/IRE1-NCK-1, an expression vector encoding a cyto-
plasmic-defective IRE1o. mutant (17). U87 cells were transient-
ly transfected with pED-IRE1 WT or mutant K599A (22)
expression vectors. Transfections were conducted using Lipo-
fectamine (Invitrogen Corp.) according to the manufacturer's

recommendations. Actinomycin D were purchased from Sigma
and used as indicated.

Statistical analyses

Data are presented as means I SD. Statistical significance
(P < 0.05 or lower) was determined using the Student ¢ test 2-
tailed distribution, assuming equal variance for the samples
(GraphPad Prism). For in vivo studies, Kaplan—Meier curves
and log-rank analysis were conducted using GraphPad 5.0.

Human samples

A total of 29 human glioblastoma samples were collected
from The Bordeaux Tumor Bank and 31 + 20 samples from the
Mayo Clinic. Twelve samples from normal or peritumoral brain
tissues were also collected. Samples were collected according
to the recommendations of the local ethics committees and
informed consent was systematically obtained.

Results

IRElx loss-of-function results in PER1 mRNA
posttranscriptional upregulation

Using global expression profiles of U87 cells stably trans-
fected with an empty vector or a well-established dominant-
negative (DN)-IREla vector (IRE1_DN; ref. 17), we identified
PERI mRNA as a potential target of IRE1o signaling (Supple-
mentary Table S1). PERI mRNA expression was increased in
both IRE1_DN cells and IRElo-silenced cells, whereas XBP1
silencing had no effect (Fig. 1A). This indicates that PERI
mRNA expression regulation is dependent on IRE1a activity
but not on XBP1. Similar results were obtained in additional
empty vector or IRE1_DN (Supplementary Fig. S1A) HepG2
stable transfected cells (Supplementary Fig. S1B), thus ruling
out any clonal or cell line-specific effects. Changes were
specific of PERI, as PER2 mRNA levels were not altered in
these conditions (Fig. 1A). To further investigate the relation-
ship between IRElo. activity and PERI mRNA expression,
parental U87 cells were transiently transfected with increasing
amounts of IRE1I0WT or kinase dead mutant IRE10tK599A (22,
23). PERI mRNA expression was reduced in cells overexpres-
sing IRE1I00WT in a dose-dependent manner (Fig. 1B; compare
lanes 2 and 3 to lane 1). In contrast, PERI mRNA accumulated
in cells overexpressing IRE10K599A (Fig. 1B; compare lanes 4
and 5 to lane 1). The impact of IRElc. activity inhibition on
PERI mRNA was also concomitant with an increase in PER1
protein levels in IRE1_DN cells (Fig. 1C).

PERI mRNA expression was previously found to be under
the control of UPR-regulated transcription factor ATF6 (24). To
determine whether the observed IRE10-dependent regulation
of PERI mRNA occurred at the transcriptional level, empty
vector and IRE1_DN cells were transfected with a PERI pro-
moter reporter construct containing the —1,500 bp upstream
of the transcriptional start site. These experiments were car-
ried out under control conditions (CTL) or upon overexpres-
sion of spliced XBP1 (XBP1) or the circadian clock regulator
BMALLI that is known to control PERI expression (as a positive
control). PERI promoter activity remained unchanged in
IRE1_DN or IRElo-silenced cells, whereas it doubled in
BMALI-overexpressing cells and remained unchanged in cells
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Figure 1. Impaired IRE1a activity leads the upregulation of PERT mRNA. A, expression of PER1 and PER2 mRNA was measured by PCR in control (EV) and
IRE1_DN U87 cells as well as U87 cells subjected to IRE1a silencing, XBP1 silencing, or luciferase silencing as control (GL2) by siRNA for 72 hours
(insets). PER1 and PER2 mRNA levels were normalized to RPLPO levels (t test; *, P < 0.05; **, P <0.001). B, U87 cells were transiently transfected with
increasing concentrations of plasmids encoding for WT-IRE10o. or DN K599A IRE1 a, followed by mRNA extraction. The expression of PER1 and Gapdh was
assessed by RT-PCR. C, PER1 and tubulin protein levels in empty vector and IRE1_DN cells.

overexpressing XBP1s (Fig. 2B). These results indicate that the
increase in PERI mRNA in the absence of functional IRE1ot may
occur posttranscriptionally and independently of XBP1s. We
then tested whether PERI mRNA expression increase in
IRE1_DN cells was associated with an increase in PERI mRNA
half-life. This was assessed using an actinomycin D pulse-chase
experiment followed by qRT-PCR (Fig. 2C). Under these con-
ditions, PERI mRNA half-life was significantly prolonged going
from 2.3 hours in empty vector cells to 3.5 hours in IRE1_DN
cells. Together, these data identify PERI mRNA as an IRElc-
regulated target in cancer cells and provide a novel role for
IREla activity on PERI mRNA stability.

PER1 mRNA is cleaved by IRE1x

Next, as IRE1ot was shown to control mRNA levels through
direct cleavage (25), we examine whether PER] mRNA was a
direct target of IRE1ot endoribonuclease activity. We studied
the effects of IRE1ct activity on PERI mRNA regulation through
internal cleavage sites. PERI mRNA potential cleavage frag-
ments amounts were measured upon siRNA-mediated silenc-
ing of the ribonucleases XRN1/2 and SKI2, which respectively
contribute to RNA degradation 5'-3' and 3'-5', as previously
described (26). We confirmed that treatment with XRN1/2 or
SKI2 siRNAs specifically reduced the expression of target
mRNAs without affecting the expression of endogenous Irela
mRNA (Supplementary Fig. S2). Treatment with XRN1/2 or
SKI2 siRNA did not affect PER1 mRNA sequences correspond-
ing to 5’ (exons 4-8) and 3’ (exon 23) mRNA ends in IRE1_DN
cells (Fig. 2D), showing that no PERI mRNA cleavage fragments
were present in these cells. In empty vector cells, SKI2 knock-
down led to the accumulation of the 5" PERI mRNA sequence

corresponding to the exons 4 to 8, and thus located upstream of
potential IRElc cleavage sites. In contrast, the fragment
located downstream of these sites (exon 23) did not accumu-
late when compared with control irrelevant siRNA (GL2; Fig.
2D). Conversely, treatment with siRNA targeting the 5’ to 3’
exonucleases XRN1/2 only led to the increase of the fragment,
downstream of this site (exon 23; Fig. 2D).

Sequence analysis revealed that five IRE1¢: consensus cleav-
age sites were present on human PERI mRNA (Fig. 3A).
Moreover, these cleavage sites were associated with P-loops
structures, thereby creating potential cleavage sites for IRE1o.
endoribonuclease (Supplementary Fig. S3A). We then tested
whether IRE1a could directly cleave PERI mRNA. Total RNA
from U87 cells was subjected to an in vitro IRElai-mediated
cleavage assay (12). This reaction was followed by RT-PCR to
monitor PERI mRNA levels (Fig. 3B). A strong decrease in
PERI mRNA level was observed when total RNA was incubated
with IRE1o and ATP, whereas mRNA levels of the housekeep-
ing genes ORPI50 or GAPDH were unchanged (Fig. 3B). A
positive control for IREloe endoribonuclease activity was
obtained using XBPI mRNA as a substrate (Supplementary
Fig. S3B). These results show that IRElo. cleaves PERI mRNA
in vitro. Then, to identify the cleavage products resulting
from PERI mRNA, in vitro transcribed and radiolabeled PERI
mRNA was subjected to IRE1o cleavage as described above.
These experiments showed a major radiolabeled fragment
of approximately 4 kb corresponding to the mRNA transcrib-
ed from the PERI cDNA. In addition, three bands correspond-
ing to entities of, respectively, 2.7, 1.7, and 1 kb were also
present in the original transcription reaction (Fig. 3C, lane 2).
All the radiolabeled material was RNA as shown by RNase
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Figure 2. IRE1a-mediated posttranscriptional control of PERT mRNA in cultured cells. A, PER1 (closed) and ATF6 (open) mRNA expression as determined by
quantitative RT-PCR in cells transfected with siRNA against luciferase (siGL2) and ATF6 (siATF6). Experiments were carried out in triplicate and the

mean + SD, statistical significance (Student t test) is indicated (*, P < 0.05; ***, P < 0.01). B, empty vector and IRE1_DN cells were cotransfected with
control plasmid (pCMV-rL) or PER1 promoter-dependent luciferase reporter and either an empty pCDNA3 vector, a pCDNA3-sXBP1 vector, or a
pCDNA3-BMAL1 vector. Cells were then lysed and lysates analyzed with the Dual-Luciferase Reporter Kit (Promega). Results were normalized against pCMV-
Renilla luciferase (t test, **P < 0.05). C, actinomycin D pulse-chase was carried out as described in Materials and Methods. Total MRNA was extracted
and quantitative RT-PCR experiments were conducted using PERT mRNA-specific primer pairs. The experiment was repeated 3 times and data are
presented as mean + SD. Statistical significance was determined using Student t test, *, P < 0.03. D, empty vector and IRE1_DN cells were transfected with
siRNA against XRN1/2 or SKI2. RNA was isolated after 48 hours and was used to amplify different regions of PER7T mRNA. Experiments were carried out in
triplicate and the mean + SD, statistical significance (Student t test) is indicated (*, P < 0.05; **, P < 0.01).

A-mediated degradation (Fig. 3C, lane 1). In the presence of
GST-IRElo-cyto, a band of approximately 2 kb (Fig. 3C, lanes
3-5) appeared across time and could correspond to the
product generated following IRElo-mediated cleavage at
nucleotide 1920 (Site 3, Supplementary Table S2), thus suggest-
ing that IRElo cleaves PERI mRNA at least at the cleavage
site #3. To determine whether IRE1xt can also cleave PERI
mRNA at others sites, the five putative sites were mutated
by insertion of a single mutation with the site CUGCAC where
G was replaced by A. Mutated cDNA were in vitro transcrib-
ed and subjected to IRE1-mediated cleavage as above. Site-
specific PCR amplification was then carried out for each
reaction (Fig. 3D). This revealed that out of the 5 potential
cleavage sites identified, only 3, namely 1920, 3197, and 3378
were cleaved by IREla. in vitro (Fig. 3D). Taken together, these
data are consistent with an IREla-dependent cleavage of
PERI mRNA.

IRE-dependent PER1 degradation modulates cancer cell
survival and tumor progression in vivo

To determine the biologic significance of PERI mRNA
cleavage by IRE1a on tumor cell growth, PERI mRNA expres-
sion was attenuated using lentiviral-mediated delivery of GFP-
shPER1 in empty vector and IRE1_DN cells (or GFP empty
vector as control). We first confirmed that pGIPZ-GFP-shPER1
viral particles effectively reduced PERI mRNA and protein

expression in U87 cells using RT-PCR and immunoblotting
(Fig. 4A and S4). Using these cells, the impact of PERI regu-
lation by IRE1ot anchorage-independent cell growth was inves-
tigated. After 2 weeks, the IRE1_DN cells showed a reduced
ability to form colonies compared with empty vector cells (Fig.
4B). We then investigated the effects of PERI silencing on
tumor growth using our previously described in vivo orthotopic
glioblastoma model (14). Fluorescence microscopy analysis of
the tumors revealed GFP expression in tumor cells, thereby
further confirming successful and stable lentiviral transduc-
tion in tumor cells up to 28 days postinjection (Fig. 4C).
This also revealed that low PERI1 expression in an IRElo
wild-type background neither impacted on tumor volume (Fig.
4C and D), tumor shape (Fig. 4C and D), nor on the number of
tumor proliferating cells (Fig. 3D). IRE1_DN cell-derived
tumors were smaller (P < 0.001) with extensive tumor cell
infiltration in surrounding parenchyma (Fig. 4D; P < 0.001).
Interestingly, at 28 days postinjection, the size of IRE1_DNsh-
PER1 cell-derived tumors was comparable with that of
IRE1_DN cell-derived tumors (Fig. 4D), however, with reduced
tumor cell infiltrates (Fig. 4D) and better-delimited perimeters
as compared with empty vector-derived tumors. This pheno-
type was accompanied by a marked restoration of proliferation
within the tumor (Fig. 4D). These results confirm a role of
IRE1q signaling in tumor growth in vivo and show the involve-
ment of the IRE1a,/PER] axis in this process. Moreover, tumor
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Figure 3. IRE1o-mediated posttranscriptional control of PERT mRNA in vitro. A, sequence alignment of XBP7 mRNA IRE1a-mediated cleavage sites with
similar regions in PERT mRNAs. B, in vitro RNA cleavage assay. Total RNA extracted from U87 cells was incubated with GST or GST-IRE1a-cyto

in the presence of ATP for 2 hours at 37°C. RT-PCR was then conducted to determine PER7, ORP150, and GAPDH mRNA levels. C, PER1 cDNA sequence
cloned into the pCDNA3 vector was used as template for in vitro transcription using the T7 Ribomax kit (Promega) in the presence of 32P-UTP. The
resulting radiolabeled riboprobe was then incubated or not with dephosphorylated GST-hIRE1cyto for the indicated periods of time or with RNase

A for 15 minutes at room temperature. The reaction products were resolved by PAGE and revealed by radioautography on X-ray films. The amount of
recombinant GST-IRE1cyto added to the reaction is shown in the bottom blot using immunoblot with anti-IRE1 antibodies. *, nonspecific bands;
Arrowheads, full and cleaved PERT mRNA products. D, PERT mRNA wild-type and mutated on each potential IRE1o cleavage sites were transcribed in vitro
and subjected to in vitro cleavage with GST-hIRE1cyto as in F. Reaction products were then subjected to RT-PCR with specific primers flanking each cleavage

site.

angiogenesis, which is abnormal in IRE1_DN-derived tumors
(14, 15), was investigated in PERI-silenced cells using CD31
immunostaining (Fig. 4C). High vascular density was appar-
ent in empty vector and EVShPERI cell-derived tumors (Fig.
4C). Tumor vascularization was partially restored in
IRE1_DNshPERI-derived tumors (Fig. 4C and D). These
results establish that the loss of cancer cell proliferation
and tumor vascularization due to impairment of IRElo
activity is in part mediated by increased PERI expression
and suggest a potential role for PER1 in tumor angiogenesis.
As the IRE10/PERI axis impacts on tumor growth capacity
and angiogenesis, we then measured the consequences of its
alteration on mouse survival following orthotopic injection
(Fig. 5A). IRElo signaling inhibition (IRE1_DN cell-derived
tumors) increased the survival of tumor-bearing mice com-
pared with those bearing empty vector cell-derived tumors.
This survival advantage was lost in PERI knocked-down
tumors (Fig. 5A), thereby reinforcing the existence of
functional interplay between IRElot and PERI underlying
IRE.

Next, we sought to define mediating IRE10./PERI axis, to this
end we identified the genes controlled by this axis and poten-
tially involved in the control of tumor growth/angiogenesis.
mRNA expression profiles in IRE1_DN and subjected or not to
known endoplasmic reticulum stress inducers such as glucose
or glutamine deprivation, hypoxia or Tun exposure were com-
pared with those obtained in empty vector cells. These exper-
imental conditions are also known to recapitulate microenvi-
ronmental stresses. We identified the top 50 genes up and
downregulated all conditions included (Fig. 6A). As PERI has
been defined as a transcriptional repressor, we focused our
attention on the genes downregulated in IRE1_DN cells, which
were found to be enriched in both cytokine-cytokine receptor
interaction and chemokine signaling pathways. To further
explore the IRE10t/PERI-dependent cytokine and chemokine
regulatory networks upon endoplasmic reticulum stress, vali-
dation of potential target genes was carried out using RT-qPCR.
The proangiogenic chemokine CXCL3 was the most significant
gene that showed restoration of its expression in IRE1_DNsh-
PERI cells upon glucose deprivation (Fig. 6B). We postulated
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Figure 4. Impact of PERT mRNA expression levels on IRE1_DN cell-derived tumors. A, the expression of PER1 was monitored using immunoblot analysis in
empty vector and IRE1_DN cells silenced or not for PER1 (shPER1). Quantification of 3 independent experiments is represented as the mean + SD.

B, empty vector (EV) and IRE1_DN cells and their shPER1 counterparts were seeded in 6-well plates at equal densities. Cells were allowed to form colonies for
12 days. The colonies were stained with crystal violet 0.1%. C, intracranial implantation of U87 cells expressing either the IRE1_DN or the empty vector
in the presence of pGIPZ-GFP-shPER1 or pGIPZ-GFP lentiviral vector was done in nude mice (n = 16). Imnmunohistochemical staining of tumor and
surrounding tissue was done using anti-CD31 antibodies (red). Scale bar, 100 um. D, quantification of implanted tumors' features. Intracerebral tumor volume
was determined. Four independent tumors were measured for each clone. Infiltrating spots were estimated by counting tumor field at x5 magnification for
each condition (t test, ns, nonsignificant; *, P < 0.05). The percentage of dividing cells (Ki-67 positive) in the 4 types of tumors was estimated by
counting 5 different fields at x40 magnification for each experiment. The mean Ki-67 intensity per condition is plotted with error bars representing SD.
Significant differences are indicated between each empty vector and IRE1_DN pairs, and between empty vector compared with IRE1_DN. Vascular
density was quantified by counting vessels from 5 randomly chosen fields per animal (n = 4 animals per conditions) and normalized to the tumor surface.
Significant differences are indicated between each empty vector and IRE1_DN pairs, and between empty vector compared with IRE1_DN (t test, NS,

nonsignificant; ***, P < 0.0005; **, P < 0.001; *, P < 0.05).

that this might be due to the coordinated regulation of CXCL3
expression by XBP1 that was already proposed by Gargalovic
and colleagues (27) and the downregulation of PER1, which in
this context would play a repressor role. As anticipated from
our model, U87 cells transiently silenced for XBP1 and/or
overexpressing PER1 and exposed or not to endoplasmic retic-
ulum stress induced by Glc deprivation showed an attenuation
of CXCL3 mRNA expression increase mediated by Glc depriva-
tion (Fig. 6C). This shows that XBP1s increase and PER1 down-
regulation both contribute to the regulation of CXCL3 mRNA
expression. Hence, integrated IRE1o signaling specifically con-
trols chemokine expression upon stress.

Low levels of PER1 gene correlates with poor survival in
patients

To investigate whether the IRE10./PERI axis was of clinical
relevance, human glioblastoma samples from 2 independent
sources (CHU Bordeaux and Mayo Clinic) were analyzed for
PERI mRNA expression by qPCR. This revealed that both
cohorts presented an expression of PERI mRNA lower in
tumors than that observed in normal or nontumoral tissues
(red/Bordeaux; black/Mayo, Fig. 5B). To evaluate the impact of
low PERI expression on prognosis, postsurgery survival of 60
patients with glioblastoma was followed (Fig. 5C). These
patients were classified into 2 groups in which PER] expression
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their shPER1 counterparts was reported in Kaplan—Meier survival curves. (EV vs. IRE1_DN, P < 0.001; IRE1_DN vs. IRE1_DNshPER1, P < 0.001;

EV vs. IRE1_DNshPERT, P = NS; log-rank test). B, qPCR analysis of PERT mRNA expression in 60 glioblastoma cancer samples and 12 normal brain
tissues. Bordeaux cohort is indicated in red, Mayo Clinic cohort in black. The results are expressed in arbitrary units as a ratio of PER7 transcripts to
Rplp0 transcripts. The P value is indicated. C, high (n = 31) and low (n = 29) PERT mRNA level correlates with patient survival. Values were plotted in
Kaplan—Meier survival curves. Statistical difference between the 2 groups is indicated. Statistical difference between the 2 groups in indicated P = 0.03;
log-rank test. D, Kaplan—Meier survival curves of patients displaying negative sXBP1 staining (6; XBP1—) or positive sSXBP1 staining (14; XBP1+). P = 0.004;

log-rank test.

was either lower or higher than average PERI mRNA. The low
PERI group contained 31 patients and the high PER1 group
contained 29 patients. Interestingly, high PERI expression
significantly correlated with increased survival with a median
of 599 days compared with 411 days in the low PERI group (P =
0.03; Fig. 5C). This result is in agreement with those obtained in
in vitro and in vivo tumor models showing that PERI differ-
entially affects patient outcome and strongly supports a spe-
cific role for the IRElo/PERI axis in the pathogenesis of
glioblastoma. To confirm that low PERI levels are associated
with high IRE1lo activity, we investigated whether the tumors
contained the translation product of Xbpls mRNA (XBPls
protein). To this end, paraffin-embedded specimens from 20
other glioblastoma samples (Supplementary Table S3) were
analyzed for the presence of XBP1s protein using immunohis-
tochemistry with a monoclonal antibody specific to XBP1s
(Supplementary Fig. S5 and Supplementary Table S3; 21).
XBP1s protein expression was then correlated with patient
survival. The data were represented as Kaplan-Meier plots
discriminating between 2 populations that exhibited either
a positive or a negative XBP1s staining (Fig. 5D). This showed
that the absence of/low XBP1s staining significantly correlated
with enhanced survival. Together with data obtained with
the expression of PERI mRNA, these results suggested that
IREloe signaling activation in glioblastoma correlated with
low patient survival. Finally, we tested the relevance of CXCL3
to glioblastoma outcome using the Rembrandt database
(28). High expression of CXCL3 mRNA seemed to correlate

with low patient survival (not shown). Interestingly and as
expected, in our cohort of human tumors, expression of
CXCL3 mRNA negatively correlated with that of PER1 mRNA
(Fig. 6D). This further reinforced the instrumental role of an
IRElo-dependent pathway in tumor aggressiveness. Taken
together, these data further support a specific and important
role for IREla signaling in human glioblastoma and show
that PERI is a genuine signaling intermediate in glioblas-
toma progression. Moreover, these results suggest that
IRElo may be a suitable therapeutic target for patients with
this disease.

Discussion

Our results identify PERI mRNA as a novel and atypical
substrate (coding for a cytosolic/nuclear protein) of RIDD
contributing to cancer development. As PERI is a core gene
of the circadian clock, our observation could also be placed in
the perspective of a previous report (29) that shows the
significance of the UPR/circadian clock connection in the
control of hepatic metabolism. In addition, another study
showed that a connection between the eIlF20-dependent tran-
scription factor ATF4 and the circadian clock transcription
systems plays an important role in multidrug resistance in
tumor cells (30). In this context, IRE1a-mediated PERI mRNA
decay could also represent another pathway in the well-
described posttranscriptional regulation mechanisms of the
circadian clock (31), whose relevance to cancer still remains to
be investigated.
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The findings included in this report show a direct clinical
relevance of this newly identified IREo./Perl axis as we have
determined that PERI mRNA may be a useful marker for
predicting patient survival (Fig. 5). In addition to its role in
the control of the circadian clock, PERI has also directly been
involved in cell stress response, through interactions with ATM
and Chk2 to participate in y-irradiation-induced apoptosis
(11). Moreover, low PERI mRNA expression was observed in a
variety of cancers (10, 11, 32, 33), thereby suggesting its
involvement in cancer development. Our data show that low

PERI together with high XBP1s expression are significantly
associated with lower glioma patient survival. These observa-
tions point toward an instrumental role of IREla in glioma
development. This was also supported by the suggested driver
role of IRElo. mutations in cancer including glioma (3), how-
ever, the functional implication of these mutations remains to
be shown.

IRE1a. RNAse-dependent signaling in tumor could on the
one hand regulate XBPI mRNA splicing thereby leading to
previously shown induction of proinflammatory cytokines as
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Figure 7. Schematic representation
of the IRE1a-dependent activation
loop that controls tumor cell
adaptation. Tumor cell is
presented in light gray and stromal
cells in dark gray. Proteins are
represented by circles; green,
upregulation; red, downregulation.
Connections following stress-
mediated activation of IRE1a are
presented in green for activation
and red for inhibition. The dashed
blue line represents the traffic of
CXCL3 protein through the
secretory pathway.
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reported in many instances (27, 34-36) and in parallel enhance
this effect by repressing PER1 expression, which in turn could
act as derepression of cytokine expression, as illustrated for
other core circadian genes (37-39). Mutually exclusive pheno-
typic changes in glioma observed upon impairement of IRE1ol
signaling from massive/angiogenic to diffuse/avascular could
either result from the IRElo-dependent activation of a cell-
autonomous proinflammatory/angiogenic phenotype or from
the coordinated posttranscriptional stabilization of specific
mRNA (RIDD substrates), thereby leading to major changes in
tumor cell-microenvironment interactions.

As such, our study shows that CXCL3 mRNA is per se an
IRE10/XBP1s/PER1-dependent target in our model as deter-
mined in Fig. 6. These data are also consistent with the
emerging role of CXCL3 as a key player in cancer develop-
ment (27, 40) that also applies to glioblastoma (41, 42).
Consequently, we identify here an IRE1c-dependent mech-
anism that coincidentally activates XBPI mRNA splicing and
PERI mRNA decay. This provides a molecular link between
IRElo activation and tumor cell adaptation, and directly
links IRE1lo activity to proinflammatory/angiogenic pheno-
types (Fig. 7).

Taken together, these data further support a specific and
important role for IRE10 signaling in human glioblastoma and
show that PER1 is a genuine signaling intermediate in glio-
blastoma progression. Moreover, these results suggest that
IRE10 may constitute a suitable therapeutic target for patients
with this disease. As a consequence, this suggests that con-
trolling the interplay between UPR signaling and the circadian
clock component might also be a suitable strategy to slow
down cancer progression; our results may consequently define
a model for novel therapeutic option for cancers.
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WT (ARTICLE 5, Figure 3), aucune déstabilisation n'est observée pour detres cibles
du RIDD: SPARC et PDGFRB (données non montrées).

En outre, les quatre mutations étudiées affectéiféreimment chacun des substrats
PER1, COL6Al1l et SCARA3. Par exemple pour la mutatfll4T, la dégradation de
I'ARNmM de PER1 est accentuée alors que celle de6Blest légerement diminuée, et que
celle de SCARA3 est abolie, cet ARNm étant méméiligé par rapport a la condition
controle U87-EV.

L'injection intracranienne de cellules tumorales8TU-MG surexprimant ces formes
mutées d'IRE4A dans un modeéele murin a permis de définir qu'aualese deux mutations
définies comme initiatrices de tumeurs (S739F eB8@Y ne semblent conférer de gain
d'agressivité aux tumeurs cérébrales.

De facon intéressante, nous avons montré que latimiigain de fonction P336L abroge
totalement les capacités d'implantation des callieorales dans le cerveau des souris.

Au contraire, la mutation gain de fonction A414Endifiée par notre équipe augmente
significativement la croissance et la vascularsatdes tumeurs cérébrales, entrainant
rapidement la mort des souris.

De plus amples études restent a mener pour dégsimeécanismes moléculaires pouvant
expliquer les phénotypes observés lors de la steegjpn de ces mutations, en particulier
pour les mutations P336L et A414T.
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ABSTRACT

Glioblastoma multiforme (GBM) is the most lethal fam of glioma with an overall
survival at 5 years nearly null (< 5%). This mainlyresults from acquired resistances to
therapies. To understand the mechanisms underlyinthis phenomenon, current studies
aim at deciphering key signaling pathways involvedn tumor growth and treatment
escape. Increasing evidences point towards IRElalphas a central player in GBM
development, particularly in cancer cell invasion ad tumor vascularization. Recent
studies have unraveled the presence of somatic mtitms on the IRElalpha gene in
GBM that could play a driver role but without provi ding any functional information.
Herein, we identified a new somatic mutation: A414Tin human GBM which increased
aggressiveness of U-87 MG derived tumors in mice his mutation stabilized IRElalpha
oligomers and thus increased IRElalpha signaling itumor, leading to a late induction
of proliferative and pro-angiogenic pathways.

Significance: This study provides the first mechanistic exampleof how a somatic
mutation in the IRElalpha gene can provide adaptivedvantages to glioblastoma cells.

Keywords: Endoplasmic reticulum, cancer, stressN\ERXBP1, RIDD, angiogenesis



INTRODUCTION

Glioblastoma multiforme (GBM) is one of the mogikd adult cancers, as most patients
die within 15 months after diagnosis [1]. GBM is aggressive, incurable glioma (stade IV
astrocytoglioma, WHO classification) due to greatenogeneity of cell subtypes within the
tumor and to the presence of invasive spot thataae easily cured by surgical resection or
targeted radiation [2]. To limit tumor recurrencé®m invasive cells, chemotherapy
(temolozomide (TMZ)) was added to surgery and tamha[3]. Although TMZ has
demonstrated some efficiency, it only increasegepgs survival from 12.1 to 14.6 months.
Understanding biological processes of GBM progmssind treatment resistance is thus a
major issue to develop more effective therapies.d€oipher the molecular mechanisms
involved in GBM development, and therefore identify new target for GBM diagnosis,
prognosis or therapy, large scale sequencing studgidnuman cancer biopsies was led by The
Cancer Genome Atlas (TCGA) [4, 5]. Five majors GBhrkers were identified: EGFR,
PTEN, TP53, NF1 and IDH1 [4] and clinical trialeawngoing. In addition to these highly
mutated genes, more potential targets have beaifidd by the potential oncogenic power
of the carried mutations. In this idea, the Endsple Reticulum (ER) stress sensor
IRElalpha was defined as the fifth most oncogenitated kinase in human cancers, as it
was shown to carry six somatic mutations definedirager [6]. Two of those potentially
driver mutations, S769F and Q780*, were identifiedGBM samples, as well as a third
mutation, P336L, identified in a TCGA study [5]. &p from the sequencing data, little is
known about the functional impact of those mutatjoaven if a previous study aimed to
understand their structural impact [7].

IRElalpha is a major component of ER stress siggalndeed upon ER stress, misfolded
proteins accumulate in ER lumen, triggering actoratof the adaptive Unfolded Protein
Response (UPR) which is transduced by three ERrirambrane proteins, PERK, ATF6 and
IRElalpha [8]. Once activated, the serine/threonikiease and RNase IRElalpha
oligomerises, activating three major downstreanipays including the phosphorylation of
targeted proteins leading to the activation of JN&110], the splicing of XBP1 mRNA [11,
12] and the degradation of targeted mMRNA also ddR8IA regulated IRE1 dependent decay
(RIDD) [13, 14]. By its central role in cell homeasis control, IRElalpha signaling has been
involved in tumor development [15]. Our previousdies determined that IRElalpha role in
MRNA degradation was critical for GBM growth andsgalarization [16, 17]. To further
characterize the roles of IRElalpha in glioma, wqeuenced GBM samples and identified a
new somatic mutation that differs from those praslg described, on residu A414. Adding
this mutation to the three ones previously desdribvee characterize herein the impact of
these four mutations on GBM cells U-87 MG in vignad in vivo.

RESULTS

Identification of a novel somatic mutation on IREldpha in GBM — Previous tumor
sequencing studies identified six mutations of IRlpha that were defined as driver
mutations in various cancers [6]. As IRElalpha playkey role in cancer development, in
particular in GBM [5, 6, 15-18], we sequenced IRlgpha gene exons on twenty-three GBM
samples and identified a fourth IRElalpha mutattoone GBM human sample: the A414T
mutation Figure 1A). This A414T mutation came from an aggressive, enelsymal like
GBM developed in a 70-year old female. Immunohisémistry staining revealed that this
tumor was also highly vascularized (CD31 stainirg)d IRElalpha over activated, as
indicated by the strong XBP1s staining observedgignmunohistochemistryF{gure 1B).
Added to the three mutations previously descrilpeliterature, it brought to four the number



of IRElalpha mutations identified so far in GBM ipats. A sequence alignment
demonstrated that whereas the mutations P336L,FS@a68 Q780* affect conserved amino
acid in various species, the mutation identifiedim sequencing study altered an apparently
less conserved amino acidigure S1). This lability could explain why this A414T muitan,
previously described in GBM samples, has been dedurom further analyses, as it was
considered as a SNP or a secondary acquired mufétis].
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Figure 1. I dentification of an | RElalpha somatic mutation in a human glioblastoma tumor.

A. Specific IRElalpha exons sequencing flowchaftADwas extracted from 23 gliomas
samples provided by the Bordeaux Tumor Bank andldRlBa exons sequences were
compared to normal brain tissue IRElalpha seque@ce of the 23 samples showed a novel
IRElalpha mutation, as indicated by the red arrow DNA sequence representation. B.
Tumor characterization from the female, 70 year{oédient presenting the A414T mutation.
Imunohistochemistry staining revealed a mesenchyikekencapsulated tumor (Hematoxylin
and eosin stain: HES), highly vascularized as iathd by CD31 staining of endothelial cells.
IRElalpha activation within the tumor is visible byerexpression of the spliced form of
XBP1 (XBP1s) in the tumoral tissue (T) comparedthte non-tumoral tissue (NT). C.
Overview of mutations identified to date in the 1Rpha gene in various cancer samples,
including nonsense mutations (red), missense nouiRt{orange stars) and synonymous
mutations (blue circles). The four mutations idieedi in GBM are located above a schematic
representation of the IRElalpha protein. TM: traesniorane domain.

IRElalpha mutations impact kinase and RNAse functins

IRElalpha is a bifunctional protein that containgrease and a RNase domakigure 1C)
involved in three downstream signaling pathwaysuidiog i) the phosphorylation of targeted
proteins leading to JNK1 activation, ii) the degroin of targeted mRNA (RIDD) and iii) the



unconventional splicing of XBP1 mRNA. Around fiftputations were identified all along
IRElalpha gene in various cancers, among which tmige were identified in GBM: the
missense mutations P336L and S769F and the nonsamséion Q780* Figure 1C). The
localization of those mutations in IRElalpha see@wpdstructure revealed no apparent
clustering of the mutations, not even into IRElalptatalytic domains. However, the
cytosolic mutations S769F and Q780* are locatetthénkinase domain of the protein whereas
the luminal mutations P336L and A414T appear toldmated in alpha-helix domains
potentially involved in IRElalpha interaction domawith ER partners (data not shown).

To measure the potential impact of the four mutetiund in GBM, we overexpressed
either the wild type (WT) or the mutated forms BEllalpha in U-87 MG cells, in a normal
endogenous IRElalpha backgroumidg(re 2A). The four mutations bearing proteins were
overexpressed in U-87 MG cells using a lentivirgsteam and as anticipated the stop mutation
Q780* leads to overexpression of a shorter IRElaiptotein (80 kDa instead of 110 kDa).
Immunofluorescent staining of IRElalpha co-localizhis protein with the ER resident
protein KDEL and thereby confirmed that mutatioms bt affect IRE1alpha localization to
the ER Figure 2B).
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Figure 2. Overexpression of | RElalpha wild-type or mutated formsin U-87 MG cells. A. U-
87 MG were transduced with empty pCDH lentivect&V)( or with pCDH lentivector
containing the WT (WT) or the mutated (S769F, Q7&B36L, A414T) IRElalpha coding
sequence. PCR and RT-PCR were respectively perfoonegenomic DNA (gDNA) and
messenger RNA (mRNA) indicated a 1000-fold gDNfease corresponding to a 100-fold
MRNA increase. Immunoblot (anti-IRElalpha and antin) revealed a 10-fold over
expression of full length (100kDa) IRElalpha protén WT, S769F, P336L and A414T
conditions and over expression of a truncated (8)KBRElalpha protein in Q780* condition.



C. Confocal immunofluorescence studies performéd Wi87 cells expressing these variant
proteins showed co-localization of WT or mutateB1RIpha (red) with the ER marker KDEL
(green).

As reported in other cellular system [10], the exg@ression of the WT form in U-87 MG
was sufficient to activate IRElalpha in basal cbads compared to the control empty-vector
(EV) expressing cells, as indicated by IRElalphsabaligomerization and phosphorylation,
as well as XBP1 mRNA basal splicingigure 3). As expected, we showed that Q780*
corresponded to a loss-of-function mutation. Inddesl loss of the last part of the kinase
domain and the entire RNase and C-terminus domaiits not affect IRElalpha
oligomerization but impaired the resulting transegosphorylationKigure 3A, Figure S2
as well as XBP1 mRNA splicingFigure 3A-3B) and RIDD activity Figure 3C). It is
important to note that this mutation was not domirsegative as did not prevent XBP1
splicing by endogenous IRElalpha upon tunicamyeatinent Figure S2B).

In the other part, P336L and A414T mutations inseela IRElalpha oligomerization
capacities, leading to IRElalpha over phosphoatind enhanced XBP1 splicingidure
3A-3B). Interestingly this over activation of proxim&HElalpha signaling was not associated
with a significant increase in XBP1 transcriptiomativity (Figure 3B, Figure S3, global
RIDD activity (Figure 3C) or UPR activationKigure S2. Moreover, no significant impact
of these mutations was measured on U-87 MG pralifen rate nor adhesion and migration
abilities Figure S3 in vitro. It is important to note that whereas WT-IRElalphser
expression efficiently increased RIDD activity oBFIOD1 (PER1), COL6A1 and SCARAZ3,
the four mutations had different effects dependingthe targeted mRNAFgure 3C). No
IRElalpha over expression (WT or mutants) seemedetmrease SPARC and PDGFRB
MRNA levels (data not shown). This selectivity cha explained by modifications in
IRElalpha binding to luminal or cytosolic partnelse to IRElalpha over expression or
mutations. We also hypothesized that IRElalpha taus induced transcriptomic changes
which could impact on mRNA addressing to IRElalpha.
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Figure 3: Impact of somatic mutations on |RElalpha signaling. A. Anti-IRElalpha Phostag
immunoblot showing both phosphorylated (p-IRE1) amoin phosphorylated (IRE1)
IRElalpha proteins revealed IRElalpha phosphorgtatin basal conditions due to over
expression of WT, P336L and A414T but not S7T69FQ®80* forms of IRElalpha. EtBr-
stained agarose gel of XBP1 cDNA amplicons corredpw to unspliced (XBP1u) and
spliced (XBP1s) forms of XBP1 mRNA revealed XBRdirgpin basal conditions due to over
expression of WT, S769F, P336L and A414T but n@0Q7rms of IRElalpha. B. Bar
graph representing the quantification of 3 levels IRE1/XBP1 activation: IRElalpha
phosphorylation (p-IRE1/IRE1) and XBP1 mRNA spyiciiXBP1s/(XBP1u+XBP1s))
measured as indicated in A., completed by qPCRtdication of ERDJ4, a transcriptional
target of XBP1s. Three independent biological sasplere used. Data are means +/— SD.
P-values: * <0.05 and *** <0.002. C. Analysis of MR expression (normalized to 18S) after
2-hrs Actinomycin D (ActD) treatment to inhibit devo transcription. COL6A1: Collagen,
type VI, alpha 1; SCARA3: scavenger receptor classmember 3. Three independent
biological samples were used. Data are means +/~ BDalues: * <0.05, ** <0.01 and ***
<0.002.

IRElalpha over expression promotes tumor developmenn vivo

To measure the impact of IRElalpha over expressmotumor development we implanted
control U-87 MG or cells expressing WT and mutdtaths of IRElalpha into mouse brain,
as previously described [15, 17]. Fifteen days-oogiantation, five mice of each group were
sacrificed and brains were isolated for immunofisoence (IF) staining of tumor cells
(vimentin) and vessels (CD31). As expected, IFnstgi highlighted that IRElalpha over
expression enhanced tumor growth and vascularizatiereas impairment of IRElalpha
signaling (DN) reduced both size and vasculariratbtumors Figure 4C-4D). Moreover,
DN significantly promoted mouse survival after UBIG implantation, whereas IRElalpha
over expression dramatically reduced Rigure 4A) by developing massive and well-
encapsulated tumorg&igure 4B). An exception of this tumorigenic effect of IRHdilaa was
observed with the P336L mutation. Indeed, this mangprevented U-87 MG engraftment in
mouse brain, leading to a complete absence of tdomoration (data not shown) and had no
lethal impact on mouse survivaFiQure 4A). A possible explanation for this unexpected
result is that the mutation affected downstream ll&gha signaling, leading to an over
activation of tumor suppressors like p53. Even éf wdeed measured a p53 over expression
in P336L expressing U-87 MG cells, no increase58 activity was observedrigure S4), so
mechanisms of tumor suppression by P336L remaibs &lucidated.

A414T mutation leads to pro angiogenic and prolifesitive phenotypes

Among the four mutations, the loss-of-function ntiatas S769F and Q780* seemed to
have little effects on mouse survivdtigure 4A) whereas the Q780* mutation seemed to
accelerate the early steps of tumor growkigyre 4C). However the P336L and A414T
mutations did not have a similar gain-of-functiompact on IRElalphan vitro, their impact
on in vivo tumor development was diametrically opposed. Iddeehereas P336L totally
blocked tumor formation, A414T shortened mouseisah(Figure 4A), by promoting tumor
growth and vascularizatiorFigure 4B). The pro-angiogenic effects of A414T mutation not
only increased the number of vessels associatddthé tumor mass, but also increased the
size of those vessel§igure 4A-4B), an effect that was much less visible in earBpsbf
tumorigenesis Rigure 4C-4D). Even if this mutation did not lead tm vivo XBP1ls
overexpressionHigure 4B), it seemed to selectively increased RIDD actjvéty indicated by
increased degradation of PER1 mRNA but not othestet RIDD targetd-{gure 3C).
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Figure 4: Impact of |RElalpha somatic mutations on tumor development after orthotopic
graft of U-87 MG in mice. A. Tumor cells (U-87 MG) were injected into theihraf recipient
mice (Ragy 2C). Animals were sacrificed at first clinical big of tumor development and
each sacrifice was reported in the Kaplan-Meyerveurindicating a gain of lethality for
tumors formed in WT or A414T conditions. Brains evewllected and analyzed by
immunostaining as described in B. Graphic represgon of vessel number and size for each
tumor indicated that tumors derived from U87-WTU87-A414T were highly vascularized
compare to other conditions. B. Representative inofluorescence imaging of tumors
formed from EV, WT or A414T U-87, showing tumorculsization (red, CD31 staining;
blue: nucleus staining). T: tumoral tissue; NT: Aomoral tissue. Representative imaging of
tumor phenotype (HES) and XBP1s did not revealguifsggant differences in term of tumor



encapsulation, tumor size or tumoral induced IRghal C. Tumor cells (U-87 MG) were
injected into the brain of recipient mice (Rpg2C). Animals were sacrificed fifteen days
post-injection. Brains were collected and analyigdimmunostaining as described in B.
Graphic representation of vessel number and sizee&wh tumor as well as tumor size
indicated that tumors derived from U87-WT grown enaapidly than all other conditions,
with an associated angiogenesis. D. Representéitiseescence imaging of tumors showing
tumor vascularization (red, CD31 staining), tumdrepotype (green: vimentin (cancer cells);
blue: nucleus). T: tumoral tissue; NT: non-tumora$sue. Quantification of vessels
associated to each tumor are reported in C. Fomaali experimentation, data shown are
mean + SEM of five mice per experiment. *, P <0abfl ***, P < 0.002 (two-way ANOVA
with Bonferroni post-test).

DISCUSSION

Our results identified a novel mutation in IRElaphhe A414T mutation. Our work
represents the first characterization of the fuumal evidence of a role of IRElalpha somatic
mutation on tumor development. The proliferatived aangiogenic effects of the A414T
mutation can be explained in part by the increatsgtadation of Perl mRNA-iQure 3C),
as our previous studies highlighted the role of PER IRElalpha associated tumor
development and vascularization. However, it ignesting to note that IRElalpha mutation
A414T did not induce significant difference in velssiumber of 15-days formed tumors
(Figure 4C). However, vessels remodeling at day 15 was nmmapoitant in tumors formed
from U87-DN or U87-A414T cells than in other comalits, as we could observed long
vessels along which tumors cells seemed to migmat-option. Interestingly, only U87-DN
tumors evolved in mesenchymal tumors, as previodsBcribed [15], whereas U87-A414T
tumors evolved in encapsulated massive tumors piiegemany large intra-tumoral vessels,
which could indicate a delayed switch on proliferatand angiogenic phenotype in this
condition.

Surprisingly, the P336L mutation is so far the oit§1alpha mutation that was identified
in more than one tumor sample and even in more dhancancer type (one in glioma [5] and
two in intestine cancers [19]) so the role of tmgtation should probably not be restricted to
these anti-tumoral effects. We hypothesized that dhcogenic potential of this mutation
could need particular cancer context, for instamcguired mutation in key genes for GBM
development highlighted by TCGA project (EGFR, PTENP53, NF1 and IDH1), as no
previous study defined P336L as a driver mutatibn.this idea, we measured TP53
expression and identified an over expression of3TieSulting of the P336L IRElalpha over
expression, but without any functional impact on53Pactivity Figure S3 so P336L
mutation could allow stabilization of mutated TPB&)phasizing the pro-tumoral role of such
mutations of TP53. Moreover, recent work reportediract role of the IRElalpha kinase
target JNK in stabilizing EGFR ligand epiregulinREG) and consequently an autocrine
activation loop of EGFR, which should provide piedative advantage of GBM cells in
which EGFR signaling was already altered by mutetif20]. This hypothesis could also
explain the proliferative effects of A414T mutatiand experiments should be led to involve
EGFR or other key GBM proteins in IRElalpha depehdzBM growth, as both P336L and
A414T mutations seemed to stabilize IRElalpha lareasl RNases activities.

Taken together, the results acquired so far didemptain the potential role of mutations
S769F and Q780*, which were predicted to have aedrrole in GBM development.
However, complementary studies are needed to determh those mutations present a
selective advantage in initiating emergence of eagells in a healthy tissue context. As far
as we could guess from this study, IRElalpha manatiescribed here are more likely



secondary mutations, which can be enhanced camdkeswvival in precise background
including acquired mutations or resistance to chtéerapy induced cell death.

Previous work highlighted a potential interest irasure of IRElalpha activation in GBM
as correlative studies linked IRElalpha downstredangets PER1 and XBP1 to GBM
aggressiveness [17]. Thus, establishing IRElalpt&ation status in GBM should provide a
pertinent tool to adapt therapeutic treatments"ia &ind" care of GBM patients.

10



MATERIALS AND METHODS

DNA sequencing and patient data - All tumors were frozen after surgical resectione3é
tumors were clinically and genetically charactedize the department of neurosurgery of the
Pellegrin Hospital (Bordeaux, France) and informmedsent was obtained in accordance with
French legislation. GBM were classified according)tthe presence of IDH1, OLIGO2 and
TP53 expression and ii) tumor phenotype (size ana of tumor cells, hyperplasia, necrosis,
proliferation indice). IRElalpha exons sequencingswperformed by Beckman Coulter
Genomics (Takeley, UK) using specific primers flangkexonic regions of IRElalpha . The
presence of IRElalpha mutation was detected usiofpotide sequence alignment software.
Tumor in which IRElalpha mutation was identifiecegented classical GBM characteristic
with endothelial hyperplasia and MIB1 proliferatiodex of 15%, and was IDH1 negative,
with 5% of OLIG2 and 5% of TP53 positive cells.

Cloning and site-directed mutagenesis - Selected punctual mutations were introduced on
IRElalpha exonic sequence using QuickChange Duddigtagenesis kit with the following
primers:

Mutation (AA) [ Sens Primer sequence (5'-3")

S769F FWD | GCGTCTTTTACTACGTAATCTTTGAGGGCAGCCACCCTTTTGG(Q
REV | GCCAAAAGGGTGGCTGCCCTCAAAGATTACGTAGTAAAAGACG(

Q780* FWD CCCTTTTGGCAAGTCCCTGTAGCGGCAGGCCAACATCC
REV GGATGTTGGCCTGCCGCTACAGGGACTTGCCAAAAGGG

P336L FWD ACAAGGGGGAGTGTGTGATCACGCTCAGCACGGACGTCAA
REV TTGACGTCCGTCCTGAGCGTGATCACACACTCCCCCTTGT

A414T FWD CCAGACTTCAGAAAACACACCTACCACCGTGTCTCGGGA
REV TCCCGAGACACGGTGGTAGGTGTGTTTTCTGAAGTCTGG

The wild-type or mutated sequences were then clanethe multicloning site of the
expression lentivector pCDH-CMV-MCS-EF1-Puro-copGKEBystem biosciences). The
presence of only mutations of interest was chedked minimum two-X cover sequencing
(Beckman Coulter Genomics).

Cdl culture, treatments, antibodies - U87-MG cells were grown in DMEM glutamax
(Invitrogen, Carlsbad, CA, USA) supplemented with%l FBS. U-87 MG were stably
transfected at MOI = 0.3 with pCDH-CMV-MCS-EF1-PwopGFP (System biosciences)
empty vector (EV), or pPCDH-CMV-MCS-EF1-Puro-copGédhtaining IRElalpha wild-type
sequence (WT) or mutated sequence (P336L, A41489F5a@r Q780%). U-87 MG cells were
selected using 2pug/mL puromycin and polyclonal paians were tested for GFP expression.
For microarray experiments, tunicamycin (purchagexn Calbiochem (Merck KGaA,
Darmstadt, Germany)) was used at 0.5 pg/mL for 186 Actinomycin D were purchased
from Sigma (StLouis, MO, USA) and used as indicated

Semi-quantitative PCR and Quantitative real-time PCR - Total RNA was prepared using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA). Semantitative analyses were carried out
as previously described [16, 17]. PCR products weparated on 4% agarose gels. All RNAs
were reverse transcribed wiMaxima Reverse Transcriptase (Thermo Scientific)thiéa,

MA, USA), according to manufacturer protocAll PCR reactions were performed with a MJ
Mini thermal cycler from Biorad (Hercules, CA, USAhd gPCR with a StepOnePlus™
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Real-Time PCR Systems from Applied Biosystems &ed3YBR Green PCR Core reagents
kit (Bio-Rad).Experiments were performed with at least triplisdi@ each data point. Each

sample was normalized on the basis of its expressidhe18S gene. For quantitative PCR

the following pairs of primer were used:

Sens§ Primer sequence (5'-3") Sense Primer sequence (5'-3")
BiP FWD| GCTTATGGCCTGGATAAGAGG Herpud FWD | CTATTCCGCCTTCCTTGTAGC
REV | CCACAACTTCGAAGACACCAT REV | CCTCTTGGGTCAGCAATTACA
Chop FWD| ATTGACCGAATGGTGAATCTGC Orp150 FWD | GAAGATGCAGAGCCCATTTC
REV | AGCTGAGACCTTTCCTTTTGTCTA REV | TCTGCTCCAGGACCTCCTAA
ColBAL FWD CCCTCGTGGACAAAGTCAAG Pdgfrb FWD TCCATCCCTCTGTTCTCCTG
REV GTTTCGGTCACAGCGGTAGT REV CTGCCCTCTCCCAGTTATCA
Edem FWD AGTCATCAACTCCAGCTGGAA Perl FWD| TATACCCTGGAGGAGCTGGA
REV AACCATCTGGTCAATCTGTCG REV | AGGAAGGAGACAGCCACTGA
Erdj4 FWD TGGTGGTTCCAGTAGACAAAGG Scara3 FWD CGCTGCCAGAAGAACCTATC
REV CTTCGTTGAGTGACAGTCCTGC REV | AACCAGAGAGGCCAACACAG
Grpo4 FWD TCCTCCTCCTGACGTTGTAAA Sparc FWD GGCCTGGATCTTCTTTCTCC
REV TGCTCGCCATCTAGTACATCC REV CCACCACCTCTGTCTCATCA

Western blotting — Antibodies against IRElalpha, ERK and PDGFRbewmirchased from
Santa Cruz Biotechnology (Santa Cruz, CA) and g2ERK, AKT, p-AKT from Cell
Signaling Technology (Danvers, MA). Anti-CNX antities were kindly given by John
Bergeron (McGill University, Montreal, Qc, CanadB)oteins were extracted from U-87 cells
using a RIPA buffer (Sigma).

I mmunofluorescence analyses - Cells grown on 22-mm coverslip were washed VABSS,
fixed with 4% paraformaldehyde for 10 min at roe@mperature, and then blocked with 5%
BSA, PBS, 0.1% Triton X-100 for 1 h. ER was staimsthg anti-KDEL antibody (Enzo) and
over expressed IRElalpha was stained using antlaipBa antibody (SantaCruz). Cells were
incubated with primary antibodies for 1 h at rooemperature, washed with PBS, and
incubated for 45 min with Donkey anti-mouse and Eynanti-rabbit antibodies (Invitrogen).
To visualize the nucleus, cells were counterstaivgth 1 pg/mL 4,6-diamidino-2-
phenylindole (DAPI, Sigma). After mounting, cellserg analyzed with a SP5 confocal
microscope (Leica Microsystems, Mannheim, Germany).

Cdll attachment assays - Plates (96-well) were plated at 5000 cells pell {@6-well plate)
for 0 min, 7 min, 15 min or 30 min. Medium and uaahed cells were aspirated. Attached
cells were fixed in 3% paraformaldehyde for 10 minsed with PBS three times, and stained
with SulfoRhodamine B (SRB assay kit, Sigma). Datxe quantified by spectrophotometry
at 492 nm. At time 0, no cell was attached.

Sphere formation and migration - Sphere formation experiments were performed by
incubating 5000 cells by well in a 96-wells platepously coated with 50 ul of 1.5% agar
gel. For sphere dissociation/migration, sphereth®fsame size (obtained by incubating 5000
of each cell types for 48 hrs) were put on a 22-poverslip (Rempel et al.,, 2001) and
incubated for 48 hrs. Then, spheres were fixed dithparaformaldehyde for 20 min at room
temperature. Cell actin (phalloidin-FITC) and nwde(Hoechst) were thus stained and
visualized as previously described (Dejeans eR@l2). To parameters were measured: the
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size of the resulting sphere after 48 hrs of cefration from the sphere, and the migrating
distance of cells from the center of each sphere.

Intracranial injections, tumor size, and blood capillary measurements - Two independent
sets of experiments were carried out using Ragce. The protocol used was as previously
described ([15]). Cell implantations were at 2 natetal to the bregma and 3 mm in depth
using seven different sets of cells for UB7-EV ell87-WT cells, U87-S769F cells, U87-
Q780* cells, U87-P336L cells, U87-A414T cells an8AUREL1.NCK DN cells. Fifteen days
post injection, or at first clinical signs, mice meesacrificed, brains were frozen and sliced
using a cryostat. Brain sections were stained udi®B staining or Anti-vimentin antibodies
(Interchim) for visualization of tumor masses. Tumolume was then estimated by
measuring the length.) and width YW) of each tumor and was calculated using the fatigw
formula L xW x 0.5). CD31-positive vessels were numerated aftemunohistologic
staining of the vascular bed using rat antibodgerest CD31 (PharMingen) and fluorescent
secondary antibodies (Interchim). Imaging was edrout using a Axioplan 2 epifluorescent
microscope (Zeiss) equipped with a digital camesaodam (Zeiss). Blood vessels were
guantified by two independent investigators. Vessaimber was measured in 12 to 20
thresholded images per condition using ImageJ sofwr his quantification was made three
times for each image and three vessels size (®)rfaere reported: between 100 pixel? and
500 pixels?, more than 500 pixel?> or more than 50B@I> (1 pixel = 0.67112477 pum). The
average of vessel number of each size was caldytatebrain. Experiments were repeated on
five Rag-gamma mice for each condition.

Biomass analysis (SRB) - The SRB assay was performed as previously dest(Vichai and
Kirtikara, 2006). Briefly, cells were seeded int®-®ell plates in 100 pL at a density of 5000
cells/well. After cell inoculation, the plates weneubated at 37°C with 5% CO2 for 24, to 96
hrs. Cell were then fixedh situ with trichloroacetic acid and stained with sulfodamine B
(Sigma). Absorbance was measured at 510 nm.

Soft-agar colony-forming assay - IRE1 mutant or wild-type (WT)—expressing cells ontol
cells (20,000) were plated onto six-well plate®DMEM containing 10% FBS and 0.2% agar
(overlay) onto the top of an agar underlay (DMEMtaining 10% FBS and 0.4% agar).
Cells were fed after 5 days with 1.5 mL of overlapd the colonies were counted after 10
days of incubation under a light microscope at x2fgnification. Twenty different fields
were scored from each well by two independent itigators. Assays were carried out in
duplicate and the results were expressed as m&an +

Statistical analyses - Data are presented as mean = SD or SEM. Stafissignificance

(p<0.05 or less) was determined using a pairednpawed t test or ANOVA as appropriate
and performed with GraphPad Prism software (Gragt8tdtware, San Diego, CA, USA).
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Figure S1

Sequence alignment of IRE1 proteins reveals thatPand Sef®*residues but not Af&* are
well conserved in IRE1 proteins. Numbers referegidue positions in human IREfirotein
(ERN1); D. melanogaster, fly; C. elegans, wormge3evisiae, yeast.

P336
313 LPLLEGPQTDGVTIGDKGECVIYeBTDV--KFDPGLKSKNKLNYLRNYWLLIGHHETPLS 370 ERN1_Human
315 LPLLEGPQTDGVTIGDKGECVIYPETDL--KFDPGLKGKSKLNYLRNYWLLIGHHETPLS 372 ERN1_Mouse
303 LPLLEGPQTDGVTIGDKGECVINPETDL--KFDPGLKGKSKLNYLRNYWLLIGHHETPLS 360 FI1LSY7_Rat
314 LPLLEGPQTDGVTIGDKGECVIYPETDL--KFDPGLKGKNKLNYLRNYWLLIGHHETPLS 371 F1P7G9_Dog
313 LPLLEGPQTDGVTIGDKGECVINPETDV--KFDPGLKSKNKLNYLRNYWLLIGHHETPLS 370 K7BU65_Chimpanzee
Pl
Pl

224 IKLLDGPTGDQNSNQETD-----{PRTIYINDVLQ-—=-———====— EHAGIMLGHYNMPNE 267 A6JR47_D.melanogaster

1 mmmm—mmm— MEKEE-YLHPRRPITRNIPPSIT----HKTSDGEYLLLGYHDRPMM 41 ES5QCGO0_C.elegans

417 ISRYASSDRWRVSSIFEDE-——-— F-TLFEN-—--AIMGVHQ-IYNNEYDHLYENYEKTNS 465 Irel p_s_ cerevisiae
A414

414 [abrTvsSROVEEKPAHAPARP-EAPVDSMLKDMATII---LSTFLLIGWVAFIITYPL-SM 468 ERN1_Human

416 |TPTTVSQDVEEKLARAPAKP-EAPVDSMLKDMATII---LSTFLLVGWVAFIITYPL-SV 470 ERN1_Mouse

404 |TPTTVSQDVEEKLPRAPAKP-EAPVDSMLKDMATII---LSTFLLVGWVAFIITYPL-SM 458 FILSY7_Rat

415 TTVSQDVEEKYEHAPAKA-EAPVDSVLKDIATII---LSTFLLIGWVAFIITYPL-SM 469 F1P7G9_Dog

414 TTVSRDVEEKPAHAPARP-EAPVDSMLKDMATII---LSTFLLIGWVAFIITYPL-SM 468 K7BU65_Chimpanzee

315 ELVEIGIDQRTNGNTINRTKTIILONSNKVQAFINEWFMEHPSGKVHQILIVIVLGMI 374 A6JR47_D.melanogaster

66 |4------------ RPPPQL-LGPVEPQKHEDTSFILLLLNNHPIPFYATLVTMFAL-LL 109 E5QCGO0_C.elegans

511 |IHEQISRELDEKNQNSLL-LKFGSLVYRIIETGVFLLLF————————————————————— 548 Irelp_S. cerevisiae

S769 Q780

752 TYTVDIFSAGCVEYYVISEGSHPFGKSLORQANILLGACSLDCLHPEKHE----DVIARE 207 ERN1_Human

752 TYTVDIFSAGCVFYYVISEGNHPFGKSLQROANILLGACNLDCFHSDKHE----DVIARE 807 ERN1_Mouse

740 TYTVDIFSAGCVEYYVISEGNHPFGKS QANILLGACSLDCFHSDKHE----DVIARE 795 FILSY7_Rat

751 TYTVDIFSAGCVFYYVISEGSHPFGKSLGROANILLGAYNLDCLHPEKHE-——-DVIARE 2806 F1P7G9_Dog

752 TYTVDIFSAGCVFYYVSEGSHPFGKSLQROANILLGACSLDCLHPEKHE----DVIARE 807 K7BU65_Chimpanzee

616 TTAVDIFSLGCVYYYVISEGHHAFGDNLKROANILSHEYNLAKLRPEDDSEDSRIILAEQ 675 AG6JR47_D.melanogaster

357 SYPVDIFSLGCIFY EGTHPFGKSLHRQANIVNGEYTLNKLADL-DD-——-—-WSLADD 411 E5QCGH C. elegans

898 TRSIDIFSMGCVEYYI KGEHPFGDKYSRESNITRGIFSLDEMKCLHDR--SLIAEATD 955 Irelp_S. cerevisiae
. R L el I *oso s * - . * . -
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Figure S2

A. DSP-mediated in vivo cross-linking of IRE1 prmgen mutant expressing U87 cells. Anti-
IRElalpha immunoblot under both reduced (top) armh rmeduced (bottom) revealed
IRElalpha oligomerization in basal conditions dwedver expression of WT, P336L and
A414T but not S769F nor Q780* IRElalpha varianttpnas. B. EtBr-stained agarose gel of
XBP1 cDNA amplicons corresponding to unspliced (XBBPand spliced (XBP1s) forms of
XBP1 mRNA revealed XBP1 splicing in basal condstian upon tunicamycin treatment
(TUN, 5ug/mL for 6 hrs). C. Analysis of mMRNA exgimesin U87 cells expressing mutant
IRElalpha proteins (normalized to 18S). CHOP: C/EB&mologous protein; ORP150:

Oxygen-regulated protein 150; GRP94: Glucose relgpeotein of 94 kDa; BiP(GRP98):

Binding immunoglobulin protein. Two independentidgacal samples were used. Data are

means +/— SD.
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Figure S3

A. Bar graph representing the doubling time of UNMSG population for each condition. B.
Bar graph representing cells’ adhesion rate esttid by measuring number of adherent
cells at 0 min, 7 min, 15 min and 30 min post-gagdC. Representative imaging of the
neurosphere phenotypes at 6 hrs and 48 hrs poslirgeén agar coated well of a 96-well
plate. The curve representation of the neurosplsize along 48 hrs did not reveal any
significant differences in terms of cell aggregatiand adhesion. Bar graphs represent
neuroshere size at 6 hrs post-seeding (top) artdeofate of neurosphere formation (bottom).

All data shown are mean £ SEM of at least threddgal replicates.
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Figure $4:

A. KEGG representation of the glioma specific slgigppathways. Yellow boxes represent
actors of glioma specific signaling(regulated byEMRlpha. B. Immunoblot analysis
performed on U87 cells expressing IRElalpha vasdgsates revealed PDGFRb and p53
but not pERK, ERK, pAKT, AKT nor p21 overexpressiamtuced by P336L mutation.
Calnexin (CANX) is used as loading control. C. Lnescent reporter of p53 (Qiagen)
revealed p53 inactivation by P336L-IREbverexpression. Data are represented as means
1SD of at least three independent replicates.
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activités RNase d'IRklsoit I'activité RIDD, I'épissage de XBP1 et la déation de miR.
Deux procédés ont été particulierement pertinents plécoupler ces activités: l'utilisation
d'inhibiteurs sélectifs [7, 118, 162] ou la carastition de mutation dirigées [119, 163, 164]

ou naturelles [165]

L'ensemble de ces résultats confirment l'implicatitiREX dans le développement des
GBM, mais ils soulignent également la complexitéréie joué par IREd dans ce type de

cancer.

» Impact des mutations sur la structure d'IRE1

Trois mutations somatiques présentes sur le géBéalldans les GBM ont été décrites
dans la littérature, dont deux mutations préditearpavoir un effet initiateur de tumeur
(S769F et Q780*) [159] et la troisieme (P336L) exctle I'étude sur le caractere initiateur de
tumeur car étant survenue dans une tumeur préaiahtetraitées par chimiothérapie (TMZ)
[154, 159]. Nous avons pu identifier une quatriematation somatique dans les GBM, la
mutation A414T, en analysant la séquence des edorgene codant pour IREIdans 23
GBM humains ARTICLE 5, Figure 1). Cette frequence d'environ 4% d'échantillons qui
contiennent des mutations d'IREJa également été retrouvée dans d'autres études de
séquencage massif de TADN génomique de tumeuispmjupermis de mettre en évidence
d'autres mutations d'IRk1/156]. Ainsi, des études de séquencage d'tR&Iplus grande
échelle devraient permettre l'identification de velles mutations d'IREilet ainsi fournir de
nouvelles pistes entre IREEt GBM. Afin d’augmenter la pertinence de notreraghe nous
proposons aussi de séquencer les exons du geneat poda IRED dans 25 lignées primaires

de glioblastome humain (obtenues gracieusemené gd®r V. Quillien, Rennes).

Les mutations étudiées ici concernant des mutasabstituant a lI'acide aminé d'origine
un acide aminé aux propriétés différentes, voire umutation tronquante, nous pouvons
penser qu'elles induisent des modifications streties importantes. Leur localisation dans
une modeélisation de la structure d'IREdst représentée ci-dessobgy(ire 16).

La mutation stop Q780* est la mutation dont I'effgticturel est le plus facile a anticiper.
En effet, le codon stop se forme dans le dernggs tilu domaine kinase, ce qui provoque la
perte de la boucle de régulation de l'activité &ndP830, [165]), la perte du domaine
d'activité RNase et la perte du domaine C-termsitd, potentiel d'interaction de constituants

de I'UPRosome.
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€C= Coiled cail

TM= segment trans-membranaire

Figure 16: Modélisation de la structure d'un dimerelREla
Les mutations sont localisées par des points Véiddéele par Rémi Fronzes.

La deuxieme mutation qui provoque une altératiamsda domaine cytosoliqgue d’'IRE1
induit le remplacement d'une sérine en phénylagnsoit I'introduction d'un acide aminé
hydrophile phosphorylable a la place d'un acidenénairomatique hyprophobe, ce qui peut
entrainer des changements conformationels impsrt&i¢n que cet acide aminé ne soit pas
situé pres des éléments clés du domaine kinase9(K&ife de liaison a I'ATP et D688:
accepteur de proton), cette modification pourrdtérar la conformation de la poche de
fixation du nucléotide importante poirles activités kinase et RNase, par un enchainement
de changements de conformation [118iji)etoligomérisation [166]. Une étude précédente a
modélisé cette mutation et conclu que celle-cica#fié probablement la stabilité et I'activation
du domaine kinase [165].

La mutation P336L entraine le changement d'unangr@n leucine, donc bien que ce
soit la seule mutation impliguant deux acides amimésez semblables (hydrophobes,
aliphatiques) elle devrait induire des changemeetsonformation majeurs, du fait que la
proline induit un coude qui modifie I'axe de la tgine. En outre, un acide aminé proche, la
cystéine C332, a été impliquée dans la formatiorpaiets disulfures qui contribuent a la
stabilisation des oligomeres IRE[167]. L'oligomérisation d'IREd étant I'étape préliminaire
a l'activation de ses domaines kinase et RNeggie 17), cela implique que cette mutation
P336L semble située dans un domaine clé de régulde I'activité IREd et qu'elle puisse
moduler la stabilité des oligomeres. Cette hypahgse la mutation P336L intervient dans

une zone clé de la régulation d'IREdst étayée par le fait que c'est la seule mutatinrait
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éte identifiée a ce jour dans plusieurs échansllda tumeurs, provenant de patients atteints

de cancers différents, soit deux cancers intestieaun GBM [90].

Phosphotransfer activation
of transgenic WT IRE1«

ar
ER stress activation of
andogenous IRE 1

Phosphondated
™ / activation

v s ER-localized
= — L s mRNA decay

ATP | Relaxed-specificity ANase
Phosphorylated calalyzes both L N
EC[iVEpiiﬂﬂ};Eng!ﬁ[S XBP1 mRAMNA splicing 5~ N NN_— AAAM
&mmote nigher ofder and ER mRANA decay
inasa/ANase digomers
XBP1 mRNA
spliced

Figure 17: Schéma de Il'activation par oligomérisatin d'IREla
Han et al, 2007].

La deuxieme mutation identifiee dans le domaineihaindIREX, A414T, pourrait
induire des modifications de structure importangessqu'elle provoque le changement d'une
alanine (aliphatique hydrophobe) en thréonine (bytile).

Bien que ces deux mutations cytosoliques P336L4di4A ne semblent pas faire partie
du domaine fonctionnel d'oligomérisation [168], du site de liaison avec la protéine
chaperonne BiP (acides aminés 307-334) [94, 16[8s @ourraient toutes deux altérer la
formation et la stabilité des oligoméres IRE) en modifiant les propriétés physiques du
domaine d'oligomérisationi) en déstabilisant la liaison avec les partenawesidaux qui
empéchent cette oligomérisation (BiP) igt en favorisant la liaison avec les éventuels
partenaires luminaux qui stabilisent les compleskgomériques d'IREdL Ces partenaires
luminaux pourraient étre des protéines mal confespnéomme cela a été montré dans le cas
de Irelp (levure) [169]Higure 18 A) ou d'IREPB (ERN2) [170], isoforme d'IREi (ERN1)
dont I'expression est restreinte aux tissus imask. L'alignement de séquence entre ces deux
isoformes permet d'ailleurs de constater que léinerd®336 est localisée dans un domaine

conservéFigure 18 B), qui pourrait éventuellement lier les protéinesd gonformées.
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A Mechanism of yeast IRE1p signaling
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Figure 18: Irelp et IRE1p peuvent lier les protéines mal conformées.

A. Schéma comparatif de I'activation d'IRE1 chezVaie et chez 'Hommédetz, 2012 [8].
B. Alignement de la séquence des domaines lumiddREln (ERN1) et IRES (ERN2).
Les encadrés rouges indiquent les acides aminé& dét3114 d'IRE4.

En plus de ces quatre mutations, une mutation sdaee a été identifiée dans un
prélevement de GBM, la mutation P319P [153]. Biee gous ayons choisi ici de focaliser
notre étude sur la caractérisation des mutatioms siencieuses, le nombre croissant de
mutations silencieuses identifiées dans le géirEdd suggére aussi qu'elles pourraient avoir
un réle dans la fonctionnalité d'IR&1lcomme cela a été établie pour d'autres prot¢iivdg,

et ainsi dans le développement des GBM.

+* Impact des mutations sur la signalisation IBE1

Comme nous l'avons vu précédemment, la surexpresigida protéine IRkl sauvage
suffit a induire son activationF{gure 17, [7]) et la présence des mutations étudiées a un

impact sur la signalisation proximale d'IREles mutations cytosoliques S769F et Q780*
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diminuent significativement l'activation basale REla induite dans notre modele de
surexpression, tandis que les mutations P336L et4A4semblent potentialiser cette
activation basale ARTICLE 5, Figure 3), notamment en favorisant la formation ou la
stabilité des oligomeres d'IREE1Ces effets peuvent d'ailleurs étre dus soit &ftet sur la
stabilité et donc l'expression d'IR&1soit modifier les propriétés d'IREIsans altérer son
expression ou sa localisation. De ces données, pougions anticiper que les mutations
S769F et Q780* étaient des mutations entrainanparte de fonction d'IRE] tandis que les
mutations P336L et A414T semblaient étre au caetrdés mutations entrainant un gain de
fonction. Cependant, si les résultats obtenus pépissage de XBP1 sont cohérents avec
cette hypothese, les résultats sur la mesure cévitd RIDD nous obligent a modérer ce
schéma. En effet, la surexpression méme d'tRBEans notre modele, n‘a pas le méme impact
sur toutes les cibles du RIDD, sous-entendant agige surexpression entraine bien une
activation d'IRE& (Figure 17, [7]) mais qui semble différente dectliation d'IREL
endogéne par un stress du RE, au moins en ce e la sélectivité des ARNm dégradés
par le RIDD Figure 19). Ces résultats apportent donc un nouvel exempléédouplage qui
existe entre les différentes activités RNases diREt dont les études menées chez la levure
soulignent l'importance. En effet, si la caractien de I'épissage de I'équivalent levure de
XBP1, HAC1, a pu étre mis en évidence cBezerevisagl n'a pas lieu che3. pombgalors
gu'a l'inverse, le RIDD mis en évidence cBepomban'est pas présent ch8zcerevisae
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Figure 19: Variations d'expression de substrats diRIDD

Représentation en cluster de kgffdes mutations sur la stabilité des ARNn
substrats du RIDD (qPCR) aprés traitement a l'aptytine D.Cette représentati
permet d'apprécier I'ensemble des variations, feigtives ou non, de la stabilité
substrats du RIDD dans nos différentemditions. Nous pouvons constater gt
surexpression d'IREEWT ou des mutants a toujours tendance a déstabdes
substrats par rapport aux conditions contrdles (EBduf pour quelques subst
(SCARAS et PDGFR pour le mutant A414T, et SPARC et PER1 pour leam
P336L).
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De plus, pour les substrats du RIDD affectés pautaxpression d'IRE] les mutations
ont des effets sélectifs: une méme mutation peoir an effet opposé sur deux substrats du
RIDD. C'est le cas par exemple de la mutation AdgdiTstabilise 'ARNmM de SCARAS et
favorise au contraire la dégradation de 'ARNm &RP. Les mécanismes d'adressage des
ARNmM cibles a la membrane du RE, et en particldidREX: sont a ce jour méconnus.
L'hypothese la plus répandue est que cet adressagsse peut aprés la synthése des ARNm,
soit directement lors de leur export au niveauptees nucléaires [106, 107], soit lors de leur
traduction au niveau des ribosomes attachés a mabna@e du RE (pour les protéines de la
voie de sécrétion). Il est également probable eqeepdirtenaires protéiques encore inconnus
soient impligués dans l'adressage de ces ARNm adREcteurs dont par exemple la liaison
a IREln pourrait expliquer la sélectivité de dégradatiencertains ARNm. Dans cette idée,
les mutations pourraient altérer la liaison de @estenaires a IRkl soit par une
modification de l'accessibilité du site de liais@wjt par une altération de ce site. Il est
également possible que cet adressage dépendédaiediance relative de chacun des ARNm
cibles, abondance qui pourrait, dans notre cas,rdtdifiée par l'activation d'IRk1 Ainsi,
en altérant les voies de signalisation en avalEItR en particulier la cinétique d'activation
de cibles transcriptionnelles, elles pourraient firexdI'abondance de substrats du RIDD et
ainsi leur clivage par IRElet donc leur stabilité. Des études transcriptomigont en cours
de réalisation, qui pourraient nous permettre deumicomprendre les mécanismes de
régulation de cette dégradation sélective de satissttu RIDD dans notre modele. Des
molécules et des mutations ont été identifiees mrrimettent [inhibition sélective de
I'épissage de XBP1 ou du RIDD [6, 7]. Il seraitheissant d'utiliser ces inhibiteurs afin de
découpler les activités RNase d'IRE#&t de caractériser pour chaque mutation l'effet de

I'épissage de XBP1 indépendamment de I'effet SRiDD, et vice versa.

Des expériences sont en cours de réalisation qis permettront de définir l'impact des
mutations sur la signalisation en aval de l'a&ikinase d'IREd (phosphorylation de JNK,
ERK) ainsi que sur les signalisations clés de lasissance tumorale et de l'angiogenése
(EREG, VEGF) dépendantes d'IRE1

+ Impact des mutations sur la formation des tumdarns un modele de greffe

orthotopigue chez la souris

Une greffe orthotopique chez la souris de celldie$sBM contrdle (U87-EV) ou dont la
signalisation d'IREd a été bloquée (U87-DN) constitue un modeéle ing&nels pour
caractériser l'impact de la signalisation IRE4ur la formation et le développement de
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tumeurs cérébrales [157]. La greffe de U-87 MG mmant de facon stable les formes
sauvage (U87-WT) ou mutées (U87-S769F, U87-Q78087-B336L ou U87-A414T)
d'IREJo a permis de déterminer que les mutations P33&4&4T ont un effet trés important
sur le développement tumoral par rapport a la ¢mmdcontrole mais également par rapport a
la surexpression de la forme sauvage d'iireffet développé ci-apres. Les mutations S769F
et Q780*, pour lesquelles nous avons mesuré unadiion de la phosphorylation d'IRE1

et de I'épissage de XBP1 par rapport a la condién in vitro, abrogent l'effet de la
surexpression d'IREd puisque) les tumeurs formées 15 jours apres la greffe osttaille

est une vascularisation similaires aux tumeursrotes ARTICLE 5, Figure 4), et queii)

les souris ayant regues les U87-EV, les U87-S7@9EseU87-Q780* ne présentent pas de
différences significatives de survie, ni de diffizes de phénotype des tumeurs développées
(ARTICLE 5, Figure 4). Il est surprenant que ces deux mutations, gquiptennent pourtant
une mutation tronquante (Q780*) donc un effet Vesgur les domaines catalytiques d'IRE1
n‘aient pas d'effets significatifs sur la progressiumorale dans notre étude. Ceci pourrait
refléter les limites de notre modéle d'étude. Hatetes mutations, tout comme la mutation
P336L, peuvent avoir des effets pro-tumoraux danscontexte bien particulier. Elles
peuvent, par exemple, conférer un avantage sélagkf cellules tumorales soumises aux
traitements anti-cancéreux comme la radiothérapi¢éacchimiothérapie, comme le suggére
les expériences préliminaires de résistance a k& imduite par le TMZ igure 20). Ainsi,

ces mutations pourraient augmenter les capacaésptation de ces cellules a un stress aigu
du RE.
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Figure 20: Impact des mutations d’'IRElx sur la résistance au TMZ

Les cellules sont traitées pendant 24h avec du DNt®Gtréle) ou du TMZ (150 uM)
puis la viabilité et la cytotoxicité sont mesurégnultanément (kit multitoxPromega
Le ratio viabilité/cytotoxicité nous informe que $arrexpression d'IREAWT ou de
mutants S769F et Q780* confere une résistanceniainduite par le TMZ.
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Lors de limplantation des U87-P336L dans le carvées souris, aucune tumeur n'est
formée, ce qui suggére que cette mutation altepetientiel tumorigénan vivodes U-87 MG.
Des recherches complémentaires seront nécessamas comprendre limpact de cette
mutation sur la formation de tumeurs, mais nous/pos d'ores et déja faire I'hypothése que
cette mutation affecte particulierement la capadée U-87 MG a s'implanter dans le cerveau
des souris. Ceci pourrait notamment étre di a dadifivations de facteurs remodelant la
matrice extracellulaire et donc le cytosquelettéestadhésions intercellulaires. Les effets de
cette mutation ne sont pour l'instant que mesusahleszivo, puisque les tests effectués
vitro, soit par un modele de formation de neurosphérde enigration a partir de ces sphéres,
soit par la mesure d'attachement au substrat, ne ontt pas permis de mettre en évidence des
différences significatives entre les U87-EV, les7Tl8T et les U87-P336LARTICLE 5,
Figure S3. Cette mutation n'ayant pas été définie comnteirice de tumeur, elle pourrait
eégalement ne fournir un avantage sélectif aux leslltumorales que dans le contexte d'autres
mutations, par exemple de I'EGFR [115], ou se g&vélvantageuse en induisant des
mécanismes de résistance aux chimiothérapies [154].

Une autre explication possible serait I'augmentatie I'expression dans ces cellules d'un
facteur suppresseur de tumeur, comme par exem@lebb effet, si de nombreuses études
relatent les dérégulations pro-oncogéniques desescil'IREDL (NFkB, PTEN, etc.,
ARTICLE 1), de plus en plus de travaux avancent un role-tantoral de I'UPR,
vraisemblablement di au dépassement d'un seuireies scellulaire qui fait basculer I'UPR
d'une réponse pro-survie a une réponse pro-morts Nwons effectivement mesuré une
augmentation de p53 dans les cellules U87-P336Lis nka participation de cette
surexpression (ou stabilisation) de p53 au phémotypservé reste a définir, puisqu'elle
n'‘entraine pas une augmentation de l'activité @gABTICLE 5, Figure S4).

Les données de la littérature suggéerent que latrmntB336L pourrait perturber de fagon
critique le fonctionnement de la protéine IRE@&t conférer ainsi un avantage sélectif aux
cellules cancéreuses. Or, de fagon intéressangeraaux montrent que I'expression de cette
mutation semble modifier le phénotype de ces asdlubvec l'acquisition d'un phénotype
pseudo-épithélial (données non montrées), qui rast@ractériser. La modification des
propriétés d'organisation de ces cellules pourtagpliquer en partie les effets constatés

Vivo.

La mutation A414T, quant a elle, n'avait jamais Btise en évidence comme une
mutation somatique: bien gu'identifiée dans ledyaea précédemment réalisées, elle avait
été définie comme SNP (Single nucleotide polymawhi [153, 154]. Cependant, la
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comparaison avec un tissu sain nous a permis deeneet évidence cette mutation dans notre
étude, mutation qui semble pertinente puisque re&tx ont révélé que cette mutation
apporte un avantage sélectif aux cellules tumotale®v/o, en induisant une croissance plus
rapide des tumeurs issues des U-87 MG chez lesss@imsi qu'une vascularisation plus
importante dans ces tumeurs comparé aux tumeursés a partir des U87-WARRTICLE

5, Figure 4. Ceci aboutit & une mortalité plus importante slesris apres l'implantation de
ces cellules U87-A414T, et les vaisseaux développésein de ces tumeurs ont une taille
bien plus importante que les vaisseaux mesurés ldarautres conditions. Il semblerait que
l'effet de cette mutation passe dans ce cas paraugmentation de la signalisation pro-
angiogénique qui conférerait un avantage proliféetx tumeurs U87-A414T, plus qu'une
réelle augmentation des capacités de prolifératipmsqu'aucune augmentation de la
prolifération de ces cellules n'a été mesurévitro (ARTICLE 5, Figure S3). Cette
hypothese est également étayée par le fait quenesurs formées a partir des U87-A414T a
jour 15 (J15) aprés la greffe orthotopique ne priesg pas d'augmentation de taille
significative par rapport aux conditions contrOlesun nombre plus important de vaisseaux.
Nous avons toutefois constaté que ces tumeurs meggeun remodelage important des
vaisseaux sanguins, avec l'apparition de longsseais< fins sur lesquelles les cellules
tumorales co-optentARTICLE 5, Figure 4), formant une excroissance qui ressemble aux
prémices de la migration observée dans les tunfeurges a partir des U87-DMRRTICLE

5, Figure 4 [157]).

La plupart des tumeurs ont, a J15, un phénotypiérdiit de celui présent lors du
sacrifice des animaux donc lors de l'apparition sigaes cliniques. En effet, les tumeurs
développées jusqu'aux signes cliniques sont desursrde forme sphérique dont le contour
est régulier. La seule condition pour laguelle h&motype des tumeurs est de type infiltrant
ou meésenchymateux est la condition DN. Au contraige J15, les tumeurs sont
majoritairement sous forme d'ellipsoides irrégsli@vec quelques fois la présence de points
d'infiltration trés proches de la tumeur principaleutefois, ces pseudo-infiltrats ne sont pas
présents dans toutes les coupes de tumeurs obse@aite grande variabilité dans la taille, la
forme et linfiltration des tumeurs développéesjdirs aprés l'implantation des cellules ne
permet pas de conclure quant au réle des mutadi@ans I'acquisition d'un phénotype précoce
particulier, et nécessiterait une étude plus glldds tumeurs formées, par exemple en

marquant I'ensemble de la tumeur en trois dimesgian des billes d'or.
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% Conclusions et perspectives

De facon intéressante, on peut noter que sur leBegmutations somatiques qui ont fait
I'objet de notre étude, ce sont les mutations ie@a$ dans le domaine luminal d'IREdont

I'impact a pu étre mesuré ici.

Bien que ces résultats ne permettent pas de canfilenréle initiateur de tumeur des
mutations prédites comme telles par des analys@sfdimatiques, ils ne permettent pas non
plus dinfirmer cette prédiction. En effet, deuxpésences clés restent a réaliser pour
compléter ces résultats: I'expression inductiblee® mutants, ainsi que I'expression de ces

mutants dans des cellules non cancéreuses.

En effet, le potentiel oncogénique des mutantsleepar définition dans les capacités de
ces mutations a faire basculer la cellule d'unduleelnon transformée a une cellule
cancéreuse. Leur expression dans des cellulesralgimmortalisées mais non transformées
comme par exemple des astrocytes humains normaumxoriialiisées (NHA-TS) [172]
permettrait de déterminer si ces mutations prommueecarcinogenéese. Du fait de problémes
techniques, je n'ai pas eu la possibilité de measrexpériences et ainsi conclure quant au
réle initiateur de tumeur de ces mutations. Cepetndiéai pu réaliser des expériences
préliminaires indiquant que les mutations S769F8@y7 P336L et A414T peuvent étre
exprimées de facon stable dans un tel modele ae#ul

En outre, une surexpression inductible des mutaetsnettrait d'étudier l'effet des
mutations a un instant donné, sans que les celhdese soient adaptées a ces mutations, et
permettrait de mesurer I'impact précoce de cestmnsasur la fonctionnalité de la cellule.

De méme, il serait intéressant de répéter ces €tnda plus dans un contexte de
surexpression d'IRElqui aboutit a une activation basale de la protémais dans un
contexte de mutation mono-allélique par des expéés d'édition du génome (TALEN,
CRISPR/Cas9) qui mimeraient plus fidélement le exi® de mutation hétérozygote dans
lequel toutes les mutations d'IRE@nt été identifiées.

Ce travail sera complété par des études de migratiec des techniques d'imagerie
individuelle des cellules (IBIDI) ainsi que par détudes transcriptomiques permettant de
déterminer les cibles et les voies de signalisatitibGrées par la présence de mutations
d'IREJo et ainsi établir une signature propre a chaquetiout, expériences qui sont en cours
de réalisation.

Le modele murin de formation des GBM a été treke your établir I'importance de la
signalisation d'IREd dans ces tumeurs [156], cependant il présentdirdeées majeures. En

effet, l'injection intracranienne, donc la greffahotopique, de cellules dérivées de GBM
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humain, les U-87 MG, entraine la formation d'unmdur dont les caractéristiques sont bien
plus pertinentes qu'une tumeur formée a partir e mémes cellules lors d'une greffe
hétérotopique sous-cutanée. Cependant, il estesgant de noter que les tumeurs formées
dans le cerveau des souris (greffe orthotopique)adir des U-87 MG présentent un
phénotype particulier qui differe de celui des tumnseretrouvées chez les patients. Ainsi, peu
de patients sont diagnostiqués avec des GBM bieapsnlés et richement vascularisés, deux
caractéristiques qui feraient de ces tumeurs desuts facilement opérables. Ainsi, dans le
cas du modele murin que nous utilisons, les tumtarmaées et la mortalité qui en résulte
dépendent de facteurs tels que la vitesse de gnatiibn des cellules cancéreuses alors que la
|étalité des GBM chez 'Homme dépend principalententa réponse au traitement, donc de
la capacité des cellules)aformer des infiltrats dans le cerveau des patjestig résister a la
mort induite par les traitements (chimiothérapinsi, I'étude réalisée ici sur lI'impact des
mutations sur la formation de tumeurs apres un&egmthotopique chez la souris sont
informatifs lorsqu'on les compare aux tumeurs fasndans les conditions controles (EV et
WT), notamment sur l'impact de ces mutations syrddifération et I'angiogenése au niveau
de la masse tumorale, mais ne suffisent pas a enup |'effet que ces mutations peuvent
avoir chez les patients. Pour compléter ces rdsult@us pourrions par exemple implanter
nos différentes lignées de U-87 MG selon le prd®cilisé ici, attendre que la tumeur se
développe (quinze jours environ), puis appliquet souris le méme protocole thérapeutique
que celui habituellement appliqué aux patientsr(ecie, radiothérapie/chimiothérapie [151])
et suivre I'échappement des cellules cancéreusedraitements curatifs. Nous pourrions
également étudier I'impact de ces mutations surmdedeles animaux formant de fagon
spontanée des tumeurs, ce qui nous permettraiefi@irde réle de ces mutations dans les

étapes initiales de la tumorigenese.

Le séquencage systématique des tumeurs des patietitdentification de mutations
d'IRElo. dans ces tumeurs reste en tout cas un excellepgmmue découvrir des mutations
pertinentes d'IREd, et de déchiffrer les mécanismes dépendants degmelisation IREd

mis en jeu lors du développement de ces tumeurs.

Ces mutations sont également des outils puissanisgssayer d'éclaircir deux grandes
inconnues de la signalisation IREL) sa régulation par des protéines cytosoliques et
luminales eti) son potentiel en tant que cible thérapeutique.

i) De nombreuses études menées chez la levure omispde déterminer comment
I'activation de la protéine Irelp est régulée endaoons basales et en situation de stress.

Cependant, un nombre croissant de travaux relatestdifférences importantes entre les
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meécanismes d'activation d'lrelp chez la levure'l®Edo chez 'Homme, notamment en ce
qui concerne leurs modulateurs [8]. Bien que ldsrattants cytosoliques d'IR&1lparmi
lesquels nous pouvons citer Bl-1, NCK, HSP90, TRAKZK1 et IKK, soient de mieux en
mieux caractérisés, les régulateurs luminaux d'tRESbnt peu connus. Ainsi, la
caractérisation de l'interactome des protéines éRiektant les mutations luminales P336L et
A414T, qui semblent avoir un effet de gain de farct permettra de mieux définir les
mécanismes luminaux de régulation d'IRE®n conditions de stress du RE comme en
conditions basales.

i) De plus, nous pourrons compléter ces études par cdblages de molécules
inhibitrices d'IREL ou de molécules utilisés en chimiothérapie. Pestet I'impact de la
présence de mutations sur IREdans le GBM, nous proposons non seulement d’éwvalue
I'activation des voies de stress du RE dans lelulesl U-87 MG exprimant ou non ces
mutants en réponse a des agents inducteurs dis stteRE tels que la tunicamycine
(inhibiteur de la N-glycosylation) ou la thapsigaey (inhibiteur de la pompe calcique
SERCAZ2b), mais aussi de mesurer la résistancelsiéside ces cellules a la mort cellulaire
induite par le stress du RE. Qui plus est nousgeops de mesurer la résistance/sensibilité de
ces cellules a des chimiothérapies traditionneltenaélisées contre les GBM. impliquant la
signalisation IRE& et jouant un réle dans le développement des GBMu(e 20). Une
meilleure connaissance de ces mécanismes permettrseulement de justifier des approches
thérapeutiques visant a moduler l'activité IREDais aussi de classer les tumeurs humaines
en fonction de leur statut d’activation de cettéevibe signalisation. La combinaison de ces
différentes approches pourrait permettre de cibiectivement certains types de tumeurs
avec des molécules modulant l'activité IREpour soit les sensibiliser a des agents
chimiothérapeutiques classiques (comme par exeheplEMZ) soit pour directement en

limiter la croissance, I'angiogenese ou 'invasion.

IRElo. ayant été associé a un rdle moteur dans l'oncegef£s9], ses mutations
représentent un outil pertinent pour tester notypothese que la protéine IREZEst un
interrupteur moléculaire entre les phénotypes aj@imue versus invasif et qu’elle pourrait
ainsi étre envisagée commanarqueur moléculaire des tumeurs humaines queneshcore,

a ce jour, mal classifiées @ cible thérapeutique pour contourner la résistagnasive
associée a ces tumeurs.

En effet, nos travaux pourraient permettre d'assaene signature transcriptomique a
chaque modulation d'IRE1(suractivation (U87-WT), inactivation (U87-DN),cet et surtout
d'associer ces signatures a des effets biologigiesliniques particuliers tels qu'une
augmentation de la prolifération tumorale, une agiggation de l'angiogenése, une résistance
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accrue aux traitements ou encore un phénotype ifngas répond mal a la chirurgie.
L'ensemble de ces données permettrait donc dalésll'd'associer a chaque tumeur une
signature transcriptomique liée a I'état d'actoratdes voies dépendantes d'IREt cette
signature constituerait alors un facteur prédistifssant de I'évolution de la tumeur et de la
réponse aux traitements que cette tumeur est dideem'avoir, que ce soit a la
chimiothérapie, a la radiothérapie ou a la chimirgt ainsi permettre aux cliniciens d'adapter
au mieux le traitement pour améliorer la durée @eou au moins le confort de vie des
patients atteints de GBM.

De plus, la compréhension des mécanismes par lestRElon est dérégulé dans les
GBM, que ce soit directement par des mutations aruupe perturbation plus globale de la
cellule cancéreuse (activation longue durée de RURwtation d'effecteurs des voies
adaptatrices, etc.), permettrait d'affiner la reche d'inhibiteurs d'IREl En effet, la
découverte d'inhibiteurs capables de cibler séecgtent une seule des quatre activités
d'IREla (activité RIDD, activité d'épissage de 'ARNm cotlgpour XBP1, activité de
dégradation de pré-miR ou activité kinase) perraittie rétablir une réponse IR&fpro-mort
dans les cellules cancéreuses pour lesquellepdmsé IREdL est devenue une réponse pro-
survie par le découplage de ses activités. Desteflelécules existent comme le montre les
travaux de Han et al [7]. Ainsi, la corrélation liexpression de différents marqueurs de la
signalisation IRE@ comme PER1 [161], XBP1s [161], EREG [115] ou miR[106] chez un

méme patient pourrait aiguiller le traitement vietsou tel inhibiteur d'IREd
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CONCLUSION GENERALE

L'ensemble de mes travaux de thése renforcentdeesSentiel de la protéine IRkdans
la biologie des glioblastomes, que ce soit au nivea la croissance, de la migration, de
I'implantation des cellules tumorales, ou encoréagiogenése.

En effet, I'inactivation de la signalisation IREfiar une stratégie de dominant-négatif ou
de siRNA compromet la capacité des cellules déblgigiomes a former des tumeurs massives
et hautement vascularisées, phénotype principalediea la perte de la fonction RIDD, et a
la stabilisation subséquente de protéines cruc@des le développement des tumeurs. Nous
assistons alors a une bascule d'un profil de tusnangiogéniques a un profil de tumeurs
invasives.

Ainsi, la perte du RIDD condui) a une surexpression de la protéine SPARC, ce qui a
pour conséquence de favoriser la migration desleslicancéreusesiét a une surexpression
de la protéine PER1, ce qui altéere la vasculadeatle la tumeur et la prolifération des
cellules cancéreuses.

Cependant, le réle d'IRkldans les glioblastomes ne se limite pas a I'épésda XBP1
ou au RIDD, comme le suggeére |'étude des mutatBiesn que ces mutations soulignent la
complexité de la signalisation d'IR&tlans les cellules tumorales, elles représentessi an
outil puissant pour déchiffrer les mécanismes ma&es qui régissent le réle d'IRietlans
le cancer.

Ces résultats confortent l'importance de I'UPR et particulier d'IRE& dans le
développement des cancers, et la pertinence qulilayenvisager IREdcomme outil de
pronostic et de diagnostic, ainsi que de la red¢teeme traitements anticancéreux ciblant
IRE1o.
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ATF6a, a membrane-anchored transcription factor from the endoplasmic reticulum
(ER), modulating the cellular response to stress as an effector of the Unfolded
Protein Response (UPR) is a key player in the development of tumor of different
origin. ATF6a activation has been linked to oncogenic transformation and tumor
maintenance, however the mechanism(s) underlying this phenomenon remains
elusive. Here, using a phenotypic siRNA screening, we identified a novel role for
ATF6a in chemoresistance and defined the protein disulfide isomerase A5 (PDIAS) as
necessary for ATF6a activation upon ER stress. PDIAS contributed to disulfide bond
rearrangement in ATF6a under stress conditions thereby leading to ATF6a export
from the ER and activation of its target genes. Further analysis of the mechanism
demonstrate that PDIAS promotes ATF6a packaging into COPII vesicles and that the
PDIA5/ATF6a activation loop is essential to confer cancer cells chemoresistance.
Genetic and pharmacological inhibition of the PDIA5-ATF6a axis restored sensitivity
to the drug treatment. This work defines the mechanisms underlying the role of
ATF6a activation to carcinogenesis and chemoresistance, furthermore it identifies

PDIAS as a key regulator ATF6a-mediated cellular functions in cancer.

Keywords: Cancer, endoplasmic reticulum stress, ATF6a, PDIA5, chemoresistance
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Introduction

Protein folding in the Endoplasmic Reticulum (ER) can be particularly affected by the
presence of mutation(s) in secretory proteins or by dynamic changes in the cellular
microenvironment, events, which are often encountered in cancers. In the ER, these
events are sensed by specific sensors, which in turn trigger select signaling pathways,
collectively named the Unfolded Protein Response (UPR) (21). The UPR is an
adaptive response that either allows the cells to overcome the stress or promote cell
death in the case of overwhelming burden (21). Three ER resident proteins, namely
the protein kinase PKR-like ER kinase (PERK), the inositol-requiring protein-1 alpha
(IRE1a) and the activating transcription factor-6 alpha (ATF6a) have been identified
as the major transducers of the UPR in mammals. They display an ER-luminal
domain that senses misfolded proteins and are activated by a common mechanism
involving the dissociation of the ER chaperone BiP/GRP78. PERK is responsible for
translational attenuation through the phosphorylation of the alpha subunit of the
eukaryotic translation initiation factor-2 (elF2a) (7). IRE1a mediates the
unconventional splicing of X-box binding protein-1 (Xbp7) mRNA (26) as well as
MRNA expression levels through Regulated IRE1a-Dependent mRNA Decay (RIDD;
(13)) and controls the activation of the c-jun N-terminal kinase (JNK) pathway. The
third arm of the UPR is controlled by ATF6a. This membrane-anchored transcription
factor is a type Il transmembrane protein regulated by intra-membrane proteolysis by
the Golgi apparatus localized Site-1 and Site-2 proteases (S1P and S2P) upon ER
stress (8). Indeed upon ER stress, BiP dissociates from the luminal domain of ATF6a
thereby unmasking both Golgi localization signals (24) and disulfide bonds between
two conserved cysteine residues (18, 19). Although ATF6a has been linked to cancer

development (2, 15) or tumor dormancy (22), the precise underlying mechanisms
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remain unclear. To better characterize the ER molecular mechanisms underlying
ATF6a activation processes in the ER and evaluate their role(s) in cancer, we
developed a functional ATF6a activation screen using small interfering RNA (siRNA)
targeting a panel of well-established cancer relevant ER foldases (5, 16). We identify
PDIA5 as an essential ER localized regulator of ATF6a activation allowing this
transcription factor export from the ER upon stress. Moreover, using leukemia cells
as model, we show a novel role of this ATF60—PDIAS axis regulating resistance to
Imatinib. Collectively, our results identify a novel signaling pathway mediating
chemoresistance in cancer cells, this knowledge may help the tailoring of future

clinical studies.
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Materials and Methods

Cell Culture and Transfection - HelLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
penicillin-streptomycin (100 U/ml and 100 ug/ml, respectively) at 37°C in a 5% CO;
incubator. HelLa cells stably expressing 3xFLAG-ATF6a (HelLa-ATF6a) were
generated and maintained as previously described (23). K562 and LAMA (R=
Imatinib resistant; S= Imatinib sensitive) cells were maintained in RPMI1640 medium
containing 10% FBS and antibiotics. HeLa cells were transiently transfected with
FLAG-ATF6a or FLAG-ATF6a-p50 using Lipofectamine and PLUS reagents

(Invitrogen) according to the manufacturer’s protocols.

Antibodies and Chemicals - Mouse monoclonal anti-FLAG M2 antibody was
obtained from Sigma-Aldrich. Mouse monoclonal anti-ATF6a antibody was from
BioAcademia. Rabbit polyclonal anti-ERK1 antibody was from Santa Cruz
Biotechnologies. Rabbit polyclonal anti-Giantin antibody was purchased from Abcam.
Mouse monoclonal anti-PDIA5 and mouse monoclonal anti-KDEL were from Abnova
and Stressgen, respectively. Rabbit anti-CNX antibodies were a kind gift from Dr.
John Bergeron (McGill University, Montreal, Qc, Canada). Polyclonal anti-ERGIC53,
anti-Ribophorin | and anti-Sec22b antibodies were generated as described previously
(23). Fluorescent-conjugated secondary antibodies were from Molecular Probes (Life
Technologies). Imatinib mesylate (Gleevec®, Novartis, Basel, Switzerland) was
dissolved in DMSO at a stock concentration of 250 mM, stored at -20°C, and
subsequently diluted with serum-free culture medium prior to use. The PDI inhibitor

16F 16 was purchased from Sigma (Sigma, StLouis, MO, USA)
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RNA Interference - siRNAs were obtained from RNAi Co. and Ambion. The
sequences of siRNAs used in this study are described in Table S1. siRNA was
delivered into HelLa, HelLa-ATF6a or K562 cells by reverse transfection using

Lipofectamine RNAIMAX (Invitrogen) at a siRNA concentration of 12.5 or 25 nM.

In Vitro Budding Assay - HeLa-ATF6a cells were transfected with siRNAs against
PDIA5 or control. Seventy-two hours after, cells were permeabilized with 40 ug/ml
digitonin for 5 min on ice. Cells were then washed and incubated with ATP
regenerating system (ATPr; 1 mM ATP, 40 mM creatine phosphate, 200 ug/ml
creatine phosphokinase, 50 uM GDP-mannose), 3 mM GTP and 4 mg/ml rat liver
cytosol in KHM buffer (110 mM KOAc, 2 mM Mg(OAc), and 20 mM Hepes pH 7.2) for
1 h at 30°C. Rat liver cytosol was prepared as described previously (14). The vesicle
fraction was separated from the donor microsome fraction by centrifugation at 12,000
rom for 10 min. The supernatants were then centrifuged at 55,000 rpm for 25 min at
4°C to collect the vesicles. The pellets were solubilized with Buffer C (10 mM Tris-
HCI pH 7.6, 100 mM NaCl and 1% Triton X-100) and analyzed by immunoblotting
using antibodies against mouse monoclonal anti-ATF6a (1:1,000), rabbit polyclonal

anti-ERGIC53 (1:10,000), anti-Ribophorin 1 (1:10,000) and anti-Sec22b (1:10,000).

Plasmids - Human ATF6a cDNA was amplified by PCR from human liver total cDNA
and cloned into p3xFLAG-CMV7.1 vector within the Hindlll /Sall restriction sites. The
FLAG-ATF6a-p50 construct was derived from the above-mentioned plasmid. Human
ATF6a cDNA was digested with Pvull and ligated subsequently in the p3xFLAG
vector. The resulting translation product corresponded to a FLAG-tagged ATF6a-p50

protein. The dominant negative Sar1 (Sar1(DN)) plasmid was a kind gift from Dr.
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Lippincott-Schwartz (NIH, Bethesda, USA). To construct a siRNA resistant PDIA5
cDNA (PDIA5r), the human PDIA5 cDNA was amplified by PCR subcloned in pGEM-
Teasy plasmid. Silent mutations were introduced by in vitro site-directed mutagenesis
using the Stratagen QuikChange® Il XL Site-Directed Mutagenesis Kit in the regions
that are targeted by siRNAs (sequence PDIAS 5’-AGGATGATGCCGCAT replaced by
5-AGAATGATGCCACAC). The insert was then sub-cloned into pcDNA3 and

sequence verified.

Indirect immunofluorescence - Hela cells were plated on coverslips and
transfected with FLAG-ATF6a. Twenty-four hours post transfection, cells were fixed
in methanol at -20°C for 5 min and blocked with 3% BSA in immunofluorescence
buffer (0.15 M NaCl, 2 mM EGTA, 1 mM MgCl,; and 10 mM PIPES-Na pH 7.2) for 30
min at room temperature. Then cells were incubated with primary (anti-FLAG, 1:500;
anti-CNX, 1:500 or anti-Giantin, 1:1,000) and secondary (Alexa-488 labeled anti-
mouse IgG or Alexa-568 labeled anti-rabbit 1gG, 1:250, respectively) antibodies for 1
h. DNA was stained using Hoechst 33342 (Invitrogen) for 15 min. Coverslips were
mounted on microscope slides using Fluoromount-G (SouthernBiotech) and
observed using a Leica TCS SP5 confocal microscope with 63x oil immersion

objective for fluorescence detection.

Immunoprecipitation/immunoblotting - To prepare whole-cell extracts, cells were
washed twice with PBS and then incubated with RIPA buffer (25 mM Tris-HCI pH 7.5,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) for 30 min on ice.
Lysates were sonicated and centrifuged at 13,000 rpm for 20 min at 4°C. For

immunoprecipitation, cells were rinsed twice and collected in ice-cold PBS. Cell
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pellets were then incubated with Lysis buffer (50 mM Tris-HCI pH 7.5 and 1%
TritonX-100) for 30 min on ice and clarified by centrifugation at 13,000 rpm for 20 min
at 4°C. For co-immunoprecipitation of ATF6a with BiP, cells were transfected with
Sar1(DN) after siRNA transfection and were lysed using Lysis buffer. After pre-
clearing using protein A or protein G Sepharose (GE Healthcare Bio-Sciences),
lysates were incubated overnight with anti-FLAG (1:200) antibodies at 4°C. The
beads were then added to the immune complexes and precipitated for 1 h at 4°C with
gentle rotation and washed five times with Lysis buffer. Immunoprecipitates were
eluted with Laemmli sample buffer containing 50 mM DTT for 10 min at 70°C. The
proteins were analyzed by immunoblotting and detected using LumiGLO
chemiluminescent substrate system (Kirkegaard & Perry Laboratories). Dilutions of
primary antibodies used for immunoblotting were as follows: anti-ATF6a, 1:1,000;
anti-CNX, 1:2,000; anti-ERK, 1:1,000; anti-FLAG, 1:1,000; anti-KDEL, 1:1,000; anti-

PDIAS, 1:500.

Quantitative RT-PCR - Total RNA was extracted from 48 h post siRNA transfection
cells using TRIZOL reagent (Invitrogen) according to the manufacturer’s instructions.
cDNA was synthesized from the total RNA using SuperScript First-Strand Synthesis
System (Invitrogen) or Reverse Transcription System (Promega) with Oligo(dT)
primer and amplified with Tag DNA polymerase (Invitrogen). For quantitative RT-PCR
(g-PCR), cDNA was analyzed with B-R SYBR Green SuperMix (Quanta Bioscience)
in StepOnePlus™ system (Applied Biosystems). The primer sequences used for this

experiment are shown in Table S2.
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Mass spectrometry analyses and peptide quantification - HeLa-ATF6a cells were
transfected with siRNA against PDIAS or control in 150 mm diameter dishes.
Seventy-two hours post transfection, cells were lysed in the presence of N-
ethylmaleimide (NEM) using 25 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate and 0.3% SDS. Clarified lysates were then immunoprecipitated
with anti-FLAG antibodies. Immunoprecipitates were eluted using a FLAG peptide
and the eluates were then resolved by non-reducing (NR) SDS-PAGE and the gel
stained with Coomassie Blue. The band corresponding to ATF6a was excised and
digested sequentially with trypsin and GIuC. The extracted peptides were then
analyzed and quantified by LTQ-Orbitrap (Thermo-Fisher) mass spectrometry as
previously described using a label-free approach (17). Normalization was achieved

by using three ATF6a peptides systematically found in the experiments.

Cytotoxicity and apoptosis assays - Flow cytometry-based analysis of cell
apoptosis was performed following staining of the cells with Annexin V-FITC and
propidium iodide (PI) using the Annexin V-FITC kit (Beckman Coulter). The extent of
apoptosis was quantified as the percentage of Annexin V—positive cells. The extent
of Imatinib-induced apoptosis was assessed using the following formula: percent
specific apoptosis = (test - control) x 100 / (100 - control). Cell death was assessed
using Annexin V-fluorescein isothiocyanate—propidium iodide (Annexin-V FITC
Apoptosis Kit, Beckman Coulter) according to the manufacturer's protocol.

Sulforhodamine B assays were performed as previously described (6).

Statistical analyses - Data are presented as mean + SEM of three separate

experiments and compared using one-way analysis of variance (ANOVA) followed by
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Dunnett's multiple comparison tests. The level of significance was set at P<0.05. All

statistical analyses were performed using GraphPad Prism (version 5) statistical

software (GraphPad Software; San Diego, CA).
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Results
ER-Resident Proteins regulate the activation of ATF6a in response to ER
Stress. To study the mechanism regulating ATF6a export from the ER to the Golgi
apparatus and subsequent transport to the nucleus upon ER stress, we transiently
expressed FLAG-tagged human ATF6a (FLAG-ATF6a) in Hela cells and determined
the localization of ATF6a by immunofluorescence using anti-FLAG antibodies. To
examine ATF6a activation under ER stress we used four known ER stress-inducing
chemicals, Dithiothreitol (DTT, a reducing agent), Thapsigargin (Tg, a SERCA pump
inhibitor), Azetidine-2-carboxylic acid (Azc, a proline analog) or Tunicamycin (Tun, a
N-glycosylation inhibitor). As expected, ATF6a was exported from the ER to the Golgi
apparatus within 30 min and reached the nucleus after 2 h of DTT treatment. As
shown in Figure 1A, under basal conditions, ATF6a co-localized with the ER marker
Calnexin (CNX) and following 1 h DTT treatment, co-localized with the Golgi complex
marker Giantin (Fig. 1A). Tg and Tun also induced the translocation of ATF6a (Fig.
S$1), however translocation kinetics was slower compared to DTT treatment. Azc also
promotes ATF6a export but had the weakest effect on the trafficking of this
transcription factor among the ER inducers used in the screening. Next, to confirm
the activation of ATF6a, we examined the cleavage of endogenous ATF6a upon ER
stress, an established marker for the activation of molecule. Consistent with
immunofluorescence data (Fig. 1A), immunoblot analysis showed DTT was the
strongest inducer of ATF6a activation (Fig. 1B and 1C).

It has been reported a reduction of intra- and inter-molecular disulfide bonds in
ATF6a luminal domain as an underlying molecular event leading to its ER export
during ER stress (18). As a consequence, we designed a cell-based siRNA assay

against ER resident protein disulfide isomerases (PDIs) and thioredoxins and
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foldases to identify the enzyme(s) involved in disulfide bond formation and/or
remodeling that are required for ATF6a activation upon ER stress (Fig. S2A). Forty-
eight hours post-siRNA transfection, the cells were further transfected with the FLAG-
ATF6a. Twenty-four hours later, the cells were treated with DTT to induced ER stress
for 2 h. These cells were then immuno-stained using anti-FLAG and anti-CNX or anti-
Giantin antibodies. Cells expressing FLAG-ATF6a protein (number of cells counted
ranged from 350 and 6300; Fig. 2A) were analyzed for the presence of tagged-
ATF6a in the ER, Golgi complex and nucleus. The percentage of cells displaying
both Golgi and nuclear localization of FLAG-ATF6a in each siRNA-transfected cell
population was determined and compared to the control siRNA-transfected cells (Fig.
2A). Both primary and validation screens revealed that only PDIAS silencing led to
altered export of ATF6a to the Golgi complex upon DTT treatment (Fig. 2B). In order
to confirm the effect of both PDIAS siRNAs on their cognate target, we transfected
each siRNA into HelLa cells and examined PDIA5 expression using immunoblot (Fig.
S2B). Transfection of each siRNA (siRNA-1 and siRNA-2) led to significant decrease
in PDIA5 expression compared to control siRNA. Both siRNAs neither impacted CNX
nor ERK1 expression used as loading standards (Fig. S2B).

ER stress-induced ATF6a activation was also monitored using immunoblotting
in HelLa cells. This revealed that silencing of PDIA5 using siRNAs used in screen
decreased ATF6a cleavage upon DTT treatment (Fig. 2C and Fig. S4A; white
arrowheads), thus confirming the immunofluorescence data. Moreover, the effect of
PDIA5 siRNA on ATF6a cleavage was also observed in cells treated with the ER
stress inducers Tg and Tun (Fig. 83 and Fig S4A). Furthermore, silencing of PDIA3

or PDIA4 (Fig. S4C), two of the most abundant PDIs in the ER, did not affect ATF6a
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activation upon DTT treatment (Fig. S4B), thus reinforcing the specificity of PDIA5 in

this process.

PDIAS silencing impairs ATF6a transcriptional activity. To confirm the effect of
PDIA5 silencing on ATF6a activation and the subsequent impact on the
transcriptional activation of ATF6a target genes, we measured mRNA expression
levels of ATF6a target genes in control and PDIA5-silenced cells following DTT
treatment (1 mM) using quantitative RT-PCR (g-PCR). First, we confirmed that the
expression of Pdiab mRNA was attenuated by siRNA (Fig. 3A and Fig. S5A). Then
we analyzed the expression of four ATF6a bona fide target genes (Ero1LB, Grp94,
Orp150 and Herpud1) (1, 25) and three UPR target genes (spliced form of Xbp1
(Xbp1s) and Xbp1 (Xbp1u), Chop, Gadd34) upon DTT (Fig. 3A), Tg or Tun (Fig
S$5B)-induced stress and/or silencing of PDIA5. This revealed that PDIA5 silencing
prevented the induction of ATF6a target genes upon ER stress without affecting the
induction of the UPR targets, Chop and Gadd34 (Fig. 3A, C and Fig. S5B). The total
amount of Xbp7s mRNA decreased upon PDIAS5 silencing (data not shown). However,
this may account for the fact that ATF6a also regulates the expression of Xbp1
mMRNA (26). This was confirmed by the fact that the induction of Xbp7 mRNA splicing
efficiency upon ER stress remained identical in control and PDIA5-silenced cells (Fig.
3B). These results established of the requirement for an intact PDIA5 for the ATF6a
activation upon ER stress. To further ensure that the observed effect was effectively
due to the absence of PDIA5, a rescue approach was undertaken. To this end a
siRNA resistant form of PDIAS (PDIA5r) was expressed in Hela cells silenced or not
for PDIAS and the expression of PDIA5 evaluated by immunoblot (Fig. 3D). As

expected, endogenous PDIA5 was silenced upon transfection with the siRNA to
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PDIA5 (Fig. 3D, lane 2) and the expression of the protein rescued when co-
transfecting with the siRNA resistant form (Fig. 3D, lane 3). To test whether rescuing
PDIA5 expression impacted on ATF6a signaling, DTT-induced expression of Ero1Lf
and Herpud1 mRNA was monitored in cells knocked down for PDIAS and rescued or
not for the expression of this protein (Fig. 3E). Again, as shown in Figures S5 and 3A,
PDIA5 silencing led to attenuated induction of Ero1Lf and Herpud1 mRNA
expression upon DTT exposure and expression of PDIA5r in the silenced background
restored the DTT-mediated induction of both mRNAs (Fig. 3E), thereby confirming
PDIA5 dependency for ATF6a signaling in Hela cells. Interestingly, overexpression of
PDIA5 alone was not sufficient to induce further expression of ATF6a. target genes,
suggesting that endogenous PDIAS is not limiting. Finally, the impact of PDIA5
silencing on the expression of BiP protein, whose encoding gene is a major target of
ATF6a, was evaluated in response to ER stress. When PDIAS expression was
knocked-down in the cells, the induction of BiP upon ER stress was significantly
attenuated compared to control siRNA (Fig. 4A and Fig. S6), thus indicating that

PDIA5 might be indeed required for ATF6a activation and subsequent signaling.

PDIA5-dependent activation of ATF6a is independent of the association with
BiP. As BiP has also been shown to control ATF6a export from the ER through a
dissociation mechanism (24), we sought to examine if there was any functional
interplay between BIiP dissociation in PDIA5 effect on ATF6a, to this end the
ATF6a/BiP interaction was tested by co-immunoprecipitation. To prevent the export
of ATF6a from the ER, and therefore its cleavage, the experiments were carried out
in HeLa cells transfected with a dominant negative Sar1 (Sar1DN) construct, a

mutant GTPase that prevents ER-to-Golgi traffic (20). Under those circumstances,
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BiP associated with ATF6a under basal conditions and released from ATF6a upon
DTT treatment (Fig. 4B). The same phenomenon was observed in PDIA5-silenced
cells, although to a lesser extend (Fig. 4B and C). This suggests that dissociation of
BiP from ATF6a might represent an early step in the ATF6a activation process but

not completely sufficient to allow ATF6a export to the Golgi complex.

Modulation of disulfide bonds underlies PIAD5 activation of ATF6a. Since our
results showed that the export of ATF6a from the ER was regulated by PDIA5 upon
ER stress and since its activation is in part controlled by modulation of disulfide
bonds (18), we then evaluated the oligomerization of ATF6a using Non-Reducing
(NR) SDS-PAGE and immunoblot (Fig. 4D). This revealed that DTT treatment altered
dramatically ATF6a oligomeric profile in control cells (Fig. 4D, left panel), whereas in
PDIA5 siRNA-transfected cells, the high molecular weight forms remained present
throughout the stress (Fig. 4D, right panel and Fig. S7). To evaluate the impact of
PDIA5 silencing on the formation of disulfide bond in ATF6a, FLAG-ATF6a was
immunoprecipitated and the reduced cysteine-containing peptides C1 and C2 (Fig.
4E, left panel) were quantified by mass spectrometry (Fig. 4E, right panel). This
revealed that both peptides C1 and C2 were found in equivalent amounts in all
experimental conditions. However, the amount of C1 and C2 was dramatically
decreased in PDIA5-silenced cells (Fig. 4E, right panel). This suggests that PDIAS
impacts on ATF6a luminal domain content in reduced cysteines, thereby contributing

to its activation process upon ER stress.

PDIA5 modulates ATF6a packaging into COPIl vesicles. The coat protein

complex Il (COPII) is required for packaging of ATF6a and its trafficking from the ER
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to the Golgi complex upon ER stress (23). We therefore examined if PDIA5 silencing
impacted on ATF6a packaging into COPIl vesicles. As previously reported (23)
ATF6a budded poorly in the standard control reaction (Fig. 5A, lane 7). When DTT
(5 mM) was added into the budding reactions, ATF6a packaging into COPII vesicles
was enhanced (Fig. 5A, lane 8), a phenomenon that was greatly suppressed in
PDIA5-silenced cells (Fig. 5A, lane 10). In control experiments, DTT did not affect
ERGIC-53 or Sec22b budding, and did not cause significant Ribophorin-I release, as
previously reported in the initial assay (23). Collectively, these results indicate that
PDIAS5 plays an instrumental role for ATF6a packaging to COPII vesicles. To further
reinforce the functional link between PDIAS and ATF6a, we first evaluated whether
the silencing of these two genes impacted on cell’s sensitivity to ER stress. As such
both PDIAS5 and ATF6a silencing increased Tun toxicity with a similar order of
magnitude (Fig S8). Moreover we tested whether overexpression of the cytosolic part
of ATF6a (ATF6a-p50), a constitutively activated form of ATF6a independent of
disulfide bond reduction, would rescue PDIA5 silencing-mediated ER stress
sensitivity. HeLa cells were transfected with an empty vector or FLAG-ATF6a-p50,
and treated with 5 ug/ml Tun or vehicle control for 36 h. The expression of FLAG-
ATF6a-p50 was monitored using immunoblot with anti-FLAG antibodies (Fig. 5B,
bottom panel). The same experiment was repeated in PDIA5- or ATF6a-silenced
cells. The results presented in Fig. 5C, show ATF6a-p50 rescued partially stress Tun
sensitivity induced upon PDIAS or ATF6a silencing. These results further support the

functional link existing between these two proteins in the UPR.

PDIA5/ATF6a axis modulates sensitivity to Imatinib. ATF6a and PDIA5 have

been associated with cell survival and chemoresistance in different tumor types (3, 4).
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Using leukemia as a model, we sought to determine the role of this newly identified
axis in chemoresistance, a well-defined ER stress inducer. We initially examined the
expression of Pdia5 mRNA in leukemia cell lines, K562 and LAMA (S; sensitive to
Imatinib, R; resistant to Imatinib), respectively. Expression of Pdia5 mRNA was
significantly higher in resistant cells than in sensitive cells (Fig. 6A) and that it was
not induced upon Imatinib treatment (Fig. 6B). To evaluate the impact of PDIAS
expression on the resistance phenotype, PDIAS expression was silenced or not in
K562R cells, which were then subjected to Imatinib treatment. Interestingly, PDIAS
silencing in K562R cells partially restored cells’ sensitivity to Imatinib to a level
comparable to that observed in sensitive cells (Fig. 6C). Furthermore this effect was
mimicked when using a pharmacological inhibitor of PDI (16F16) (Fig. 6D). To test
whether overexpression of PDIA5 was functionally linked to ATF6a activation in
K562R cells ATF6a expression was knocked-down using siRNA and the subsequent
impact on Imatinib sensitivity evaluated. Interestingly, ATF6a silencing partially
restored the sensitivity of K562R cells to Imatinib (Fig. 7A) and a pharmacological
inhibitor of PDI blocked the proteolytic cleavage of ATF6a in those cells, which was
found to be constitutive otherwise (Fig. 7B). Finally, the co-silencing of PDIA5 and
ATF6a further enhanced the sensitivity of K562R cells to Imatinib (Fig. 7C), thereby
demonstrating the functional relationship of these proteins in the chemoresistance
mechanism. This observation was also confirmed in CD34+ leukemia cells from 2
patients (Fig. 7D) in which Imatinib sensitivity was enhanced using 16F16, thereby
reinforcing the pathophysiological and translational relevance of the PDIA5/ATF6a

axis in cancer.
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Discussion

The biological role of the UPR in oncogenesis, cancer development and resistance to
chemotherapies is well established, however the roles of the three UPR sensors
remain unequally documented. In particular the role of ATF6a is yet to be
characterized. To define the activation mechanisms of ATF6a in cancer, we designed
a siRNA screen aiming at identifying the proteins controlling ATF6a export from the
ER. The subsequent results defined a novel ER stress inducible regulatory axis that
depends on PDIAS-mediated activation of ATF6a. In this context, and to follow up on
our initial aim, we investigated the relevance of this axis to cancer cell phenotypes.
Interestingly, PDIAS was found to be overexpressed in numerous cancers and to be
part of a predictive signature of tumor cell resistance to chemotherapy (3, 4),
however the mechanisms underlying this observation remain poorly understood.
Since ATF6a had previously been associated with tumor cell dormancy (22), a
hallmark of chemotherapy resistance, we investigated the role of the PDIAS/ATF6a
axis in cancer cell resistance to Imatinib. We showed that genetically or
pharmacologically impairing PDIAS activity restored Imatinib sensitivity in Imatinib-
resistant leukemia K562 cells (Fig. 6 and 7) and this through an ATF6a dependent
mechanism (Fig. 7 and Fig. 8). Thus our data demonstrated the role of the
PDIAS/ATF6a signaling axis in leukemia cells resistance to Imatinib. One can
anticipate that such results might also be observable in other models of drug
resistance in cancer cells.

We further elaborated on the molecular mechanisms underlying this phenomenon.
Indeed it is currently accepted that the export of ATF6a to the Golgi apparatus upon
ER stress is controlled by the dissociation from ER chaperone BiP (24) and that the

remodelling of intra- and intermolecular disulfide bonds formed in the luminal domain
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of ATF6a is also involved in its activation process (18, 19). We found that PDIA5S
silencing caused the retention of ATF6a in the ER under stress, thereby indicating
that PDIAS is involved in the ATF6a activation mechanism upon ER stress. Silencing
of PDIAS did not significantly affect the activation of the other arms of the UPR.
These results suggest possible mechanisms of PDIA5-dependent reduction of ATF6a
including (i) direct reduction that could be further evaluated by the detection of a
mixed-disulfide ATF6a-PDIA5 species, or alternatively by in vitro catalysis of ATF6a
reduction using a reconstituted system, (ii) indirect reduction via hypo-oxidizing ER
conditions, which could be assessed by measuring the thiol-disulfide milieu in the ER
in control or PDIAS-silenced cells.

It has been clearly demonstrated in previous reports that select protein
complexes were essential to the fine regulation of IRE1 signaling (10). This protein
platform, named the UPRosome, is essential for controlling IRE1-dependent cell fate
decisions upon ER stress (9, 11). In view of the results presented herein, one can
propose the emergence of the UPRosome as a general concept to regulate the ER
stress sensors and consequently the cellular outcome resulting from their activation.
In the case of ATF6a, the complex(es) formed with PDIA5 (the present study) and
BiP (24) in the ER might represent the first examples of an expanding family of
UPRosome platforms controlling UPR function.

In the present study, we also show that ATF6a dissociation from BiP, the first
event occurring in response to ER stress, is necessary but not sufficient for ATF6a
export. Interestingly the BiP binding site on ATF6a on amino acids 467-475 (24) also
encompasses a cysteine residue (peptide C2, Fig. 5D) that is important for ATF6a
activation process ((24) and the present study). The dissociation from BiP could

therefore represent an early/upstream event in the process that could occur in
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conjunction with cysteine oxidation to favor its activation. Finally, the expression of
exogenous ATF6a-p50 is sufficient to rescue the activation deficiency observed upon
PDIAS5 silencing and the resulting increased sensitivity of cells to ER stress (Fig. 5).
In conclusion, our result shed light on novel mechanisms responsible for the
control of ATF6a activation through redox mechanisms and contribute to specific ER
stress-induced signaling loops (12), and link this mechanism to the yet incompletely
understood mechanisms of resistance to chemotherapy. Moreover, this study, by
expanding the repertoire of molecular intermediates involved in the regulation of ER
stress signaling provides additional druggable targets to bypass resistance to

chemotherapy in cancer cells.
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Figure legends

Fig. 1. ATF6a activation assay. (A) HelLa cells transfected with FLAG-ATF6a
plasmid for 24 h and treated with 1 mM DTT for the indicated time. Cells were then
immunostained with anti-FLAG and anti-CNX (for ER) or anti-Giantin (for Golgi)
antibodies. Cells were analyzed by confocal microscope. Bars, 10 um. (B) Cleavage
of endogenous ATF6a in HelLa cells exposed to DTT (1 mM), Tg (500 nM), Azc (10
mM), Tun (5 pg/ml) as analyzed by immunoblot using anti-ATF6a antibodies. Full
length (ATF60-p90) and cleaved form (ATF6a-p50) of ATF6a indicates as black and
white arrowheads, respectively. The asterisk shows the non-glycosylated form of
ATF6a. Anti-CNX was used as loading control. (C) Time course quantification of

ATF60-p90 and ATF6a-p50 upon treatment with the indicated ER stressor.

Fig. 2. Small interfering RNA screen. (A) siRNA-based assay in HelLa cells.
Following transfection with siRNAs (25 nM) and FLAG-ATF6a plasmid, the cells were
treated with DTT (1 mM) for 2 h and co-stained with antibodies against FLAG and
CNX or Giantin. The number of cells with Golgi apparatus and nuclear staining was
counted using confocal or epifluorescence microscopes. The percentage of Golgi
apparatus and nuclear localization in siRNA-transfected cells was calculated and
compared with that in control siRNA-trasnfected cells. Data represented are the
mean *SEM of triplicate experiments (*p<0.05 and **p<0.01, as compared with
control). (n), number of cells counted for each siRNA experiment. (B) Secondary
screen using alternative siRNA against targets identified in the primary screen. (C)
siRNAs against PDIA5 were transfected into HelLa cells. Seventy-two hours after
transfection, cells were treated with DTT (1 mM) for the indicated periods of time. Cell

lysates were analyzed by immunoblotting using anti-ATF6a antibody. ATF6a-p90 and
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ATF60-p50 are indicated with black and white arrowheads, respectively. The white
diamond shows a nonspecific protein recognized by anti-ATF6a antibodies. Time
course quantification of ATF6a-p90 (left) and ATF6a-p50 (right) upon treatment are

shown in lower graphs.

Fig. 3. Effects of PDIAS silencing on ATF6a target genes and UPR signaling. (A)
Heat map representation of the expression of ATF6a target genes upon silencing of
PDIAS using siRNA (25 nM) in HelLa cells. Forty-eight hours after transfection cells
were treated with 1 mM DTT, 500 nM Tg or 5 pg/ml Tun for 2 h. Total RNA was
isolated and analyzed by g-PCR using specific primers for ATF6a target genes
(Ero1LB, Grp94, Herpud1 and Orp150). Each mRNA expression was normalized to
Gapdh mRNA. (B) HeLa cells were transfected with siRNA and treated with DTT, Tg
or Tun and the splicing of Xbp7 mRNA was evaluated using RT-PCR. (C) RNA was
extracted from control or PDIA5-silenced and ER stressed-treated HelLa cells and
analyzed by g-PCR using the specific primers Gadd34, Chop and Gapdh. Data of g-
PCR are the mean £ SD of three independent experiments (D) Hela cells were
transfected with siRNA (control (Ctl) or to PDIA5) and further transfected with
pcDNA3-PDIA5r or not. Forty-eight hours later, lysates were analyzed by
immunoblotting using either anti-PDIA5 or anti-CNX antibodies. The arrowhead
shows PDIAS5 and the asterisk indicates a non-specific band. (E) Cells transfected as
in (D) were then treated or not with 1 mM DTT for 2h. RNA was then extracted and
the expression of Ero1Lf and Herpud1 was evaluated by RT-qPCR. Data are

presented as the average of three independent experiments +SEM, *P<0.05.
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Fig. 4. Effects of PDIA5 silencing on ATF6a signaling. (A) Seventy-two hours
after PDIA5 siRNA transfection, HeLa cells were treated with 1 mM DTT for the
indicated periods of time. BiP protein expression was analyzed by immunoblotting
using anti-KDEL antibody (upper panels). Anti-CNX antibodies were used as loading
control. BiP expression was normalized to CNX expression and quantified as a
percentage of the signal at time 0 (right panels, *p<0.05 and **p<0.01, as compared
to the signal at time 0). (B) HeLa-ATF6a cells were transfected with PDIAS siRNA for
72 h and with Sar1(DN) for 24 h. Cell lysates were prepared from the cells treated
with or without DTT (1 mM for 1 h) and immunoprecipitated using anti-FLAG antibody.
Immunoprecipitates were resolved by SDS-PAGE and immunoblotted using anti-
KDEL and anti-FLAG antibodies. (C) Quantification of BiP and FLAG-ATF6a. Mean
+SEM of triplicate experiments is shown (# p<0.03, as compared with control). (D)
Analysis of ATF6a redox state under conditions of PDIA5 silencing and ER stress.
The black diamond shows nonspecific protein. (E) Left panel: Schematic
representation of ATF6a including the cytosolic domain containing the DNA binding
site, the transmembrane domain and the luminal domain with the BiP binding site. In
the luminal domain the two cysteine containing peptides as generated by trypsin and
GIuC proteolytic cleavage are indicated (peptide C1 and C2). Right panel:
Quantification of peptide C1 and C2 in HeLa-ATF6a cells transfected with siRNA
against PDIA5 under basal conditions. Normalization was performed using three
other ATF6a cysteine free peptides identified and quantified in the same

experimental conditions.

Fig. 5. ATF6a export and PDIA5-mediated sensitivity to ER stress. (A) ATF6a

export reconstitution assay. Vesicular fractions obtained in control siRNA-treated
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HelLa-ATF6a cells and in cells silenced for PDIAS for 72 h were analyzed by
immunoblotting using anti-ATF6a, anti-Ribophorin |, anti-ERGIC53 and anti-Sec22b
antibodies. (B) HelLa cells were transfected with empty pcDNA3 vector or pcDNA3-
FLAG-ATF6a-p50. Twenty-four hours post transfection, cells were treated with Tun
(5 pg/ml) for 36 h. Cell lysates were extracted and analyzed by immunoblot using
anti-FLAG antibody. CNX was used as loading control. (C) Empty pcDNA3 or
pcDNA3-FLAG-ATF6a-p50 were transiently transfected in HeLa cells as in (B).
Twenty-four hours post-transfection, cells were treated with 5 pg/ml Tun for 36 h and
cell toxicity assay based on SRB staining was performed. Data is shown as the mean

of three independent experiments £+ SEM (*p<0.05). ns, no significant difference.

Fig. 6: Expression and function of PDIAS5 in Imatinib-sensitive and -resistant
leukaemia cells. (A) Expression of Pdia5 mRNA in K562 and LAMA cells either
sensitive (white bars) or resistant (grey bars) to Imatinib as determined by g-PCR.
Data are presented as the average of three independent experiments +SEM (*p<0.05
and **p<0.01). (B) Pdia5 mRNA expression in Imatinib sensitive (white bars) or
resistant (grey bars) K562 cells subjected to Imatinib (10 uM) treatment. Data are
presented as the average of three independent experiments +SD. (C) Cell viability in
response to 10 uyM Imatinib treatment was determined in Imatinib sensitive K562
cells (K562S; white bars) or in Imatinib resistant K562 cells (K562R; black bars)
transfected with a control siRNA (siCTL) or with a siRNA against PDIA5 (siPDIAS).
Data are presented as the average of three independent experiments +SEM
(**p<0.01). (D) Impact of PDIAS pharmacological inhibition with increasing
concentrations of 16F16 on K562R cells’ sensitivity to Imatinib. Data are presented

as the average of three independent experiments +tSEM.
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Fig. 7: Genetic and pharmacological disruption of the PDIA5/ATF6a signalling
axis in K562 and patients’-derived leukaemia cells. (A) Impact of ATF6a siRNA-
mediated silencing on K562R cells’ sensitivity to Imatinib. Seventy-two hours after
transfection, cells were treated with the indicated concentration of Imatinib for 48 h.
Data are presented as the average of three independent experiments +SEM. (B)
Impact of PDIAS pharmacological inhibition with 16F16 on ATF6a proteolytic
processing in K562R cells subjected to Imatinib and/or DTT treatment as assessed
by immunoblot using anti-ATF6a antibodies. (C) Impact of ATF6a and/or PDIAS
siRNA-mediated silencing on K562R cells’ sensitivity to Imatinib. Data are presented
as the average of three independent experiments +SEM. (D) Impact of PDIA5S
pharmacological inhibition with 16F16 on Imatinib sensitivity in three patients’-derived

leukaemia lines either sensitive (IMS, CD34-) or resistant (IMR, CD34+) to Imatinib.

Fig. 8: Schematic representation of the role of the PDIAS5/ATF6a signalling axis
in chemoresistance in leukaemia cells. Arrows represent activation pathways
whereas inhibitory mechanisms are represented by T-bars. Dotted lines represent

pathways with uncharacterized mechanisms.
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