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Résumé

RESUME

La cellule est susceptible de modifier I'expression de ces geénes en fonction de son
environnement. Dans les cellules eucaryotes, la régulation de I'expression de ces genes se
présente dans plusieurs étapes. Cette régulation peut intervenir des la transcription de PADN
jusqu’au devenir des transcrits. La régulation post-transcriptionnelle tient un role déterminant
dans la synthése protéique. Elle regroupe l'ensemble des contrdles qui s’exercent sur les
transcrits. Cette régulation est induite en réponse a différents stimuli comme la différenciation ou
lors de stress cellulaires. En situation de stress, la traduction canonique dépendante de la coiffe
est bloquée, a I'exception de certains ARNm essentiels pour assurer la survie des cellules. De ce
fait, les cellules mettent en place un mécanisme alternatif afin de continuer la traduction. Un des
mécanismes de traduction, implique le site d'entrée interne du ribosome ou IRES (Internal
Ribosome Entry Site). L'IRES est une séquence en structure secondaire dans la partie 5' non-
traduite de certains ARNm. I existe des facteurs responsables de leur activation appelés ITAF ou
IRES-transacting factor, permettant le recrutement des ribosomes pour initier la traduction. Les
protéines pouvant se lier aux ARN sont les acteurs majeurs de I'activation des IRES.

Mon travail de these est d’étudier les régulateurs post-transcriptionnels en réponse a différents
stimuli par le biais de la traduction IRES-dépendante.

Dans la premiere partie de mon projet, nous avons montré la régulation de la traduction via
l'activation de I'IRES du FGF1 et ce de mani¢re promoteur-dépendante au cours de la
différenciation des myoblastes. Grace a la technique de résonance plasmonique de surface (SPR)
nous avons découvert deux protéines p54“rb/ NONO et hnRNPM en tant quITAF capables de
former un complexe pour activer 'IRES du FGF1 durant la différenciation des myoblastes.

Dans la deuxieme partie de ma thése, nous avons démontré I'existence de 'IRES du VEGFD
durant un choc thermique dans les cellules cancéreuses. Nous avons aussi découvert que cette
activation est médiée par un ITAF qui est la nucléoline, jamais démontrée auparavant comme
ITAF de 'IRES du VEGFD. D’aprés nos résultats, le stress thermique induit la délocalisation de
la nucléoline du noyau vers le cytoplasme pour changer la conformation de I'IRES du VEGFD
afin de continuer sa traduction.

Dans la troisieme partie de mon projet, j’ai étudié de manicre générale la régulation des geénes
angiogéniques et lymphangiogéniques. I’ensemble des données montre que ces geénes sont
majoritairement régulés au niveau traductionnel dans les cardiomyocytes en condition hypoxique.
En étudiant les IRES angiogéniques et lymphangiogéniques, nos résultats montrent Iactivation
de ces IRES a différents temps au cours de 'hypoxie précoce. Dans la méme condition, nous
avons découvert la protéine vasohibin-1 comme ITAF hypoxique et spécifique de 'IRES du
FGF1 dans les cardiomyocytes.

En conclusion, nous avons découvert différents ITAF spécifiques a un IRES et en fonction du
stress. pS4nrb /NONO, hnRNPM sont des ITAF de PIRES du FGF1 durant la différenciation
cellulaire et la vasohibine-1 en hypoxie dans les cardiomyocytes. La nucléoline permet d’activer
un IRES du VEGFD en réponse au choc thermique.



Summary

SUMMARY

In cell, gene expression can be modified depending on the cellular microenvironment.
Regulation of gene expression occurs at different levels, ranging from the transcription of the
DNA to the mRNA. Among the post- transcriptional regulation, the control of translation plays
a crucial role. In particular, the translational regulation occurs in response to different stimuli
such as cell differentiation or cell stress. In stress condition, the canonical cap-dependent
translation is blocked, excepted some mRNAs that are translated by alternative mechanisms. One
of these mechanisms involves the structural elements of the mRNAs, the IRES (Internal
Ribosome Entry Sites). The IRES activation involves some factors called ITAFs (IRES trans-
acting factors), which allow the internal recruitement of ribosomes to initiate translation.

My thesis is to study the mechanisms of IRES-dependent translation regulation in response to
different stimuli, and to identify ITAFs responsible for this regulation.

In the first part of my project, we have shown that the translation controlled by the FGF1
mRNA IRES is activated. This activation depends on its own promoter during the early phase of
murine myoblast differentiation. Through biomolecular interaction analysis technology by surface
plasmon resonance coupled to mass spectrometry (BIA/MS), we identified two proteins,
p54”‘b/ NONO and hnRNPM bound both to the IRES and the FGFlgene promoter. These two
proteins are both ITAFs activators of IRES and activators of FGF1 promoter transcription,
resulting in a coupling of transcription and translation responsible for the induction of the FGF1
expression during myoblast differentiation.

In the second part of this thesis, we demonstrated the existence of an IRES within the VEGFD
mRNA. This IRES is activated by heat shock in mammary mutine catcinoma. BIA/MS
technology has enabled us to identify nucleolin as ITAF responsible for this activation. SHAPE
experiments revealed the presence of two alternative structures of VEGFD IRES. According to
our results, the heat shock induced the relocation of nucleolin from the nucleus to the cytoplasm,
suggesting its binding to the mRNA in the cytoplasm could stabilize the conformation of the
mRNA VEGFD IRES and activate its translation.

The third part of my thesis focused on translational regulation of lymphangiogenic and
angiogenic genes into cardiomyocytes in hypoxic conditions. The data obtained by the semi-
global approach Fluidigm indicate that only few genes are induced at the transcriptional level,
while the majority of them, especially those which have the mRNA IRES, are activated at
translational level in hypoxic cardiomyocytes. I have also shown that the mRNA IRES of factors
(Ilymph)angiogenic VEGF and FGF are activated during early hypoxia. Through Technology
BIA/MS, 1 identified a specific hypoxic ITAF of FGF1 IRES in cardiomyocytes: it is the
vasohibin - 1 protein involved in angiogenesis and stress tolerance.

So, my thesis has enabled to make progress in understanding the mechanisms of IRES-
dependent translation regulation. In addition, I have demonstrated that in cardiomyocytes during
hypoxia the gene expression is surprisingly regulated at translational level. My work led to the
identification of several molecular actors responsible for the regulation of mRNA
(lymph)angiogenic factors translation, which could play a key role in ischemic pathologies and in
cancer, and provide new targets therapeutic.
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Introduction

INTRODUCTION

Régulation de 'expression génique :

L’information génétique portée par PADN est la méme dans toutes les
cellules. Elle est essentielle au développement et au fonctionnement de 'organisme.
Cependant, chaque cellule a sa fonction et n’exprime donc pas les mémes genes.
De ce fait, la régulation de l'expression des geénes est mise en place pour que
chaque cellule mene a bien ses fonctions en adéquation avec son environnement.
Cette régulation survient a toutes les étapes de l'expression génique, de PADN a la
protéine. Celle-ci intervient donc au niveau de la transcription, la maturation,
l'export, la stabilit¢ et la traduction des ARNm, ainsi qu'au niveau post-
traductionnel par la modification et la dégradation des protéines (Figure 1).

Stimulus externe

-~ i
gt ,

-

-
-

CYTOPLASME

dégradation

-~ o
77N, -
""""""""

RETICULUM ENDOPLASMIQUE

Protéine nucléaire

Protéine sécrétée

WV

Protéine cytoplasmique

Protéine membranaire

Figure 1 : Régulation de Pexpression génique. La transcription et la maturation se font dans

le noyau. I”ARN mature est transporté dans le cytoplasme ou il sera traduit, dégradé ou stocké.
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Introduction

La protéine traduite va subir des modifications post-traductionnelles dans le réticulum

endoplasmique avant d’atteindre une localisation précise pour fonctionner.

I-1 Les différentes étapes de la régulation de 1'expression
génique

Avant la transcription, PADN subit une premicre régulation, I’épigénétique
qui module I'accessibilité de la double hélice a la machinerie transcriptionnelle.
IADN peut cétre modifié directement par méthylation, ce qui inhibe la
transcription, ou la modification peut se faire au niveau dela chromatine
(association ADN et histones). En effet, PTADN est associé a des protéines qui sont
les histones, formant ainsi les nucléosomes. ILes histones subissent des
modifications post-traductionnelles (acétylations, méthylations, phosphorylations,
ubiquitylations) qui influent sur la densité des nucléosomes, rendant ainsi une
conformation relachée (euchromatine) ou condensée (hétérochromatine) de la
chromatine. I’euchromatine permet la transcription tandis que ’hétérochromatine
réprime la transcription.

I-1-1 La transcription

La transcription est caractérisée par la synthese d'ARN a partir d'une matrice
d’ADN. Elle est catalysée par une ARN polymérase, qui synthétise ' ARN en lisant
I'ADN de 5’ en 3. La transcription présente trois étapes : I'initiation, I’élongation et
la terminaison. Le processus de la transcription est complexe mais I’étape cruciale

est I'initiation de la transcription.
1-1-1-1- Le mécanisme d'initiation de la transcription

Chez les eucaryotes, il existe 3 types d’ARN polymérases. I ARN
polymérase I, la plus active, permet de synthétiser les ARN ribosomiques (ARNr)
dans le nucléole, excepté I'ARN 5S. I’ARN polymérase II synthétise les
précurseurs des ARNm dans le noyau ainsi qu'un grand nombre d'ARN non-
codants (ARNnc) comme les petits ARNs nucléaires snRNA, les microARNSs et les
longs ARNnc. Quant a PARN polymérase III, elle synthétise les ARN de transfert
(ARNY) ainsi que I'ARNr 5S dans le noyau.

Contrairement a ce qui se passe chez les procaryotes, chez les eucaryotes
I’ARN polymérase 1I ne travaille pas seule mais elle est accompagnée de nombreux
co-facteurs protéiques qui sont recrutés les uns les autres pour former le complexe
d’initiation. Ces facteurs peuvent étre généraux comme les TFII pour

11
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« Transcription Factor for RNA polymerase 11 » qui se fixent au niveau de la région

promotrice commune a plusieurs génes de manicre constitutive.

12



Introduction

IARN polymérase II associée a des facteurs de transcription généraux
forment le complexe de pré-initiation de la transcription (PIC), au niveau d’une
séquence spécifique du promoteur (Thomas e a/ 2006). Chez les archées et les
eucaryotes, les promoteurs contiennent une séquence conservée appelée la boite
TATA (Mathis ez a/ 1981), nécessaire au recrutement des facteurs de transcription.
Elle est située entre 25 et 35 paires de bases (pb) en amont du site de démarrage de
la transcription. L.a boite TATA est reconnue par le facteur de transcription TFIID,
complexe multiprotéique composé de la TATA Binding-Protein (TBP) associée aux
TAF (TBP-associated factors). Cette liaison est stabilisée par TFIIA (Gill 2001).
TFIIB se fixe a son tour sur TFIID en reconnaissant un motif BRE (B recognition
element) en amont de la boite TATA (Lagrange ¢ a/ 1998). L’ensemble permet le
recrutement de ’ARN polymérase 1I ainsi que le facteur TFIIF. Ensuite TFIIE est
recruté au niveau du complexe, il a pour role de rendre accessible PADN. Puis
TFIIH est recruté, il a une activité enzymatique facilitée par TFIIE. TFIIH
phosphoryle PARN polymérase du coté C-terminal ce qui va déclencher la
transcription. TFIIE et TFIIH, en plus de leur réle dans la formation du PIC,
jouent également un role dans la transition entre I'initiation et I’élongation de la
transcription (Okamoto ef a/ 1998). Toutefois, certains promoteurs ne disposent
pas de TATA box mais présentent d’autres éléments comme linitiateur INR.
I’INR se trouve entre -3 et -5 du site d’initiation de la transcription et il est
reconnu par TFIID. Ainsi, PARN polymérase II peut initier la transcription avec
I'INR seul (Figure 2).

13
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TBP

Fixation du complexe TFIID sur la boite TATA

[ BRE [T TATA INR

- TFIA Recrutement de TIIFA et TFIIB
TBP
[ BRE [ TATA _INR |

Recrutement de 'ARN polymérase Il et de TFIIF

TFIIH Recrutement de TFIIH et de TFIIE, formant le complexe de
pré-initiation du PIC

Phosphorylation du CTD de 'ARN polymérase, dissociation du
complexe et début de I'élongation

Figure 2 : Initiation de la transcription. La TBP (TATA binding protein) du complexe TFIID
reconnait la boite TATA. TFIIA et TFIIB se fixent sur TFIID. TFIIB reconnait la séquence
BRE. IARN polymérase II est recrutée avec TFIIF pour former le complexe de pré-initiation
(PIC). TFIE et TFIIH arrivent a leur tour. TFIIH phosphoryle le domaine CTD de ’ARN
polymérase.
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1-1-1-2 - La régulation de la transcription

La formation du complexe d'initiation de la transcription (ARN polymérase
IT associée a ses co-facteurs) qui aboutit a l'activation du promoteur est controlée
par différents parameétres. En particulier le contrdle se fait via le remodelage de la
chromatine et la fixation de facteurs spécifiques a des séquences distantes de la
boite TATA appelées "enhancers", ceci en réponse a divers stimuli extra- ou
intracellulaires (Emerson 2002). La transcription est également régulée par des
facteurs répresseurs.

’amplificateur ou enhancer est une séquence sur laquelle se lie un ou
plusieurs facteurs de transcription, qui n’est pas forcément proche du geéne régulé.
Cette séquence cis-régulatrice est située principalement en amont du gene
concerné, parfois a des milliers de nucléotides du point d'initiation de la
transcription. L'enhancer peut aussi se trouver en aval du site d'initiation de la

transcription. Il recrute des facteurs trans-activateurs (Figure 3).

‘% activateurs

\ /' \ promoteur gene

enhancers

) facteurs de transcription

co-facteurs transcription

Figure 3 : Régulation de la transcription

Il existe aussi des séquences régulatrices en ¢ inhibant la transcription
appelées silencers qui lient des régulateurs en fuans, ce sont les répresseurs
transcriptionnels. Ils peuvent agir de deux manieres, soit en se liant directement au

romoteur soit en se liant a2 Penhancer pour bloquer la transcription.
p p q p

Le domaine carboxy-terminal de PARN polymérase II dit CTD (C-terminal domain
tient un role important dans la transcription. Il contient une séquence répétée et
conservée de sept acides aminés : Tyr-Ser-Pro- Thr-Ser-Pro-Ser. Dans les années
1980, des formes phosphorylées et non-phosphorylées du CTD ont été établies 77-

15



Introduction

vivo et in-vitro. Les tests de co-immunoprécipitation de chromatine (ChIP) ont
montré I'association de la forme phosphorylée avec le complexe de pré-initiation
(Christmann ef a/ 1981, Dahmus 1996).L.a phosphorylation se fait essentiellement
sur les résidus Sérine2 et Sérine5. La transcription est associée a un cycle de
phosphorylation et de déphosphorylation du CTD. Lors de la formation du
complexe de pré-initiation, la forme non-phosphorylée s’associe au promoteur puis
elle est phosphorylée par la kinase de TFIIH sur la Sérine5 permettant I’élongation
de la transcription. La Sérine2 est alors phosphorylée au cours de I’élongation par
P-TEFb ou CDKDY et la Sérine5 est déphosphorylée par les phosphatases (Hsin ez a/
2012).A la fin de la transcription du gene, les deux sérines sont déphosphorylées
par des phosphatases. I ARN polymérase et son CTD hypophosphorylé est
recyclée pour assurer une nouvelle transcription.Le CTD de ’ARN polymérase 11
tient également un role crucial dans I’épissage (décrit dans la partie I-1-1-3).

1-1-1-3 Le couplage de la transcription avec d'antres étapes

Une fois la transcription terminée, le transcrit naissant est clivé et une queue
PolyA est ajoutée a l'extrémité 3’ (Proudfoot ez a/ 2002). Chez les archées et les
eucaryotes, le transcrit non-maturé, dit pré-ARNm subit un épissage. En effet, le
pré-ARNm possede des séquences codantes, les exons, espacées par des régions
non-codantes, les introns qui sont éliminées par un mécanisme appelé épissage. A
ce stade, le transcrit devient I'ARNm. Jusqu’a cette étape, tout ces processus ont
lieu dans le noyau mais pour étre traduit, TARNm va étre pris en charge par des
protéines pour étre exporté dans le cytoplasme.

De nombreuses études ont montré que toutes les étapes de la transcription a

la traduction sont interconnectées, ce qui donne la notion de ’expression génique.
bl

* Couplage transcription-épissage :

Depuis plusieurs années, il est démontré que la transcription et ’épissage
sont deux évenements liés dans le temps et 'espace. Le pré-ARNm est maturé de
manicre principalement co-transcriptionnelle : addition de la coiffe, épissage et
polyadénylation.

L'épissage consiste a faire des coupures et ligations du pré-ARNm pour ne
garder que les exons. Le pré-ARNm est pris en charge par un complexe
ribonucléoprotéique appelé spliceosome. Le processus classique d’épissage est
assuré par des facteurs qui sont des petites ribonucléoprotéines ou
snRNP comportant de petits ARN U1, U2, U4/U6 et U5 associés a des protéines,
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les facteurs d'épissage. Les introns présentent a leurs extrémités 5 et 37 des
séquences spécifiques pour la délimitation entre intron/exon et pour étre reconnus
par le complexe spliccosome. Mise a part ces extrémités, lintron présente
également une séquence interne dite « boite de branchement » qui joue un réle clé
dans le mécanisme de ’épissage.

La snRNP UT se lie au site 5° de Iépissage et U2 va se lier sur la boite de
branchement, ce qui va former le pré-spliceosome. Le complexe U4/UG va
permettre la jonction entre le 5’intron et la boite de branchement. U5 s’associe au
complexe a son tour et fait le rapprochement entre les 3’ et 5” de I’exon a liguer. U4
et U5 quittent le complexe puis deux réactions chimiques vont se faire pour liguer
les exons et éliminer I'intron sous forme de lasso (Figure 4). Le transcrit est dit
alors mature : c’est PARNm.

s [—— ] ¥ Freamm

@ /e_i‘ l exon2

Jl‘:

Complexe A

» @
|
j Complexe B . @

&

Complexe C

Epissage \

v [T 1]

Figure 4 : Epissage. Les facteurs d’épissage sont recrutés au niveau du pré-ARNm pour former
d’abord le complexe A (U1,U2) puis le complexeB (U1,U2,U4/U5/UG) ensuite le complexe C
(U2,U5,U06), suivi d’un clivage de PARN formant ainsi ’ARNm.
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La littérature a montré que la transcription peut influencer la maturation et
inversement (Orphanides e 2/ 2002, Braunschweig ¢ a/ 2013). Certains facteurs
peuvent étre impliqués dans les deux évenements. Kwek et ses collegues ont
démontré que le facteur principal de I’épissage snRNP Ul interagit avec le facteur
de transcription général TFIIH et ils agissent de facon réciproque. Ul stimule
I'initiation de la transcription et TFIIH favorise Iépissage de PARN (Kwek ef a/
2002). Les protéines PSF et p54™®/NONO se fixent sur le promoteur et sur le
CTD. Elles activent la transcription et stimulent ’épissage des premiers introns
(Rosonina et a/ 2005).

Le CTD de PARN polymérase II facilite également le recrutement des
facteurs de la formation de la coiffe et de I’épissage. Peu apres Iinitiation de la
transcription, le CTD phosphorylé recrute 'enzyme responsable de I'ajout de la
coiffe en 5’ de ’ARN naissant (Cho ez a/ 1997, McCracken ez a/ 1997). Le CTD
phosphorylé permet également le recrutement du spliceosome par I'intermédiaire
des protéines SR (protéines avec un domaine riche en résidus Sérine et Arginine)
(Long et a/ 2009). 11 est également associé aux facteurs de polyadénylation (Shi ez a/
2009) et de terminaison tel que PSF et p54™/NONO (Hsin e a/ 2012). Plusieurs
études 7n-vitro ont montré la stimulation de I’épissage par le CTD (Hirose ef a/ 1999,
David et a/ 2011) et permettant ainsi de définir Pexon (Zeng et 2/ 2000). Le CTD
servirait ainsi de plateforme d’assemblage pour faciliter la définition de I'exon et
également la formation du complexe d’épissage (Braunschweig ez a/ 2013).
L’épissage se fait de manicre essentiellement co-transcriptionnelle méme si un
processus post-transcriptionnel a également été décrit (Figure 5) (Braunschweig e#
al 2013).
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Figure 5: Illustration du couplage entre transcription et épissage. L’épissage se fait de
maniere co-transcriptionnelle avec une étroite collaboration entre les facteurs d’épissage
(protéines SR, snRNP), le CBP (cap binding protein complex) et le CTD de PARN polymérase
II. Tiré de la publication (Braunschweig ez o/ 2013).

* Couplage de la transcription et de la stabilité de "ARN:

La stabilit¢é des ARNm tient un réle important dans le contrdle de
Iexpression génique. Depuis plusieurs années, on sait que la coiffe inhibe la
dégradation des ARN par les exoribonucléases 5 -> 3° (Furuichi ez 4/ 1977,
LaGrandeur ¢ a/ 1996). D'autres études ont également montré 'importance de la
queue polyA dans la stabilité de PARNm.

Deux mécanismes majeurs sont décrits : la déadénylation et l'action de la PABP
(PolyA-binding protein). La déadénylation ou le raccourcissement de la queue
polyA est Iétape limitante de la dégradation des ARNm. Elle conduit a la
dégradation de 'ARNm par deux mécanismes différents. Le premier est la
dégradation 3'->5' par des exosomes cytoplasmiques et le second passe par
I’élimination de la coiffe suivie de la dégradation par une exonucléase 5'->3'. En ce
qui concerne la PABP, comme son nom I'indique, elle se lie avec une forte affinité
par son domaine N-terminal a la queue polyA de PARNm. Par conséquent,
Pextrémité 3° de PARNm est protégée de la déadénylation (Garneau ef 2/ 2007).Un
couplage de la stabilité de ’ARN avec la transcription a été étudié chez la levure, les
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facteurs transcriptionnels SWI5 et CLB2 régulent la stabilit¢é de PARNm durant le
cycle cellulaire (Trcek ez a/ 2011).Raplp stimule la transcription et la dégradation
d’une population ’ARNm endogenes (Bregman ef o/ 2011).

[-1-2- LLa traduction

La traduction est un événement cellulaire qui consiste a décoder PARN
messager mature et synthétiser le produit du gene, c'est a dire la protéine, dans le
cytoplasme chez les eucaryotes. Pour étre traduit, TARNm doit contenir un cadre
de lecture ouvert (ORF pour "open reading frame") correspondant a une phase
ouverte entre un codon initiateur et un codon de terminaison. Depuis plusieurs
années, de nombreuses études révelent une absence de corrélation entre la quantité
du transcrit et la quantité de protéines synthétisée, ce qui marque I'importance de la
régulation traductionnelle dans le controle de I'expression génique (Gygi ef a/ 1999).

1-1-2-1 Les différentes étapes de la traduction

De méme que la transcription, la traduction présente trois phases distinctes :
l'initiation, l'élongation et la terminaison. La régulation de la traduction peut
intervenir au niveau de chaque phase mais survient surtout lors de la phase
d'initiation qui comporte de multiples étapes. La sous-unité 40S du ribosome
associ¢e a I'ARN de transfert (ARNt), appelée complexe 43S, est un acteur majeur
de l'initiation. Dans le mécanisme classique d'initiation, le ribosome 43S balaye le
transcrit jusqu'a ce qu'il rencontre un codon initiateur a partir duquel commencera
la synthése protéique aprés assemblage du ribosome 80S. Plusieurs facteurs
interviennent durant toutes ces phases: les facteurs d’initiation elF (eukaryotic
Initiation Factor), les facteurs d’élongation eEF (eukaryotic elongation factor) et les
facteurs de terminaison eRF (eukaryotic releasing factor). Etant donné que ma
these porte sur la régulation de l'initiation, seule cette étape sera approfondie ci-
dessous.

1-1-2-2 Initiation de la traduction dépendante de la coiffe

Apres sa maturation, PARNm contient a lextrémité 5’ une coiffe et a
Pextrémité 3” une queue polyA. Il est exporté dans le cytoplasme pour étre pris en
charge par la machinerie traductionnelle.
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Dans un premier temps, les deux sous-unités du ribosome sont dissociées
dans le cytoplasme grace aux facteurs elFF1A, elFF3 et elF6. Les facteurs eIF1A et
elF3 sont liés a la sous-unité ribosomique 40S pour empécher sa liaison avec la

sous-unité 60S ; en revanche ellFF6 se lie au ribosome 60S pour empécher sa liaison
avec le 408S.

I’initiation de la traduction classique dépendante de la coiffe fait intervenir
de nombreuses protéines qui sont principalement les facteurs elF ainsi que la
PABP. Elle est assurée patr I'association de deux complexes a I'ARNm : eIF4F et
43S, pour former le complexe d’initiation 48S. Le complexe eIlF4F est composé de
trois facteurs d’initiation : elF4E, eIF4A, elF4G.

L’initiation commence par le recrutement du facteur elF4F sur la coiffe
m7GTP de TARNm (Sonenberg ¢z a/ 1978, Sonenberg et a/ 1979, Holcik et a/ 2005).
Le facteur eIF4A est une hélicase a ARN qui dénature la structure secondaire de
I’ARNm afin de faciliter 'acces du complexe a extrémité 5’ non-traduite (5’UTR :
5’ untranslated region). Son activité est stimulée par elF4B et 4H (Rogers ¢t a/
2001). La protéine PABP est recrutée par elF4G, partenaire du complexe 4F, ce qui
permet le rapprochement physique entre I'extrémité 5’UTR et 3’'UTR de PARNm.
Ce complexe est appelé « modele en boucle » (Kahvejian ¢z 2/ 2001) (Figure 6).

En parallcle se forme le complexe de pré-initiation 43S grace a elFF2. Le
facteur d’initiation eIFF2 forme un complexe ternaire avec une molécule de GTP et
le Met-ARNtY. Puis le complexe 43S ainsi que le facteur elF1 se lient 4 la petite
sous-unité ribosomique 40S a laquelle sont déja associés elF1A et elF3, 'ensemble
forme le complexe de pré-initiation 43S.

Le complexe elF4F recrute le complexe de pré-initiation 43S via une
interaction entre elFF3 et eIF4G pour former le complexe de pré-initiation 48S. Ces

facteurs permettent de rendre accessible le site de liaison du ribosome a PARN
(Passmore et a/ 2007).

Le complexe d’initiation 48S commence le balayage (scanning) de 5 vers 3’
en explorant la région 5’UTR du messager jusqu’a la rencontre du codon initiateur
AUG. Au niveau du site d’initiation, le GTP associé a elFF2 est hydrolysé par elFF5
ce qui va libérer les facteurs d’initiation et permettre 'association des deux sous-
unités ribosomales 40S et 60S pour former le complexe 80S (Figure 5). Ainsi

I’élongation peut commencer.

21



Introduction

Met

Met TP
+ —_— + —_—
GTP
. Complexe ternaire

@ Complexe 43S

elFAG Complexe F

@

+

,ﬂ AAAAAA

Complexe 485

Début du balayage de la 5’UTR

Rencontre de I'AUG et
libération des facteurs d'initiation

Figure 6 : Initiation de la traduction chez les eucaryotes. I’initiation commence par (1) la
formation du complexe ternaire (association de PARNtM et le facteur elF2-GTP) associée a la
sous-unité 408 liée aux facteurs elF3 et eIF1A pour former le complexe 438S. (2) Elle est suivie du
recrutement du complexe elF4F et de la PABP sur la coiffe formant le «modéle en boucle». (3)
Le complexe 43S est ensuite recruté, formant le complexe 48S, pour commencer le balayage de la
région 5’UTR jusqu’a atteindre le codon AUG. Arrivés a PAUG, les facteurs d’initiation sont
relargués et la grande sous-unité ribosomique 60S est recrutée par la petite sous-unité 40S pour
former le ribosome 80S.L.’élongation de la traduction est alors engagée.
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1-1-2-3 Rdle des régions 3°UTR et 5’UTRK dans la régulation de la
traduction

Les deux régions 3’UTR et 5UTR coopérent et interagissent de fagon
indirectepar I'intermédiaire des facteurs d’initiation généraux (eIF4G) et la PABP.
La pseudo-circularisation de ’ARN le protege de la dégradation et facilite la ré-
initiation de la traduction. Les régions non-traduites sont également les régions
ciblées par des facteurs régulateurs de la traduction.

Le ’UTR:

¢ La régulation par le 5’UTR met en jeu a la fois des structures spécifiques et
des protéines régulatrices en réponse aux facteurs environnementaux. Par exemple
en absence de fer, le répresseur IRP1 (iron responsive protein-1) se fixe sur la
structure IRE (iron responsive element) située a 40 nucléotides de la coiffe de
PARNm de la ferritine pour bloquer I'initiation de sa traduction (Rouault ez a/
1997). Par contre, la PABP régule elle-méme sa propre synthése en se fixant sur
une séquence riche en A de son 5UTR, en inhibant sa traduction lorsque la
quantité ’ARNm baisse dans la cellule (Hornstein e a/ 1999).

* En amont du codon initiateur de PORF principal, il existe souvent des
codons AUG appelés uAUG (upstream AUG), générant de petits cadres de lecture
appelés uORF (upstream ORF).Deux cas peuvent se présenter : (i) lors du
balayage, si le complexe d’initiation ne rencontre pas la séquence Kozak
(A/GCCCATGQG), 'initiation a pattir de ce uAUG est abolie et I'initiation a partir
du vrai AUG est établie ;(ii) soit la production de uORF se fait ce qui influencera la
traduction de 'ORF principal. En effet, un uORF proche de 'ORF principal est
souvent inhibiteur du fait que le complexe a peu de temps pour se réassembler
(Kozak 1987). Dans les cellules neuronales, ’élimination des uORFs en 5’UTR de

la protéine kinase MC (PKMC) augmente la traduction du géne rapporteur in vitro
et dans les cellules primaires (Bal ez 2/ 2016).Ce résultat, ainsi que de nombreuses
études, montrent que les uORF sontdes répresseurs de la traduction.Comme chez
la levure, en conditions de stress, la phosphorylation de elF2a. va inhiber la
traduction initiée par les uORFs ce qui aboutit a la traduction de PORF principal de
GCN4, un facteur transcriptionnel (Hinnebusch 1997).

* Le site d’entrée interne du ribosome ou IRES pour « internal ribosome entry
site » est un élément structural en 5’UTR de certains ARNm permettant d’initier la
traduction en réponse aux facteurs environnementaux.Les IRES feront I'objet
d’une description détaillée dans la partie suivante (I-1-2-4).
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Le 3’UTR:

La fixation des facteurs sur la région 3’UTR réprime souvent la traduction. Ce sont
surtout les RBP (RNA Binding Proteins). Chez les mammiferes, elF4E2, un
isoforme de elF4E, réprime D'initiation de la traduction (Morita ez 2/ 2012) et son
orthologue, chez la levure, 4EHP inhibe la traduction en se fixant sur la coiffe
(Cho et al 2005). En revanche, elF4E2 est un activateur de linitiation de la
traduction en hypoxie (Uniacke et al 2012). D’autres RBP agissent aussi au niveau
de I’élongation de la traduction. HnRNP E1 interagit avec eEF-1A pour bloquer sa
dissociation avec le ribosome, empéchant ainsi I’élongation (Hussey e 2/ 2011). Put
se lie a la région 3’UTR empéchant la pseudo-circulation de I’ARN, inhibant
I'initiation de la traduction et recrute le complexe de déadénylation
CCR4/POP2/NOT Miller ez a/ 2011). La traduction est aussi régulée par la
tixation de microARN a la région 3’ non-traduite. Ce mécanisme de régulation par
les ARN non codants a été décrit abondamment ces dernieres années et concerne
de nombreux ARNm (Mihailescu 2015).

Le 3UTR régule aussi la traduction en jouant sur la stabilité de PARNm. La
tixation du microARN sur cette région cible peut déstabiliser ’ARN. A Tinverse, la
protéine HuR se fixe sur la séquence riche en AU dans la région 3’UTR (AU-rich
element) de certains ARNm pour les stabiliser. Pour revue (Griseri ef a/ 2014).

1-1-2-4 Un mécanisme de traduction alternatif : l'initiation dépendante
des IRES

Certains messagers initient leur traduction malgré le blocage de la
traduction dépendante de la coiffe, et ne nécessitent pas l'implication du facteur de
liaison 2 la coiffe elF4E.

I-1-2-4-a) Les IRES, des éléments structuraux permettant

I'entrée interne des ribosomes:

I’IRES est une structure secondaire dans la région 5° UTR de certains
messagers. Les IRES ont été découverts initialement chez les picornavirus. En
effet, ces virussont capables d’initier la traduction de leur ARNm malgré ’'absence
de coiffe (Janger a/ 1988, Pelletierer a/ 1988). Lors de I'infection, les picornavirus
détournent la machinerie traductionnelle cellulaire a leur avantage en utilisant
différentes stratégies pour bloquer la coiffe. Certains picornavirus comme
I'encephalomyocarditis virus (EMCV) séquestrent le facteur elF4E pour bloquer la
traduction coiffe dépendante et induire la traduction IRES-dépendante (Canaani e/
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al 1976, Beretta ef a/ 1996, Gingras et a/ 1996). En revanche, le rhinovirus clive le
facteur elF4G par sa protéase 2A pour inhiber la traduction initiée par la coiffe
(Borman e a/ 1997). Le poliovirus utilise les deux mécanismes (Gingras ez a/ 1996).
Les IRES viraux sont classés par rapport a leur structure et leur fonction. Les IRES
de type I (poliovitus) permettent un recrutement du ribosome dans la région 5' non
traduite, au niveau d'un codon AUG qui n'est pas le codon initiateur. Le
recrutement ribosomique par ces IRES est donc suivi d'un balayage afin d'atteindre
le codon initiateur. Les IRES de type II (EMCV) permettent un recrutement du
ribosome directement au niveau du codon initiateur sans balayage. Ce type d'IRES
présente une fenétre de recrutement assez petite, et si on déplace le codon initiateur
par rapport a la structure de I'IRES, l'initiation de la traduction ne se fait plus. Les
IRES de type III (HCV : Hepatitis C Virus) sont situés de part et d'autre du codon
initiateur, ce qui veut dire qu'une partie de la séquence codante est requise pour leur
activité. Quant aux IRES de type IV (Cricket Paralysis virus), ils permettent
l'initiation de la traduction en l'absence de codon initiateur (Sarnow 2003, Kieft
2009). Les IRES de type I, II et III nécessitent les facteurs d'initiation classiques
(sauf eIF4E) pour fonctionner. En revanche les IRES du type IV n’ont pas besoin
de facteur d’initiation (Figure 7). Les IRES de type I et II ont leur activité régulée
par des protéines cellulaires. C'est précisément le cas des premiers IRES découverts
en 1988, ceux du poliovirus et 'EMCV : cette dépendance aux protéines cellulaires
a suggéré que les ARNm cellulaires pourraient eux aussi etre régulés par ce
mécanisme (Jackson 1988).
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Figure 7 : Comparaison de la traduction dépendante de la coiffe et des 4 types d’IRES. La
traduction dépendante des IRES de type I, I, III nécessite les facteurs d’initiation excepté elF4E.
Celle de 'IRES de type IV n’utilise pas de facteur d’initiation. Les IRES de type I et II ont besoin
d’un facteur ITAF pour activer la traduction contrairement a ceux de type III et IV.Modifié
d’apres, Kieft, 2008 (Kieft 2008).

Le premier IRES dans un ARNm cellulaire a été découvert en 1991 dans
PARNm codant pour la protéine chaperone des chaines lourdes de
I'immunoglobuline, BiP. En effet, cette protéine continue a ¢tre traduite malgré le
blocage de la traduction dépendante de la coiffe da a l'infection par le poliovirus
(Macejak ez a/ 1991). Cette premiére étude a été immédiatement suivie par d'autres
publications démontrant la présence d'un IRES dans I'ARNm d'un facteur de
transcription de drosophile, antennapedia, (Oh ez 2/ 1993) puis dans les ARNm de
facteurs de croissance comme le FGF2 (Vagner ef a/ 1995), le VEGFA (Huez e a/
1998) ainsi que dans les ARNm de proto-oncogenes comme c-myc (Nanbru ef a/
1997). La présence d'IRES dans les ARNm de plusieurs genes codant pour des
protéines ayant une fonction de contréle a suggéré un role pour l'initiation de la

traduction dépendante des IRES. Ce mécanisme pourrait avoir pour but
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decontroler finement l'expression de messagers et permettre une réponse rapide a
différents stimuli auxquels la cellule est confrontée, et ce dans des conditions dans
lesquelles la traduction dépendante de la coiffe est bloquée, en particulier le stress.

Une recherche d'IRES par approche globale a montré qu'environ 3 a 5% des
messagers cellulaires sont traduits indépendamment de la coiffe (Johannes e a/
1999). Cette étude démontre que la majorité d’entre eux présente une région 5’UTR
assez particuliere. Leur 5’UTR présente une structure tridimensionnelle et ont la
propriété de recruter directement le complexe ribosomal. Cette région a été appelée
un IRES (Internal Ribosome Entry Site) ou site d’entrée interne du ribosome. La
structure des IRESs cellulaires est souvent riche en GC et elle n’est pas conservée
entre les IRES, contrairement a ce que l'on observe chez les picornavirus. En
comparant les IRES cellulaires a des études de modéles structuraux basées sur des
sondes chimiques et enzymatiques, la conclusion est que les IRES cellulaires n’ont
pas de structure secondaire conservée, méme entre deux genes relativement
proches a 'exemple de c-myc et L-myc (Le Quesne ef o/ 2001, Bonnal ez a/ 2003,
Jopling ez a/ 2004). En revanche pour plusieurs ARNm des éléments structuraux

des IRES ont été décrits et sont conservés chez les mammiferes, notamment pour
FGF1 (Martineau e a/ 2004)etFGF2 (Bonnal ef a/ 2003).

I-1-2-4-b) Les genes régulés par le mécanisme IRES-
dépendant :

Les états physiologiques et pathologiques cellulaires sont les principaux
facteurs modulateurs de Texpression génique. IIRES est un activateur
traductionnel en cs présent dans certains ARNm. De plus, son activation n’est pas
constitutive mais induite par des signaux intra-et extra-cellulaires. De facon
surprenante, les ARNm contenant des IRES codent pour des protéines
importantes pour la prolifération, différenciation et dans la régulation de I'apoptose
(Holcikez a/ 2005). Parmi eux, des onco-protéines comme c-myc (Nanbru ez 2/ 1997,
Stoneley e a/ 1998) et les VEGF (Stein ef a/ 1998, Morfoisse ef a/ 2014). De manicre
plus intéressante, plusieurs genes angiogéniques impliqués dans les pathologies
vasculaires et le cancer posseédent un IRES dans leur ARNm. C’est le cas du facteur
de transcription HIF1a, (Lang e# 2/ 2002) et du facteur sécrété Cyr61 (Johannes et a/
1999) ainsi que des facteurs de croissance VEGFA, VEGFC, VEGFD, FGF1 et
FGF2 (Vagner et a/ 1995, Huez et a/ 1998, Martineau ef a/ 2004, Morfoisse et al
2014).

Mon projet de thése se focalise sur les facteurs de croissance des familles
FGF et VEGF impliqués dans I'angiogené¢se, dont les ARNm contiennent des
IRES.
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¢ FGF1

FGF1 est un des 23 genes de la famille des FGF.Le gene du FGF1 possede
quatre promoteurs A, B, C et D. Cependant, les quatres ARNm exprimés codent
pour une seule isoforme de protéine de 16kDa. Ces promoteurs sont tissus
spécifiques : le promoteur A est actif dans le muscle cardiaque et squelettique ainsi
que le rein (Myers ez a/ 1993, Conte et a/ 2009); le promoteur B fonctionne dans le
cerveau (Myers ez a/ 1993)et la rétine (Myers ef / 1995). Quant aux promoteurs C et
D, ils sont actifs majoritairement exprimés dans les cellules cancéreuses (prostate,
sein, glioblastome) et sous certaines conditions dans les cellules musculaires lisses
(Chotani ef a/ 1995, Payson et a/ 1998).De plus, le FGF1 est le seul de la famille des
FGF a avoir la capacité a lier et activer tous les récepteurs FGFR (FGFR1, FGFR2,
FGFR3 et FGFR4) (Zhang et a/ 2006). Toutes ces propriétés lui confeérent une
implication dans la régulation de la croissance cellulaire, la différenciation cellulaire,

le développement, la myogenese, la réparation tissulaire etsurtout 'angiogenése.

’angiogenése est un mécanisme important dans certaines pathologies
comme lischémie ou le cancer. Iz vitro, le FGF1 incubéavec des cellules
endothéliales induit la formation de vaisseaux (Uriel ez o/ 2006) mais il a également
un role anti-apoptotique (Cuevas et a/ 1997). Plusieurs études ont aussi montré le
role de FGF1 dans la cardio-protection (Htun ef o/ 1998, Buehler ¢ a/ 2002, Palmen
et al 2004). 11 a déja fait I'objet d’un essai clinique en phase III pour induire la
revascularisation de I'ischémie du membre inférieur (Nikol ez a/ 2008). Qu’en est-il
de sa régulation ?

Au niveau transcriptionnel, en plus des promoteurs tissu-spécifiques, de
nombreusesétudes ont montré que la régulation de ces promoteurs passe par des
facteurs de transcription. Le transcrit B, issu du promoteur B, est régulé par le
facteur de transcription RFX dans les cellules souches de glioblastomes (GBM-SCs)
(Hsu ez a/ 2010), le transcrit D par Ets2 (Chotani ez a/ 2000), les transcrits C et D

par TGFfB (Alam ef a/ 1996, Chotani et a/ 1997) et le transcrit D par Ras, Racl via
son motif SRE (Serum Response Element) (Chotani ez 2/ 2000).

Au niveau traductionnel, mon équipe a montré la présence d’un IRES dans
les transcrits A et C (Martineau ez a/ 2004). Cela confirme les résultats de plusieurs
études sur Pexpression du FGF1 au niveau protéique en réponse a des stress.
L’expression de FGF1 est fortement induite lorsque la cellule est soumise a
différents types de stress comme hypoxie (Mouta Carreira ef a/ 2001), la privation
de sérum (Shin ez o/ 1996, Matsunaga e a/ 2006) et le choc thermique (Jackson ef a/
1992, Mouta Carreira e a/ 1998).Mon équipe a donc étudié la régulation de 'IRES
présent dans le transcrit A du FGF1. Nous avons montré une augmentation de
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Iexpression protéique de FGF1 avec lactivation de son IRES durant la
différenciation myoblastique et durant la régénération du muscle chez la souris
(Conte e a/ 2009). De plus, cette activation est corrélée avec l'activité du promoteur
A, suggérant un couplage transcription-traduction lors de la régulation de
I'expression de FGF1 (Conte ef a/ 2009).

¢ FGF2

FGF2, connu comme un facteur angiogénique majeur, est un facteur de
croissance pléiotropique qui posseéde donc par définition plusieurs fonctions
biologiques. Il stimule I’hématopoic¢se (Allouche ef a/ 1995) et joue un rodle
important dans la différenciation (McAvoy e 2/ 1991). De plus, grace a sa propriété
angiogénique, FGF2 stimule 7/ viwo et in vitro non seulement la croissance des
cellules endothéliales, mais aussi la croissance des cellules musculaires lisses, la
réparation tissulaire et la cicatrisation (Basilico ef /1992, Schwartz et 2/ 1993).FGF2
présente aussi un role neutrophique (Mudo e @/ 2009).

Quatre transcrits du FGF2 ont été identifiés, synthétisés a partir d’un seul
promoteur, dont les tailles s’étalent entre 1,5kb et 7kb. Ces transcrits se
caractérisent par des 3’'UTR plus au moins longs résultant de 'utilisation de sites de
polyadénylation alternatifs présents au nombre de 7 (Sternfeld ez a/ 1988). le
transcrit du FGF2 possede des éléments régulateurs dans son 3’UTR situé entre le
1¢ et le 2™ site de polyadénylation ou se trouve des séquences de déstabilisation de
PARNm (Touriol et a/ 1999), ainsi qu’une séquence activatrice de la traduction en
amont du 7™ site de polyadénylation (Touriol ez «/ 2000). Quant a la région 5’ elle
est riche en GC et tres structurée, cce qui confere la présence d’éléments
régulateurs en ¢s controlant I'initiation alternative de la traduction (Prats ef a/ 1992).
En effet, FGF2 possede 5 codons initiateurs différents : un codon canonique AUG
et quatre non-canoniques CUG (Prats ¢z 2/ 1989, Arnaud e a/ 1999). Ces différents
codons initiateurs engendrent la synthese de 5 isoformes protéiques de FGF2 chez
I'’homme : 18, 22, 22.5, 24 et 34kDa. FGF2 a une forte affinité pour les récepteurs
FGFR1 et FGFR2. La petite isoforme de 18kDa est issue de la traduction
dépendante de la coiffe et localisée dans le cytoplasme, tandis que les grandes
isoformes ou HMW (High Mass Weight) de FGF2 sont traduites par le mécanisme
alternatif IRES-dépendant et sont majoritairement nucléaires (Renko ez a/ 1990,
Quarto ef 2/ 1991). En ce qui concerne leur fonction, la petite forme de 18kDa est
impliquée dans la prolifération et la migration cellulaire alors que le FGF2 HMW
est impliqué dans la prolifération cellulaire mais pas dans la migration (Quarto e# a/
1991). I’IRES de PARNm FGF2 est situé en amont du premier codon CUG
(Vagner et al 1995). Plusieurs études sur lactivation de I'IRES du FGF2 ont
démontré une spécificité tissulaire (Creancier ez a/ 2000) mais également une
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régulation par différents stress comme hyperglycémie (Teshima-Kondo ef 2/ 2004),
le stress oxydatif ou le choc thermique (Vagner e 2/ 1996). Le premier facteur
régulateur responsable de lactivation de I'IRES du FGF2 est la protéine
HNRNPAT1 (Bonnal e a/ 2005).

FGF2 joue un réle crucial dans 'angiogenése en agissant de facon autocrine
en synergie avec le facteur angiogénique VEGFA (Vascular Endothélial Growth
Factor A) dans les cellules endothéliales (Seghezzi ez a/ 1998). D’autre part, le FGF2
induit la prolifération et la migration des cellules endothéliales en formant de
nouveaux vaisseaux (Kroon ez a/ 2000, Cross ef a/ 2001).

¢ VEGFA

VEFGA a un pouvoir mitogene stimulateur de la prolifération des cellules
endothéliales via I'activation de VEGFR2 (Meadows ¢# a/ 2001, Zachary et a/ 2001).
Cependant, VEGFA se lie a trois récepteurs : VEGEFR1 et VEGFR2 en homo- ou
hétérodimere, ainsi qua VEGFR3 hétérodimérisé a VEGEFR2. 11 se lie également
aux co-récepteurs neuropilines présents sur la surface des cellules endothéliales
vasculaires pour induire la transduction du signal. VEGFR2 est le principal
récepteur impliqué dans lactivation de 'angiogenc¢se. Outre ses fonctions dans
I'angiogenese, VEGFA est également un facteur lymphangiogénique (Nagy ez a/
2002, Gerhardt ez a/ 2005, Wuest et a/ 2010, Dellinger ez a/ 2013). Les voies de
signalisation impliquées sont les PI3K et ERK1/2 stimulant la migration et la
prolifération des cellules endothéliales lymphatiques (Dellinger e 2/ 2011). De plus
lactivation de VEGFA sur Phétérodimérisation VEGFR2/VEGFR3 permet
I'activation des voies de signalisation impliquées dans la lymphangiogenese.
Cursiefen et ses collegues ont aussi montré que VEGFA induit indirectement la
lymphangiogenéese via le récepteur VEGEFR1 en activant la synthése les facteurs
lymphangiogéniques VEGFC et VEGFD par les macrophages (Cursiefen et a/
2004).

En raison de multiples épissages alternatifs, VEGFA présente neuf
isoformes : VEGF,,,, VEGFA,,,, VEGFA,,;, VEGFA,,;, VEGFA,,, VEGFA,;,
VEGFAg, VEGFA,, et VEGFA, (Arcondeguy e a/ 2013). L’expression de
VEGFA est extrémement controlée pour répondre précisément a un stimulus
extracellulaire. I.a régulation de I'expression de VEGFA est importante au vu de
son role sur le plan physiologique et pathologique. Son expression est régulée a
différents niveaux. La plus connue est I'activation de sa transcription par le facteur
de transcriptions HIF (Germain e a/ 2010) dans certains états physiologiques
comme la cicatrisation, le développement embryonnaire mais également dans
certaines pathologies comme le cancer. En effet, la région promotrice de VEGFA
contient une séquence HRE (Hypoxia response element) (Forsythe e a/ 1996). Par
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ailleurs, la transcription de VEGFA est également induite par d’autres facteurs
comme SP1 (Milanini ez a/ 1998), STAT3 et AP1 (Minet e# a/ 2001) ; (Gerald ez a/
2004). En réponse a ’hypoxie, PARNm de VEGFA est stabilisé par la protéine
HuR qui se fixe sur sa région 3’UTR (Levy ef a/ 1998).

Du coté de la régulation traductionnelle, la région 5’ non traduite de VEGFA
est longue et trés structurée et possede deux IRES (Huez e a/ 1998). Des études
vivo révelent Pactivité des IRES A et B du VEGFA dans le muscle en condition
d’ischémie (Bornes ez a/ 2007). 1l existe des régulateurs négatifs inhibant I’activation
des deux IRES en présence d’oxygene : le miR-16 (Karaa ef a/ 2009, Dejean ef a/
2011) et 'hélicase DEAD-box (Casanova ef a/ 2012).

¢ VEGFC

VEGFC est un facteur lymphangiogénique majeur et tient un role dans la
survie et la migration des cellules endothéliales lymphatiques (Karkkainen ez a/
2004) (Ferrara et a/ 1997). La liaison de VEGFC a son récepteur VEGFR3, active
plusieurs voies de signalisation indispensables aux cellules
endothéliales lymphatiques : la voie Ras/GTP en activant la voie MAPK/ERK est
essentielle a la prolifération (Ichise e# a/ 2010) ; la voie PI3K/Akt active mTOR
pour la survie et la migration (Makinen ez o/ 2001). En effet, il est bien connu que
dans les tumeurs solides, I'activation de VEGFC/VEGFR3 stimule la mobilité des
cellules cancéreuses vers la métastase et en induisant la lymphangiogencse
(Karpanen e a/ 2001, Skobe ¢z 2/ 2001).VEGFC est exprimé non seulement par les
cellules endothéliales mais aussi par les cellules cancéreuses (Su ez 2/ 2007).

La transcription de PARNm du VEGFC est controlée par des facteurs
transcriptionnels en fonction du stress, en se fixant sur des sites spécifiques sur la

région promotrice de VEGFC: NF-kB lors de I'inflammation (Du e a/ 2014),

C/EBP-8 (CCAAT/enhancet-binding protein-9) dans le cancer du poumon (Min ¢z
al 2011) et LEDGF/p75 (lens epithelium-derived growth factor) en réponse au
stress thermique et oxydatif (Cohen er a/ 2009). Cependant le promoteur du
VEGFC ne possede pas de site HRE reconnu par HIF (Morfoisse ¢z a/ 2014).
Récemment, une étude de la régulation de VEGFC en hypoxie a démontré la
présence d’'un IRES sur la région 5” non traduite de son ARNm. Ces résultats
montrent lactivation de la traduction de VEGFC par le mécanisme IRES-
dépendant dans plusieurs lignées tumorales 7 vitro et in vivo (Morfoisse ef al 2014).
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¢ VEGFD

VEGFD est aussi appelé FIGEF (c-fos induced growth factor). Comme
VEGFC, c’est un facteur lymphangiogénique majeur et il se lie au récepteur
VEGFR3. La fixation de VEGFD sur son récepteur VEGFR3 induit les mémes
voies de signalisaion que VEGFC a savoir MAPK/ERK et PI3K/Akt
’administration de VEGFD a des animaux déficients du réseau lymphatique
permet de rétablir la lymphangiogenese (Haiko e a/ 2008).

En terme de régulation, la région promotrice du gene VEGFD contient un
site de liaison au facteur de transcription AP-1 permettant sa transcription
(Debinskies 2/ 2001). Des études sur le cancer ont montré la régulation de son
expression au niveau transcriptionnel par STAT3, HNF-4a et COUP-TF1/2
(Schafer et a/ 2008, Deng et a/ 2014). La régulation de la traduction de VEGFD est
régulée par linterleukine7 dans le cancer du poumon (Ming ef a/ 2009). La
régulation traductionnelle de VEGFED par le mécanisme IRES-dépendant fait partie
de mon projet de thése et sera abordé dans la partie résultats.

I-1-2-4-c) Les facteurs régulateurs de 'activité des IRES :
les ITAF

Iactivation des IRES est induite sous certaines conditions en réponse a des
stimuli environnementaux de la cellule. Mis a part certains facteurs d’initiation, les
IRES sont activés par des facteurs spécifiques. Une étude sur les IRES viraux de
type II montre la nécessité d’un ajout d’extrait cellulaire pour initier la traduction
via les IRES (Belsham ez 2/ 1996). 11 en découle que la traduction IRES dépendante
peut étre stimulée par des facteurs en frans appelés ITAF (IRES-trans-acting
factors), qui sont essentiellement des protéines cellulaires.

Le mécanisme des ITAF sur lactivation de T'IRES n’est pas encore
completement élucidé. Le principal mécanisme décrit indique que lesITAF agissent
comme des chaperonnes de ’ARN en modifiant et stabilisant la conformation de
I'IRES pour faciliter le recrutement de la sous unité 40S du ribosome (Stoneley ez a/
2004). La majorité des ITAF découverts a ce jour possede des domaines de liaison
a PFARN (RBD : RNA-Binding Domain), comme les hnRNP (hnRNPI surtout
connu sous le nom de PTB (pyrimidine tract binding protein) pour les IRES de
EMCV (Pestova et a/ 1996), de Apat-1 (Mitchell ez a/ 2001), de IGF1-R (Giraud ez a/
2001) et deP53 (Ray ez a/ 2006) ; hnRNPA1 pour les IRES de c-myc (Evans ef a/
2003) et de FGF2 (Bonnal ez a/ 2005) ou p54™/NONO pour 'IRES de c-myc
(Cobbold e a/ 2008). Ce role de chaperonne a ARN des ITAF a déja été démontré
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par quelques études. En 2003, I'équipe de Anne Willis a montré que 'IRES de
Apaf-1 nécessite la fixation de Unr pour ouvrir la structure secondaire et permettre
la fixation de deux molécules de PTB (Mitchell e# @/ 2003). Ces molécules de PTB
vont a leur tour défaire la structure secondaire pour que la sous-unité 40S du
ribosome puisse s’y fixer. Il en est de méme pour I'IRES de Bag-1, qui a besoin de
deux ITAF, PCBP1 (poly (rC)-binding proteinl) et PTB (polypyrimidine-tract-
binding protein). PCBP1 va se fixer sur le domaine II de I'IRES et ouvre la
structure secondaire du domaine III pour que la PTB s’y fixe. La PTB a son tour
modifie la structure de I'IRES pour rendre accessible la fixation du ribosome
(Pickering ez a/ 2004) (Figure 8).
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Figure 8 : Activation de PIRES Bag-1 par les ITAF PCBP1 et PTB. PCBP1 se fixe
sur le domaine II de PIRES BAG-1 rendant accessible le domaine III pour la fixation des deux
PTB. Ces derniers jouent a leur tour leur role de chaperonnes pour donner I'acces a la sous unité

ribosomale 40S. Modifié d’apres (Pickering ef a/ 2004, King ef a/ 2010).

Lactivité des IRES est tres variable en fonction du type cellulaire suggérant
que la concentration des ITAFs est donc différente selon le type cellulaire (Ye e a/
1997, Stoneley ez a/ 2000).

La disponibilité et la spécificité des ITAF constituent des parameétres
importants pour répondre finement aux stimuli via la traduction dépendante des
IRES. Le principal stress cellulaire au coursduquel des I'TAF ont été identifiés est
I'apoptose (Holcik e# a/ 2005). Pour les autres stress comme hypoxie et le choc
thermique, aucune étude n’a identifié d’ITAF outre mon travail de thése qui sera
présenté ci-apres.
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II-L.a régulation de [’expression génique par le stress
et le microenvironnement

A chaque étape de sa vie, durant la croissance, la différenciation ou en
réponse a un stimulus, la cellule doit réguler de facon précise 'expression génique.
Les états physiologiques et pathologiques sont les principaux facteurs de la
régulation de Pexpression génique. Pour répondre efficacement et rapidement au
microenvironnement, la cellule met en place plusieurs mécanismes de controle. Ces
régulations s’opeérent a toutes les étapes de l'expression génique, des la
conformation de la chromatine jusqu’au produit final, la protéine. Plus
concretement, ces facteurs environnementaux peuvent agir a plusieurs niveaux : la
transcription, la maturation de 'ARNm, la traduction, et apres la traduction par des
modifications post-traductionnelles (Figure 9).

En terme d’énergie, la traduction consomme 90% de Iénergie
cellulaire tandis que la transcription en consomme moins de 10% (Buttgereit e a/
1995, Schwanhausser ¢ o/ 2011). En réponse au stress environnemental, la cellule

induit la transcription de certains genes et bloque la traduction globale dépendante
de la coitfe (Figure 9).

e

Stimulus externe

___________

Traduction
UORF, IRES
/

Protéine nucléaire
Protéine sécrétée
Protéine cytoplasmique

Protéine membranaire

Figure 9 : Les principales étapes de la régulation de ’expression génique en réponse a
des stimuli externes et internes. Les tirets (--—--) indiquent les étapes de régulation
transcriptionnelle ou post-transcriptionnelle au niveau de PARNm.
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II-1- La réponse transcriptionnelle au stress

La régulation de la transcription par le stress a pour résultat d'induire ou de
réprimer des genes spécifiques. Une cascade de signalisation va se mettre en place
pour induire Pexpression des genes spécifiques afin de répondre finement au stress.
Plusieurs stress peuvent intervenir dans une pathologie comme dans le cas de
I'ischémie, ou les cellules non irriguées sont en hypoxie mais sont également
soumises au stress du réticulum endoplasmique aussi connu sous le nom de
réponse UPR (unfolded protein response). Dans d'autres situations comme lors de
linflammation, le stress peut étre un choc thermique. L'hypoxie et le choc
thermique seront détaillés ci-dessous étant donné qu'ils ont fait l'objet de mon
travail de these.

I1-1-1- Hypoxie

I’hypoxie est caractérisée par le manque d’oxygene au sein de la cellule. Elle
peut ¢tre physiologique comme par exemple durant 'embryogenése (Yin ez a/ 2002)
mais également pathologique comme dans les ischémies et les cancers (Brahimi-
Horn et a/ 2007, Brahimi-Horn e# a/ 2007, Martinez-Sanchez ef a/ 2007). L’hypoxie
cellulaire va induire la mort des cellules ou la survie des cellules plus résistantes.
Dans les deux cas il y a induction de génes spécifiques (exemple : genes
angiogéniques en vue de générer une reperfusion du tissu ischémique et permettre
la survie cellulaire).

Le principal acteur moléculaire connu en réponse a I’hypoxie est le facteur de
transcription HIF (hypoxia inducible factor). La découverte de HIF en 1992 a fait
I'objet de plusieurs études. Ces études ont mis en évidence I'implication de HIF
dans différentes situations physiopathologiques de la cellule. Ainsi elles ont montré
que le facteur HIF régule une multitude de geénes impliqués dans 'angiogenése
(Ferrara 2005), la survie ou la mort cellulaire (Brahimi-Horn e 2/ 2005, Gordan ez
al 2007), le métabolisme (Masson e/ a/ 2014), la régulation du pH (Shimoda e a/
20006)et dans les métastases (Chan ez a/ 2007, Sullivan ez a/ 2007).

Du point de vue mécanistique, les facteurs HIF correspondent a un
hétérodimere composé de deux sous-unités: l'une extrémement labile HIFla,

HIF20 ou HIF3a et l'autre extrémement stable HIF1f (ou ARNT1 : aryl

hydrocarbon receptor nuclear translocator). L’expression de la sous-unité HIFla
est régulée a différents niveaux (transcription, stabilité de 'ARN, traduction), mais
cette régulation est surtout post-traductionnelle car la protéine est dégradée en
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présence d’oxygene et stabilisée en hypoxie. En revanche, la sous-unité HIF1f est
exprimée constitutivement dans la cellule (Jewell ¢ 2/ 2001). Un domaine ODDD
(oxygen dependent degradation domain) est présent dans la sous-unité HIF1a, la
rendant sensible a la présence d’oxygene. En normoxie (présence d’oxygene), les

prolines 402 et 564 du domaine ODDD de HIFla sont hydroxylées par les
protéines PHD 1-3 (Prolyl hydroxylase domain protein). Ces hydroxylations vont
recruter la protéine Pvhl (Von Hippel Lindau) et conduire a la dégradation de

HIFla par le protéasome 26S (Salceda e a/ 1997). Ainsi en hypoxie, 'absence
d’oxygene va inhiber I’hydroxylation de HIFla par PHD, empéchant sa
dégradation. Il est a noter que la protéine HIFla possede une séquence NLS
(Nuclear Localization Signal). Une fois HIF1la stabilisée, elle sera transportée dans

le noyau pour se lier a la sous-unité HIF1f (protéine nucléaire), ce qui va rendre
actif le facteur de transcription HIF et induire I'initiation de la transcription des
genes possédant un motif HRE (hypoxia response element) dans leur région
promotrice (Pollenz ez a/ 1994, Eguchi ef a/ 1997) (Figure 10).
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Figure 10 : Schéma de la régulation de HIF par la concentration en oxygéne. La présence
d’oxygene va hydroxyler HIF1ow et recruter la protéine VHL pour aboutir a la dégradation de
HIFlo par le protéasome. En hypoxie, HIF1ow échappe a la dégradation et entre dans le

noyaupour s’hétérodimériser avec HIF1Bpour former le facteur HIF1 qui se fixera sur la

séquence HRE des genes sensibles a 'hypoxie et induira leur transcription.
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Au départ le facteur de transcription HIF1 a été décrit comme régulateur de
I'expression des genes EPO en hypoxie (Semenza ef 2/ 1991) mais son expression
dans tous les types cellulaires a suscité des études sur la région promotrice des
geénes connus pour ¢tre sensibles a ’hypoxie. Parmi eux, le facteur de croissance
VEGFA qui présente un site fonctionnel HRE dans son promoteur et dont
l'expression induit l'angiogeneése au cours de processus physiologiques ou
physiopathologiques. HIF a un role clé dans l'induction transcriptionnelle des
genes angiogéniques: en plus du VEGFA il induit notamment les génes PAI-1
(plasminogen activator inhibitorl), VEGFR1, TGFf (transforming growth factor

B), IGF2 (Insulin-like growth factor2), NOS2 (nitric oxyde synthase 2) et
angiopoietine-2 (Ferrara e a/ 2005).
La sous-unité HIF1a est la plus connue et la plus étudiée, cependant la sous-

unité HIF2a régule également 'expression de certains génes comme
I'angiopoietine-1 (Park ez 2/ 2016).

I1-1-2 Stress du réticulum endoplasmique

Le stress du réticulum endoplasmique a un role physiologique dans
I'adaptation des cellules a des changements environnementaux. Il a également un
role physiopathologique dans de nombreuses maladies comme le diabcte,
I'athérosclérose, I'ischémie cardiaque, les maladies neurodégénératives et le cancer.
L’origine du stress du réticulum endoplasmique provient d’une accumulation de
protéines de conformation incorrecte. Face a ce stress, la cellule s’adapte en
activant les voies de signalisation UPR. Elle a été caractérisée dans les années 1990
chez la levure Saccharomyces cerevisae. 1 UPR permet la restauration de la fonction du
réticulum endoplasmique ainsi que ’homéostasie cellulaire. Il existe trois voies de

signalisation impliquant trois protéines transmembranaires: IREla (Inositol

Requiring Enzyme 1a), la protéine kinase PERK (Protein kinase RNA (PKR)-like
Endoplasmic Reticulum Kinase) et le facteur de transcription ATF6 (Activated
Transcription Factor 6). En condition normale, les trois récepteurs sont liés a la
protéine chaperonne BiP. Lors d’un stress BiP se dissocie pour se lier aux protéines
mal conformées, ce qui entraine la libération et lactivation des récepteurs
transmembranaires qui vont a leur tour activer des régulations transcriptionnelles et
traductionnelles (Pour revue, (Zhang ef a/ 2004)). Cette régulation agit a plusieurs
niveaux : (i) elle active la transcription des genes essentiels au bon repliement des
protéines, sous le contrdle des facteurs de transcription ATF6 et XBP-1 (Okada e#
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al 2002, Lee et a/ 2003) (i) P'expression de XBP-1 est elle-méme activée par un
processus d’épissage suite au déclenchement de Iactivité endoribonucléasique de
IRE1 (pour revue, (Barouki 2002)) (iii) elle bloque la traduction globale, sous le

controle de PERK qui phosphoryle elF2a (Lu e 4/ 2004) (iv) elle active
Iexpression desprotéines de dégradation du systtme ERAD (Endoplasmic-
reticulum-associated protein degradation) (Werner ez a/ 1996) (v) elle induit

I'activation des genes apoptotiques quand le stress est plus intense (Nakagawa ef a/
2000).

11-1-3 Choc thermique :

Le choc thermique peut survenir au cours de certains états
physiopathologiques (cancer ou infection). Lla réponse au choc thermique a été
décrite par Ritossa en 1962. Quelques années apres, cette réponse a été corrélée a
Iexpression d'un petit nombre de nouvelles protéines, les HSP (heat shock
proteins). Les HSPs sont des protéines chaperonnes. Elles ont été initialement
purifiées chez la drosophile (Tissieres e a/ 1974), mais leur conservation a été
confirmée dans tous les organismes allant de la bactérie jusqu’a ’homme. Chez les
mammiferes, six familles ont été identifiées : HSP110, HSP90, HSP70, HSPGO,
HSP40 et les petites HSP (HSP25 et HSP30) (les nombres correspondent a leur
taille en kDa). LLa majorité des HSP sont exprimées de manicre constitutive pour
maintenir ’homéostasie cellulaire (Tanguay ez a/ 1993, Wickner e a/ 1999). La
tamille des HSP70 (HSP70 et HSP72) est induite en réponse au choc thermique, ce
qui fait d’elle le « marqueur de la réponse au choc thermique ». L’induction des
HSP70 se fait au niveau transcriptionnel grace au facteur HSF (heat shock factor)
qui reconnait le motif HSE (heat shock element) dans la région promotrice des
genes HSP70 (Wu 1995). Le geéne hsp70 ne possédant pas d’intron permet une
transcription et une synthése rapide de la protéine en réponse au stress
intracellulaire (Yost ez a/ 1986, Forsdyke 1994). L’expression des HSP est également
induite en réponse a d’autres stress physiques ou chimiques a exemple d’une

infection virale et en présence d’éthanol.

Le stress thermique est rencontré dans différentes pathologies comme dans
les maladies vasculaires ou le cancer, en particulier suite a I'inflammation (Sevin ez a/
2015). 11 se manifeste par la dilatation des vaisseaux. Par exemple dans le contexte
inflammatoire tumoral, les vaisseaux lymphatiques sont dilatés (Figure 11).
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Figure 11 : Tumeur mammaire durant une inflammation

Biopsie avec de multiples emboles lymphatiques. Observation d’une dilatation des voies
lymphatiques en contact de la tumeur. Les étoiles représentent le derme et ’hypoderme

présentant un important cedéme

Source http://www.em-consulte.com/en/article/121291#JR-05-2002-83-5-0221-0363-101019-
ART3-FIG17

II-2- La régulation de la traduction lors du stress

Pour s’adapter et survivre a des conditions de stress, les cellules mettent en
place différentes stratégies. Comme je l'ai mentionné précédemment, elles
modulent Pexpression des génes a plusieurs niveaux. La traduction est un processus
complexe et énergivore, or la cellule doit économiser de I’énergie et répondre
rapidement et efficacement au stress. Pour cela, la cellule bloque la traduction

canonique dépendante de la coiffe.

39



Introduction

11-2-1 L’inhibition de la traduction dépendante de la coiffe :

L’inhibition de la traduction dépendante de la coiffe s’opére essentiellement
a I’étape de D'initiation. Les deux cibles principales de ce blocage sont les facteurs

d’initiation elF4E et elF2a..
elF4E:

a) Hypo- (on dé-)phosphorylation d’e]lF4E

Le facteur elF4E est le facteur qui reconnait la coiffe pour initier la
traduction. EIF4E est phosphorylé par des kinases. Sa phosphorylation se fait sur
la Sérine 209 par la kinase C 7z vivo ou par la kinase effectrice MNK1 (Flynn e a/
1996, Sonenberg 1996, Morley 1997) résultant de l'activation de la voie MAPK. La
partie C-terminale d'eIF4G se lie a MNKI1 pour phosphoryler eIF4E (Pyronnet ez a/
1999). Cette phosphorylation favorise linteraction avec le complexe de pré-
initiation 43S et correspond a une augmentation de la traduction dépendante de la
coiffe, en particulier des ARNm dont les régions 5'UTR sont structurées et
inhibitrices de la traduction du fait qu'elles sont dépendantes d'eIF4E (Pelletier ef a/
1987, Joshi-Barve et a/ 1990, Koromilas ez a/ 1992). Elle est corrélée a une
augmentation de la traduction des proto-oncogenes (Furic ef a/ 2010).

Chez les souris nude, la surexpression d'eIF4E induit la formation de tumeurs
(Sonenberg ef a/ 1998). De méme, dans les lignées cellulaires transformées obtenues
a partir des tumeurs, elF4E est fortement exprimé (Miyagi ez a/ 1995).

La traduction est augmentée avec la phosphorylation d'eIF4E durant la
maturation des ovocytes de xénope (Morley ez a/ 1995), d’étoile de mer (Xu ef a/
1993) et de souris (Gavin ef a/ 1997).

Cependant, en fonction du stress elF4E peut étre phosphorylé ou
déphosphorylé. Durant une infection bactérienne le lipopolysacharide (LPS) induit
une phosphorylation d’eIF4G alors que le choc thermique peut le déphosphoryler.
La phosphorylation d'eIF4E en condition de stress n’est pas encore trés bien
établie (Pour revue, (Sonenberg e a/ 1998)).

b) Séquestration d'elF4E par 4E-BP :

En condition normale, le facteur eIF4E se lie au facteur eIF4G pour former
le complexe eIF4F. En conditions de stress, eIF4E est séquestré par la protéine 4E-
BP (eIF4E-binding protein) empéchant ainsi la formation du complexe elF4F, ce
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qui aboutit a Iinhibition de la traduction. Plus précisément, I’état de
phosphorylation de 4E-BP en est lorigine car il détermine son interaction avec
elF4E. 4E-BP présente quatre sites de phosphorylation trés conservés (Ser65,
Thr37, Thr46 et Thr70). En l'absence de stress, la phosphorylation de 4E-BP sur
ces sites libere le facteur elF4E, permettant 'assemblage du complexe elF4F et
donc l'initiation de la traduction (Bah e¢# a/ 2015). Cette phosphorylation résulte de
Pactivité de la voie mTOR (mammalian ou mechanistic Target Of Rapamycin)
(Brunn ez a/ 1997). En revanche, dans des conditions de stress, 4E-BP est
hypophosphorylé et se lie a elF4E, ce qui inhibe 'initiation de la traduction coiffe-
dépendante (Figure 12).

En condition normale En condition de stress

mTOR

AUG stop

@ mmmm

stop

(A)n

Traduction coiffe-dépendante activée i Traduction coiffe-dépendante inhibée

Figure 12 : Mécanisme de régulation de la traduction par 4E-BP. En condition normale,
4E-BP est hyperphosphorylé par mTOR, libérant elF4E pour initier la traduction. Lors d’un
stress, 4E-BP est hypophosphorylé et séquestre elF4E, inhibant la traduction.

Chez les mammiferes, il existe trois isoformes de 4E-BP (4E-BP1, 4E-BP2,
4E-BP3) qui sont toutes capables de lier elF4E mais qui sont tissu-spécifiques
(Joshi et al 2004). L’expression de 4E-BP1 est plus forte dans le muscle
squelettique, le tissu adipeux et le pancréas (Hu e a/ 1994, Tsukiyama-Kohara e# a/
1996). 4E-BP2 est exprimé dans les cellules cérébrales et 4E-BP3 dans les cellules
coliques et cardiaques (Poulin ef a/ 1998, Tsukiyama-Kohara ez a/ 2001).
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elF2a :

EIF2 est nécessaire a la formation du complexe ternaire pour initier la
traduction. Ce facteur est composé de trois sous-unités : o, f§ etY. La sous-unité
elF2a présente un site de phosphorylation sur la sérine (Ser 51). Le facteur eIF2f3
est capable de se lier a PARNm et elF2Y" possede deux sites de liaison: GTP et
Met- ARNtY. Les sous-unités elF2f3 et elF2Y interagissent avec le facteur
d’échange de guanine elF2B et le facteur activateur de GTPase elF5. Lors dun

stress, elF2au est phosphorylé et empéche lactivité d'elF2B en le séquestrant
(Rowlands ez a/ 1988, Dholakia ez a/ 1989, Kimball e a/ 1998). Ainsi, I’échange
d'eIF2-GDP en elF2-GTP n’est pas établi, ce qui empéche la formation du
complexe ternaire et inhibe 'initiation de la traduction (Merrick 1992) (Figure 13).

En condition normale

@GDP
< EIF2B

@ GTP

actif

En condition de stress

inactif

Figure 13 : Régulation de P’initiation de la traduction par phosphorylation d’eIF2a. En
condition normale, eIFF2B hydrolyse le GDP en GTP chargé sur elF2 pour activer I'initiation de
la traduction. En condition de stress elF2 est phosphorylé empéchant l'action de elF2B, la
traduction est inhibée.

Quatre protéines kinases sont responsables de la phosphorylation d’eIF2a:

- HR1 (Hemin Regulated Inhibitor Kinase) en réponse a une carence en héme
dans les réticulocytes (M. J. Clemens 1996)

-  GCN2 (General Control Nonderepressible 2) en réponse a une carence en
acide aminé induisant la présence d’ARNt non chargé (Sood ez a/ 2000).
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- PKR (Protein Kinase Regulated) en réponse a la présence &’ARN double
brin (M. J. Clemens 1996).
- PERK (PKR-like Endoplasmic Reticulum Kinase) en réponse au stress du

réticulum endoplasmique.

11-2-2 Les stress et stimuli capables d’activer la traduction IRES-
dépendante :

La présence d’une structure IRES peut permettre l'initiation de la traduction
en réponse a un stress car I'IRES rend la traduction indépendante d'eIF4E. 11 existe
de nombreux stress ou stimuli physiopathologiques pouvant activer la traduction
IRES-dépendante.

Les IRES lors de I'hypoxie :

Il a été montré que le stress hypoxique active les IRES des facteurs FGF2
(Conte ez a/ 2008), VEGFA (Bornes e a/ 2004), (Philippe e a/ 2016), PDGF (Sella
et al 1999) et VEGFC (Morfoisse e a/ 2014). I’IRES du facteur régulateur post-
transcriptionnel Staufenl (Staul) est également activé en hypoxie (Bonnet-
Magnaval ez a/ 2016). Je parlerai davantage de cette régulation dans le contexte
pathologique dans la partie II1.

Dans le cas du cancer, I'initiation de la traduction de ces génes angiogéniques
est en faveur de la tumeur. Cette induction traductionnelle favorise la progression
tumorale et la dissémination métastatique. Dans le cas de I'ischémie, cela permettra

une revascularisation en vue de la survie des cellules.

Il est a noter que dans au moins deux cas, ceux du FGF2 et du VEGFC,
linduction se fait de maniere HIF-indépendante, ce qui suggere que la voie
dépendante des IRES est un mécanisme d'induction par I'hypoxie qui se distingue
de la voie HIF.

Les IRES lors du stress du réticulum endoplasmique :

Quelques études ont mis en évidence l'activation de certains IRES en
réponse a ce stress, notamment ceux de Staul (Bonnet-Magnaval e o/ 2016) de c-
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myc dans les cellules de myélome (Shi ez a/ 2016)et de certains facteurs
angiogéniques (Philippe ez 4/ 2016). Comme décrit précédemment, le stress du
réticulum endoplasmique soutenu peut déclencher I'apoptose. Des études ont
montré Pexpression protéique de certains ARNm liés a I'apoptose dépend du
mécanisme lié a PIRES tels que XIAP (X-linked inhibitor of apoptosis protein)
(Holcik ez 2/ 1999) et Apat-1 (Coldwell ez 2/ 2000).

Les IRES lors du choc thermique :

Le choc thermique induit le blocage de la traduction classique par plusieurs
stratégies décrites précédemment, permettant la traduction spécifique de certains
ARNm contenant un IRES. Lors du choc thermique, quand la traduction cap-
dépendante est bloquée, la traduction de BAG-1 est maintenue grace a I'activité de
son IRES (Coldwell ez 2/ 2001). Dans les cellules cancéreuses soumises au choc
thermique, l'expression de BiP est induite non seulement au niveau de la
transcription mais également de la traduction. Grace au vecteur bicistronique, il a
été mis en évidence lactivation de 'IRES BiP en réponse a un choc thermique
soutenu (15h) (Kim e# 2/ 2002).

Déprivation en nutriment on carence en acide aminé :

Contrairement aux autres molécules, le stockage d’acides aminés n’existe pas
dans la cellule. I’homéostasie cellulaire se fait par un équilibre entre les acides
aminés entrants et sortants. De ce fait les transporteurs sont les principaux genes
régulés face a une carence en acide aminé. A titre d’exemple, le géne cat-1 (cationic
amino acid transporter) codant pour un transporteur Arg/Lys essentiel a la sutvie
des cellules en réponse a une carence en nutriment, est régulépar un IRES ainsi que
par un uORF (Fernandez e# 2/ 2005). Un autre transporteur responsable de I'activité
du systeme de transport A comme cat-1, SNAT2 : la quantité de son ARNm est
augmentée ainsi que celle de sa protéine. Il a été démontré que la traduction de
PARNmM SNAT2 en réponse a une carence en acide aminé passe par le mécanisme
IRES-dépendant (Gaccioli ez a/ 2000).

Activation des IRES en réponse a des stimuli physiologiques :

Certains états physiologiques des cellules nécessitent une modification de
Iexpression génique notamment la différenciation cellulaire. En 1996, Bernstein et
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ses collegues ont montré P'activation de 'IRES de 'ARNm du PDGF lors de la
différenciation des mégakaryocytes (Bernstein ef a/ 1997). Une étude sur la

spermatogencse a démontré Pactivation de 'IRES de FGF2 par la testostérone
(Gonzalez-Herrera et a/ 2000).

L’activité de P'IRES du FGF2 s'est avérée étre extrémement forte dans les
neurones. Notamment, elle est fortement activée lors de la formation du réseau

synaptique (Audigier ez a/ 2008).

Des résultats de ’équipe montrent aussi que la traduction IRES-dépendante
permet d'induire le FGF1 lors de la différenciation myogénique. L'IRES du FGF1
est activé de manicre couplée avec celle de son promoteur, révélant un mécanisme
de couplage transcription-traduction (Conte e/ a/ 2009). Ce mécanisme sera
développé dans le chapitre 1 de ma these.
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III- Le stress dans les pathologies

Impact de Phypoxie dans le cancer

Durant le développement tumoral, les cellules cancéreuses proliféerent et
forment par la suite une masse cellulaire avascularisée. Ainsi les apports en oxygene
et en nutriment au centre de cette masse ne sont pas assurés. Les cellules
cancéreuses sont alors en hypoxie, on parle d’hypoxie tumorale. I’’hypoxie
tumorale tient un role important dans lagressivité de la tumeur. Elle permet sa
progression, son invasion et sa dissémination métastatique. De plus, la tumeur
devient résistante aux traitements de radio- et chimiothérapies, du fait de la perte de
perfusion causée par T’hypoxie. Ce stress hypoxique va déclencher plusieurs
cascades de signalisation permettant 'expression des facteurs pro-angiogéniques
aboutissant a 'angiogenése tumorale (Carmeliet ¢ o/ 2000). Le développement et la
progression tumorale sont caractérisés par la formation de nouveaux vaisseaux au
sein de la tumeur. Le vaisseau tumoral formé permet de restaurer le flux sanguin
mais de maniere transitoire. On observe des cycles d’arréts transitoires de la
perfusion suivis de ré-oxygénation. Cela est da a I'inadéquation entre la croissance
des cellules tumorales et 'angiogenese. En effet, la croissance tumorale est plus
rapide que I'angiogenése. L’autre systeme vasculaire est le systeme lymphatique qui
joue également un role crucial dans la dissémination métastatique. L’étude de la
lymphangiogenése dans le contexte tumoral montre que I’hypoxie au centre de la
tumeur induit la sécrétion du facteur lymphangiogénique VEGFC, stimulateur de la
lymphangiogenése (Morfoisse ez a/ 2014). Les cellules tumorales utilisent les
vaisseaux lymphatiques qui sont trés perméables, pour atteindre les ganglions
lymphatiques puis d’autres organes. A la base, les vaisseaux lymphatiques ont pour
role de drainer les fluides interstitiels a partir des tissus afin de les renvoyer dans la

circulation sanguine. La tumeur utilise cette voie pour se disséminer.

Comme je l'ai décrit dans la partie II, HIF est le principal facteur de la régulation
transcriptionnelle en réponse a T’hypoxie. Il a été décrit que I'hypoxie active

l'expression de plusieurs facteurs pro-angiogéniques qui sont les cibles de HIF1a
du fait de la présence d'un élément HRE dans leur promoteur. C'est le cas du
facteur VEGF-A, dont I'ARNm s'accumule dans les cellules endothéliales en
réponse a ’hypoxie (Liu ez a/ 1995). Dans le cancer du pancréas, 'expression de

VEGF-A est régulée par HIF1a (Buchler e a/ 2003, Pages e a/ 2005). Et la

transcription du facteur TGFf (transforming growth factor) est également régulée
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par HIFla (Saed e a/ 2002, Jiang et a/ 2007). De plus, I'hypoxie induit la
lymphangiogenése par l'induction de Pexpression de VEGFC par un mécanisme
IRES-dépendant, indépendant de HIF1 dans les tumeurs mammaires (Morfoisse e/
al 2014). HIF2a est moins étudiéque HIFlo mais peut également réguler
I'expression de certains genes en hypoxie. Le récepteur EGFR (Epidermal growth

factor receptor) est induit en hypoxie par HIF2a dans le carcinome épidermoide
(Wang ef a/ 2010). De méme 'ARN non codant NEAT1 est induit dans les tumeurs
mammaires par un mécanisme dépendant de HIF2 (Choudhry ef a/ 2015).

Ainsi, ’hypoxie tumorale module I'expression des genes angiogéniques au niveau
transcriptionnel grace au facteur HIF mais elle peut également réguler la synthese
protéique par le mécanisme alternatif IRES-dépendant.

Face a I’hypoxie, la cellule réduit sa production de protéines en bloquant la
cascade de signalisation mTOR. La phosphorylation de mTOR va bloquer
I'initiation de la traduction dépendante de la coiffe en agissant sur les facteurs
d’initiation de la traduction (partie 1I-2). Cette baisse de la synthése protéique
permet une économie d’énergie et 'activation de la traduction des genes spécifiques
suite a ce stress, par le mécanisme dépendant des IRES ou celui des uORF.

Le facteur hypoxique HIF, qui a un fort pouvoir angiogénique, possede justement
un IRES dans son ARNm, permettant de maintenir, la synthese de la protéine HIF
en condition hypoxique (Lang e a/ 2002). Dans le cancer du sein, I’hypoxie inhibe
la traduction dépendante de la coiffe par une hypophosphorylation de 4E-BP1
engendrant la séquestration du facteur elF4E. Une étude dans des cellules de
neuroblastome humain montre une augmentation de I'expression du facteur EGFR
(Epidermal growth factor receptor) en condition hypoxique. Ce travail a démontré
la présence et I'activation d’un IRES dans le 5’UTR de PARNm EGFR (Webb ¢ a/
2015).

Durant la croissance tumorale, les cellules cancéreuses rencontrent plusieurs stress :
I’hypoxie, la carence en nutriment et 'acidose. Lorsque ces derniers persistent, ils
déclenchent le stress du réticulum endoplasmique qui active la voie UPR pour la
survie des cellules. A plus long terme, le stress du réticulum endoplasmique induit
la mort cellulaire. Dans un mode¢le de transplantation de la tumeur chez la souris, il
a été montré que la voie IREI-XBP1 (X-box binding proteinl) favorise la
croissance tumorale (Romero-Ramirez e/ 4/ 2004). XBP1 est un régulateur
transcriptionnel activé par la voie UPR Son invalidation dans des tumeurs injectées
en sous-cutané chez la souris induit la mort cellulaire par la réponse au stress du
RE, conduisant a une réduction de la croissance tumorale. Ce résultat suggere que

XBP1 est essentiel a la croissance tumorale durant le stress du réticulum
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endoplasmique. En plus du stress du RE, ’hypoxie tumorale peut aussi induire les
protéines du choc thermique. Le choc thermique est caractérisé par 'expression des
protéines HSP. Ces protéines HSP ont un fort pouvoir anti-apoptotique par
conséquent les cellules cancéreuses les expriment pour empécher leur mort
cellulaire (Lanneau e# a/ 2008). Les cellules tumorales utilisent les HSP pour résister
aux chimiothérapies (Jego e a/ 2013). D’ailleurs, plusieurs inhibiteurs de HSP90 et
HSP27 on fait 'objet d'essais cliniques (Wang ez a/ 2014).

Impact de ’hypoxie dans les pathologies ischémiques :

D’apres le rapport de Porganisation mondiale de la santé (OMS), les maladies
cardio-vasculaires sont les premicres causes de mortalité mondiale. Les chiffres de
2012 estiment a 17,5 millions de nombre de déces, ce qui représente 31% de la
mortalité mondiale. Les maladies cardiovasculaires causant le plus de décés sont
I'infarctus du myocarde et I'accident vasculaire cérébral (AVC). En France, selon la
santé publique, le nombre de déces pour ces deux pathologies s’éleve a 44 971 dont
37% sont dus a I'infarctus du myocarde et 63% a ’AVC. En 2013, elles concernent
plus de 900 000 patients. En dépit des traitements existants, I'ischémie du membre
inférieur et 'ischémie cardiaque restent un probléeme majeur de la santé publique.

ischémie est principalement causée par I'athérosclérose qui est une lésion
de l'intima due a une accumulation de lipoprotéines athérogénes modifiées dans
I'espace sous-endothélial (Carew ef a/ 1984, Boren et a/ 2000). Cette 1ésion va induire
une réponse inflammatoire mobilisant les cellules inflammatoires (macrophages et
lymphocytes T) suivie d’une prolifération cellulaire pour la cicatrisation
(Buschmann ez a/ 1999). Ces évenements conduisent a la formation de la plaque
d’athérome. Si la cicatrisation n’est pas stabilisée, elle peut avoir des conséquences
dramatiques. A terme, la rupture de la plaque provoque la formation d’un
thrombus (ou caillot) obstruant les arteres ; a titre d’exemple de pathologie avancée
: 'infarctus myocardique ou cérébral (Virmani ef o/ 2000) (Figure 14).
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Strie lipidique Plaque stable

Plaque instable Rupture
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Figure 14 : Illustration de la formation de P’atherosclérose. D’apres Gourdy, Bayard et Arnal,
Sang Thrombose Vaisseaux 2005 (Pierre Gourdy 2005)

L’occlusion des artéres provoque une ischémie dans la zone en aval de
I'obstruction. L’ischémie est caractérisée par une diminution d’apport en oxygene
par le sang ce qui déclenche une hypoxie des cellules non irriguées.

En réponse a ’hypoxie, les cellules vont mettre en place différents processus de
revascularisation post-ischémique. Un de ces processus est I'angiogencse qui est
définie par la formation d’une extension vasculaire a partir des vaisseaux
préexistants. Pour y parvenir les cellules régulent 'expression de leurs genes face a
ce stress hypoxique.

Le facteur hypoxique HIF tient un role important dans la revascularisation post-
ischémique. La sous unit¢é HIF1 est communément connue comme régulateur
transcriptionnel de nombreux genes angiogéniques comme VEGEF, PLGF
(placental growth factor), angiopoietine 1 (ANGPT1), et ANGPT2 (Bosch-Marce
et al 2007). Du coté de la sous-unité HIF2, l'invalidation du facteur eIF3E dans les
cellules musculaires murines et humaines post-ischémiques montre une stabilisation
de HIF2ocorrélée a une surexpression de FGF2 et de PDGF (platelet-derived
growth factor) (Hashimoto ef 2/ 2016). Dans un mod¢le murin, Pinhibition du PHD
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permet une surexpression des facteurs HIF qui est corrélée a 'augmentation de

Pexpression de VEGFA et TGF-f. Cela résulte en une réduction du niveau
d’athérosclérose (Heim ez a/ 2016). In vivo, VEGFA protege le cceur apres ischémie
chez le rat (Luo e a/ 1997). L’invalidation de ADAMI17 (A disintegrin and
metalloproteinase 17) dans les cardiomyocytes primaires inhibe la transcription de
VEGFR2. ADAM17 est essentiel pour stimuler 'angiogenése (Fan ef a/ 2015).

Des études par analyse transcriptomique a haut débit ont été faites sur
I'ischémie cérébrale, focalisées sur Pexpression génique dans les neutrophiles et les
monocytes (Moore ef a/ 2005, Tang et a/ 2006). Tang et ses collegues ont publié une
signature des genes régulés par I'inflammation. Tandis que Moore et ses collegues
ont trouvé différentes classes de genes régulés. Parmi eux, un groupe de genes liés a
I’hypoxie comme 'adrénomédulline et le cytochrome b-245.

Smih et son équipe ont fait une étude pour rechercher un biomarqueur de
I'insuffisance cardiaque systolique. Le transcriptome a grande échelle sur les
globules blancs dans le sang a permis d'identifier sept genes marqueurs de
I'insuffisance cardiaque : ALK, SLC43A2, NGFB, FBXW7, TMEM79, UBNI1 et
FECH (Smih ez a/ 2011).

I’¢élément structural IRES présent dans certains ARNm joue un role crucial
dans la régulation traductionnelle survenant lors de 'ischémie. Dans I'ischémie du
membre inférieur, la quantité d'ARNm de FGF2 baisse, en revanche l'expression
de la protéine est augmentée (Conte e/ o/ 2008). I’IRES du FGF2 est activé en
réponse a l’hypoxie dans cette pathologie en corrélation avec une meilleure
vascularisation. Durant le stress ischémique, la traduction de 'ARNm VEGFA est
induite par 'activation de ses IRES A et B (Bornes ef o/ 2007). I’équipe a démontré
que 'IRES A initie la traduction au codon attendu AUG tandis que 'IRES B
permet l'initiation a un codon CUG situé en amont. L’année suivante, la méme
équipe montre 7z vitro la régulation de I'expression de I'isoforme prédominante de
VEGFA (VEGF 121) par 'IRES A (Bastide ¢z 2/ 2008).

Les IRES, des outils biotechnologiques pour un

transfert combiné de génes thérapeutiques :

Il existe des traitements chirurgicaux comme l’angioplastie et le pontage.
[’angioplastie consiste a dilater Partere pur rétablir le flux sanguin. lL.e pontage
glop p g p g
permet de rétablir le flux sanguin en contournant 'endroit obstrué par gretfe d’une

50



Introduction

artere. Malgré I'avancée de ces chirurgies, ces techniques ont des limites. Déja dans
un premier temps, certains patients sont inéligibles a ces chirurgies. Deuxi¢émement,
malgré le recours a Pangioplastie, la sténose réapparait chez certains patients au
bout de quelques mois. Face a ces difficultés, des stratégies alternatives de
traitements comme la thérapie cellulaire et la thérapie génique offrent des
perspectives prometteuses. Je me focaliserai ici sur la thérapie génique.

La thérapie génique consiste a apporter un gene fonctionnel pour rétablir
une fonction lésée dans la cellule. Ainsi pour traiter les pathologies ischémiques,
I'apport en geénes angiogéniques va faciliter la néo-vascularisation. L’approche
thérapeutique retenue dans la plupart des études est 'angiogenese thérapeutique. Le
but est de faciliter le développement collatéral pour contourner I'occlusion en
apportant des facteurs angiogéniques comme les VEGF ou les FGF a l'aide d'un
vecteur (Rubanyi 2013).

111-1-1- Utilisation des vecteurs a IRES pour le traitement de lischémie du

membre inférieur

Les différents essais cliniques publiés a ce jour utilisent un seul facteur
angiogénique comme VEGFA (Isner e 4/ 1996)ou FGF1 (Nikol e a/ 2008).
Cependant ces essais dont les bénéfices thérapeutiques étaient encourageants en
phase II, se sont soldés par un échec en phase III. Parmi les causes possibles de ces
échecs, il y a le type de vecteur utilisé (plasmide ou adénovirus qui donnent une
expression transitoire du transgéne) ou le fait que l'utilisation d'un seul gene
thérapeutique ne suffise pas. En effet, de fortes doses d'un seul facteur
angiogénique peuvent générer des vaisseaux non fonctionnels. Ainsi il a été montré
que la surexpression de VEGF géneére des vaisseaux trop perméables (Baumgartner
et al 1998). Effectivement il est apparu que la thérapie combinée utilisant plusieurs
facteurs angiogéniques engendre une meilleure efficacité thérapeutique sur des
modeles animaux (pour revue (Renaud-Gabardos ef @/ 2015)). Dans I'ischémie des
membres, la combinaison de FGF2 et PDGF induit synergiquement le réseau
vasculaire dans des mode¢les animaux de rat et de lapin (Cao ez a/ 2003). Apres
ligature de I'artere fémorale, la surexpression de PDGF et de FGF2 augmente la
vascularisation et améliore le flux sanguin. D’autres études combinant FGF2 et
GM-CSF, VEGFA et FGF2 ou VEGFA et angiopoétine ont démontré le bénéfice
d'une association de deux facteurs angiogéniques par rapport a l'effet de chaque
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facteur de croissance pris isolément (Chae ez a/ 2000, Lee et a/ 2007, Layman et a/
2009).

Il existe plusieurs moyens de co-exprimer deux genes (ou plus) mais qui
présentent des inconvénients. Il est possible d'utiliser deux vecteurs séparés pour
chaque géne, mais dans ce cas on n'a pas la certitude que les deux vecteurs se
maintiennent avec la méme stabilité a long terme et il est possible que l'expression
de I'un des deux genes disparaisse (notamment s'il est contre-sélectionné parce qu'il
a une activité toxique ou inhibitrice de la prolifération cellulaire) (Allera-Moreau e/
al 2007). De méme, si les deux genes sont clonés dans le méme vecteur mais sous
contrdle de deux promoteurs, il y a un risque d'extinction de l'un des deux car il
peut y avoir une compétition entre ces deux promoteurs (Allera-Moreau ez a/ 2000,
Lee et a/ 2007). I’expression d’une protéine de fusion a aussi ses limites. La fusion
des protéines peut inhiber la localisation ou la protéine exerce sa fonction. La
localisation d’une protéine peut déterminer sa fonction. Par conséquent, une
mauvaise localisation de la protéine de fusion rend la protéine non fonctionnelle
(de Felipe ez a/ 20006). Le probleme de la protéine de fusion peut aussi étre d'altérer

la conformation de la protéine essentielle a sa fonction.

Ainsi, il est apparu que les IRES constituent un outil essentiel pour la co-
expression des transgenes. En effet un vecteur a IRES peut produire plusieurs
protéines différentes a partir d’'un seul transcrit, grice au mécanisme d'entrée

interne des ribosomes (Figure 15).

Le vecteur a IRES présente plusieurs avantages par rapport aux autres
systemes de co-expression : (i) I'IRES permet de s’affranchir de la compétition
entre deux promoteurs (i) il permet de maintenir un ratio stable des protéines
exprimées dans le temps (Allera-Moreau er @/ 2000) (iii) I'IRES peut étre tissu-
spécifique, c'est notamment le cas de certains IRES d'ARNm cellulaires, ce qui peut
limiter les effets indésirables suite a la surexpression de facteurs a distance du site
d’'intéret (Creancier e a/ 2000, Creancier ef a/ 2001) (iv) certains IRES sont activés
en condition de stress, permettant une syntheése protéique controlée (Bornes ef a/
2007, Conte et a/ 2008).
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Figure 15 : Le concept du vecteur multicistronique basé sur les IRES.

D’aprés Renaud-Gabardos e a/, (Renaud-Gabardos ez 2/ 2015)

Comme les pathologies ischémiques induisent différents stress et que
certains IRES sont actifs dans ces conditions, la traduction IRES-dépendante
permet de maintenir ’homéostasie cellulaire en induisant spécifiquement la
traduction de certains genes. Le choix de 'IRES est alors crucial.

Ce concept a déja fait I'objet de plusieurs études dans la revascularisation
apres l'ischémie du membre. Notre laboratoire a validé le concept du vecteur
bicistronique basé sur 'IRES en combinant FGF2 et Cyr-61 pour induire la
vascularisation dans le traitement de 'ischémie du membre inférieur chez la souris
(Rayssac ez a/ 2009). Ce travail a démontré que le vecteur bicistronique permet un
effet synergique des deux molécules thérapeutiques avec une meilleure efficacité
thérapeutique a de plus faibles doses de molécules. Ceci permet aussi d'éviter des
effets indésirables sur l'angiogenese tumorale contrairement a ce qui a été observé
avec un vecteur monocistronique qui exprime de fortes doses de Cyr61 (Rayssac e/
al 2009). D'autres études vont dans le mémesens. Chez le lapin, la combinaison des
genes VEGFA et BMP7 (bone morphogenetic protein) séparés par I'IRES
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d’EMCV stimule 'angiogenese et la régénération osseuse (Zhang ef a/ 2010). Plus
récemment, une équipe a montré effet de la combinaison des facteurs VEGFA et
FGF4 avec 'IRES EMCV sur la vascularisation du membre chez la souris (Jazwa ef
al 2013).

111-2Utilisation des vecteurs a IRES pour le traitement de l'ischémie cardiague :

La co-administration de transgenes a démontré un bénéfice thérapeutique
ces vingt dernic¢res années surtout dans des études essentiellement pré-cliniques
dans des pathologies telles que le cancer et Iischémie du membre inférieur. Peu
d’é¢tudes ont été réalisées sur Iischémie cardiaque. Cependant, une équipe a
combiné VEGFA et PDGFEB et a obtenu avec deux vecteurs AAV exprimant
chaque facteur de croissance un meilleur bénéfice thérapeutique a la fois dans
l'ischémie du membre et dans l'ischémie cardiaque (Kupatt ¢z @/ 2010). Récemment,
chez le rat, la combinaison de Gata4, Mef2C et Tbx5 a donné de bons résultats
pour la transdifférenciation de fibroblastes cardiaques en cardiomyocytes en
utilisant le systeme du peptide 2A (Mathison e a/ 2014).

Des travaux récents de I’équipe combinant dans un lentivecteur trois genes
thérapeutiques, l'apeline (facteur cardioprotecteur), le FGF2 (angiogene) et
SERCA2a (pompe a calcium restaurateur de la fonction contractile) séparés de
I'IRES de FGF1 ont permis de montrer que l'apeline et le FGF2 ont un effet
coopératif sur l'angiogenese, et que la coopération des trois protéines permet
d'améliorer les parametres de la fonction cardiaque, I'hypertrophie et la fibrose dans
des souris en insuffisance cardiaque (Renaud-Gabardos e 4/ soumis, these de
doctorat Renaud-Gabardos Décémbre 2010).

Afin de réguler finement 'expression traductionnelle d’un gene, ’étude de la
régulation des IRES d’ARNm cellulaires s’avere essentielle pour développer des
systemes optimisés de transfert combiné de plusieurs genes thérapeutiques pour la
thérapie génique de différentes pathologies, notamment celles liées a I'angiogencse.
Ainsi je me suis penchée durant ce travail de theése sur l'identification des
mécanismes moléculaires permettant la régulation de l'activité des IRES lors du
stress hypoxique.
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IV~ Obyectifs de la these :

Cette introduction m’a permis de souligner I'importance de la régulation
traductionnelle, complémentaire a la régulation transcriptionnelle afin de répondre
finement en temps et en heure aux stimuli percus par la cellule pour le bon
fonctionnement de 'organisme. Parmi elle, les IRES tiennent une place importante
du fait de leur spécificité en fonction du signal.

Cependant, une meilleure compréhension des mécanismes traductionnels
dépendants des IRES en réponse a un stimulus spécifique est nécessaire. Cette
question amene a mon travail de thése qui a eu pour objectif d’identifier les
mécanismes de régulation de la traduction dépendante de 'IRES en réponse a

différents stimuli du microenvironnement cellulaire.

Tout au long de ma thése je me suis focalisée sur I'identification des acteurs
moléculaires responsables de la régulation de la traduction IRES-dépendante dans
trois situations physiologiques et/ou pathologiques cellulaites qui sont : la
différenciation myogénique, le stress thermique et ’hypoxie.

Le premier chapitre de ma thése portera sur la régulation de la traduction
dépendante du promoteur FGF1 par les facteurs p54"”/NONO et hnRNPM
durant la différenciation myoblastique.

Dans le deuxi¢me chapitre, je décrirai I'identification d’un nouvel IRES, celui du
VEGF-D, et son mécanisme de régulation par le stress thermique.

Finalement, un troisicme chapitre qui a été le cceur de ma thése, portera sur la
régulation de lactivit¢é IRES des ARNm des facteurs angiogéniques lors de
I’hypoxie dans les cardiomyocytes, qui m’a amenée a I'identification d’un nouvel

ITAF.
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Chapitre 1

Traduction promoteur-dépendante de PIRES de FGF1
contrdlée par p54nrb et hnRNPM au cours de la
différenciation des myoblastes

Le facteur de croissance FGF1 est impliqué dans la différenciation des
myoblastes. 11 est régulé au niveau de sa transcription et de sa traduction. La notion
de couplage entre ces deux étapes de régulation a été abordée dans l'introduction.
En effet, le gene FGF1 posséde quatre promoteurs (A, B, C, D) qui sont tissu-
spécifiques. Tous les transcrits expriment la méme protéine. En revanche, chacun
d'entre eux présente un 5’UTR différent suite a un épissage alternatif qui varie
selon le promoteur utilisé. Les transcrits issus des promoteurs A et C possedent un
IRES.

Durant la différenciation myoblastique, le promoteur A est activé
conjointement a I'IRES du transcrit A. Dans ce premier chapitre de ma these, je me
suis focalisée sur l'identification des acteurs moléculaires responsables de
l'activation de I'IRES couplée a celle du promoteur. Ainsi, nous avons cherché a
identifier, par la technologie de bioanalyse moléculaire par résonance plasmonique
de surface couplée a la spectrométrie de masse (BIA-MS), les protéines liées au
promoteur et a I'IRES du FGF1. Nous avons identifi¢ deux protéines,
p54“b/ NONO et hnRNPM, capables de se lier a la fois au promoteur et a I'IRES.
Des expériences d'invalidation et de surexpression indiquent que ces deux protéines
sont a la fois des activateurs transcriptionnels du promoteur et des ITAF capables
d'activer I'IRES durant la différenciation myoblastique. De manicre surprenante,
nos travaux démontrent qu'un événement nucléaire est requis pour l'activation de
I'IRES par ces deux ITAF, et que la présence du promoteur du FGF1 accroit

significativement leur role d'activateurs traductionnels.

Ainsi notre étude a démontré que la régulation de la traduction de 'ARNm
FGF1 par les régulateurs p54“b/ NONO et hnRNPM durant la différenciation des
myoblastes est dépendante de son promoteur. Ces résultats nous amenent a faire
I'hypothese que les deux ITAF sont recrutés de maniére co-transcriptionnelle pour
former "I'RESome" sur I'ARNm naissant, et que ce complexe sera ensuite exporté
vers le cytoplasme ou I'ARNm sera alors traduit par le mécanisme IRES-dépendant.
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Figure 16 : Modéle du mécanisme d’expression de FGF1 par les facteurs p5402/NONO et
hnRNPM durant la différenciation des myoblastes. P54ntb/NONO et hnRNPM se fixent sur le
promoteur de FGF1 en induisant sa transcription. Ils se fixent ensuite sur le pré-ARNm naissant en se
liant au CTD de PARN Polll (non publié). Les ITAF p5425/NONO et et hnRNPM liés sur 'IRES
de FGF1 vont étre exportés dans le cytoplasme en activant PIRES pour synthétiser la protéine FGF1.
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Abstract

Fibroblast growth factor 1 (FGF1) is induced during myoblast differentiation at both tran-
scriptional and translational levels. Here, we identify hnRNPM and p54™®/NONO presentin
protein complexes bound to the FGF1 promoter and to the mRNA internal ribosome entry
site (IRES). Knockdown or overexpression of these proteins indicate that they cooperate in
activating IRES-dependent translation during myoblast differentiation, in a promoter-depen-
dent manner. Importantly, mRNA transfection and promoter deletion experiments clearly
demonstrate the impact of the FGF1 promoter on the activation of IRES-dependent transla-
tion via p54™® and hnRNPM. Accordingly, knockdown of either p54 or hnRNPM also blocks
endogenous FGF1 induction and myotube formation, demonstrating the physiological rele-
vance of this mechanism and the role of these two proteins in myogenesis. Our study dem-
onstrates the cooperative function of hnRNPM and p54™® as regulators of IRES-dependent
translation and indicates the involvement of a promoter-dependent mechanism.

Introduction

Gene expression in cukaryotes is regulated at multiple levels. Transcription, as well as post-
transcriptional processes such as mRNA splicing, polyadenylation, degradation and transla-
tion, require a wide range of multi-component cellular machines in order to finely control
protein production. For a long time, these steps have been considered to be a simple linear
assembly line. Then, it has become apparent that gene expression, including steps such as tran-
scription, capping, splicing, polyadenylation, RNA export and degradation, is coordinated in a
complex and extensively coupled network [ 1, 2]. However, coordination resulting from the co-
transcriptional loading of mRNA processing proteins by the C-terminal domain of RNA poly-
merase I seemed to exclude translational regulatory complexes [3].
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decision o publish, or preparation of the manuscript.  echanism of. coupling between transcription and translation. Indeed, we have shown that this

Competing Interests: The authors have declared growth factor is induced by a transcription-translation coupling mechanism during myoblast

that no competing interests exist. differentiation [4]. The FGF1 gene structure has been well documented in human. Transcrip-
tion occurs from four promoters A, B, Cand D, which are either tissue specific or inducible [5,
6]. Promoters A, Band C are conserved in mouse [5]. The promoter A is active in heart, skele-
tal muscle and kidney while the promoter B is brain specific [4, 7]. Promoters Cand D are
inducible and considered as markers of cell proliferation [8-10]. The only FGF1 promoter to
be activated during myoblast differentiation is the promoter A whereas the other promoters
remain silent [4].

Transcription from each promoter generates alternative splicing of exon 1, leading to four
mRNAs with distinct 5' untranslated regions (5'UTR), each of them expressing the same pro-
tein, FGF1. Two of these 5' UTRs contain internal ribosome entry sites (IRES) [11]. IRESs have
been described in several mRNAs containing long structured 5 UTRs. Most of these mRNAs
code for proteins involved in the control of gene expression [12]. IRES structures have been
determined in several mRNAs by chemical and enzymatic methods, allowing identification of
stem loops responsible for the IRES activity [11, 13, 14]. As regards the FGF1 IRES, the IRES
structural domain is conserved in mammals [11]. However this IRES structure is different
from the IRES structures found in other mRNAs. In particular, it clearly differs from the IRES
structure of another member of the FGF family, FGF2, suggesting distinct regulations of these
growth factors by the IRES-dependent mechanism [13]. IRES-mediated translation is involved
in the major translational process in conditions when the classical mechanism of cap-depen-
dent translation is blocked [14-16]. We have previously shown that FGF1 is trandationally
induced via the IRES present in the promoter A transcribed mRNA, while cap-dependent
translation is blocked during the first steps of myoblast differentiation [4]. FGF1 IRES-medi-
ated translation is concomitant with transcriptional activation at promoter A. Furthermore
IRES activity is drastically enhanced when transcription is controlled by promoter A, com-
pared to the cytomegalovirus (CMV) promoter [4].

The concept of a nuclear event governing formation of the “IRESome”, the ribonucleopro-
tein complex responsible for activation of IRES-dependent translation, has been reported in
the literature for c-myc and Smad1 [RESs, although the cell factors responsible for this process
have not been identified [17, 18]. Furthermore, most ITAFs are nuclear proteins primarily
identified as splicing regulators. The first to be identified, pyrimidine tract binding protein
(PTB), was described as an intron-binding protein before being characterized as an ITAF of
encephalomyocarditis virus (EMCV) IRES [19, 20]. Several years after being identified as an
ITAF for EMCV IRES, PTB has been shown to control several cellular IRESs such as APAF-1,
BAG-1 or Bip [21-23]. Other splicing regulators, such as hnRNPK, hnRNPC1/2, hnRNPA1 or
RBM4, have been identified as ITAFs [24-28]. HnRNPA1 has been described as an ITAF of
several [RESs including FGE2, XIAP and c-myc IRESs [24, 29, 30]. It has been recently shown
that this ITAF couples nuclear export and translation of several IRES-containing mRNAs [31].

Although the FGF1 [RES A has been reported to be stimulated during myoblast differentia-
tion and muscle regeneration, nothing was known about I'TAFs responsible for such regulation
[4]. Biomolecular interaction analysis (BIA) uses a surface plasmon resonance phenomenon to
characterize macromolecular interactions and has been recently optimized to enable the recov-
ery and identification of interacting molecules by coupling BIA with mass spectrometry (MS)
[32]. BIA-MS has proven successful in the identification of the partners in protein-protein
interactions as it provides a high sensitivity compared to dassical affinity chromatography
approaches and permits identification from small quantities of bound ligands. A very repro-
ducible "microelution” is now possible with the BIACORE 3000 instruments. This novel
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technology was selected in the present study to search for proteins bound to the FGF1 pro-
moter A and IRES A during myoblast differentiation to find candidate ITAFs and transcription
factors involved in the transcription-translation coupling mechanism.

[n the present report, we identified hnRNPM and p54™®/NONO bound (directly or indi-
rectly) to FGF1 promoter A and IRES A in differentiating myoblasts (C2C12). Knockdown and
overexpression approaches revealed that p54™™® and hnRNPM are required to activate the
IRES-dependent translation in a promoter-dependent manner. Furthermore, p54™™ and/or
hnRNPM knockdown inhibited myotube formation. Altogether, this study identifies a novel
regulation of FGF1 gene expression, implying a cooperation between promoter and transla-
tional regulators to promote the time controlled process of myoblast differentiation.

Materials and Methods

Plasmids

The bicistronic plasmids with the CMV promoter and FGF1 IRES A (pCRF1AL2) or EMCV
IRES (pCREL2), with the FGF1 promoter A and IRES A (pP1ARF1AL2) were previously
described [4]. Human hnRNPM4 and p54°™® cDNAs were the gifts of M. Swanson and A. Krai-
ner, respectively. cDNAs were PCR-amplified and introduced into the pTRIP-DU3-MCS vec-
tor (pTRIP-p54 and pTRIP-HM) [33-35]. The bicistronic vector pTRIP-p54iHM contains the
two cDNAs separated by the FGF1 IRES. Plasmid construction details are available upon
request.

Cell culture and transfection

C2C12 myoblasts (European Collection of Cell Culture ECACC No 91031101) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with 20% fetal calf serum in 100-mm
diameter dishes at 37°C with 5% CO2. For differentiation, cells were changed into fusion
medium (DMEM with 5% horse serum). Transient transfections were performed in 6-well
dishes using 1 pg plasmid with FuGene-6 (Biochemichals) and OptiMEM (Gibco-BRL,
Invitrogen).

Small interference RNAs were from Thermoscientific ONE TARGET plus SMARTpool tar-
geting hnRNP M (siM) cat L-013452-01 lot 100508 or p54 cat L-007756-01 lot 100809 (sip54)
or siGENOME non-targeting siRNA (sic). Only in S3 File, different siRNAs were used: siM-2
(5-CAUUGGAAUGGGAAACCUATT-3’) and sip54-2 (5-GCUGAAUUUGCUCCAAAU
ATT-3’) (Sigma). C2C12 cells were transfected with 50nM siRNA with Hyperfect transfection
reagent (Qiagen). mRNA transfection, were performed using Lipofectamine 2000 (Invitrogen)
according to the manufacter’s recommendations, with 2ug of each bicistronic mRNA. Cells
were incubated at37°C for 12h before harvesting and analysis.

Cell fractionation

C2CI2 cells on 14 cm culture dishes were rinsed twice in cold phosphate-buffered saline (PBS
1X). Cells were scraped with a rubber policeman in 1 ml PBS 1X and pelleted by centrifugation at
2500 g for 10 min at 4°C. The pellet was resuspended in the 400 ul buffer A (10 mM HEPES
pH79; 10 mM KCI; 0,1 mM EGTA; 1 mM DTT; 1X proteases inhibitors). The cells were allowed
to swell onice for 15 min. 25 pl the buffer B (100 mM HEPES; 100 mM KCL2; 10 mM EGTA;
500 mM MgCL2; 10% NP40) was added and the tube was vigorously vortexed for 10 sec. The
homogenate was centrifuged for 30 sec the supernatant containing cytoplasmic extract was
recovered. The nuclear pellet was resuspended in 50 pl the ice-cold buffer C (20 mM HEPES,
400 mM NaCl; ImM EGTA; 1 mM DTT; 1% proteases inhibitors) and vigorously rocked at 4°C
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for 15 min on a shaking platform. The nuclear extract was centrifuged for 5 min at 4°C and the
supernatant recovered.

Preparation of biotinylated RNA and DNA, and of capped and
polyadenylated mRNA

The FGF1 5’UTR ¢DNA containing the IRES A sequence obtained by PCR was cloned in the
pCR 4Blunt-TOPO plasmid (Invitrogen) downstream the T3 sequence [11]. The IRES T3 pro-
moter fragment was cut with Ncol and transcription was performed with the MEGAscript T3
(Ambion), as per the manufacturer’s protocol, in the presence of UTP-16-biotin (Roche Diag-
nostics GmbH), and the newly synthesized RNA was purified using an RNeasy column (Qia-
gen). The FGF1 promoter A was amplified from the bicistronic plasmid pP1AF1AL2 with the
5" biotin primers purchased from Invitrogen [4]: primer 5’biotin forward: 5'agcttaggtgag-
gagcctttcca-3', reverse: 5'accctgaaaggeagatgtgg-3'.

The purification PCR products were performed by the Nucleospin Extract IT kit (Macherey-
Nagel).

Capped and polyadenylated bicistronic nRNAs containing the FGF-1IRES-A or the
EMCYV IRES were obtained using as templates PCR fragments amplified from bicistronic plas-
mids pCRF1AL2 and pCREL2, respectively, using primers (oligo(dt) included in the 3’ primer)
purchased from Sigma [4]. Transcription in vitro was performed with mMessage mMachine
T3 Ultra kit (Ambion) according to the manufacter’s reccommendations.

BIA-MS experiments

SPR experiments were performed on a Proteon XPR36 (Biorad) and BIAcore 3000 (GE Health-
care) apparatus. The biotinylated targets RNA and DNA were immobilized on NLC sensorchip
(Biorad) or carboxymethylated dextran sensor chips coated with streptavidin (SA sensorchip
BlAcore) prepared according to the manufacturer’s instructions. All RN A and DNA samples
were prepared in HBS-EP buffer (0.01 M HEPES, pH 7.4; 15 M NaCl; 3 mM EDTA; 0.005% 20
surfactant). The proteins were injected at 20 pul/min at 20°C, at 500 pg/mL concentration across
the sensor surface in this buffer. The regeneration of the RNA or DNA coated surface was
achieved at 90 sec with a solution (20mM TEA; 0.5 M Urea).

Eluted protein samples (6 pL) were digested by the addition of 10uL of a solution of modi-
fied trypsin in 25 mM NH,HCO; (20 ng/uL, sequence grade, Promega) at 37°C for 4h. The
peptides mixtures were analyzed by nanoL.C-MS/MS using a nanochromatography system
(Ulmitate, Dionex) coupled to a Q-Star (Applied Biosystems, Altringham, USA) or an
LTQ-Orbitrap (Thermo Fisher Scientific) mass spectrometer. Five microliters of each sample
were loaded on a C18 precolumn (300 pm inner diameter x5 mm; Dionex) at 20 pL/min in 5%
acetonitrile, 0.05% trifluoroacetic acid. After 5 min of desalting, the precolumn was switched
on line with the analytical C18 column (75-pm inner diameter x 15 cm; PepMap C18, Dionex)
equilibrated in 95% solvent A (5% acetonitrile, 0.2% formic acid) and 5% solvent B (80% aceto-
nitrile, 0.2% formic acid). Peptides were eluted using a 5-50% gradient of solvent B during 80
minat a 300 nl/min flow rate. The mass spectrometer was operated in data-dependent acquisi-
tion mode. MS spectra were acquired on the 300-2000 m/z range and the three most intense
ions were then selected for CID fragmentation. Dynamic exclusion was used within 60 s to pre-
vent repetitive selection of the same peptide.

Database search and data analysis

The Mascot Daemon software (version 2.3.2, Matrix Science, London, UK) was used to per-
form database searches in batch mode with all the raw files acquired on each sample. Data
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were searched against all entries in the SwissProt Human Mouse_20090127 protein database
(36322 sequences; 19974433 residues). Oxidation of methionine was set as a variable modifica-
tion for all Mascot searches. Specificity of trypsin digestion was set for cleavage after Lys or Arg
except before Pro, and one missed trypsin cleavage site was allowed. The mass tolerances in
MS and MS/MS were set to 5 ppm and 0.6 Da, respectively. Mascot results were parsed with
the in-house developed software Mascot File Parsing and Quantification (MFPaQ) version 4.0
and protein hits were automatically validated if they satisfied a false discovery rate (FDR) of 1%
with peptides of a minimal length of 8 amino acids [36].

ChIP

C2C12 cells on 14 cm culture dishes (10 millions cells per dish) were treated 10 min at 25°C
with cross-linking buffer (buffer A, ChIP Diagenode kit) at a final concentration of 1% formal-
dehyde. The cross-linking reaction was quenched by addition of glycine at 0.125 M (5 min at
25°C) and the cross-linked cells were washed with the ice-cold PBS and treated with 5001 of
lysis buffer (buffer B, Diagenode kit). Lysates were centrifuged for 5 min at 4°C, pellets were
resuspended in 50 pL of buffer C containing protease inhibitors and incubated for 10 minat
4°C with gentle mixing. DNA was adjusted at a concentration of 10ng/uL as recommended by
the supplier. The chromatin samples were sonicated for 15 cycles of 30 sec “ON"/30 sec “OFF”
using the Bioruptor from Diagenode, then subjected to immunaoprecipitation using antibodies
anti-hnRNPM (1/D8) (Santa Cruz Biotechnologies), or anti—p54"'b/NONO (BD Bio-sciences),
or without antibody for the “mock” control. The immunoprecipitates or the input without
immunoprecipitation were QPCR-amplified using according to the manufacturer's instruc-
tions. The TBP (TATA binding protein) gene was used as a reference gene.

RNA immunoprecipitation (RIP)

RNA-binding protein immunoprecipitation (RIP) is the RNA analog of the more well-known
ChIP application and used to identify specific RNA molecules (of many types) associated with
specific nuclear or cytoplasmic binding proteins. C2C12 cells on 14 cm culture dishes were
treated for 10 min at 25°C with cross-linking buffer containing formaldehyde at 1% final con-
centration (buffer A, Magna RIP kit from Millipore). The cross-linking reaction was quenched
for 5 min at 25°C with addition of glycine to 0.125 M. The cross-linked cells were rinsed twice
in cold phosphate-buffered saline (PBS 1X). Cells were scraped with a rubber policeman in

10 mL PBS 1X and pelleted by centrifugation at 1500g for 5 min at 4°C. Pellets were resus-
pended in 500 pL of RIP lysis buffer (1% NP40, 10 mM HEPES, 100 mM KCl, 5 mM MgCl,,
protease inhibitor cocktail 1x, RNases inhibitors, Magna RIP kit, Millipore).

50 pL of magnetic beads protein A/G was washed four times in 500uL of RIP wash buffer
(0.05M Tris, 0.15M NaCl, pH 7.5) then incubated for 30 min at room temperature with 10ug
of antibody anti-hnRNPM (1D8 Santa Cruz Biotechnologies), anti-p54"rb/NONO (BD Bio-sci-
ences) or anti-IgG. The beads-antibody complex was washed twelve times in 500 pL of RIP
wash buffer before adding 900 pL of immunoprecipitation buffer (RIP wash buffer: 0.5 M
EDTA, 5 uL RNase inhibitor). The cell lysate was centrifuged at 14000 rpm for 10 min at 4°C,
100 pL of the supernatant was added to each sample of beads-antibody complex and incubated
at 4°C overnight. Immunoprecipitates were washed six times before protein and RNA recovery.
Proteins were recovered with 50 pl of SDS-PAGE loading buffer and analyzed by Western Blot.
RNA was recovered by incubation of the immunoprecipitate for 30 min at 55°C in 150 pl of
proteinase K buffer containing 117 pL of RIP wash buffer, 15 pL of SDS 10% and 18 pL of pro-
teinase K at 10 mg/mL. The immunoprecipitates were analyzed by RT-PCR using the High

PLOS ONE | DOI:10.1371/journal.pone.0136466 September 2, 2015 5/25




@ PLOS | on

Résultats - Chapitre 1

Promoter-Dependent IRES-Mediated Translation

Capacity cDNA Reverse Transcription kit from Applied Biosystems and qPCR-amplified
according to the manufacturer’s instructions.

Immunoprecipitation

C2C12 cells were harvested in 1 mL PBS (1X), pelleted and resuspended in 100yl of lysis buffer
(RIPA). 100 pL Protein G-plus or Protein A was precoated with mouse anti-hnRNPM (1D8
Santa Cruz Biotechnologies) or anti-p54 antibody (BD Biosciences), and was incubated with
70 uL of the cell lysate. After 5 times washing with [P buffer plus 0.5% BSA, proteins were
eluted in 100 pL elution buffer and 50pL was loaded on SDS-PAGE gel for Western analysis
using rabbit antibodies against hnRNPM (Sigma AV40620), p54 (Sigma N8789). Mock experi-
ments were performed similarly but without primary antibody.

Western blotting

C2C12 were harvested in lysis buffer (50 mM Tris-HCL pH8, 150mM NaCl, ImM EDTA, 1%
NP40, 20 pL protease inhibitor mixture (Roche) and clarified by centrifugation at 13000 rpm
for 10 min at 4°C. Proteins supernatant were quantified using the Bradford method (Biorad).

Primary antibodies were mouse monoclonal antibodies against hnRNPM (Santa Cruz Bio-
technologies, 1/400), p54nrb (BD Bio-sciences, 1/400), myogenin (Santa Cruz Biotechnologies
1/400), Glyceraldehyde 3-phosphate deshydrogenase (GAPDH, Santa Cruz biotechnologies 1/
10000) and the rabbit polyclonal FGF1 (F5521, sigma, 1/400). Secondary antibodies were per-
oxidase-conjugated-AffiniPure Donkey Anti-Rabbit IgG and AffiniPure Donkey Anti-Mouse
IgG (Jackson ImmunoResearch, 1/10000).

Protein detection was carried out using Supersignal West Pico Cheluminescent Substrat
and ECL western blotting substrate (ThermoScientific).

RNA extraction and real time RT-gPCR

Total RNA was isolated from C2C12 cells using Nucleospin RNA II kit (Macherey-Nagel).
After DNase I treatment (DNase I Amplification Grade, Invitrogen), reverse transcription was
performed with the High capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).
As an internal control, ribosomal 18S (m18S) RNA was used.

Quantitative PCR was performed on a Stepone sequence detection system (Applied Biosys-
tems) using Sybr Green PCR Master Mix (Applied Biosystems) for detection of LucF, LucR,
FGF1 and 188 transcripts.

Primer sequences are available upon request.

Reporter activity assay

Protein from C2C12 cells were extracted with reporter Passive Lysis buffer (Promega) and pro-
tein concentration was quantified by Bradford Standard Assay. Quantification of biolumines-
cence was performed with a luminometer (Centro LB960, Berthald) using the Dual-Luciferase
Reporter Assay (Promega France).

Ethics statements

Experiments have been conducted with the genetically modified organisms agreement n°496
from the French Technologies High Committee.

Authors comply with best practices in publication ethics, specifically regarding authorship,
dual publication, plagiarism, figure manipulation, and competing interests.
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Results

BIA-MS identification of p54™™® and hnRNPM bound to the FGF1
promoter and IRES

BIA-MS technology was used to identify proteins bound to the FGF1 promoter A and IRES A.
Biotinylated promoter DNA and [RES RNA were (separately) immobilized on biacore strepta-
vidin sensorchips (Fig 1A). This method is not denaturing and allows identification of proteins
present in the complex bound to DNA or RNA. Binding to nucleic acids may be direct or indi-
rect. Total or nuclear cell extracts, from proliferating or differentiating C2C12 cells (day 2),
were injected into the BILACORE 3000 apparatus to obtain the association phase (Fig 1B). Inter-
estingly, a significant association was obtained with extracts of differentiating cells, but not
with proliferating cell extracts. Using nuclear extracts an important binding activity was
obtained with both FGF1 IRES RNA and promoter DNA. Bound proteins were recovered and
identified by nanoLC-MS/MS after tryptic digestion (Fig 1C and S1 File). Proteins from total
extracts bound to the IRES included: 1) ribosomal proteins and elongation factor eEF1Al,
expected to be involved in translation and 2) nuclear proteins including several histones,
nucleophosmin, and the splicing protein hnRNPM (Fig 1C, Table A inS1 File) [37-39]. Using
nuclear extracts, we identified IRES interactions with the splicing proteins hnRNPA3, U2AF2,
SFR2 and U5 snRNP component S1 as well as p54™®, a protein involved in both splicing and
transcription (Fig 1C, Table Bin S1 File) [27, 28]. Interestingly, none of these proteins bound
the EMCV IRES, used as a control (Table C in §1 File). Several DNA binding proteins were
identified as interacting (directly or indirectly) with the FGF1 promoter: Poly(ADP-ribose)
polymerase (PARP), transcriptional activator PurB, ATP-dependent DNA helicases KU70 and
KU86 and p54™®, which was also bound to the IRES (Fig 1C, Table D in S1 File). The dual
presence of p54°™ promoted it as the most interesting candidate. Furthermore, its interaction
with hnRNPM and co-localization within defined nuclear structures incited us to focus on the
role of these two proteins in the control of FGF1 expression during myoblast differentiation

(40].

P54"™ and hnRNPM bind to FGF1 promoter and IRES in differentiating,
but not in proliferating myoblasts

Interaction of hnRNPM and p54™™® with the promoter was analyzed by chromatin immuno-
precipitation (ChIP), using DNA extracts either from proliferating or differentiating myoblasts
(Fig 2A). We checked by immunoprecipitation that the two proteins are expressed in prolifer-
ating as well as in differentiating cells (Fig 2B). However no interaction was detected with either
of the two proteins in proliferating cells, whereas significant interaction was observed with
both proteins in differentiating myoblasts (Fig 2A). RNA immunoprecipitation (RIP) was also
performed using anti-hnRNPM or anti-p54 antibodies revealing that the two proteins interact
with the FGF1 IRES RNA in differentiating, but not in proliferating, myablasts (Fig 2C). These
data demonstrated that hnRNPM and p54™ interact (directly or indirectly) with FGF1 pro-
moter A and IRES A only in differentiating myoblasts. [n contrast the two proteins very poorly
interact with the FGF2 IRES, and such interaction did not increase during differentiation
(Fig2D).

Thus, hnRNPM and p54™” binding to FGF1 promoter and [RES correlates with the previ-
ously shown induction during differentiation [4]. Binding and activity are very weak during
proliferation and induced by day 2 of differentiation. This suggests that these proteins may be
involved in the specific activation of FGFI mRNA accumulation and IRES-mediated
translation.
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Fig 1. Identification of RNA and DNA binding proteins by BIA-MS. (A) BIACORE 3000 analysis using surface plasmon resonance. Left: the ligand
corresponding to biotinylated RNA or DNA is immobilized by streptavidin coupled to the sensorchip gold surface. On the cther side of the sensorchip, a light
source is directed to the sensorchip through a prism and is reflected in allangles except one at which it is absorbedinto the gold surface in the form of an
evanescent wave. The binding of the analyte correspondingto RNA or DNA binding proteins to the ligand resultsina change in the index of refraction
proporiional to the number of bound molecules. This generates a shift in the absorption angle that is recorded by the detector and appears on a sensogram.
Right: Sensogram generated during a binding cycle followed by protein recovery. The response appears in resonance units (RU). The association phase
lasts from the start to the end of analyte injection (400 s). Protein recovery is achieved at 800 s and the ARU indicates the efficiency of dissociation of the
bound proteins. (B) C2C12 myoblast protein binding and recovery. Total extracts of proliferating or differentiating C2C12 myoblasts (left) or nuclear extracts
of differentiating C2C12 (right) were injected as analytes in several BIACORE 3000 channels after immobilization of ligands correspondingto FGF1 IRES A
RNA (nt 1 to 442) or promoter A DNA (distal part nt 1 to 391). Bound proteins were recoveredas described in Mat. & Meth. (C) Mass spectrometry analysis of
proteins recovered from the BIACORE 3000 experiments. For each BIA-MS experiment, 6 recovery cycles were pooled to obtain a sufficient RU quantity
(about 2000 RU). The mass spectrometry analysis was performed as described in Mat. & Meth. The most significant proteins (RNA and DNA binding
proteins) are listed here, whereas the complete list is provided in S1 Fila. \nRNPM and p54™® have been selected as the most interesting candidates.

doi:10.1371/journal. pone.0136466.9001

p54™™ and hnRNPM knockdown silences the FGF1 promoter-
dependent accumulation of mRNA during myoblast differentiation

The role of p54™™ and hnRN'PM on FGF1 expression was studied by a knockdown approach
using siRNA smartpools targeting either p54“'l’ (sip54) or hnRNPM (siM) (S2 File). Myoblasts
were co-transfected with bicistronic vectors containing the FGF1 IRES and siRN As. The bicis-
tronic cassette, coding for renilla luciferase (LucR) and firefly luciferase (LucF) separated by
the FGF1 IRES, was under the control of either the CMV promoter or the FGF1 promoter A
(Fig 3). Endogenous FGF1 mRNA was quantified by RT qPCR, and expression of the bicistro-
nic mRNA under the control of either the CMV or FGF1 promoter was compared.

RT qPCR quantification of endogenous FGF1 mRNA clearly showed, as we have previously
reported, a strong induction of FGF1 mRNA accumulation at day 2 of differentiation [4]. This
induction was abalished upon transfection with siRNA against either hnRNPM or p54™®
(Fig 3A and S2 File).

Bicistronic mRNA levels produced from the CMV or FGF1 promoter were quantified with
LucF and LucR couples of primers. No variation of mRNA amount was observed with the CMV
promoter in response to siRNA knockdown of hnRNPM or p54™® (Fig 3B). In contrast, the level
of bicistronic mRNA transcribed from the FGF1 promoter was strongly downregulated by
hnRNPM or p54™ knockdown in differentiating myoblasts (Fig 3C). In addition, the two cis-
trons LucR and LucF were present in equal amounts in all experiments, ruling out any effect of
hnRNPM or p54™ on a putative cryptic splicing site or promoter in the IRES (Fig 38 and 3C).

These data showed, together with the ChIP data (Fig 24), that hnRNPM and p54™®/NONO
binding to the FGF1 promoter A is responsible for FGF1 mRNA accumulation during myo-
blast differentiation, suggesting an effect of these proteins on the FGF1 mRNA transcription or
stability.

p54™® and hnRNPM knockdown silences the FGF1 IRES during
myoblast differentiation

The knockdown approach was also used to evaluate the effect of hnRNPM and p54°*" on trans-
lation mediated by the FGF1 IRES A. In the bicistronic construct, LucR activity reflects the
mRNA level and cap-dependent translation while LucF reflects the IRES activity. Luciferase
activities were measured in myoblasts co-transfected with bicistronic vectors and siRNAs tar-
geting hnRNPM and/or p54™® (see above, and S2 File). Under the CMV promoter, FGF1 IRES
activity decreased by 5.6 or 7 fold following knockdown of hnRNPM or p54™®, respectively
(Fig 4A, left panel). A double knockdown resulted ina 13.5 fold inhibition (Fig 4A, right
panel). These effects were observed in differentiating but not proliferating myoblasts. When
the bicistronic cassette was under the control of the FGF1 promoter A, the IRES activity was 39
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Fig 2. Interaction of hnRNPM and p54™® proteins with FGF 1 promoter and IRES. (A) ChIP assays were performed as described in Mat. & Meth. with
genomic DNA purified and fragmented from C2C12 extracts in proliferation (left panel) or differentiation 2 days after serum-starvation treatment (right panel).
Immunoprecipitation experiments were performed with anti-hnRNPM (1/D8), anti-p54™™ antibodies, contral 1gG provided by the manufacturer (1gG) or
without antibodies (mock), respectively. qPCR quantification was achieved with primers specific to the 1-391 FGF 1-A promoter fragment or with primers
specific to the TBP gene used as the reference gene. The values are expressedrelatively 1o the reference gene. Experiments were performed in biological
triplicates and repeated three times. A representative experiment is shown (mean +- standard deviation). (B) HnRNPM and p54"® protein levels were
analyzed by immunoprecipitation followed by Western blotting in proliferating (P) or differentiating (day 2 after serum-starvation, D2) C2C12 cell lysates,
using anti-hnRNPM or antip54 antibodies. The loading control was checked by Ponceau Red staining. (C, D) RIP assays were performed as described in
Mat. & Meth. with cell lysates from proliferating or differentiating myoblasts. Inmunoprecipitation was achieved asin (A). RNAs present in the
immunoprecipitated complexes were quantified by RT gqPCR using primers specific to the FGF1(C) or FGF2 IRES (D). The reference gene was 18S RNA,
reflecting non specific RNA binding. The values are expressed relatively to the control (mock) without antibody. Experiments were performed in biclogical
triplicates and repeated three times. A representative experiment is shown (mean +- standard deviation).

doi:10.1371/joumal pone.0136466.9002

fold higher than with the CMV promoter (as published previously) and more strongly affected
by hnRNPM or p54™* knockdown (8 and 11 fold, respectively, Fig 4B, left panel) [4]. In addi-
tion, the double knockdown drastically inhibited the IRES activity 54 fold (Fig 4B, right panel).
Additional siRNAs targeting p54™™ or hnRNPM, but not contained in the smartpools, were
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quantification was standardized with RNA 18S. Experiments were performedinbiological triplicates and repeated three times. A representative experiment is
shown (mean +- standard deviation). The knockdown efficiency, analyzed by Western blot. is shown in S2 File and was also checked by RT gPCR (not
shown). (B, C) C2C12 cells co-transfected with bicistronic plasmids and 48h later with SiRNA siM, sip54 or sic as above. Renilla luciferase (LucR, left) and
firefly luciferase (LucF, right) mRNA levels were quantified by RT gPCR during C2C12 myaoblast proliferation (grey histograms) anddifferentiation (black
histograms), standardized o 18S RNA. The bicistronic cassette contains either the CMV promoter (B) or the FGF1 promoter A (C). For each experiment,
values are shownrelatively to the siRNA control. Experiments were performed in biological triplicates and repeated atleast three times. A represeniative
experimentis shown (mean +- standard deviation).

doi:10.1371/oumal pone.0136466.g003

assessed, confirming that the effect of p54 or hnRNPM knockdown on FGF1 IRES activity is
specific to these targets (S3 File).

To check the specificity of FGF1 IRES regulation by hnRNPM and p54™®, knockdown was
performed as above using bicistronic contructs with the EMCV or FGF2 IRES. Results showed
that the activities of the EMCV and FGF2 IRESs remained completely unaffected by either
knockdown (Fig 4C and 4D).

These data suggested that hnRNPM and p54™ participate in the IRESome complex responsi-
ble for FGF1 IRES A activation during myoblast differentiation, but are unable to activate EMCV
or FGF2 IRESs. In addition, the presence of the FGF1 promoter A stimulated the IRES activating
function of the two proteins, suggesting that the recruitment of hnRNPM and p54“"b on the pro-
moter by a direct or indirect interaction might enhance their recruitment in the [RESome.

P54™ is sufficient to stimulate the FGF 1 promoter whereas it
cooperates with hnRNPM to activate the FGF1 IRES

To evaluate the double activity of pS4'"b and hnRNPM on FGF1 promoter and IRES, C2C12
myoblasts were co-transfected by the bicistronic FGF1 IRES-containing dual luciferase plasmid
and by plasmids coding either 1954“"h or hnRNPM, or both proteins (Fig 5A and 5B). Measure-
ment of the LucR activity showed significant mRN A accumulation in response to p54™® over-
expression (Fig 5C). The [RES activity reflected by the ratio LucF/LucR was enhanced by
p54™® alone, but more strongly with the combination of p54™® and hnRNPM (Fig 5D and 5E).
Surprisingly, overexpression of hnRNPM alone inhibited both mRNA accumulation and IRES
activities, suggesting that the ratio of the two proteins may be important for hnRNPM function
(Eig 5C-5E). The effects of protein overexpression were stronger in proliferating myoblasts,
which could be expected, because promoter and IRES are in a basal inactive state in proliferat-
ing cells, while they are activated by the endogenous p54™™® and hnRNPM in differentiating
cells. These results suggested that p54™ is sufficient to enhance mRNA accumulation, whereas
it cooperates with hnRNPM to stimulate the [RES. Such a cooperative effect confirmed the
data of the knockdown experiments (Figs 3 and 4).

Regulation of IRES activity by hnRNPM and p54™ is promoter-
dependent

To analyse the impact of the promoter on activation of IRES-dependent translation by
hnRNPM and p54“'b, C2C12 cells were transfected with either bicistronic plasmid DNAs or in
vitro transcribed capped and polyadenylated bicistronic mRNAs (Fig 6). DNA transfection
resulted (as already shown in Fig 4) in a high FGF1 IRES activity, strongly induced by C2C12
differentiation, and downregulated by the knockdown of hnRNPM or p54™® (Fig 6A and $4
File). In contrast, basal FGF1 IRES activity was 500 times lower following RNA transfection,
and no induction by either hnRNPM or p54 was observed (Fig 68 and S4 File). These features
were not observed with the EMCV IRES, whose activity was low after DNA or RNA transfec-
tion and was not affected by hnRNPM or p54 knockdown (Fig 6C and 6D). As a negative

PLOS ONE | DOI:10.1371/journal.pone.0136466 September 2,2015 12/25



Résultats - Chapitre 1

G PLOS o

Promoter-Dependent IRES-Mediated Translation

A FGF1 IRES activity (CMV Pr)

Simple knockdown

14
Proliferation

e e
ONLOODONAO®

B Differentiation

—i Q0

8.5

51
2.

2
siM sip54

LucF /LucR activity
(3]

“sic siMsip54  sic

B  FGF1IRES activity (FGF1 PrA)

Simple knockdown
i 548

[*23
(=)
o

500

5

214
200{ gy 180 157 ;

100

LucF /LucR activity

57 52

a --.

" sic siM sip54 § sic siM sip54

D

C EMCV IRES activity

cmv w%
LucR Luc F
[_’ T

EMCV IRES

0.83

. 0.92
070081} 02,

T 0.69

OO0 b=t
oA ®OND

LucF /LucR activity

sic siMsip54} sic siM sip54

LucR Luc F
[—P uc uc

IRES A
Double knockdown
212 : 108
2
*3'10
8| 59 °
861
=
= 4
32 2
0" sic siM+ sic  siM+
sip54 sip54
P1A
[* LucR x"/% LucF
-
IRES A
~.700 Double knockdown
3 i 574
.2 600
°
« 500
°g‘4oo
= 3001 210
w200 =
3100 s
0 "sic siM+ i sic v+
sip54 sip54

FGF2 IRES activity

LucF /LucR activity

o

o
)

CcMV
LucR LucF
l—P uc m uc
FGF2 IRES

£ 0.34 0,33 0.32

0.06 0.070.06 :

sic siM sip54 : sic siM sip54

PLOS ONE | DOI:10.1371/journal pone.0136466 September 2, 2015

13/25




Résultats - Chapitre 1

DY
@PLOS ‘ ONE Promoter-Dependent IRES-Mediated Translation

Fig 4. Effect of hnRNPM and/or p54™™® knockdown on the regulation of FGF1IRES A activity during myoblast differentiation. C2C12 cells were first
transfected with bicistronic plasmids and 48h later with siRNAs targeting hnRNPM (siM), p54™™® (sip54) or control (sic), (see Fig 3). Luciferase activiiies were
measured as described in Mat. & Meth two days after siRNA transfection, from C2C12mycblasts maintainedin proliferation (grey histogram) or serum-
starved to induce differentiation (day 2, black histogram). The bicistronic cassette contains LucR and LucF reporter genes, separated by different IRESs
(FGF1,FGF2 or EMCV). LucR and LucF activities reflect the cap-dependent and IRES dependent translation, respectively [4]. The knockdown efficiency
was checked by Western blot (S2 File). (A, B) FGF1IRES activiies were measured in C2C12 myoblasts in proliferation (grey histogram) and differentiation
two days after serum-starvation treatment (black histogram). The bicistronic constructs are schematized. The bicistronic cassette is under the control of
either the CMV promoter (A) or the FGF1 promater A (B). Single anddouble knockdowns are shown in left and right panels, respectively. IRES activitiesare
represented as LucF/LucR ratios. (C, D). Absence of effect of hnRNPM and/or p54™ knockdown onthe regulation of EMCV and FGF2 IRESs during
myoblast differentiation. Activities of EMCV (C) and FGF2 (D) IRE Ss were measured as above. For all panels, experiments were performed in biological
friplicates and repeated at least three times. A representative experiment is shown (mean +- standard deviation).

doi:10.1371/journal pone.0136466.9004

control, we used a construct containing a hairpin between the two cistrons instead of an IRES.
The LucF/LucR ratios in the absence of an IRES were very low for both DNA and RNA trans-
fections and were not affected by hnRNPM or p54 knockdown (Fig 6E and 6F). These results
suggested that a nuclear step may be a prerequisite to IRES induction by the hnRNPM and
p54™®,

To go further with this hypothesis, we transfected C2C12 with a construct containing a
deleted form of promoter F1A, PIAAL-391 (Fig 7). Measurements of LucR activity showed
that this promoter is about ten times less efficient than the wild type promoter, whereas it was
still sensitive to hnRNPM and p54 knockdown (Fig 7A). In contrast, in the presence of the
deleted form of the promoter, IRES activity was no longer induced and was very mildly altered
by the knockdown of hnRNPM or p54™ (Fig 7B).

These two sets of data showed that FGF1 IRES induction by hnRNPM and p54™® depends
on a sequence present in the promoter and involves multifunctional roles of these proteins.

p54™™® and hnRNPM are required for FGF1 induction and myotube
formation

To determine whether p54™™ and hnRNPM are responsible for endogenous FGF1 induction
during differentiation and if these proteins exhibit a physiological role in the development of
muscle fiber, simple and double knockdowns of hnRNPM and/or p54™” were performed (Fig
8A). Expression of FGF1, analyzed by Western Blot, was strongly inhibited by the simple or
double knockdown (Fig 8A and data not shown). Furthermore, formation of myotubes was
drastically affected by knockdown of p54™™ or hnRNPM, and even more strongly inhibited by
the double knockdown (Fig 8B). Decrease of endogenous FGF1 expression upon treatment
with siRNA against p54”™ and/or hnRNPM confirmed that these two proteins are involved in
the control of FGF1 expression and consequently in its induction during differentiation. In
addition, these data also revealed that p54™™® and hnRNPM are required for differentiation of
myoblasts into myotubes, revealing the important role of these proteins in myogenesis.

Discussion

The present data reveal that FGF1 IRES activity is promoter-dependent and that this process is
governed by two multifunctional trans-acting factors, p54°® and hnRNPM. P54*™ and
hnRNPM also appear as crucial actors of myoblast differentiation, demonstrating the physio-
logical relevance of this new mechanism.

Nuclear formation of the IRESome

The present data suggest that IRESome formation occurs in the nuclear compartment. The reg-
ulating features of p54™™® and hnRNPM on both promoter and IRES activities are not
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Fig5. Cooperative effect of p54™® and hnRNPM on FGF1 IRES activation. (A) Schema of the constructs used for C2C12 cell co-transfection. The target
plasmid is the bicistronic dual luciferase vector with the FGF1 promoter and IRES. The effector plasmids express p54™™ (p54) or hnRNPM (HM), or co-
express p54™® and hnRNPM. The latter plasmid s a bicistronic contruct containing the FGF1 IRES. (B) Western blots of transfected proliferating C2C 12 cell
extracts using antibodies against p54(cHM), hnRNPM (aHM) of GAPDH as a control (cGAPDH). (C-E) Luciferase activities measurement of co-transfected
proliferating or differentiating C2C12 cell extracts. LucR activity reflects the FGF1 mRNA promoter activity (as cap-dependent translation does not
significantly vary, as shown by RNA transfection, see Table B in $4 File) (C). LucF reflects IRES-dependent translation butis also dependenton mRNA
amount (D). LucF/LucR ratio reflects the IRES activity normalized to mRNA amount, expressed relatively to the contral (co-transfection with empty vector)
(E). Experiments were performed in biological triplicates and repeatedthree times. The siatistical test used is the Student test. (mean +- standard deviation,
*p<0.05, **p=<0.01, ***<0.001).

doi:10.1371/joumal.pone.0136466.g005

independent events, as these two translational regulators do not work when the promoter is
absent (RNA transfection) or inactivated (promoter mutation).

The importance of ITAF subcellular localization in the regulation of their activity appeared
a few years ago, with the first observation that a nudear event is required in the control of c-
myc [RES activity [18]. Later, it has been shown that shuttling of ITAFs, such as hnRNP A1,
RBM4, PTB and PCBP1, between the nucleus and the cytoplasm influences their activity [24,
27,30, 41]. Two different mechanisms have been proposed [42]: 1) the nuclear localized ITAFs
may associate with their target in this compartment, resulting in the sequestration of the
mRNA in the nucleus until an appropriate signal occurs, allowing cytoplasmic export and
translation, 2) the ITAFs may be primarily located in the nucleus to keep them separate from
their target IRESs and await a signal that warrants their accumulation in the cytoplasm. These
two models could apply to cellular and viral IRESs, respectively, as explained by Semler &
Waterman who argue that nuclear versus cytoplasmic synthesis of IRES-containing mRNAs is
a major determinant in assembling different RNA-protein complexes [43]. The synthesis of
uncapped picornaviral mRNAs occurs in the cytoplasm, in contrast to cellular mRN As, which
are transcribed in the nucleus and then exported to the cytoplasm. Our study not only rein-
forces the hypothesis that the IRESome is constituted in the nudleus, but further elaborates this
model by showing that its formation is influenced by the promoter activity.

HnRNPM and p54™ cooperate in activation of IRES-dependent
translation

The IRES-regulating function of hnRNPM discovered in our study represents a novel finding,
as well as its cooperative activity with p54™™®. Interestingly, nuclear interaction of hnRNPM
and p54“'b has been previously reported [40]. Like other hnRNPs, hnRNPM has been first
identified as a splicing regulatory protein, associated with early spliceosomes where it modu-
lates the alternative splicing pattern of specific mRNAs including the FGF receptor [39, 40].
Interestingly, hnRNPM has also been reported to influence the localization of nanos mRNA by
binding to its 3' UTR [44]. The additional function of hnRNPM shown in our study confirms
that hnRNPs are multifunctional, depending on their interacting partners.

p54™®/NONO is also 2 multifunctional protein. It has been previously shown to associate
with 5' splicing sites in large transcription-splicing complexes, providing a direct role for this
protein in linking transcription to splicing [3, 45]. P54™" also behaves as a specific transcrip-
tional activator, binding to the intracisternal A particle proximal enhancer element, and as an
RNA binding protein, preferentially binding to the sequence UAGGGA/U identified by SELEX
[37]. In addition, p54™™ has been identified as an ITAF of the myc family IRESs (c-, L- and N-
myc), and has also been shown to stimulate the APAF-1 IRES [46]. Here we demonstrate that
p54™ is able to cooperate with hnRNPM, suggesting that the two proteins may activate the
FGF1 IRES as a complex. Unexpectedly, hnRNPM overexpression is inhibitory, whereas
knockdown experiments clearly showed it is required for both IRES and promoter activation.

We hypothesize that excess of hnRNPM might inhibit p54™*® functions on FGF1 gene
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Fig 6. Comparison of IRES activities following DNA or RNA transfection. (A, C, E) C2C12 cells were transfected with bicistronic plasmids containing
either the FGF1 IRES, or EMCV IRES or a hairpin (control without IRES) and with siRNA siM, sip54 or sic, and IRES activities measured as in Fig4B, 4D and
4F C2C12 cells were transfected with sRNA siM, sip54 or sic and 24h later with bicistronic mMRNAs containing either the FGF1 IRES, or the EMCV IRES, or a
hairpin as above. mMRNAs were transcribed in vitro, capped and polyadenylated, as described in Mat. & Meth. The LucF/LucR activity ratio was measured
12h post-transfection. Experiments were performed in biological triplicates and repeated three times. The Studenttestwas used. A representative
experiment is shown (mean +- standard deviation, *p<0.05, **p<0.01, ***<0.001). For Aand B, the Luc Rand Luc F values are shown in S4 File.

€0i:10.137 1(journal.pone.0136466.9006

expression, presumably by preventing p54°® binding to FGFI DNA and RNA due to an inade-
quate stoechiometry of the two proteins.

Although the proteins are expressed in proliferating cells, they are not found in the complex
with the IRES or the promoter A. This suggests that the proteins might carry different post-
translational modifications. Alternatively these proteins could join the complex through the
interaction with another protein, which is absent in the proliferating cells and remains to be
discovered. This could also explain that overexpressed hnRNPM is not functional.

Very few proteins were bound to the EMCV IRES, which may be explained by the low effi-
ciency of the EMCV IRES in myoblasts. However, we were also surprised that no transcription
factor was bound to promoter DNA. This indicates that BIA-MS does not provide an exhaus-
tive view of all proteins bound to RNA or DNA and that one can miss important proteins. This
also explains that we have missed hnRNPM present in the promoter-bound complex.

Although the direct interaction of p54™® and hnRNPM with RNA has not been demon-
strated, the present study strongly suggest that the two proteins are ITAFs involved in FGF1
IRES activation. However The BIA-MS data provides a list ofadditional proteins bound to the
FGFI IRES, including histones and splicing factors. These proteins may participate in the IRE-
Some ribonucleoprotein.

Promoter-dependent activation of the FGF1 IRES may involve
transcription or mRNA stabilization

Promoter-dependent translation controlled by hnRNPM and p34™™ asks the question of how a
promoter is able to impact on translation, which is in principle cytoplasmic.

One among several possible models, one can propose transcription/translation coupling:
hnRNPM and p54™® might be first recruited to the promoter, where they would contribute to
transcription activation. This process would also facilitate hnRNPM and p54™*® binding onto
mRNA IRES and subsequently activate [RES-dependent translation. A recent study supports
the hypothesis of a co-transcriptional ITAF binding, by showing that the translation elongation
factor eEF1A1 couples transcription to translation during heat shock response [47]. These
authors have demonstrated that eEF1A1 activates HSP70 transcription, then associates with
RNA polymerase II, binds the mRNA 3'UTR, stabilizes it and facilitates its nuclear export to
active ribosomes. hnRNPM and p54™™ may well have a similar mode of action, except that
they bind to the mRNA 5’UTR and directly activate IRES-dependent translation by their ITAF
function.

Other hnRNPs have been previously described for their involvement in transcription:
hnRNPK, reported as a transcription factor interacting with the RNA polymerase II machinery
in the c-myc promoter, and hnRNP Al, involved in the transcription of the KRAS proto-onco-
gene [48, 49]. More recently, hnRNPC has been shown to regulate transcription in osteoblasts
[50]. Interestingly, hnRNP A1 and-K also exhibit an ITAF function, although no coupling
between transcriptional and translational functions has been mentioned 24, 25, 30].

An alternative model to explain promoter-dependent regulation of translation by hnRNPM
and p54™™ might be their effect on mRNA stability. Binding of these proteins to the FGE1 pro-
moter would not have an cffect on transcription but would facilitate their binding to the
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Fig 7. Influence of transcription level on the activity of the FGF1 IRES A. C2C12 cells were transfected with bicisironic plasmids containing either the
complete promoter 1A or a deleted promoter lackingnucleotides 1 fo 391. Transfected cells were treated 24h later with siRNA siM, sip54 or sic, and
luciferase activities were measured as in Fig 6. (A) mRNA expression in the presence of promoter 1A and 1AA1-391 reflected by the LucR activities. (B)
Activity of FGF1 IRES Ain the presence of promoter 1A and 1AA1-391, reflected by the LucF/LucR ratio as above. Experiments were performed in
biologicaltriplicaies and repeated three times. The statistical testused is the Studenttest. (mean + standard deviation, *p<0.05, **p<0.01, ***<0.001).

doi:10.1371fjournal.pone.0136466.g007
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nascent mRNA, resultingin mRNA stabilization, as has been shown for the yeast protein
Dbf2P [51]. Theseauthors demonstrate that Dbf2p is recruited to the SW15 and CBL2 promot-
ers, and co-transcriptionally deposited onto the SW15 and CLB2 mRNAs. Once they are
exported into the cytoplasm, the two mRNAs are protected from degradation by Dbf2p.
According to this model, hnRNPM and p54™® binding to mRNA might have the double effect
of stabilizing the FGF1 mRNA and activating the IRES. Anyway, further investigation is needed
to determine whether the promoter-dependent function of hnRNPM and p54°* involves tran-
scription enhancement or RNA stabilization.

Promoter-dependent translation, a physiologically relevant mechanism
during myogenesis

An important feature of our study is the physiological relevance of p54™™ and hnRNPM func-
tion in myoblast differentiation. It clearly appears that p54°™ and hnRNPM are important for
myotube formation and such a role is novel for these two proteins. We have previously shown
that FGF1 is required for myoblast differentiation [4]. Thus the effect of hnRNPM and/or p54
knockdown on myoblast differentiation may be a direct consequence of FGF1 downregulation.
Alternatively, hnRNPM and p54™™ may act on the expression of additional IRES-containing
genes, including Smad5 and utrophin A IRESs whose activites have been reported in myoblasts
[17, 52, 53], It will be of great interest to investigate the possible role of hnRNPM and p54™™ in
the promoter-dependent regulation of such IRESs during muscle development.

As seen with the coordination of transcription and mRNA processing, such as splicing,
whose regulators often exhibit the additional function of ITAFs (i.e. hnRNPs), one can expect
that the promoter-dependent translation mechanism described in our study will extend to
other IRES-containing mRNAs. Such a mechanism becomes more significant for genes that are
induced in response to conditions that block cap-dependent translation, such as stress. Cou-
pling of IRES activation with the promoter guarantees that the induction ofa given gene in
response to a specific stimulus will result in the synthesis of that gene product.

Supporting Information

S1 File. Identification of RNA and DNA binding proteins by BIA-MS. Total or nuclear
extracts of differentiating C2C12 myoblasts were injected (see Fig 1) as analytes in several BIA-
CORE 3000 channels after immobilization of ligands corresponding to FGF1 IRES A, EMCV
IRES, FGF1 promoter A or CMV promoter. Bound proteins were recovered as described in
Mat. & Meth. and identified by mass spectrometry. For each BIA-MS experiment, 6 recovery
cycles were pooled to obtain a sufficient RU quantity (about 2000 RU). Mass spectrometry
analysis was performed as described in Mat. & Meth. Bound proteins (RNA and DNA binding
proteins) are listed here. (Table A) FGF1 IRES RNA, C2C12 total extracts, (Table B) FGF1
IRES RNA, C2C12 nuclear extracts, (Table C) EMCV IRES RNA, C2C12 total extracts,

(Table D) FGF1 promoter A DNA, C2C12 nuclearFGF1 extracts.

(DOC)

$2 File. Knockdown of hnRNPM and/or p54™*®, C2C12 cells were first transfected with bicis-
tronic plasmids and 48h later with siRNAs targeting hnRNPM (siM), p54"*® (sip54) or control
(sic). RNA levels and luciferase activities are presented in Figs 3 and 4, respectively, from
C2C12 myoblasts maintained in proliferation or at day 2 of differentiation. p54™™® and
hnRNPM expression was analysed by Western blot following single knockdown with siRNA
siM (Fig A) or sip54 (Fig B) or double knockdown with the two siRNAs together (Fig C).

(TIF)
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$3 File. Effect of hnRNPM and/or p54™® knockdown on the regulation of FGF1 IRES A
using siRNAs different from the smartpool. C2C12 cells co-transfected with bicistronic plas-
mids and 48h later with a siRNA against hnRNPM (siM), p54"'b (sip54) or siRNA control
(sic). $iM and siP54 corresponded to sequences different from that of the siRNA smartpools
used in Fig 4. (Fig A) Ratio of the luciferase activities measured as in Fig 4, two days after
siRNA transfection, from differentiating C2C12 myoblasts (day 2). (Fig B) The knockdown
was checked by Western blot asin 52 File.

(TIF)

$4 File. Effect of hnRNPM and p54 knockdown on FGF1 IRES activity after DNA or RNA
transfection. (Table A) C2C12 cells were transfected with bicistronic plasmids containing the
FGF1 promoter and IRES (see Fig 6) and with siRNA siM, sip54 or sic. (Table B) C2C12 cells
were transfected with siRN A siM, sip54 or sic and 24h later with bicistronic mRN A containing
the FGF1 [RES (see Fig 6). mRNAs were transcribed in vitro, capped and polyadenylated, as
described in Mat. & Meth. For Tables A and B, firefly and renilla luciferase activities were mea-
sured. Values are presented as well as the LucF/LucR (F/R) ratio representing the IRES activity.
Experiments were performed in biological triplicates and repeated three times. The Student
test was used (mean +- standard deviation).

(DOC)
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A: BIA-MS data: total C2C12 extract proteins bound to the FGF1 IRES A RNA.

Protein
AC ID Description MW pl Score |Peptides|Coverage
(%)

P20152 VIME_MOUSE (Vimentin 53655.06 5.06 400.67 27 52.4
P62737 ACTA_MOUSE |Actin. aortic smooth muscle 41981.81 5.23 270.48 15 10.1
P60710 ACTB_MOUSE [Actin. cytoplasmic 1 41709.73 5.29 258.1 15 10.2
P99024 TBB5_MOUSE |Tubulin beta-5 chain 49638.97 4.78 120.76 5 29
P62908 RS3_MOUSE 40S ribosomal protein $3 26657.41 9.68 112.42 6 1.4
P62264 RS14_MOUSE |40S ribosomal protein $14 16262.53 10.07 88.8 2 10.5
P31001 DESM_MOUSE |Desmin 53465.04 5.21 87.77 5 1.8
P43277 H13_MOUSE Histone H1.3 22086.13 11.03 85.81 6 4.7
P43274 H14_MOUSE Histone H1.4 21964.02 1.1 84.73 5 219
Q8BFZ3 ACTBL_MOUSE |Beta-actin-like protein 2 41976.99 5.3 76.41 8 20.5
QIDOE1 HNRPM_MOUSE (Heterogeneous nuclear 77597.38 8.8 72.2 15 17

ribonucleoprotein M
P10126 EF1A1_MOUSE |Elongation factor 1-alpha 1 50082.1 9.1 7214 6 24
P62751 RL23A_MOUSE |60S ribosomal protein L23a 17684.13 10.44 70.52 1 5.3
P99027 RLA2_MOUSE |60S acidic ribosomal protein P2 11643.83 4.42 69.92 5 60
P62852 RS25_MOUSE |40S ribosomal protein $25 13733.7 10.12 65.11 4 224
P15331 PERI_MOUSE Peripherin 54234.59 5.4 63.83 3 11
Q922F4 TBB6_MOUSE |Tubulin beta-6 chain 50058.13 4.8 60.29 3 6.7
P10107 ANXA1_MOUSE |Annexin A1 38709.97 6.97 57.9 3 10.7
P16858 G3P_MOUSE Glyceraldehyde-3-phosphate 35787.21 8.44 57.42 9 225

dehydrogenase
P62918 RL8_MOUSE 60S ribosomal protein L8 28007.29 11.03 56.28 3 5.1
P17182 ENOA_MOUSE |Alpha-enolase 47111.21 6.37 53.17 6 11.5
Q07133 H1T_MOUSE Histone H1t 2152715 11.71 52.28 3 13.5
P47963 RL13_MOUSE (60S ribosomal protein L13 24290.5 11.54 49.61 2 10.9
P61255 RL26_MOUSE |60S ribosomal protein L26 17247.53 10.55 42.74 2 4.9
P11499 HS90B_MOUSE |Heat shock protein HSP 90-beta 83273.12 4.97 42.711 3 4.8
P43276 H15_MOUSE Histone H1.5 22562.44 10.91 42.06 4 7.8
Q61937 NPM_MOUSE Nucleophosmin 32539.81 4.62 41.88 6 18.2
QOCQN1 [TRAP1_MOUSE [Heat shock protein 75 kDa, 80158.53 6.25 41.74 1 0.3

mitochondrial
Q64475 H2B1B_MOUSE |Histone H2B type 1-B 13943.56 10.31 40.93 3 23
P61358 RL27_MOUSE |60S ribosomal protein L27 15787.75 10.56 37.85 2 9.2
P62900 RL31_MOUSE |60S ribosomal protein L31 14453.93 10.54 36.02 3 12.2
P62806 H4_MOUSE Histone H4 11360.38 11.36 35.55 2 18.8
P35700 PRDX1_MOUSE |Peroxiredoxin-1 22162.35 8.26 31.21 3 15.1
008807 PRDX4_MOUSE |Peroxiredoxin-4 31033.14 6.67 31.21 2 2.6
P68369 TBA1A_MOUSE |Tubulin alpha-1A chain 50103.61 4.94 25.46 5 25
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B: BIA-MS data: nuclear C2C12 extract proteins bound to the FGF1 IRES A RNA.

Protein
AC ID Description MW pl | Score | Peptide | Coverage
s (%)
P60710 ACTB_MOUSE Actin, cytoplasmic 1 41709.73 5.29 | 1487.66 20 15.2
P68033 ACTC_MOUSE Actin, alpha cardiac muscle 1 41991.88 5.23 1216.7 19 14.8
Q62093 SFRS2_MOUSE | Splicing factor. arginine/serine-rich 2 25461.18 | 11.86 709.72 7 131
Q8BFZ3 ACTBL_MOUSE | Beta-actin-like protein 2 41976.99 53 591.13 1 30.6
P56480 ATPB_MOUSE ATP synthase subunit beta, mitochondrial 56265.47 5.19 561.29 16 471
Qo9m28 RNPS1_MOUSE | RNA-binding protein with serine-rich domain 34187.7 11.85 | 337.96 5 7.6
1
Q03265 ATPA_MOUSE ATP synthase subunit alpha. mitochondrial 59715.59 9.22 230.42 9 21.7
P63038 CH60_MOUSE 60 kDa heat shock protein, mitochondrial 60917.39 5.91 221.49 6 201
P24369 PPIB_MOUSE Peptidyl-prolyl cis-trans isomerase B 23698.56 9.56 209.89 10 444
Q56926 TR150_MOUSE | Thyroid hormone receptor-associated protein | 108113.69 | 10.17 142.45 8 10.8
3
P19324 SERPH_MOUSE | Serpin H1 46560.2 8.9 111.84 5 175
Q52KI8 SRRM1_MOUSE | Serine/arginine repetitive matrix protein 1 106828.46 | 11.87 86.78 6 79
P62315 SMD1_MOUSE Small nuclear ribonucleoprotein Sm D1 13273.36 | 11.56 84.79 1 141
Q8BG05 ROA3_MOUSE Heterogeneous nuclear ribonucleoprotein A3 39627.61 9.1 72.53 4 34
Q6PDM2 SFRS1_MOUSE | Splicing factor, arginine/serine-rich 1 27727.81 10.37 71.53 9 16.6
P26369 U2AF2_MOUSE | Splicing factor U2AF 65 kDa subunit 53483.22 9.19 60.31 1 1.1
Q99K48 NONO_MOUSE | p54""/NONO Non-POU domain-containing 54506.42 9.01 56.11 2 13
octamer-binding protein
P67984 RL22_MOUSE 60S ribosomal protein L22 14749.77 9.21 55.76 2 171
008810 U5S1_MOUSE 116 kDa U5 small nuclear ribonucleoprotein 109291.3 4.86 43.05 1 0.2
component EFTUD2
C: BIA-MS data: total C2C12 extract proteins bound to the EMCV IRES RNA.
Protein
AC ID Description MwW pl Score |Peptides|Coverage
(%)
P645534 (ACTA2_MOUSE Actin alpha 2 smooth muscle 16748,18 531 76,71 2 13,9
P8603 ACTA-MOUSE Actin alpha smooth muscle 41981,81 5,23 76,33 3 7,4
P27547 DCD_MOUSE dermcidin 11276,83 6,08 60,65 1 10
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D: BIA-MS data: nuclear C2C12 extract proteins bound to the FGF1 promoter A DNA.

Protein
AC ID Description Mw pl |Score|Peptides|Coverage
0,

P03995 |GFAP_MOUSE Glial fibrillary acidic protein 49869.5 | 5.27 | 995.36 5 (9{‘;)
P60710 ACTB_MOUSE Actin. cytoplasmic 1 41709.7 5.29 247.21 9 6.9
P63038 CH60_MOUSE 60 kDa heat shock protein, mitochondrial 60917.4 5.91 209.39 5 1.8
P68033 ACTC_MOUSE Actin. alpha cardiac muscle 1 41991.9 5.23 195.65 9 6.8
P56480 |ATPB_MOUSE ATP synthase subunit beta, mitochondrial 56265.5 5.19 | 192.06 6 20

P11103 |PARP1_MOUSE Poly [ADP-ribose] polymerase 1 113028 9.05 100.2 2 0.3
035295 (PURB_MOUSE Transcriptional activator protein Pur-beta 33880.8 5.35 76.87 4 9.6
P19324 |SERPH_MOUSE Serpin H1 46560.2 8.9 69.96 2 9.4
P23475 KU70_MOUSE ATP-dependent DNA helicase 2 subunit 1 69440.9 6.35 66.58 2 53
P50543 |S10AB_MOUSE Protein $100-A11 11075.5 | 5.28 64.81 1 15.5
P27641 KU86_MOUSE ATP-dependent DNA helicase 2 subunit 2 83004 5.04 59.15 3 6.7
Q99K48 (NONO_MOUSE p54""/NONO Non-POU domain-containing 54506.4 | 9.01 57.77 1 1

octamer-binding protein

Q03265 |(ATPA_MOUSE ATP synthase subunit alpha, mitochondrial 59715.6 9.22 55.43 2 6.5
Q56926 |TR150_MOUSE Thyroid hormone receptor-associated protein 3 108114 | 10.17 | 49.81 5 5.6

E: BIA-MS data: total C2C12 extract proteins bound to the CMYV promoter DNA.

Protein
AC ID Description MW pl Score |Peptides|Coverage
(%)
P21428 ACTA_MOUSE Actin alpha skeletal muscle 42023.9 5.23 266.7 14 38.7
P3476 ATP-MOUSE ATP5B ATP synthetase subunit beta 41981.81 5.23 270.48 15 10.1
mitochandrial
P29744 SSBP1_MOUSE Single-stranded DNA-binding protein, 17249 9.59 204.56 5 325
mitochondrial
P479743 |POTEE_MOUSE Isoform 1 of POTE ankyrin domain 121286 5.83 182.01 7 8
family membre E
P784154 |(HSPD1_MOUSE Heat shock protein, mitochondrial 26657.41 9.68 112.42 6 1.4
P7047 S$100-A8_MOUSE |S100A8 protein S100-A8 10827.7 6.51 167.34 3 6.8
P3269 ACTBL2_MOUSE |Beta actin-like protein 2 41976 5.39 148.72 6 16.8
P14230 C1QBP_MOUSE Complement composent 1 Q 31342.6 19.9 143.06 2 19.9
subcomponent-binding protein
mitochondrial
P27462 $100-A9_MOUSE |S100A9 protein 13233.5 5.71 139.28 6 43
P3935 HT2H2BE_MOUSE |Histone H2B type 2-E 13911.6 10.31 66.47 4 333
P7188 SLC25A5_MOUSE |ADP/ATP translocase2 32874.2 9.7 48.84 3 9.7
P291467 |SLC25A6_MOUSE |(ADP/ATP translocase3 32845.2 9.76 48.84 3 9.7
P440493 |[ATP5A1_MOUSE |(ATP5A1 ATP synthase subunit alpha 59713.6 9.16 47.52 4 9.4
mitochondrial
P26272 HT H2A_MOUSE Histone H2A type 1-B/E 14127 11.05 43.44 1 223
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Chapitre 2

La nucleoline induit la traduction de VEGFD en réponse
au choc thermique lors de la lymphangiogenése tumorale

Le systeme lymphatique est utilisé par les tumeurs comme une voie de
dissémination métastatique. De plus, la tumeur induit plusieurs stress successifs
(hypoxie, choc thermique, stress du réticulum, ..). Notre équipe a montré
précédemment que le facteur lymphangiogénique majeur VEGFC est induit par
I'hypoxie, et que cette induction est liée a l'activation d'un IRES identifié dans son
ARN messager. J'ai d'ailleurs contribué a ce travail qui a fait I'objet d'un article dans
Cell Report, joint en annexe. Cette ¢étude suggere que d'autres facteurs
lymphangiogéniques pourraient étre induit par le stress au niveau traductionnel.

Dans ce deuxieme volet de ma thése, qui a donné lieu a l'article ci-apres,
nous nous sommes intéressés a la régulation de l'expression de l'autre facteur
lymphangiogénique majeur, le VEGFD, lors de la progression tumorale. Le
VEGFD induit non seulement la lymphangiogenése mais aussi la dilatation des
vaisseaux lymphatiques, ce qui les rend plus perméables a la dissémination
métastatique. Nous avons mis en évidence une régulation traductionnelle de
l'expression du facteur VEGFD dans des tumeurs mammaires de souris. Cette
activation a lieu en dépit de la surexpression et la déphosphorylation de 4E-BP1 qui
inactive la traduction dépendante de la coiffe. Nous avons caractérisé la présence
d’un IRES dans la région 5’ non traduite du transcrit VEGFD. En soumettant les
cellules tumorales a différents stress il est apparu que le stress qui active I'1RES du
VEGFED dans ces cellules est le choc thermique. De maniére plus intéressante
encore, nous avons identifié un ITAF qui controle l'activité de cet IRES: il s'agit de
la nucléoline. Cette protéine a été identifiée en utilisant a nouveau la technologie de
BIA-MS wvalidée dans le chapitre 1. Nous montrons que cette protéine,
majoritairement nucléolaire, est relocalisée dans le cytoplasme en réponse au choc
thermique. L’invalidation de la nucléoline par un siARN ou par un agent anti-
inflammatoire inhibe la traduction de 'ARNm VEGFD tout en induisant une

vasoconstriction au niveau des vaisseaux lymphatiques.

Cette étude fournit la premicre évidence que la régulation traductionnelle IRES-
dépendante controlée par la nucléoline a un impact sur la dilatation des vaisseaux
lymphatiques, qui est un événement majeur lors de la progression tumorale

métastatique.
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Abstract

The vascular endothelial growth factor VEGF-D promotes
metastasis by inducing lymphangiogenesis and dilatation of
the lymphatic vasculature, faclitating tumor cell extravasion.
Here we report a novel level of control for VEGF-D expression
at the level of protein translation. In human tumor cells,
VEGF-D colocalized with elF4GI and 4E-BP1, which can
program increased initiation at IRES motifs on mRNA by the
translational initiation complex. In murine wumors, the
steady-state level of VEGF-D protein was increased despite
the overexpression and dephosphorylation of 4E-BP1, which
downregulates protein synthesis, suggesting the presence of an

Introduction

Lymphatic vessels encircle tumors and enhance metastasis by
improving the capillary high pemmeability and the collecing
vessels' dilatation (1). Nonetheless, very little is known regarding
the molecular mechanisms governing cancer invasion into the
lymphatic system.

VEGF-C and VEGF-D are the chief inducers of lymphangio-
genesis (2). Their activityis regulated by protein processing that
occurs mainly in the extracellular envimmnment to generate
peptides with high affinity for their receptor, VEGFR-3 (3, 4).
Our group recently identified regulation of VEGF-C at the
translational initiation step induced by hypoxic stress (5). The
stress-induced VEGF production in pathologic conditions has
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internal ribosome entry site (IRES) in the 5’ UTR of VEGF-D
mRNA. We found that nudleolin, a nucleolar protein involved
in ribosomal maturation, bound directly to the SUTR of
VEGF-D mRNA, thereby improving its translation following
heat shock stress via IRES activation. Nudeolin blockade by
RNAi-mediated silencing or pharmacologic inhibition reduced
VEGF-D translation along with a subsequent constriction of
lymphatic vessels in tumors. Our results identify nudeoclin as
a key regulator of VEGF-D expression, deepening understand-
ing of lymphangiogenesis control during tumor formation.
Cancer Res 76(15); 4394-405. ©2016 AACR.

been largely described in the literature (6, 7). In this study, we
sought to identify whether VEGF-D activity responds to cellular
stress.

VEGF-D was first desaibed to promote tumor metastasis
through the lymphaticsystem (8, 9). This observationwas extend-
ed to many solid tumors such as pancreatic cancer and endome-
trial cancer (10, 11). More recently, Kamezis and colleagues have
demonstrated that the prometastatic effect of VEGF-D was asso-
ciated with a lymphatic collecting vessel dilatation by regulating
the prostaglandin pathway (1). The effect of VEGF-D on vessel
enlargement was also observed in dermalinitial lymphatics (12).
Here, we found an original mechanism underlying regulation of
VEGF-D translation that is induced by increased temperature.

Translational control plays a critical role in the regulation of
gene expression during tumor development (13). In fact, the
majority of cellular stresses lead to strong inhibition of mRNA
translation by the dassical cap-dependent scanning mechanism
(5, 14). Several mRNAs, however, are translated by an elF4E-
independent mechanism, mediated by intemal ribosome entry
site (IRES) that are mRNA structures located in IRESs were
previously described for VEGF-A and VEGF-C mRNA (15, 16).
Here, we demonstrated that the 5'UTR of VEGF-D mRNA harbors
an IRES trans-acting factor, which drives VEGF-D trandation
under heat shock stress.

IRES-dependent translation initiation is controlled by IRES
trams-acting facors (ITAF), which participate in the recruitment
of the small ibosome subunit (17). ITAFs seemingly stabilize the
IRES active conformation (18) to allow efficient expression of key
regulators in tumor growth and spreading (16). The activity of
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ITAFs is dependent on their subcellular localization. They are
nuclear proteins that are exported to the cytoplasm to participate
in mRNA translation initiation (19). ITAFs bind the mRNA 5’
untranslated region to recruit the ribosome, thereby promoting
protein synthesis under stress conditions. Here, we found that
nucleolin, a multifunctional nucleolar protein involved in ribo-
some maturation, is an ITAF of the VEGF-D mRNA. Spedfically,
our data showed that cytoplasmic accumulation of nudeolin in
cells enduring heat shock improved VEGF-D mRNA translationby
binding of ITAF to the VEGF-D 5" UTR.

Nudeolin was first described to be an ITAF for viral 5'UTR
mRNAs such as rhinovirus (20). Recently, nucleolin was shown to
participate in IRES-dependent translation of cellular mRNAs It
associated with hnRNP proteins to promote translation of long
interspersed element one (LINE-1; ref. 21). Moreover, recent
reports confirmed the ITAF activity of nudeolin during umori-
genesis and demonstrated that itis a key regulator of specificity
protein 1 (Sp1) protein accumulation via induction of its IRES-
dependent translation initiation (22).

In the current study, we demonstrate a link between the
translational control of VEGF-D expression and lymphatic dila-
tation. We show that RNA-binding protein nucleolin specifically
and direaly binds to the 5'UTR of VEGF-D and functions to
induce VEGF-D mRNA translation in cells. Our results advocate
that nucleolin contributes to the maintenance of lymphatic vessel
plasticity under heat shock stress conditions by controlling VEGF-
D expression.

Of interest, inhibition of nucleolin synthesis by NSAIDs spe-
difically repressed VEGF-D translation, suggesting a putative pro-
tein synthesis control using NSAIDs that could interfere with a
physiologic function such as lymphatic dilatation.

Altogether, our results suggest that nucleolin contributes to the
maintenance of lymphatic functioningnetwork by controlling the
expression of VEGF-D.

Materials and Methods

Tissue specimens

Intotal, 15 primary human breast cancer specimens and their
associated lymph nodes were collected. Samples were obtained
from archival paraffin blocks of breast cancer from patients
treated at the Rangueil hospital (Toulouse, France) between
2002 and 2008. Samples were selected as coded specimens
under a protocol approved by the INSERM Institutional Review
Board (DC-2008-463) and Research State Department (Minis-
tere de la recherche, ARS, CPP2, authorization AC-2008-820)
and incduded tumor specimens identified as invasive ductal
carcinoma. Each series included as controls normal breast
tissue from the same patient.

Tumor studies

Animalexperiments were conducted in accordance with recom-
mendations of the European Convention for the Protection of
Vertebrate Animals used for experimentation. All animal experi-
ments were performed according to the INSERM Instimtional
Animal Care and Use Committee guidelines for laboratory ani-
mals' husbandry and have been approved by the local branch
INSERM Rangueil-Purpan of the Midi-Pyrénées ethics committee
(protocol n® 091037615).

Intotal, 5 x 10° cells of murine Lewis Lung Carcinoma (LLC1;
ATCC CRL-1642; obtained in 2011) and human pancreatic ade-
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nocarcinoma (Capan-1, ATCC HTB79; obtained in 2009) cell
lines were injected subcutaneously into wild type (WT, n = 8-10)
mice on a C57Bl6 or NMRI Nu/Nu background, respectively (n =
8-10). Animals were sacrificed 2 or 3 weeks later when tumors and
inguinal lymph nodes were excised and embedded into optimal
cutting temperature (OCT) compound (Tissue-Tek; Sakura Fine-
tek). To study the orthotopic model of breast carcinoma, 5 x 10°
syngeneic Balb/c 4T1 and 67NR (ATCC CRL-2539, obtained in
2007) cells were injected into Balb/c the fourth mammary fat pad
(n=8-10). Animals were sacrificed 1 or 2 weeks later when tumor
and inguinal lymph nodes were excised and embedded into OCT
compound.

Bidstronic lentivector construction and transduction

The ¢DNAs coding human VEGF-D 5'UTR and EMCV 5'UTR
were subcloned between the Renilla (IucR) and firefly (LucF)
genes under the control of the CMV promoterinto the lentivector
PTRIP-DU3-CMV-MCS as desaibed previously (5). Bicistronic
lentivectors were produced using the tri-transfection procedure
using the plasmids pLvPack and pLvVSVg (Sigma-Aldrich), and
were evaluated for their ability to transduce the cell lines as
described previously (5).

Reporter gene assay

To obtain stable vector expression in cells, the bicistronic
cassette with the VEGFD 5'UTRs between the two luciferase genes
was introduced into lentivectors. Bidstronic lentivectors with the
viral EMCV IRES and the hairpin were used as negative and
positive controls. The principle of the bicistronic vector is that
the first distron, Renilla luciferase (LucR), is translated by the cap-
dependent mechanism, whereas the second cistron, firefly lucif-
erase (LucF),is translated under the control of the IRES. In vitro or
ex vivo luciferase assays were perfformed on lysed cells or tissues as
described previously (5).

Reagents

Rat anti-mouse VEGFD (SC101585) was from Santa Cruz
Biotechnology (TebuBio). Rabbit-anti human 4E-BP1 (9644) was
from Ozyme. Rabbit anti-mouse -1 antibody (RDI-103PA50) was
from Research Diagnostics Incorporated. Rat anti-mouse CD31
(MEC 13.3) was from BD Biosciences. Goat anti-PAN cytokeratin,
donkey anti-rabbit, and rat IgGs conjugated with Dylights Fluors
488, 568 were from TebuBio. Anti-podoplanin was from Santa
Cruz Biotechnology. Anti-luciferase Firefly was from Promega.
Hypoxyprobe was from Euromedex. Anti-GAPDH was from Sig-
ma Aldrich.

Immunohistochemistry

Tumors and lymph nodes were embedded into OCT com-
pound and 5-um tissue sections were immunostained with spe-
cific antibodies. The mean number of lymphatic vessels (+SEM
for each treatment group) were quantified in 5-10 microscopic
fields per aryosection using automated pixel density determina-
tion. The vessel diameters were quantified using 5 measures per
vessel as described in Supplementary Fig. S1.1n total, 3 sections/
tumor were analyzed (8-10 tumors per group), 5 microscopic
fields/section leading to 100-150 fields/condition. The mean
number of mice with lymph node metastases was determined
by immunostaining with 10 pg/mL of anti-pancytokeratin and
quantified in 5-10 microscopic fields per cryosection using
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automated pixel density determination as the mean number of
pixels + SEM for each group.

Quantitative real-time RT-PCR

Total cellular RNA wasisolated from mouse 4T1, 6 7NR, Capan-
1, and LLC tumors using a tissue lyser (Ultrathurax) in TRIzol
solution as described previously (5).

Primers. The following primers were used: LucF forward (F): 5'-
TCCTATGATTATGTCCGGTTATGTAAA-3'; LucF reverse (R): 5/
TGTAGCCATCCATCCTTGTCAA-3'; LucR (F): 5'- ATGGGCAAAT-
CAGGCAAA-3’; LucR (R): 5'- CGCAATATCITCTTCAATATCAGG-
3’; VEGF-D (F): 5'- CCTATTGACATGCTGTGGGAT-3'; VEGF-D
(R): 5-GTGGGTTCCTGGAG GTAAGAG-3’

siRNA and cell transfection

A pool of siRNAs synthesized by Dharmacon with the follow-
ing sequences: siRNA-1: 5-GCAAAUUCCUAUACAUCUA-3',
siRNA-2: 5'-UGUCAGAGGUCCAGUUUAA-3', siRNA-3: 5-UGG-
CAAACCUAAAGGGUAU-3/, siRNA-4: 5-UGGGAAAAGUAAA-
GGGAUU-3' were used. Nontargeting siRNA (siGENOME Non-
Targeting Smartpool; Dharmacon) was used as control. To exam-
ine the effect of the siRNAs on nucleolin protein expression, 4T1
cells were plated onto 6-well plates in antibiotic-free RPMI1640
medium supplemented with FBS (10%) before being transfected
with 20nmol/L siRNA as described previously (5). Vehide control
and nontargeting siRNA were applied to cell culture replicates.
Cells were incubated for 1 day before changing the culture
medium and incubating them for72 hours before the 30-minute
heat shock Efficacy of downregulation was analyzed by
immunoblotting.

NG6L inhibitor treatment

N6L, a synthetic ligand of nudeolin that exerts antitumor
activity in mouse xenograft model (23), was provided by J.
Courty’s laboratory (Laboratoire CRRET Laboratory, Universite
Paris EST Creteil, Créteil, France). Stock solution of N6L
(2 mmol/L) was diluted in mannital to a final concentration
of 50 pmol/L. Heat shock was applied for 30 minutes at 42°C.

In vitro stress-induced IRES activity

Stress stimulation assays were performed in vitro on 4T1-trans-
duced cells. Reticulum stress was promoted using 12 nmol/L
dithiothreitol (DTT; Sigma-Aldrich) during 4 and 8 hours. Dep-
rivation stress was performed in RPMI without serum during 8
hours at37°C. Inflammatory stress was performed in the presence
of 1 pg/mL lipopolysaccharid (LPS; Sigma-Aldrich Chemie
GmbH) during 4 and 8 hours. Heat shock was applied during
5, 10, 20, and 30 minutes at 37°C.

In vive sc-236 treatment

NSAID treatment was performed by injecting 1 pg of anti-COX-
2 inhibitor sc-236 (Sigma-Aldrich Chimie GmbH) every 2 days
during 12 days. Tumor-bearing mice were sacrificed after 2 weeks.

RNA structure determination in solution chemical and
enzymatic probing

RNA preparation, RNA structure probing, and RNA primer
extension analysis were performed as desaribed previously (5).
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Primers.. The following primer sequences were used:

VEGF-D_3: ATTCCCCATTCTCCATACATTTTGAATATTTTAAA-
TGTCTACCG

VEGF-D_4: TAATACGACTCACTATAGGAAGATATGACCACC-
TCC

VEGF-D_5: GAATATTTTAAATGTCTACCG

BIA-MS assays

Biomolecular analysis coupled to mass spectrometry (BIA-MS)
was performed on a BlAcore T200 optical biosensor instrument
(GE Healthcare). Immobilizaion of biotinylaied VEGF-D and
EMCV IRES RNAs was performed on a streptavidin-coated (SA)
sensorchip in HBS-EP buffer (10 mmol/L HEPES, pH 7.4, 150
mmol/L NaCl, 3 mmol/L EDTA, 0.005% surfactant P20; GE
Healthcare). All immobilization steps were performed at a flow
rate of 2 pL./minute with a final concentration of 100 pg/mL. Total
amount of immobilized VEGF-D and EMCV IRES RNAs was 552
RU and 650 RU, respectively.

Binding analyses were performed with cell protein extracts at
100 pg/mL over the immabilized VEGF-D and EMCV IRES RNA
surface at 37°C and 42°C for 7 minutes at a flow rate of 30 pL/
minute. The channel (Fcl) was used as a reference surface for
nonspedific binding measurements. Therecovery wizard was used
to recover selected proteins from cell protein extracts at 37°Cand
42°C. This step was carried out with 0.1% SDS. Five recovery
procedures were performed to get enough amounts of proteins for
MS identification. LC/MS-MS analyses were performed on Bruker
Amazon ETD mass spectrometer.

Polysome profiling. 4T1 cell line were incubated with cyclohexi-
mide (100 pug/mL) 15 minutes at 37°Cbefore preparing extracis in
hypotonic lysis buffer (5 mmol/L Tris-HCI, pH7.5; 2.5 mmol/L
MgCl2; 1.5 mmol/L KCl). Cell extracts were layered onto 10%-
50% sucrose gradient and sedimented via centrifugation at 39,000
pm for 2 hours at 4°C in a Beckman ultracentrifuge. Fractions
were collected (24 fractions of 12 drops each) using a Foxy JR
ISCO collector and UV optical unit type 11.

Statistical analysis

All statistical analyses were performed using a two-tailed Stu-
dent t test or one-way ANOVA. All experiments were performed
three times, with one exception, where the incidence of metastasis
is reported as the average + SEM of three separate animal experi-
ments. All data presented are from a single representative
experiment.

Results

VEGEF-D synthesisis modulated bya cap-independentinitiation
of mRNA translation

VEGF-D level was examined in invasive ductal breast carcinoma
biopsies and compared with normal breast epithelium (Fig. 1A).
VEGF-D is overexpressed in breast tumors and is associated with
an upregulation of elF4GI and 4E-BP1 expressions, suggesting a
cap-independent VEGF-D synthesis.

To study the expression of VEGF-D, we performed RT-qPCR
and Western blot analysis showing that VEGF-D is ubiquitously
expressed in organs containing lymphatic vessels (lymph nodes,
mammary gland, etc.), whereas no VEGF-D was found in organs
containing no (brain) or low level (muscle) of lymphatic vessels
(Supplementary Fig. $2).
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Figure 1.

VEGF-D overexpression correlates with
the upregulation of elF4Gl ard 4E-BPL
A, immunohistochemical staining of
representative breast cancer tumors
(n = 15) and normal breast epithelium
(n=15) for VEGF-D, elF4Gl, and 4E-BP1.
Scale bar, 100 um B, quantitative RT-
PCR for breast, lung, and parcreatic
tumors (CA) compared with normal
tissue (NL; *, P< 0.001). C-E,
immunoblot analysis of VEGF-D and
4E-BP1in mouse breast, lung, and
pancreatic tumors. D, quantification by
densitemetry of VEGF-D signal
normalized to GAPDH (*, P < 0.01).

E, quantification by dersitometry of
dephosphorylated 4E-BP1 normalized
to GAPDH (*, P < 0.001). nss,,
nonsignificant.

Human breast cancer  Normal human breast >

<
@

o
=

VEGF-I mRNA Relative lnvel m
=

NLCA

NLCA NL GA
Breast Lung Pancroas

@

=

<

NL CA NL CA NL CA

Dophoephorylatod 4E-BP1 m
relative protein level

Breest Lung Pancreas

To study the effect of the microenvironment on lymphatic
vessel development in vivo, we used mouse tumor models, which
we previously showed to early induce lymphangiogenesis: an
orthotopic syngeneic mouse model of highly metastatic breast
cancer (4T1); a syngeneic subcutaneous model of Lewis lung
carcinoma (LLC); and a xenograft model of pancreatic adenocar-
cnoma (Capan-1; Fig. 1B). We studied the expression of VEGF-D
and surprisingly found that VEGF-D mRNA levels strongly
decreased in tumors compared with normal dssues (Fig. 1B).
Despite the deaease in VEGF-D mRNA amounts, VEGF-D protein
level increased during breast tumor development, but not in lung
and pancreas (Fig. 1C and D), confirming a posttranscriptional
regulation of VEGF-D expression.

In parallel, we analyzed regulation of translation initiation in
mice tumors by studying the phosphorylation status of 4E-BP1,
which is known to inhibit cap-dependent translation by binding
to elF4E in its hypophosphorylated state (Fig. 1C-E).

As expected, VEGF-D protein synthesis was not stimulated in
lung and pancreatic tumors containing hypophosphorylated 4E-
BP1 compared withnormal tissue (Fig. 1C-E). In contrast, despite
an accumulation of hypophosphorylated 4E-BP1 indicating a
blockade of cap-dependent translation in breast cancer compared
with normal breast, we observed an increase in VEGF-D expres-
sion in the tumors in vivo (Fig. 1C-E). These data suggest that
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VEGF-D expression is promoted by a posttranscriptional mech-
anism in breast cancer.

VEGF-D mRNA 5'UTR contains an IRES activated by increased
temperature

To demonstrate the presence of an IRES activity in VEGF-D
mRNA 5'UTR, we used the double luciferase bidstronic vectar
strategy validated in previous studies (Fig. 2A; ref. 5). Consid-
ering that the EMCV IRES is not activated in the current tumor
models (5), we used bidstronic lentivectors with the EMCV
IRES and hairpin as controls to transduce 4T1 and 67NR with
thebidstronic lentivectors (Fig. 2A). Ta verify the presence ofa
single mRNA that generates the two different proteins, the
relative amounts of LucR and LucF mRNAs were measured by
quantitative RT-PCR (Fig. 2B). Amplification values revealed an
equal amount of LucF and LucR RNA sequences, indicating the
absence of any ayptic promater or splicing event that would
have increased the presence of one of the distrons compared
with the other (24).

IRES elements havebeen discovered in several viral and cellular
RNA elements and are preferentially used to initiate translation of
specific mRNAs during cellular stress when overall global trans-
lation is compromised (25-27). Recent observations in tumar
models show a VEGF-D-driven lymphogenous spread by
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Figure 2.

37°C  42°C

VEGF-D mRNA contains an IRES element. A, schematics of the bicistronic expression cassettes subcloned into lentivectors. B, ratio of quantitative RT-PCR relative
values for LucR versus LucF, separated by VEGF-D 5'UTR. C-G, in vitro VEGF-D IRES activity in 4T1 cell lines submitted to DTT-induced endoplasmic

reticulum stress (C), lipopolysaccharide (LPS) inflammatory stress (D), nutriment deprivation (-FCS) stress (E), and hypoxic stresses (F and G). H and L, in vitro
VEGF-D and EMCV IRES (H) activities in 4T1 cell lines submitted to heat shock stress (1). In vitro hairpin activity in 4T1 cell lines submitted to heat shock stress.

ns. nonsignificant.

increasing lymph flow through vessel dilation (28). Vessel dila-
tation is mainly observed during inflammation and is promoted
by an activation of the endothelial prostaglandin pathways (29).
Therefore, we submitted 4T1 transduced cell lines to physiologic
stresses associated with a local vasodilatation to identify which
stimulus is associated with IRES activation (Fig. 2C-I). VEGF-D
IRES acivity was not affected by endoplasmic reticulum stress
(Fig. 2C), lipopolysaccharides (Fig. 2D), serum deprivation
(Fig. 2E), or hypoxia (Fig. 2F and G). In contrast, VEGF-D
IRES activity was significantly activated in vitro after 20-minute
heat shock (Fig. 2H), whereas no activation was found for
EMCV control IRES (Fig. 2H) or hairpin (Fig. 21).

VEGF-D synthesis promotes lymphatic vessel
dilatation and metastasis

Therole of overexpressed VEGF-D was examined in mice breast
tumor models. We compared lymphatic-mediated metastasis in
4T1 tumors to orthotopic syngeneic 67NR low metastatic breast
tumors. Despite similar level of VEGF-D mRNA in 4T1 and 67NR
cell lines (Fig. 3A), we found that 67 NR poorly expressed VEGF-D
compared with 4T1 (Fig. 3B and C). Surprisingly, this difference in
VEGF-D expression had no effect on tumor growth (Fig. 3D). To
investigate the role of VEGF-D in breast tumors lymphaticvessels,
we performed immunostaining using antibodies directed against
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lymphatic vessel endothelial receptor (LYVE-1; ref.30) and podo-
planin (Fig. 3E and Supplementary Fig. S3; ref. 31).

In these models, VEGF-D expression has no effect on tumor
lymphangiogenesis (Fig. 3E and F). In parallel, we found that the
tumor expressing a high level of VEGF-D (4T1) exhibited dilated
tumor lymphatic vessels compared to tumor with low level of
VEGF-D (67NR; Fig 3G and H). As expected, the lymphatic vessel
dilatation is associated with an increase of tumor metastasis (Fig.
31 and J), but has no effect on draining lymph nodes lymphan-
giogenesis (Supplementary Fig. S4).

To identify in vivo VEGF-D IRES adtivity, bidistronic lentivec-
tor-transduced 4T1 and 67NR cell lines were injected in mice
mammary fat pad (Fig. 3K-N). IRES activity in tumors was
observed using immunodetection of firefly luciferase and quan-
tified by measuring luciferase activities after 7 and 14 days (Fig.
3K-N and Supplementary Fig. S4). We checked that the trans-
duction of the reporter genes did not affect mmor growth
(Supplementary Fig. S4). Interestingly, VEGF-D IRES activity
strongly increased in 4T1 tumors (Fig. 3K) compared with
EMCV IRES (Fig. 3L), butnotin 67NR tumors (Fig. 3M), which
exhibitlow VEGF-D protein levels. As expected, the EMCV viral
IRES, which is not involved in angiogenesis or lymphangiogen-
esis stimulation, was poorly (4T1) or not (67NR) activated
during tumorigenesis (Fig. 2L and N).
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Figure 3.

Tumor posttranscriptionalinduction of VEGF-D in vivo promoteslymphatic vessel dilatation A, quantitative RT-PCR in 4T1and 67NR mice breast cancercell lines. B,
immunoblot aralysis of VEGF-D in 4T1and 67NR cell lines. C, quantification of VEGF-D relative levels (¢, P < 0.001). D, 4T1 and 67NR tumor growth analysis.
E and F, staining for Lyve-l (green) and DAPI (Hue) demonstrated VEGF-D-independent lymphzngiogenesis during breast carcinoma development (*, P< 0.001).
Scale bar, 50 um. G and H, staning for —1 (green) and DAPI (blue) demonstrated a significant decrease of lymphatic vessel dilatation in tumor lacking VEGF-D
(*, P< 0.001). Scale bar, 25 um. 1 and J, staining for —1(green), cytokeratin (red), and DAPI (blue) demonstrated a significant decrease in lymph node metastasis
(*, P< 0.001). Scale bar, 50 um. K-N, in vivo VEGF-D IRES activity exhibits a significant increase in 4T1 (K) compared with EMCV (L), whereas no activity was
promoted in 67NR for both IRESs (M and N). ns., nensignificant.

www.aacrjoumals.org Cancer Res; 76(15) August 1, 2016

4399



Résultats - Chapitre 2

Morfoisse et al.

SHAFE analysis |

von

s
W 1M 8CN |t i

. S BN
- 150mM BaCN

AL AL IICAEICAAAC DAL LA I DA VA GGG
PRy » 'VEGF-D S'UTR soquonce “ &
w onom
]l ol tccn
SHAFE analysis Il aus m;'.- -
- ..- |59
) .
e
e .
-4' |-

Ll L sl VEGF.D 5 'UTR soquance e i
"l
» sl
SHAPE analysis Il R ‘\\ kk '
= 0mMBzCN J : -
% P St EE
: P S S
g '—EEJ\- W T P
t it
g | Sma.....‘!..r.n.;xé - R v
L] L3 b VEGF-D 5 UTR sequence s b ol
b E &0 EMCV
¢ ® ° Cel.lpro.teinext'ram’ 520 — 37°C
¢ 5 440
£ 360
ES
3 280
g 200
g 120 Nucleolin (mascot score 111.00)
40 Nucleolin (mascot score 89.37)
-40
-10 50 110 170 230 290 350 410
Time (s)
F
450 VEGF-D IRES
390
5 330
L 270
£
5 210
a 150
B 90 Nucleolin (mascot score 55.07)
o Nucleolin (mascot score 131.61)
30
-30
-20 60 140 220 300 380 460

Time (s)

4400 Cancer Res; 76(15) August 1, 2016 Cancer Research



Résultats - Chapitre 2

These data demonstrate that the VEGF-D mRNA contains an
IRES that is activated during tumor growth in correlation with the
high levels of VEGF-D protein expression.

Altogether, our data suggest a cap-independent regulation of
VEGF-D translation that is not related with lymphangiogenesis,
but directly correlated with lymphatic vessels dilatation and
metastasis formation.

VEGF-D IRES exhibits two altemnative structures stabilized by an
ITAF: nudeolin

RNA structure plays important roles in every level of gene
regulation including translation initiation. Predicting how
mRNA 5UTRs fold into secondary structures is an essential
step in understanding the IRES activity. We then performed the
shape analysis method for probing of VEGF-D mRNA 5'UTR
structure (Fig. 4A-C and Supplementary Fig. S5). The pattem of
benzoyl-cyanide modifications suggested that VEGF-D 5/ UTR
is highly structured. Our structure prediction revealed the
presence of a pseudoknot (nucleotides 30-70) and several
stable helices. Nevertheless, enzymatic probing data (Fig. 4A
and Supplementary Fig. S5) showed a region (nucleotides 225~
229) with double reactivity toward both double strand (V1)
and single-strand probes (T2), and a native gel analysis con-
firmed the presence of two alternative structures (Fig. 4B). On
the basis of shape analysis, we identified a predictive folding of
VEGF-D IRES as shown in Fig. 4C.

The presence of altenative conformations at equilibrium has
been previously observed also for the VEGF-CIRES (5) and could
be an indication that the active structure might necessitate a
cofactor (18), that is, an ITAF or a spedfic elF, to fold correctly.

IRES activation requires binding of canonicalinitiation factors
to initiate translation, but also other proteins called IRES trans-
acting factors (ITAF) that facilitate ribosome recruitment to the
IRES (32). ITAFs are RNA-binding proteins involved in other
aspects of RNA metabolism that are important in carcinogenesis
such as mRNA splicing, export and stability, and represent poten-
tial targeted therapy in certain types of cancer.

To identify VEGF-D ITAFs, we used an analytic method
coupling surface plasmon resonance and mass spectrometry
(BIA-MS; Fig. 4D-G), a technology recently validated for ITAF
identification (33 ). Biotinylated VEGF-D and EMCV IRES RNAs
were immobilized on a BIACORE streptavidin sensorchip (Fig
4D). Control (37°C) or heat shock (42°C) total cell protein
extracts were injected into the BIACORE T200 apparatus to
obtain the association phase (Fig. 4E and F). Bound proteins
were recovered and identified by nano-LC/MS-MS after tryptic
digestion. Interestingly, proteins bound the VEGF-D IRES with
a lower affinity at 42°C compared with 37°C, whereas no
difference was observed for EMCV IRES (Fig. 4E and F). Mass
spectrometry analysis allowed identification of a few proteins
bound to the VEGF-D IRES, including an RNA-binding protein,

Translational Centrol of Lymphatic Dilatation

nucleolin (Fig. 4E and F and Supplementary Fig. S5). As
nucleolin has previously been described to be an ITAF for viral
IRESs (20, 21), and plays a role in RNA stability of cellular
oncogenes such as Bcl2 (34), we investigated its effect on VEGF-
D IRES activity.

Nudeolin ITAF activity is mediated by its subcellular location

To study whether nucleolin participates in VEGF-D transla-
tional initiation during heat shock stress, we first analyzed
protein expression in breast cancer cell lines (Fig. 5). Surpris-
ingly, no difference in nucleolin protein synthesis was observed
in cells submitted to an increased temperature (42°C; Fig. 5A).
Interestingly, we found a delocalization of nucleolin from
the nudeus to the cell cytoplasm under heat shock (Fig. 5B
and C). The protein export is in accordance with previous
studies showing that ITAF activity depends on its subcellular
location (19).

To determine the role of nudeolin in VEGF-D IRES activity
under heat shock stress, we designed siRNAs against nucleolin
(Fig. 5D-J). Nudeolin protein synthesis is inhibited by siRNA,
but is not affected by control si scramble (Fig. 5D and E). To
decipher whether the nucleolin knock down could modulate
VECFD synthesis, the VEGFD mRNA relative level and protein
expression were anmalyzed under heat shock condition after
knocking down the nudeolin. Despite a downregulation of
mRNA level, VEGF-D protein level is maintained, suggesting a
posttranscriptional regulation (Fig. 5F and G). In that context,
the knockdown of nucleolin induces a downregulation of
protein expression confirming its role as an ITAF (Fig. 5G).
To investigate the effect of nudeolin on VEGF.D translation,
polysome profiling has been performed comparing VEGF-D
expression under stressed condition in polysomal fraction
from cells transfected with nudeolin siRNA (Supplementary
Fig. S6 and Fig. 5H). We observed a strong downregulaton of
translated VEGFD in the absence of nucleolin at 42°C com-
pared with 37°C, suggesting that the downregulation of the
ITAF directly affects the association of the mRNA with the
polysomes (Fig. 5H). As expected, in the absence of nucleolin,
VEGF-D IRES activity was strongly decreased, whereas no effect
was observed for EMCV IRES activity (Fig. 5I). In this context,
VEGF-D IRES was affected by nudeolin knockdown, demon-
strating the role of nucleolin as an ITAF under heat stress
condition. To decipher whether transcription and cap-depen-
dent translation is regulated by heat shock stress, we performed
transcription and translation analysis on a gene involved in
vascular biology that does not contain an IRES: platelet growth
factor 4 (PF4). We show that PF4 is not regulated at the
transcriptional level under heat shock condition (Supplemen-
tary Fig. S6). As expected, we observed a downregulation of
PF4 mRNA under stressed condition in polysomal fraction
(Supplementary Fig. S6).

Figure 4.

VEGF-D 5'UTR exhibits the presence of highly stable structures compatble with an IRES-driven mechanism of translation. A, quantification and normalization
of the SHAPE analysis obtained by the QUSHAPE scoftware. The 302 nucleotides long sequence of VEGF-D 5’UTR has been split into three graphs
representing the 5’ (graph |, top), graph Il (middle), and 3’ (graph Ill, bottom) regions. B, autoradiograms of RNA enzymatic probing experiments followed by
primer extension showing the localization of the enzymatic cleavages obtainad with RNase V1 (V1), RNase T1 (T1), and RNase T2 (T2). (i) RNA, control RNA
without enzymes; (ii) V1, Tl and T2: three different increasing concentrations of the three RNAses; (i) RNA sequencing ladders were run in parallel (U,C,G,A laneson
each gel). C, putative secondary structure of the murine 5/ UTR of VEGF-D mRNA. D, schematic representation of the BIACORE T200 analysis using surface
plasmon resonance. Eand F, sensogram analysis for EMCV IRES (E) and VEGF-D IRES (F) coupled to mass spectrometry reveals the binding of a nuclear

protein: nudeolin
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To confirm the effect of nucleolin, we then used a pharmaco-
logic inhibitor, a synthetic ligand of nudeolin: N6L (23). As
expected, we observed a decrease of VEGF-D IRES activity in the
presence of nucleolin inhibitor (Fig. 5J).

COX-2 inhibitors abolish VEGFED stress response by
modulating nudeolin expression

Recent studies have demonstrated that VEGF-D regulates
the tumor-draining collecting lymphatic vessels dilatation
through a prostaglandin (PG)-dependent mechanism, consis-
tent with the elevated levels of inflammatory mediators, such
as PGs (28, 35). VEGF-D modulates COX-2-derived PGE2 to
promote tumor progression and metastasis leading to a che-
moprotective effect of COX-2 inhibitors (NSAIDs) by reduc-
ing PGE2 levels. To determine the role of COX-2 inhibitors on
molecular regulations of VEGF-D expression, we evaluated the
effect of sc236 in vitro (Fig. 6A-E). As shown in Fig. 5, the
increased temperature has no effect on nudeolin synthesis
(Fig. 6A). Surprisingly, we observed a COX-2 inhibitor down-
regulation of nudleolin synthesis at both 37°C and 42°C (Fig.
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Figure 5.
VEGF-D IRES activity is regulated by
nucleolin. A, immunoblot of nucleolin in
mouse cell lines. B, staining for nudeolin
(green) and DAPI (blue) in 4T1submitted
to heat shock; scale bar, 5 um (left); scale
bar, 25um (right). C, quantification of the
percentage of 4T1 cell lines, which
exhibits a cytoplasm staining of nudeolin
under increased temperature
(*, P <0.001). D,immunoblot of nudeolin
in lysates of 4T1 cells incubated in
physiologic (37°C) or heated (42°C)
temperature and treated with or without
SIRNA against nudeolin (S) or a
scrambled (S¢) siRNA control.
E, densitometric quantification of the
immunoblot (#, P< 0.05). F, quantitative
VEGF-D RT-PCRon total mRNA from 4T1
cells incubated in physiologic 37°C) or
heated (42°C) temperature. G,
Polysomal mRNA immunoblot of VEGF-D in lysates of 4T1
15 cells incubated in physiologic(37°C) or
heated (42°C) temperature and treated
with or without siRNA against nucleolin
(Si) or a scrambled (Sc) siRNA control.
H, comparison of VEGF-D mRNA relative
levels in polysomal mRNA from 4T1 cells
incubated in physiologic (37°C) orheated
0 (42°C) temperature and treated with or
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0.01).1, VEGF-D IRES activity in 4T1 cels
incubated inphysiologic (37°C) orheated
(42°C) temperature and treated with or
without siRNA against nucleolin (Si)
or a scrambled (Sc) siRNA control
(# P<0.05). J,VEGF-D IRES activity in
4T1 cells incubated in physiologic (37°C)
or heated (42°C) temperature and
treated with adjuvant (mannitol) or
nucleolin inhibitor (N6L; #, P < 0.05).
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6A), suggesting that the drug interferes with VEGF-D trans-
lational initiation by modulating its ITAF synthesis. Using
immunocytodetection, we found that cytoplasmic nudleolin
was hardly detected upon sc236 treatment in 4T1 cell lines
under heat shock conditions (Fig. 6B and C). In parallel,
COX-2 inhibitor abolished heat shock-induced VEGF-D IRES
activity in 4T1 cells (Fig. 6D), but had no effect on 67NR
cell lines (Fig. 6E). To investigate whether COX-2 inhibitor
could modulate VEGF-D translation initiation in vivo, tumor-
bearing mice were treated every 2 days during 10 days by
intraperitoneal injection of COX-2 inhibitor (Fig. 6F-]). As
expected, we found a downregulation of nucleolin expression
in tumors (Fig. 6F). IRES activities were studied in vivo at
day 7 (1-2 mm diameter, well vascularized, nonmetastatic)
and day 14 (4-8 mm diameter, necrotic, metastatic) to
compare low-stressed to high-stressed condition (Fig. 6G).
As expected, the EMCV viral IRES is not affected by the COX-2
inhibition. The VEGF-D IRES is activated at day 14, and this
effect is abolished by COX-2 inhibitor (Fig. 6G), whereas no
difference was observed in tumor growth (Supplementary
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Fig. §7). In parallel, we observed a strong decrease of lym-
phatic vessel diameter in tumors (Fig. 6H and I) associated
with a vasoconstriction of the tumor-draining collecting
vessels in COX-2 inhibitor-treated mice (Fig. 6]). These
data demonstrated for the first time that an anti-inflamma-
tory drug can modulate growth factor synthesis under stress
condition by controlling an ITAF subcellular location and
synthesis.

Discussion

Tumor metastases are a leading cause of cancer-related mor-
tality and can be promoted by both intrinsic and extrinsic

www .aacrjoumnals.org
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fators in tumor cells. This study has identified an original
translational regulation mechanism of VEGF-D expression
under stress conditions in primary tumors promoting lymphat-
ic vessel increased diameter that can be reversed by NSAIDs
acting on ITAF expression. Translational initiation is promoted
by eIF4E initiation factor binding to the mRNA. Under stress
condition, eIF4E is targeted by the translational inhibitor 4E-
Binding Protein 1 (4E-BP1) in its hypophosphorylated form,
which leads to inhibition of cap-dependent, but not cap-inde-
pendent, translation (36). Also, translation reprograming was
previously reported in inflammatory breast cancer due to an
overexpression of elF4Gl and overexpression/dephosphoryla-
tion of 4E-BP1 (37, 38).

Cancer Res; 76(15) August 1, 2016

4403



Résultats - Chapitre 2

Morfoisse et al.

We found a colocalization of these two markers with VEGF-
D in human breast carcinoma, suggesting a cap-independent
translation initiation of VEGF-D mRNA. Moreover, we show
that VEGF-D transcript levels are reduced in mice tumors,
whereas VEGF-D protein levels are inceased due to a switch
from cap-dependent to IRES-dependent VEGF-D translation.
Notably, this regulation seems to depend on an increased
temperature, but is not regulated by hypoxia as it has been
previously described for other (lymph)angiogenic growth fac-
tors, such as VEGF-A and VEGF-C, two related and homolo-
gous members of the VEGF family (5). This feature distin-
guishes VEGF-D from the other hypoxia-induced (lymph)
angiogenic growth factors. Importantly, we found two alter-
native structures for VEGF-D 5'UTR, suggesting an equilibrium
between basal and stressed conditions to facilitate the ITAF
binding. Switching from cap-dependent to IRES-dependent
translation of VEGF-D in tumor cells required adapter protein
called ITAFs. The VEGF-D IRES might be regulated by distinct
ITAFs, which would be activated during heat shock (and in
inflammation), but not during hypoxia. Our findings reveal
that nucleolin, a nudeolar protein involved in the control of
transaiption of ribosomal RNA, is translocated to the cyto-
plasm in response to heat shock and controls VEGF-D mRNA
translation after binding to the IRES region. Nudeolin has
been previously described as an ITAF for virus IRESs such as
poliovirus (20). Recently, it has been found to enhance
cellular IRES-dependent translation of specificity protein-1
(Sp1), a transcription factor involved in tumor cells prolifer-
ation (22, 39). These results are in accordance with findings
showing that IRES-dependent translation initiation is regulat-
ed by ITAFs subcellular location (19).

Tumor cells spread to distant organs via lymphatic using
two mechanisms: lymphangiogenesis and lymphatic dilata-
tion. Here, we demonstrated that breast tumors lacking
VEGF-D expression do not exhibit a defect in primary tumor
or lymph nodes lymphangiogenesis, but have a reduced
amount of dilated lymphatic vessels associated with an inhi-
bition of metastasis. Our findings suggested that this process is
restricted to breast cancer, in agreement with previous studies
showing a correlation between metastases and dilated lym-
phatic vessels in breast cancer patients (40).

We know for decades that inflammation is a major inducer
of prostaglandin-induced vasodilatation (29). Previous studies
reported that expression of VEGF-D by cancer cells promoted
tumorlymphaticvessels dilataton and metastasis by regulating
prostaglandins produced by the collecting lymphatic endothe-
lium (1). COX-2 inhibitors, the most common NSAIDs, reduce
VEGF-D-driven metastasis by reversing the morphologic
changes in collecting lymphatic vessels. In this study, we
demonstrated that COX-2 inhibitor-induced lymphatic vessel
constriction is in part due to a downregulation of VEGF-D IRES
translation initiation. We observed that the VEGF-D IRES
activity is abolished by NSAIDs during tumor development.
Notably, vessel diameters were reduced in COX-2 inhibitor—
treated mice. These data indicate that lymphatic vessels plas-
ticity is controlled by a regulatory loop involving VEGF-D
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protein synthesis and prostaglandin signaling (Supplementary
Fig S8).

Our study may be relevant to provide the first evidence of a
translational initiation control of the lymphatic vessels dila-
tation, a major pathophysiologic event in tumor metastasis.

A key finding of our study is that increased temperature
mediates lymphangiogenic growth factor responses, through
the suppression of cap-dependent and an increase of IRES-
mediated mRNA translation. Collectively, our data allow us to
propose the existence of two VEGF-D translational control
pathways involved in cancer dissemination that depends on
stresses associated with inflammation. A nudeolar protein, the
nucleolin, which can provide a novel therapeutic target for
lymphatic vessel plasticity during tumor inflammation, con-
trols this mechanism.
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Figure S3

4T1

67NR

PODOPLANIN

Figure S4

Tumor weight (mg)

500+

400

3001

2001

Lyve-1 positive pixels

8\ -
w 64
o
x 44
= |
. 43 [
oIl
day3 dayt4 day3 dayld
4T 67NR

—e— NoO transduction
~= « EMCV lentiviral transduction
VEGF-D IRES lentiviral transduction

Dayl Day7 Day14

Firefly Luciferase

Tumor weight (mg)

1000,

2

o
3

g

— NO transduction
~u - EMCV lentiviral transduction
VEGF-D IRES lentiviral transduction

Day!

"
L JUNNL SN S 4

Day7 Dayl4 Day21



Résultats - Chapitre 2

Figure S5

VEGF-D 37°C

Accession |Name MW (kDa) |pl! Mascot Score [Peptides
FIBB Fibrinogen beta chain - Mus musculus 54.72 8.83 [98.13 6
FIBG Fibrinogen gamma chain - Mus musculus 49.36 5.47 |143.13 8
NUCL Nucleolin - Mus musculus 78.68 4.53 |55.07 1
K1C10 Keratin, type | cytosqueletal 10 - Mus musculus 57.74 4.9 192.52 4
K2C8 Keratin, type Il cytosqueletal 8 - Mus musculus 54.53 559 [90.65 2
K2C79 Keratin, type Il cytosqueletal 79 - Mus musculus 57.52 862 [112.09 2
VEGF-D 42°C

Accession |Name MW (kDz) |pl Mascot Score [Peptides
FIBB Fibrinogen beta chain - Mus musculus 54.72 6.83 |170.56 7
ROAA Heterogeneous nuclear ribonucleoprotein A/B - Mus musculus  |30.81 874 |85.4 3
CERU Ceruloplasmin - Mus musculus 121.07 5.47 |48.35 2
NUCL Nucleolin - Mus musculus 76.68 453 |131.61 3
K1C10 Keratin, type | cytosqueletal 10 - Mus musculus 57.74 490 |[231.86 6
K2C79 Keratin, type Il cytosqueletal 79 - Mus musculus 57.52 8.62 |97.41 3
K2C8 Keratin, type Il cytosqueletal 8 - Mus musculus 54,53 5.59 |132.68 5
EMCV 37°C

Accession  [Name MW (kDa) |pl Mascot Score [ Peptides
FIBB Fibrinogen beta chain - Mus musculus 54.72 6.83 (18841 7
FIBG Flbrinoéen gamma chain - Mus musculus 49.36 547 (1717 4
NUCL Nucleolin - Mus musculus 76.78 4.53 |111.0 3
K1C10 Keratin, type | cylosqueletal 10 - Mus musculus 57.74 490 [222.94 5
K2C79 Keratin, type |l cytosqueletal 79 - Mus musculus 57.52 862 (7448 2
PA2GA Proliferation-associated protein 2G4 - mus musculus 43.67 6.44 [312,55 7
EMCV 42°C

Accession |Name MW (kDz) |[p! Mascot Score | Peptides
FIBB Fibrinogen beta chain - Mus musculus 54.72 6.83 |[129.68 5
FIBG Fibrinogen gamma chain - Mus musculus 49.36 5.47 1190.82 8
NUCL Nucleolin - Mus musculus 76.68 4,53 |89.37 2
K1C16 Keratin, type | cytosqueletal 16 - Mus musculus 51.57 4,98 |48.87 1
K2C8 Keratin, type Il cytosqueletal 8 - Mus musculus 54.53 5.59 |89.08 6
K22E Keratin, type Il cytosqueletal 2 epidermal - Mus musculus 70.88 9.07 |128.27 2
K1C10 Keratin, type | cytosqueletal 10 - Mus musculus 57.74 450 |[217.37 5
K2C79 Keratin, type |l cytosgueletal 79 - Mus musculus 57.52 862 |[90.1 2
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SUPPLEMENTAL INFORMATIONS

Figure S1. Method to quantify lymphatic vessels diameter
Staining for lyve-1 (green) to quantify lymphatic vessels diameter using 5 measures

(white arrow) per vessel.

Figure S2. Expression of endogenous VEGF-D in mice tissues

(A) VEGF-D mRNA was detected in all mice tissues using RT-PCR analysis. (B)
VEGF-D protein analysis using western blots shows an ubiquitous expression in mice
tissues except for organ that do not contain lymphatic vessels (brain) or are poorly

vascularized with lymphatic vessels (muscle).

Figure S3. Podoplanin staining of lymphatic vessels
Staining for lyve-1 (green), Podoplanin (red) and dapi (blue) demonstrated a
colocalization of the lymphatic markers (Merge, white arrows) in 4T1 and 67NR

tumors. Bar:50um

Figure S4. Lymphangiogenesis and tumor gowth are not affected by 4T1 or
67NR lentiviral transduction.

(A) Lymph node lymphangiogenesis in 4T1 and 67NR draining (inguinal) lymph
nodes was measured using Lyve-1 positive pixels densitometry analysis. (B,C)
VEGF-D IRES-dependent Firefly luciferase immunodetection in 4T1 (B) and 67NR
(C) tumors. (D,E) Lentiviral transduction of 4T1 (A) and 67NR (B) cell lines do not

affect tumor growth. Bar:50um
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Figure S5. VEGF-D 5°UTR mRNA exhibits two structural forms that allow the
binding of different proteins.

(A) Two RNA forms can be observed on a native 5% acrylamide gel (in TB 1X with 2
mM MgCI2) in all the different conditions used to fold in vitro the 5’UTR of VEGF-D
MmRNA. The lanes represent the following conditions: 1): RNA in water at 20°C; 2):
RNA in SBC buffer at 20°C; 3): RNA thermally unfolded and then refolded at 20°C in
water; 4): RNA thermally unfolded and then refolded at 20°C in 10 mM MgCI2; 5):
RNA thermally unfolded and then refolded at 37°C in water; 6): RNA thermally
unfolded and then refolded at 37°C in 10 mM MgClI2; 7): RNA thermally unfolded and
then refolded at 20°C in SBC buffer. (B) Biomolecular interaction analysis (BIA) uses
a surface plasmon resonance phenomenon to characterize macromolecular
interactions and has been recently been optimized to enable the recovery and
identification of interacting molecules by coupling BIA with mass spectrometry (MS).
BIA-MS has proven successful in the identification of the partners in protein-protein
interactions as it provides a high sensitivity compared to classical affinity
chromatography approaches and permits identification from small quantities of bound
ligands. This novel technology was selected in the present study to search for
proteins bound to the VEGF-D IRES during heat shock stress and compared to

EMCYV viral IRES.

Figure S6. Polysome profiling of 4T1 cells

(A-D) Polysome profiling on 4T1 cells transfected with scrambled (A,B) or siRNA
against nucleolin (C,D) incubated in physiological (37°C)(A,C) or heated (42°C)(B,D)
temperature. (E) Quantitative PF4 RT-PCR on total mMRNA and polysomal mRNA

from 4T1 cells incubated in physiological (37°C) or heated (42°C).
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Figure S7. Tumor growth after NSAID treatment
4T1-bearing mice treated with NSAID exhibits no tumor growth difference after 14

days with vehicule-treated mice.

Figure S8. Schematic representation of VEGF-D synthesis in tumor cells.
Increased temperature induces nucleolin export from the nuclei to cytoplasm.
Cytoplasmic nucleolin can bind VEGF-D IRES to recruit translation initiation complex.
In that context, secreted VEGF-D promotes lymphatic vessel dilatation. Non-steroidal
anti-inflammatory drugs (NSAID) inhibit nucleolin export to the cytoplasm and reduce

VEGF-D synthesis and subsequent lymphatic dilatation.
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Chapitre 3

Les IRES sont des régulons traductionnels qui
gouvernent 'induction séquentielle des facteurs de croissance
(lymph)angiogéniques dans les cardiomyocytes en hypoxie

L’hypoxie est un acteur majeur de l'induction de langiogencse et de la
lymphangiogenese qui affecte l'expression génique au niveau transcriptionnel et
traductionnel. Ce stress inhibe la traduction globale dans la cellule. Malgré cette
inhibition, la synthése de certaines protéines dont les transcrits contiennent des IRES

est maintenue voire activée.

Des études précédentes de I'équipe ont montré que les IRES de des ARNm de
facteurs (lymph)angiogéniques comme le FGF2, le VEGFA et le VEGFC sont activés
par I'hypoxie dans des cellules tumorales (VEGFA, VEGFC) ainsi que dans 'ischémie
cutanée ou du membre (FGF2, VEGFA). J'ai contribué a I'étude sur le VEGFC qui est

jointe en annexe.

Ce volet de mon travail de these est focalisé sur l'hypoxie non tumorale, qui
survient lors de l'ischémie cardiaque. Je me suis intéressée au controle de I'expression
génique dans des cardiomyocytes HL-1. Pour cela, une approche globale de qPCR a
haut débit a été réalisée en utilisant une puce Fluidigm de 96 genes
"lymph"angiogéniques.

L'analyse du transcriptome et du traductome montre que peu de geénes sont induits au
niveau du transcriptome alors que la plupart sont recrutés dans les polysomes en
réponse a l'hypoxie, suggérant une induction traductionnelle. De plus certains genes
sont induits précocement et d’autres plus tardivement. De maniécre intéressante, tous
les ARNm connus pour posséder un IRES ont été retrouvés dans les polysomes des
cardiomyocytes hypoxiques.

Pour aller plus loin dans le mécanisme d’activation des geénes angiogéniques et
lymphangiogéniques, nous avons étudié la régulation de l'activité d'une série d'IRES a
différents temps d'hypoxie, apres transduction des cardiomyocytes avec des
lentivecteurs bicistroniques. Nous montrons que tous les IRES sont activés, mais a
différents temps d'hypoxie. Les résultats font apparaitre trois vagues d’activation : les
IRES des FGF sont activés tres précocement a 4h, ceux des VEGF un peu moins
précocement a 8h, alors que les IRES de c-myc et d'EMCV, non liés a I'angiogenese,
sont activés en phase tardive a 24h d'hypoxie.



Résultats - Chapitre 3

L'utilisation de la BIA-MS a été utilisée pour rechercher des ITAF "hypoxiques" dans
les cardiomyocytes, ce qui a permis d'identifier pour l'instant un nouvel ITAF: la
vasohibine-1 (VASH-1), qui parait réguler spécifiquement I'IRES du FGF1 en hypoxie.
L'identification d'autres ITAF spécifiques de chaque vague d'activation d'IRES est en
cours. Ces résultats démontrent d'ores et déja que le mécanisme IRES-dépendant est
crucial pour contréler l'expression des facteurs (lymph)angiogéniques dans le cceur. 1ls
suggerent aussi que différents ITAF sont impliqués pour permettre ces différentes
vagues d'induction traductionnelle, qui sont probablement requises pour permettre la
formation de vaisseaux fonctionnels dans le cceur ischémique.
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ABSTRACT

Hypoxia, a major inducer of angiogenesis, is known to trigger major changes of gene
expression, including transcription activation by hypoxia-induced factor (HIF) associated
to a strong blockade of mRNA translation. Internal ribosome entry site (IRES)-dependent
translation however allows expression of a few mRNAs during hypoxia. Here we
performed gene expression profiling in hypoxic HL-1 cardiomyocytes from mouse
ischemic heart, using a Fluidigm deltagene qPCR array dedicated to (lymph)angiogenesis
genes. Total or polysomal RNAs were analyzed to obtain transcriptome or translatome
signature, respectively. Data show that only a few genes, including the targets of HIF-1,
are induced in the transcriptome, whereas most of them are recruited into polysomes
during hypoxia, suggesting a wide translational induction. All the known IRES-containing
mRNAs were found associated to polysomes of hypoxic cells. IRES-activities were
measured at different times of hypoxia, after cardiomyocyte transduction with bicistronic
lentivectors, revealing a sequential activation during hypoxia. Fibroblast growth factor
IRESs were activated at 4 hours, vascular endothelial growth factor IRESs at 8 hours,
whereas IRESs of non angiogenic mRNAs were activated at 24h only. Biomolecular
analysis coupled to mass spectrometry and knock-down experiments led us to
identification of vasohibinl (VASH1) as a new IRES trans-acting factor (ITAF) active in
cardiomyocytes in the first step of early hypoxia. These data suggest that IRESs constitute
regulons under the control of specific ITAFs, leading to sequential translational induction
of (lymph)angiogenic factors whose expression is required to form new functional vessels

in ischemic heart.
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INTRODUCTION

Hypoxia constitutes a major stress in different pathologies, including cancer where
the center of solid tumors lacks oxygen, as well as ischemic pathologies where artery
occlusion leads to hypoxic conditions due to a poor or absent tissue perfusion. In all
these pathologies, hypoxia induces a cell response that stimulates angiogenesis in
order to feed the starved cells with oxygen and nutriments (Pouyssegur et al., 2006).
More recently it has been shown that formation of lymphatic vessels,
lymphangiogenesis, is also induced by hypoxia (Morfoisse et al., 2014a). Hypoxia-
induced (lymph)angiogenesis is mediated by a strong modification of gene
expression at both transcriptional and post-transcriptional levels (Holcik &
Sonenberg, 2005, Pouyssegur et al., 2006). A major way of gene expression
regulation is mediated at the transcriptional level by the hypoxia induced factor 1
(HIF1), a transcription factor stabilized by oxygen deprivation, that activates
transcription from promoters containing hypoxia responsive elements (HRE). One of
the well-described HIF1 targets is vascular endothelial growth factor A (VEGFA), a
major angiogenic factor (Forsythe et al., 1996, Pages & Pouyssegur, 2005). However,
two other major angiogenic or lymphangiogenic growth factors, fibroblast growth
factor 2 (FGF2) and VEGF-C, respectively, are induced by hypoxia in a HIF-
independent manner by a translational mechanism, indicating the importance of the
post-transcriptional regulation of gene expression in this process (Conte et al., 2008,

Morfoisse et al., 2014a).
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Translational control of gene expression plays a crucial role in the stress response.
In particular, translation of most mRNAs, occuring by the classical cap-dependent
mechanism, is silenced whereas alternative translational mechanisms allow
enhanced expression of a small group of messengers involved in the control of cell
survival (Baird et al., 2006, Holcik & Sonenberg, 2005, Spriggs et al., 2008). One of
the major alternative mechanisms able to overcome this global inhibition of
translation by stress depends on internal ribosome entry sites (IRESs) that
correspond to RNA structural elements allowing internal ribosome recruitment on
mRNA. As regards the molecular mechanisms of IRES activation by stress, several
studies have reported the involvement of RNA binding proteins, called IRES trans-
acting factors (ITAFs), able to stabilize the adequate RNA conformation allowing
ribosome recruitment (Faye & Holcik, 2015, Lewis & Holcik, 2008, Liberman et al.,
2015, Mitchell et al., 2003, Morfoisse et al., 2016). However, ITAFs involved in the

hypoxic response remain a challenging question to address.

Interestingly, IRESs are present in the mRNAs of several (lymph)angiogenic growth
factors in the FGF and VEGF families, suggesting that the IRES-dependent
mechanism might be a major way to activate angiogenesis and lymphangiogenesis
during stress (Huez et al., 1998, Martineau et al., 2004, Morfoisse et al., 2014a,
Morfoisse et al., 2016, Stein et al., 1998, Vagner et al., 1995). However, most
studies of the role of hypoxia in gene expression regulation have been performed in
tumoral hypoxia, while it has been reported that tumoral angiogenesis leads to

formation of abnormal vessels that are non functional, which strongly differs from
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non tumoral angiogenesis that induces formation of functional vessels (Jain, 2005).
This suggests that gene expression regulation in response to hypoxia may be
different in cancer versus ischemic pathologies. In particular, the role of IRESs in
the control of gene expression in ischemic heart, the most frequent ischemic

pathology, remains to be elucidated.

Here we analyzed the transcriptome and the translatome of (lymph)angiogenic
growth factors in hypoxic cardiomyocytes, and studied regulation of IRES activities
in early and late hypoxia. Data show that in cardiomyocyte, most
(Iymph)angiogenic growth factor are mostly regulated at the translational level.
Interestingly FGF and VEGF mRNA IRESs are activated at different times of early
hypoxia in contrast to IRESs of non angiogenic messengers. We also looked for
ITAFs governing IRES activation in hypoxia and identified Vasohibin 1 (VASH1)

as a new ITAF expressed in hypoxic cardiomyocytes.

RESULTS

Few  (lymph)angiogenic genes are induced in the transcriptome of hypoxic

cardiomyocytes.

In order to analyze expression of angiogenic and lymphangiogenic growth factors in
hypoxic cardiomyocytes, the HL-1 cell line was chosen: although immortalized, it
has kept the beating phenotype specific to cardiomyocyte (Claycomb et al., 1998).

HL-1 cells were submitted to increasing times of hypoxia, from 5 minutes to 24
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hours, then cDNA was prepared from cell extracts and analyzed using a Fluidigm
Deltagene PCR array targeting 96 genes of angiogenesis, lymphangiogenesis and/or
stress (Fig. 1 and Table S1). Data showed that three known HIF1 targets VEGFA,
PAI-1 and apelin are induced at 8h of hypoxia (Forsythe et al., 1996, Kietzmann et
al., 1999, Ronkainen et al., 2007). Unexpectedly, only a few genes were
significantly induced, whereas several genes of major angio- or lymphangiogenic
factors, such as FGF2 and VEGFC, were strongly repressed at the mRNA level after
4h or 8h of hypoxia. These data indicate that the transcriptional response to hypoxia
in cardiomyocytes is not the major mechanism controlling gene expression,

suggesting that post-transcriptional mechanisms are probably involved.

mRNAs of most (lymph)angiogenic genes are recruited into polysomes in hypoxic

cardiomyocytes.

The recruitment of mRNAs into polysomes was then analyzed to test the hypothesis
of translational induction. This experiment was performed in early hypoxia (4 h).
The polysome profile showed, as expected, a strong decrease of global translation
(Fig. 2A). In contrast, most genes of the (lymph)angiogenic array were more
efficiently recruited into polysomes in hypoxic conditions (Fig. 2B, Table S2). This
translational induction not only targets major angiogenic factors and their receptors
(VEGFA, FGF1, PDGFA, FGFR3, KDR,...), but genes involved in cardiomyocyte
survival in ischemic heart (IGF1, IGF1R) or in inflammation (BAIl, TGFb). These
data suggest that in cardiomyocytes, the main response to early hypoxia is not

transcriptional, but translational.
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All IRES-containing mRNAs are more efficiently associated to polysomes in hypoxic

conditions.

IRES-dependent translation has been reported to drive translation of several mRNAs
in stress conditions (Conte et al., 2008, Holcik & Sonenberg, 2005, Morfoisse et al.,
2014a, Morfoisse et al., 2014b). Thus we focused onto the regulation of the different
IRES-containing mRNAs present the Fluidigm array (Fig. 3). Interestingly, the only
IRES-containing mRNA to be induced at the transcriptional level by hypoxia was
VEGFA, up to ten times at 24 h of hypoxia (Fig. 3A). Expression of the apelin-

receptor (aplnnr), presumably devoid of IRES, is also shown for comparison.

Polysome recruitment of these IRES-containing mRNAs is shown in figure 3B.
Clearly, FGF1, VEGFA, VEGFD, HIFla , IGFIR and Cyr61 mRNAs were
recruited into polysomes in hypoxia 2 to 4 times more than in normoxia, which
means an important induction in terms of protein synthesis. In contrast, the aplnnr
mRNA present in polysomes decreases about three times. The data are not available
for FGF2 and VEGFC mRNAs, which were under the threshold of detection. These
results indicate that hypoxia in cardiomyocytes, although blocking global cap-
dependent translation, is able to induce translation of all detectable IRES-containing
angiogenic factor mRNAs. This mechanism occurs as soon as after 4 hours of
oxygen deprivation, thus corresponding to an early event in the hypoxic response

process.
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IRESs of (lymph)angiogenic factor mRNAs are activated at different times of early

hypoxia.

To check that the polysome recruitment of IRES-containing mRNAs actually
corresponds to a stimulation of IRES-dependent translation, IRESs from FGF and
VEGF mRNAs were introduced into a bicistronic dual luciferase gene expression
cassette (Fig. 4A). As controls, two IRESs from non angiogenic mRNAs, c-myc
and EMCV IRESs, were used in the experiment. The IRES-containing cassettes
were subcloned into a lentivector plasmid, as HL-1 cells are not efficiently
transfected by plasmids but can be easily transduced by lentivectors with an
efficiency of more than 80% (not shown). The bicistronic vector strategy,
previously validated by us and others, allows to measure IRES activity revealed by
expression of the second cistron, LucF (Creancier et al., 2000, Morfoisse et al.,
2014a). HL-1 cardiomyocytes were transduced by the different lentivectors, then
submitted to increasing times of hypoxia. Luciferase activities were measured from
cell extracts and IRES activities shown as the ratio LucF/LucR. Data showed
different behaviors, depending on the IRES (Fig. 4B-D). Clearly, the FGF IRESs
were induced early, after 4 hours of oxygen deprivation (Fig. 4B). The FGF1 IRES
showed a peak at 4 hours, while the FGF2 IRES continued to be activated at 8
hours. The four VEGF IRESs all peaked after 8 hours of hypoxia (Fig. 4C).
However the VEGFA IRES activities decreased at 4 hours whereas that of the
VEGFC and -D IRESs did not. Finally, the c-myc and EMCV IRESs were activated

only in late hypoxia after 24 hours (Fig. 4D). These data provide two important
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informations: first, IRESs from (lymph)angiogenic growth factor mRNAs are
activated during early hypoxia, in contrast to other IRESs. Second, these
"angiogenic" IRESs are sequentially activated in two waves during early hypoxia.
The earliest wave concerns the FGF IRESs, especially FGF1 IRES, whereas a

second wave of activation concerns the VEGF IRESs.

ldentification of IRES-bound proteins in hypoxic cardiomyocytes reveals the

presence of vasohibin-1.

The two waves of activation of the angiogenic factor IRESs in early hypoxia
suggested that different ITAFs may be involved at 4 hours and at 8 hours. In an
attempt to identify such ITAFs, we used the technology of biomolecular analysis
coupled to mass spectrometry (BIA-MS), validated for ITAF identification in two
previous studies (Ainaoui et al., 2015, Morfoisse et al., 2016). Biotinylated RNAs
corresponding to FGF1, VEGFA (a) and EMCV IRESs were used as probes for
BIA-MS, then bound proteins from normoxic and hypoxic HL-1 cells were
recovered and identified (Fig. SA-B, Table S3). Surprisingly, except for nucleolin
bound to the VEGFA IRES in normoxia, no known ITAF was identified as bound to
these IRESs in normoxia or in hypoxia. Thus we considered potential interesting
features of other candidates and were interested by the presence of vasohibin-1
(VASH1), a protein described as an endothelial cell-produced angiogenesis

inhibitor, but also for its role in stress tolerance and cell survival (Sato, 2012, Sato,
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2015). Interestingly, VASH1 was bound to the FGF1 IRES in hypoxia, but not in
normoxia (Table S3). This protein was also bound to the EMCV IRES both in
normoxia and hypoxia but not to the VEGFA IRES. VASHI1 has been described as a
secreted protein but never as an RNA-binding protein. However, the in silico
analysis of VASHI1 protein predicts an RNA-binding domain with the highest level

of confidence, suggesting that it could bind directly to the IRES (Fig. 5C).

Vasohibin 1 is a new ITAF selectively active in early hypoxia.

VASHI has been previously described for its expression in endothelial cells but
never in cardiomyocytes (Sato, 2012). Our BIA-MS study provides evidence that it
is expressed in HL-1 cardiomyocytes (Table S3). We analyzed the regulation of
VASHI1 expression at the mRNA level during hypoxia, obtained from the Fluidigm
array (Fig 1, Table S1): VASH1 mRNA expression strongly decreases after 4 hours
of hypoxia whereas it is slightly upregulated at 8 hours (Fig. 6A). However we have
previously observed, in the case of FGF2 and VEGFC, that a decrease of mRNA
accumulation in response to hypoxia may be accompanied by an increase of protein
expression (Conte et al., 2008, Morfoisse et al., 2014a). Indeed, analysis of VASH1
mRNA level in polysomes showed a strong increase (almost 7 times) indicating that
VASHI expression is induced at the translational level after 4h of hypoxia (Fig.

6B).
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The putative ITAF function of VASH1 was assessed by a knock-down approach
using an siRNA smartpool (siVASH1). Transfection of HL-1 cardiomyocytes with
siVASH1 was able to knock down VASH1 mRNA with an efficiency of 73% (Fig.
6C). The effect of VASH1 knock-down was analyzed in HL-1 cells transduced with
the different IRES-containing bicistronic lentivectors used in Figure 4. The results
showed that the FGF1 IRES activity decreases by 80% upon VASH1 knock-down,
whereas the other IRESs are not down-regulated (Fig. 6D). Strikingly, the VEGFA
(a) IRES activity is enhanced in the absence of VASHI1. These data suggest that
VASHI is an ITAF active in early hypoxia (4 hours), able to up-regulate the FGF1

IRES, whereas it could act as a repressor of the VEGFAa IRES.

Vasohibin 1 knock-down affects the translation of (lymph)-angiogenic factor

mRNAs .

In order to detect a possible effect of VASHI1 on the translation of other mRNAs,
polysomal RNAs were purified from HL-1 cells transfected by the VASH1 siRNA
smartPool or by the control siRNA. RNA recruitment into polysomes was analyzed
with the Fluidigm array as above. The data showed the VASH1 knock-down
generates a decrease of polysome recruitment for numerous mRNAs, while another
set of mRNAs are more efficiently recruited (Fig. 7 and Table S2). Interestingly, the
presence of FGF1 and IGFIR mRNAs in polysomes decreased, whereas that of
VEGFA and -D mRNAs increased. This was consistent with the data of Fig. 6D, at
least for FGF1 and VEGFA. These results suggest that VASHI1 could be widely

involved, directly or indirectly, in translational control of (lymph)angiogenic factor
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expression. Furthermore, it seems to be involved in mechanisms of translational

activation or repression of subsets of mRNAs.

DISCUSSION

The present study highlights the crucial role of translational control in the
cardiomyocyte response to hypoxia. Up to now, although a few genes had been
described for their translational regulation by hypoxia, it was thought that most
genes are transcriptionally regulated. Here we show that translational control,
revealed by mRNA recruitment in polysomes during hypoxia, concerns the majority
of the genes involved in angiogenesis and lymphangiogenesis. IRES-dependent
translation appears as a key mechanism in this process, as we show that all the
mRNAs known to contain an IRES are up-regulated. Furthermore, our data reveal
that IRESs of angiogenic factor mRNAs are sequentially activated during early
hypoxia, and could constitute translational regulons in the (lymph)angiogenic
response to hypoxia. These waves of IRES activation indicate the involvement of
different ITAFs, specific of these steps of early hypoxia. We have identified one of
these ITAFs, vasohibin-1, responsible for activation of the FGF1 IRES in the first
wave of IRES activation. VASH1 seems to influence widely the translation of
(Iymph)angiogenic factor mRNAs and may have a pivotal role in the translational

response to hypoxia in cardiomyocytes.

Translational control in tumoral versus non tumoral hypoxia.
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Most studies of gene expression in response to stress have been performed at the
transcriptome level in tumoral cells of different origins, whereas the present study is
focused on cardiomyocytes. HL-1 cardiomyocytes are immortalized but still exhibit
the beating phenotype (Claycomb et al., 1998). This indicates that this cell model,
although not perfectly mimicking the cardiomyocyte behavior in vivo, is still closer
to a physiological state. The strong translational response to hypoxia revealed by
our data, that differs from the transcriptional response usually observed in tumor
cells, may reflect mechanisms occuring in cells that are non (or at least not too far)
engaged into the cell transformation process leading to cancer. This hypothesis is
supported by the observation that most tumor cell lines become resistant to hypoxia.
Indeed, HL-1 cells respond to hypoxia very early, whereas various murine or human
tumor cell lines described in other reports require a longer time of hypoxia for
IRES-dependent translation to be stimulated. In human breast cancer BT474 cells,
VEGFA, HIF and EMCV IRESs are all activated after 24h of hypoxia (Braunstein
et al., 2007). In murine 4T1 and LLC cells (breast and lung tumor, respectively) as
well as in human CAPAN-1 pancreatic adenocarcinoma, the VEGFA and VEGFC
IRESs are activated after 24 hours of hypoxia whereas the EMCV IRES is not
activated (Morfoisse et al., 2014a). The same observation of late activation in 4T1
cells has been made for the FGF1 IRES, while this IRES is activated after 4 hours in
HL-1 cardiomyocytes (Godet AC, unpublished data) (Fig. 4). Also, VEGFD IRES is
differently regulated in HL-1 cardiomyocytes compared to 4T1 tumor cells: only

heat shock, but not hypoxia, is able to activate this IRES in 4T1 cells, whereas it is
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activated after 8 hours of hypoxia in HL-1 cardiomyocytes (Morfoisse et al., 2016)
(Fig. 4). These observations suggest that many tumoral cell lines have developed
resistance to hypoxia are not able to govern subtle regulations of gene expression

such as the waves of IRES regulation observed in HL-1 cells.

VASH1, an early hypoxic ITAF.

We also consider the hypothesis that the important process of translational
regulation observed in our study may cardiomyocyte-specific. In such a case IRES-
dependent translation would depend on cell type specific ITAFs as well as the early
response to hypoxia. In agreement with this hypothesis, VASH1 expression is cell-
type specific: described up to now as endothelial-specific, this protein is not
expressed in tumoral cells (Sato, 2012). In the present study we show that this cell-
type specificity extends to cardiomyocytes. Consistent with our data, this protein
has been described as a key actor of striated muscle angio-adaptation (Kishlyansky
et al., 2010). VASHI1 may thus have a role in the early hypoxic response in a limited
number of cell types. The role of VASHI suggested by our data is meaningful if one
considers the function of VASHI1 in angiogenesis and stress tolerance (Sato, 2015).
Furthermore, it has been reported that VASHI is induced after 3 hours of cell stress
at the protein level but not at the transcriptional level in endothelial cells (Miyashita
et al., 2012). This is in agreement with our observation in cardiomyocytes where
VASHI1, although downregulated in the transcriptome at 4 hours of hypoxia, is more

efficiently recruited in polysomes at the same time (Fig. 6).
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It noteworthy that VASHI1 itself seems to be induced translationally by stress
(Miyashita et al., 2012) (Fig. 6). In endothelial cells, Myashita et al report that the
protein HuR upregulates VASH1 by binding to its mRNA. HuR may bind to an AU-
rich element present in the 3' untranslated region of the VASHI mRNA. However,
in other studies, HuR has also been described as an ITAF, thus it is possible that
VASHI1 itself may be induced by the IRES-dependent mechanism (Durie et al.,

2011, Galban et al., 2008).

The anti-angiogenic function of VASHI1 may appear inconsistent with its ability to
activate the IRES of an angiogenic factor. However, VASH is described for its
unique double feature of inhibiting angiogenesis and promoting endothelial cell
survival (Miyashita et al., 2012, Sato, 2015). This could be due to the existence of
five different isoforms of VASHI, and only two of them are able to inhibit
endothelial cell growth (Kern et al., 2008, Kishlyansky et al., 2010). In the case of
cardiomyocytes, the VASHI1 function of cell survival promoter is probably
involved. The translation activation or inhibition of subsets of genes, observed after
VASHI1 knock-down in the present study, also suggests that the VASH1 function in
translation is not limited to the activation of the FGF1 IRES, and that VASH1 more

widely acts on the angiogenic balance.

IRES:s as cis-acting regulons in the hypoxic response.

The different waves of IRES activation observed in the present study suggest that

different subsets of IRESs function as cis-acting regulons during hypoxia. The
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concept of translational regulon has been revealed for the Hox gene family, whose
mRNAs all contain IRESs that are regulated by ribosomal protein RPL38 (Xue et

al., 2015).

Our data indicate that VASH]1 participates in an IRESome able to activate the FGF-
1 IRES whereas the data from the Fluidigm with the siRNA VASH1 suggest that
additional IRES-containing mRNAs may be translationally induced by VASH1. We
hypothesize that FGF1 might belong to a regulon of very early IRESs whereas the
VEGF IRESs would constitute a regulon of mid-early IRESs. One must notice that
the FGF2 IRES behaves differently from the FGF1 IRES, as it remains activated at
8 hours, in contrast to the FGF1 IRES. This indicates that the FGF2 is probably not

regulated by the same IRESome complex as the FGF1 IRES.

Strikingly, VASH1 seems to inhibit the VEGFAa IRES activity, and the Fluidigm
data indicate that VASH1 might regulate negatively a subset of other mRNAs. This
raises the possibility that an ITAF may be either an activator or a repressor,
depending on the IRES. Such a double role for an ITAF has been already described
for the protein HuR, able to activate the XIAP and HIF-1a IRESs, whereas it down-
regulates the IGF1R, BCL , and thrombomodulin IRESs (Durie et al., 2013, Durie et
al., 2011, Galban et al., 2008, Meng et al., 2005, Yeh et al., 2008). Further study is
required to determine the mechanism of action of VASH1. VASHI1, itself regulated
by HuR, could interact (directly or indirectly) with this protein in its function of
translational regulator. Finally, the second wave of IRESs activated in mid-early

hypoxia probably requires other ITAFs that remain to be discovered.



Résultats - Chapitre 3

MATERIALS & METHODS

Lentivector construction and production

Bicistronic lentivectors coding for the renilla luciferase (LucR) and the stabilized
firefly luciferase Luc+ (called LucF in the text) were constructed from the dual
luciferase lentivectors described previously, which contained Luc2CP (Morfoisse et
al., 2014a, Morfoisse et al., 2016). The cDNA sequences of the human FGF1, -2,
VEGFA, -C, -D, c-myc and EMCV IRESs were introduced between the first
(LucR) and the second cistron (LucF) (Nanbru et al., 1997, Prats et al., 2013,
Vagner et al., 1995). The two IRESs of the VEGFA have been used and are called
VEGFAa and VEGFAD, respectively (Huez et al., 1998). The expression cassettes
were inserted into the SIN lentivector pTRIP-DU3-CMV-MCS vector described
previously (Prats et al., 2013). All cassettes are under the control of the

cytomegalovirus (CMV) promoter.

Lentivector particles were produced using the CaCl, method-based by tri-
transfection with the plasmids pLvPack and pLvVSVg, CaCl, and Hepes Buffered
Saline (Sigma-Aldrich, Saint-Quentin-Fallavier, France), into HEK-293FT cells.
Viral supernatants were harvested 48 hours after transfection, passed through 0.45-
um filters PVDF filters (Dominique Dutscher SAS, Brumath, France) and stored in

aliquots at -80C until use. Viral production titers were assessed on HT1080 cells
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with serial dilutions and scored for GFP expression by flow cytometry analysis on a

BD FACSVerse (BD Biosciences, Le Pont de Claix, France).

Cell culture, transfection and transduction

HEK-293FT cells and HT1080 cellswere cultured in DMEM-GlutaMAX + Pyruvate
(Life Technologies SAS, Saint-Aubin, France), supplemented with 10% fetal bovine

serum (FBS), and MEM essential and non-essential amino acids (Sigma-Aldrich).

Mouse atrial HL-1 cardiomyocytes were a kind gift from Dr. William Claycomb
(Department of Biochemistry & Molecular Biology, School of Medicine, New
Orleans) (Claycomb et al., 1998). HL-1 cells were cultured in Claycomb medium
containing 10% FBS, Penicillin/Streptomycin (100U/mL-100p¢g/mL), 0.ImM
norepinephrine, and 2mM L-Glutamine. Cell culture flasks were pre-coated with a
solution of 0.5% fibronectin and 0.02% gelatin 1h at 37C (Sigma-Aldrich). To keep
HL-1 phenotype, cell culture was maintained as previously described (Claycomb et

al., 1998).

For hypoxia, cells were incubated at 37C at 1%0, and 5%CO,.

HL-1 cardiomyocytes were transfected by siRNAs as follows: One day after being
plated, cells were transfected with 10nM of small interference RNAs from
Dharmacon Acell SMARTpool targeting VASH1 (siVASHI1) or non-targeting

siRNA control (siControl), using Lipofectamine RNAiMax (Invitrogen) according
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to the manufacter’s recommendations, in a media without penillin-streptomycin and
norepinephrine. Cells are incubated 72h at 37C with siRNA (siRNA sequences are

provided in Table S5).

For lentivector transduction, 6.10* HL-1 cells were plated into each well of a 6-well
plate and transduced overnight in 1 mL of transduction medium (OptiMEM-
GlutaMAX, Life Technologies SAS) containing Sug/mL protamine sulfate in the
presence of lentivectors (MOI 2). GFP-positive cells were quantified by flow
cytometry analysis on a BD FACSVerse (BD Biosciences). HL-1 cells were

transduced with a 80% efficiency.

Reporter activity assay

For reporter lentivectors, luciferase activities in vitro and in vivo were performed
using Dual-Luciferase Reporter Assay (Promega, Charbonnieres-les-Bains,France).
Briefly, proteins from HL-1 cells were extracted with Passive Lysis Buffer
(Promega France) and proteins from mice heart using PLB and a Precellys®
homogenizer (Ozyme, Montigny-le-Bretonneux, France). Quantification of
bioluminescence was performed with a luminometer (Centro LB960, Berthold,

Thoiry, France).

RNA purification and RT-qPCR
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Total RNA extraction from ischemic and healthy areas was performed using TRIzol
reagent according to the manufacturer’s instructions (Gibco BRL, Life
Technologies, NY, USA). RNA quality and quantification were assessed by a Xpose
spectrophotometer  (Trinean, Gentbrugge, Belgium) and an automated
electrophoresis system (Fragment Analyzer, Advanced Analytical Technologies,

Paris, France).

500 ng RNA was used to synthesize cDNA using a High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Villebon-sur-Y vette, France).

Gene expression was investigated using HotPol Evagreen Super qPCR Mix Plus
(Euromedex, France) and performed on a StepOne sequence detection system
(Applied Biosystems). 18S rRNA was used as a reference gene and all data were
normalized based on 18S rRNA level. Relative gene expression was calculated

2—AdCT

using the method. The oligonucleotide primers used are detailed in Table S4.

qPCR array

The DELTAgene Assay™ was designed by Fluidigm Corporation (San Francisco,
USA). The gPCR-array was performed on BioMark with the Fluidigm 96.96
Dynamic Array following the manufacturer’s protocol (Real-Time PCR Analysis
User Guide PN 68000088). The list of primers is provided in Table S4. A total of
1.25ng of cDNA was pre amplified using PreAmp Master Mix (Fluidigm, PN 100-

5580, 100-5581, San Francisco, USA) in the plate thermal cycler at 95C for 2min,
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10 cycles at 95C for 15sec and 60C for 4min. The preamplified cDNA was treated
by endonuclease I (New England BioLabs, PN M0293L, Massachusetts, USA) to
remove unincorporated primers.

The preamplified cDNA was mixed with 2x SsoFast EvaGreen Supermix (BioRad,
PN 172-5211, California, USA), S0uM of mixed forward and reverse primers and
sample Loading Reagent (Fluidigm, San Francisco, USA). The sample was loaded
into the Dynamic Array 96.96 chip (Fluidigm San Francisco, USA). The RT-qPCR
reactions were performed in the BioMark RT PCR system. Data was analyzed using

the BioMark RT-PCR Analysis Software Version 2.0.

Polysomal RNA preparation

HL-1 cells were cultured in 150-mm dishes. 15 min prior to harversting, cells were
treated by cycloheximide at 100ug/ml. Cells were washed three times in PBS cold
containing 100 ug/mL cycloheximide and scraped in the PBS/cycloheximide. After
centrifugation at 3,000 rpm for 2 min at 4C, cells were lysed by 450ul hypotonic
lysis buffer (5 mM Tris-HCL, pH7.5 ; 2.5 mM MgCl,; 1.5 mM KCI). Cell were
centrifuged at 13,000 rpm for 5 min at 4C, the supernatants were collected and
loaded onto a 10-50% sucrose gradient. The gradients were centrifuged in a
Beckman SW40Ti rotor at 39,000 rpm for 2.5 h at 4C without brake. Fractions were

collected using a Foxy JR ISCO collector and UV optical unit type 11. RNA was
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purified from pooled heavy fractions containing polysomes, as well as from light

fractions containing free RNA.

Preparation of biotinylated RNA

The FGF1, VEGFA or EMCV IRESs was cloned in pSCB-A-amp/kan plasmid
(Agilent) downstream from the T7 sequence. The plasmid were linearized and in
vitro transcription was performed with MEGAscript T7 kit (Ambion), according to
the manufacturer’s protocol, in the presence of Biotin-16-UTP at 1 mM (Roche), as
previously described (Ainaoui et al., 2015). The synthesized RNA was purified

using RNeasy kit (Qiagen).

BIA-MS experiments

BIA-MS studies based on surface plasmonic resonance (SPR) technology were
performed on BIAcore T200 optical biosensor instrument (GE Healthcare), as
described previously (Ainaoui et al., 2015, Morfoisse et al., 2016). Immobilization
of biotinylated IRES RNAs was performed on a streptavidin-coated (SA) sensorchip
in HBS-EP buffer (10mM Hepes pH 7.4, 150mM NaCl, 3mM EDTA, 0.005%
surfactant P20) (GE Healthcare). All immobilization steps were performed at a flow

rate of 2 y1/min with a final concentration of 100y g/ml.
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Binding analyzes were performed with normoxic or hypoxic cell protein extracts at
100 ug/ml over the immobilized IRES RNAs surface for 7 minutes at a flow rate of
30 pl/min.

The channel (Fcl) was used as a reference surface for non-specific binding
measurements.

The recovery wizard was used to recover selected proteins from cell protein
extracts. This step was carried out with 0.1% SDS. Five recovery procedures were
performed to get enough amounts of proteins for MS identification.

LC-MS/MS analyses were performed on Bruker Amazon ETD mass spectrometer.

Statistical analysis

All statistical analyzes were performed using a two-tailed Student's t-test or one-
way ANOVA and are expressed as mean +- standard error of the mean, *p<0.05,

#%p<0.01, ¥*%<0.001, **%%<0.0001.
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FIGURE LEGENDS

Figure 1. Transcriptome of (lymph)angiogenic factors in hypoxic

cardiomyocytes.

Total RNA was purified from HL-1 cardiomyocytes submitted to increasing times
from 5 min to 24 h of hypoxia at 1% O,, as well as from normoxic cardiomyocytes
as a control. cDNA was synthesized and used for a Fluidigm delta gene PCR array
dedicated to genes related to (lymph)angiogenesis or stress (Table S4). mRNA
levels are presented by histograms for the times of 4 h, 8 h and 24 h, as the fold-
change of repression (on the left of the axis) or induction (on the right of the axis)
normalized to normoxia. The detailed values for all the times of the kinetics are

presented in Table S1.

Figure 2. Translatome of (lymph)angiogenic factors in hypoxic

cardiomyocytes.

In order to isolate translated mRNAs, polysomes were purified on sucrose gradient
from HL-1 cardiomyocytes in normoxia or after 4 h of hypoxia at 1% O,, as
described in Materials and Methods. RNA was purified from polysome-bound and
free RNA. cDNA and PCR array was performed as in Figure 1.

(A) Polysomes profiles obtained for normoxic and hypoxic cardiomyocytes.
(B)mRNA levels (polysomal RNA/free RNA) expressed by histograms as fold-

change of repression (on the left of the axis) or induction (on the right of the axis)
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in hypoxia normalized to normoxia. The detailed values with all the times of the

kinetics are presented in Table S2.

Figure 3. Transcriptome and translatome of IRES-containing genes during

hypoxia.

mRNA level values for IRES-containing genes were selected from the transcriptome
(A) and translatome (B) PCR array shown in Figure 1, Figure 2, Table S1 and
Table S2. The gene Aplnnr (apelin receptor) was chosen as a control without an
IRES. (A) Total mRNA expression of IRES-containing genes during the hypoxia
kinetics from 5 min to 24 h (presented with different grey levels). As in Figure 1,
mRNA expression is shown by histograms as fold-change of repression (on the left
of the axis) or induction (on the right of the axis) during hypoxia normalized to
normoxia. (B) Polysome recruitment of IRES-containing mRNAs during early
hypoxia (4h). VEGFC and FGF2 mRNAs, repressed in the transcriptome, were

under the detection threshold in polysomes.

Figure 4. IRES activities at different times of hypoxia.

To measure IRES-dependent translation during hypoxia, HL-1 cardiomyocytes were
transduced with bicistronic dual luciferase lentivectors containing different IRESs
cloned between the genes of renilla (LucR) and firefly (LucF) luciferase (A).
Bicistronic vectors have been validated to measure IRES activities: the first cistron

LucR is cap-dependent whereas the second cistron LucF is IRES-dependent
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(Creancier et al., 2000). Lentivectors constitute a powerful tool to obtain efficient
gene transfer when cells, such as HL-1 cardiomyocytes, are not efficiently
transfected with plasmid DNA. Bicistronic lentivectors have been successfully used
to analyze IRES activities in tumor cells (Morfoisse et al., 2014a, Morfoisse et al.,
2016)... (B-D) Transduced cardiomyocytes were submitted to 4h, 8h or 24h of
hypoxia and luciferase activities measured. IRES activities during hypoxia,
expressed as LucF/LucF, are normalized to normoxia: (B) FGF IRESs, (C) VEGF

IRESs, (D) non angiogenic IRESs.

Figure 5. BIA-MS analysis of IRES-bound proteins in hypoxic cardiomyocytes.

Biotinylated IRES RNAs were transcribed in vitro and immobilized on the
sensorchip of the BIAcore T200 optical biosensor device (A). Total cell extracts
from normoxic or hypoxic HL-1 cardiomyocytes were injected. (B) Bound
proteinswere recovered as described in Mat. & Meth. and identified by mass
spectrometry (LC-MS/MS) after tryptic digestion (Table S3). (C) The ability of
vasohibin-1 (VASHI1), identified in Table S3, to bind RNA was assessed in silico
using the BindN software (http://bioinfo.ggc.org/bindn/). Binding residues are
labeled with "+" ans in red, non-binding residues labeled with "-" and in green. The

confidence level is indicated from level 0 (lowest) to 9 (highest).
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Figure 6. Regulation of VASH1 expression in cardiomyocytes and role in the

control of the IRES activities.

VASHI1 gene regulation was analyzed in HL-1 cardiomyocytes in response to
hypoxia at the transcriptome (A) and translatome (B) levels. (A) Total RNAs were
purified from cardiomyocytes in normoxia, or submitted to 4 h, 8 h or 24 h of

hypoxia. (B) Polysomal RNA was purified from cardiomyocytes in normoxia of
after 4 h of hypoxia. In (A) and (B),VASH1 mRNA level was measured by RT

qPCR.

(C) VASHI1 knock-down was perfomed in HL-1 cardiomyocytes using an siRNA
Smartpool (siVASH1), compared to a control siRNA (sicontrol). VASHI mRNA

level was measured by RT qPCR.

(D) The knock-down experiment was performed on cardiomyocytes transduced by
a set of IRES-containing lentivectors used in Fig. 4. After 4h of hypoxia, IRES
activities (ratio LucF/LucR) were measured in cell extracts. The IRES activity

values have been normalized to the control siRNA.

Figure 7. Effect of VASH1 knock-down on the translatome of hypoxic

cardiomyocytes.
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Study of the effect of VASH1 knock-down on the translatome. Polysomal RNA was
purified from HL-1 cardiomyocytes treated with the VASHI1 siRNA and mRNA
levels were analyzed using the Fluidigm Deltagene PCR array described in Figures

1 to 3. The detailed values are shown in Table S2.
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Figure 5
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Figure 7
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Table S1

5min 30min 1h 2h 4h 8h 24h
Time of hypoxia
Gene name RQ* v | RQ* lov | RQ* bw | RQ* Jow | RQ* lowv | RQ* lev | RQ* o
AKT1 1.60 0.13 1.30 006 1.20 0.15 1.36 0.25 -1.10 0.09 1.40 0.13 1.00 0.32
ANG 265 | o1 1.23 03 | -1.04 | o2 1.24 0.04 1.24 012 1.09 008 1.26 0.28
ANGPT1L 551 | o017 1.20 03 | 119 | ooz 1.90 0.49 2.43 036 1.56 043 -2.27 | o0e
ANGPTL4 1.03 0.02 -3.14 009 1.65 0.54 1.60 0.46 1.56 067 3.50 1.07 -1.37 0.35
ANPEP ND no | -3.26 029 1.65 0.01 -8.05 0.06 -1.04 014 1.62 0.62 1.03 0.43
apelin 211 -19,21 oo1 | 6.17 | oo0s -29.04 0.01 36.77 559 | 109.98 | 698 | 335.72 | s7.52
aplnnr ND ND -2.36 003 | -1.57 | 010 1.44 0.32 3.25 170 1.98 0.72 2.31 120
Atp2a2 146 | o.08 1.21 013 1.26 | o1 1.50 0.01 1.20 006 1.84 018 1.48 032
BAI1 -1.52 | o019 2.90 091 1.17 0.06 1.65 0.52 1.36 013 2.05 0.60 1.04 0.30
CCL2(Mce-1) ND ND -1.09 049 1.76 045 | -2.76 0.16 1.57 101 2.99 113 1.23
CCl21a ND ND -32.39 001 2.97 0.85 -1.90 0.03 2.65 278 -2.27 0.21 1.32 0.39
coL18A1 166 | o | 458" | omov| 348 | ioue | 445 | ioos | <1569 | 6oo| 482 | pus 157 | cus
Col4a3 19.64 | o07 1.52 019 | 1.20 | om 1.31 0.04 1.00 003 145 030 4.40 0.80
CTGF 1.29 0.09 1.67 026 1.16 0.05 1.30 0.13 1.06 013 2.05 0.30 3.66 0.76
CXCL1 132 064 1.11 027 1.67 0.19 1.58 0.12 1.01 009 -1.43 0.08 -2.04 0.13
CXCL10(INP10) 137 | ous | 496 | oo | 913 |vgne | 983 | ouse | 4057 | oper| 22309 | was | G408 | ous
Cyr 61 2.30 0.18 3.14 014 1.59 0.18 -1.18 0.07 -1.03 0.06 1.56 0.12 1.15 021
EDN1 -2.43 0.28 2.93 031 1.72 032 | -14 0.24 -1:39 006 <133 0.09 1.04 026
EFNA1 2.08 0.15 1.23 o010 | -1.52 012 | -1.16 0.19 125 009 1.27 0.05 1.35 033
EFNB2 1.74 0.14 1.55 025 1.14 | 023 | -1.03 0.18 1.57 018 371 0.61 1.65 0.42
EGF ND ND 1.35 014 1.32 0.30 1.56 0.44 1.56 011 214 0.53 -1.61 0.35
ENG 2.96 0.94 1.55 039 1.18 0.19 -1.02 0.14 -1.11 015 227 0.33 1.65 0.34
EPHB4 2.22 0.13 1.67 016 | -1.03 0.14 1.10 0.13 1.01 012 1.45 0.09 1.57 0.21
ERBB2(HER2) 1.87 0.19 1.85 026 | -1.01 0.18 1.16 0.18 1.32 011 1.00 0.18 1.34 0.09
F3 1.12 0.94 1.45 018 1.28 o1 | -1.57 0.23 -1.23 007 -1.09 0.10 -1.56 0.21
FGF1 -2.63 0.18 1.69 023 1.29 0.22 1.37 0.21 132 005 -1.43 0.20 1.08 0.20
FGF2 1.06 | ons | 276 | oz | 25 | o0 ND o | 1605 | 002 | 205 | cor | 143 | os
FGFR3 1.41 0.07 1.34 027 | -1.08 | 012 1.38 031 1.47 027 3.93 0.55 2.69 0.39
FIGF(VEGFD) ND ND -1.19 017 -1.73 0.22 -1.99 0.23 1.05 037 148 029 1.08 0.24
FN1 3.30 0.07 1.70 01s | -1.02 0.17 1.16 0.01 -1.25 0.06 2.45 0.36 2.61 0.49
HIF1A 2.97 0.03 1.20 024 1.28 0.18 -1.42 0.26 135 008 -1.06 021 -1.75 0.22
hnRNPM 1.55 0.8 1.17 018 1.54 0.15 2.26 0.20 1.86 025 3.86 133 1.23 0.26
HPSE ND ND 3.23 107 1.25 | o34 1.64 0.16 1.56 014 352 1.07 11.04 1.95
D1 -1.61 112 1.58 018 | 2.63 | om0 3.01 127 4.23 019 201 0.40 1.79 0.64
IFNAL ND ND 1.72 017 | -1.09 | o0s 1.73 0.07 2.19 033 311 025 1.31 0.49
IGF1 1007 | os9 | 154 | 022 | 142 | o35 | 1.06 | ooa | 110 | 022 | -1.25 | o1a | -2.86 | oma
IGF1R ND ND ND ND ND ND ND ND ND ND ND ND ND ND
ITGAV ND ND 1.19 011 | -1.36 | om 1.33 0.29 133 012 341 056 2.82 0.64
ITGB3 -4.33 030 1.34 019 | -1.35 0.02 1.04 0.20 1.03 020 142 034 -1.37 0.10
JAG1 213 | o009 1.80 024 | 1.03 | o3 1.66 0.46 1.46 006 2.26 037 1.76 0.21
KDR -2.05 0.05 125 013 1.07 0.04 1.43 021 133 010 2.29 0.38 -1.01 0.30
MDK 1.14 021 2.45 017 | -1.07 07 | -1.27 0.00 1.16 032 1.52 0.38 -1.16 0.46
MMP14 -1.77 0.03 1.30 022 1.02 006 | -1.16 0.17 1.06 011 1.70 0.24 1.95 0.15
MMP2 146 | o1s 1.96 oso | 1.20 | oos 1.68 0.44 1.14 033 194 0.66 -1.23 0.37
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NEAT-1 4.03 048 | -1.17 023 | -1.59 0.05 2.65 0.00 1.89 0.15 2.96 1.02 -1.16 0.28
NOS3 9.29 -4.01 0.10 2.00 o0sa | -2.58 0.26 -1.30 014 -1.02 0.40 -1.32 019
NRP1 2.46 0.06 1.32 017 1.04 o01s |-1.25 0.25 -1.10 007 1.47 0.25 1.10 0.16
NRP2 2.50 0.07 155 005 1.02 0.12 1.02 0.12 1.14 019 1.72 0.32 1.83 039
P54NRB 2.96 | o009 1.58 042 | 1.21 | o020 142 0.29 1.22 013 1.66 0.3 111 023
PDGFA 3.65 | o043 1.45 018 | 1.29 | o026 1.59 036 1.71 011 1.97 0.35 1.54 034
PECAM1 1.48 -11.55 002 | -1.09 0.24 2.86 1.08 2.09 077 2.70 172 2.60 0.86
PF4 ND no | -39.36 002 | -1.79 | o033 | -2.20 0.18 1.80 0.40 1.48 0.55 1.01 0.28
PGF ND ND 2.17 014 | -1.36 | o019 | -7.89 0.09 4.47 053 1.85 0.29 3.22 0.85
PLAU(uPA) 1.13 029 | -1.04 024 | -1.36 | o016 |-1.31 0.13 25 030 1.58 0.26 1.24 0.24
PLG ND no | -271 026 | -1.05 245 0.63 -1.35 019 -3.33 0.16 -2.94 025
prox1 7.13 | o020 1.48 023 | 1.26 | 014 | -1.13 0.14 -1.08 013 1.27 0.20 -1.72 0.07
PSF/SFPQ 1.45 | ov7 1.37 009 | 130 | o019 1.22 0.08 1.10 015 1.55 D59 -143 016
PSPC1 1.00 0.80 1.34 011 1.50 0.01 1.64 0.58 1.67 019 1.37 0.31 1.59 023
SERPINE1(PAI-1) -1.73 0.12 2.18 054 1.46 0.15 1.74 0.65 SIS 057 15.76 2.01 13.18 1.02
SERPINF1 ND ND -31.89 002 | -9.09 001 |-1.91 0.33 -2.38 011 -1.14 0.17 1.02 037
SPHK1 ND ND 1.91 050 1.70 | oes |-1.51 0.19 1.30 0.11 2.78 1.20 1.17 043
TEK 1.7 155 1.98 023 1.55 | o041 1.48 0.20 1.24 014 -1.25 0.0 1.04 0.13
TGFA ND no | -201 013 | 7.94 | o005 | -6.9 0.03 2.91 063 3.50 129 4.05 171
TGFB1 -5.26 | om 1.22 023 | -1.45 | 014 1.03 .10 -1.02 022 1.45 0.24 1.05 0.25
TGFB2 -2.45 | oos 1.50 031 | 1.22 | ooy 137 012 1.78 024 2.00 039 1.43 040
TGFBR1 -2.03 | os7 1.33 016 | 1.28 | o35 148 0.14 1.86 034 2.23 0.77 -1.27 016
THBS1 2.65 | 009 1.88 012 | 1.19 | 009 147 033 1.12 007 1.30 0.22 1.44 0.08
THBS2 2.15 0.12 1:52 010 1.03 0.16 1.20 0.18 -1.20 001 1.21 0.15 -1.22 021
TIMP1 -2.20 0.04 1.13 027 | -1.32 | o029 | -1.96 0.17 -1.28 012 -1.22 0.11 -2.33 0.19
TIMP2 2.21 0.04 1.46 022 1.14 | oo 1.13 0.09 1.67 013 1.28 0.12 -1.69 0.15
TIMP3 ND ND 2.70 043 1.40 | o023 1.98 0.46 1.09 0.6 1.04 0.23 133 017
VASH1 ND ND ND ND ND ND ND ND -3.01 014 1.56 1.30 1.10 0.08
VEGFA 290 | om 1.40 o1g | 1.20 | on2 1.72 0.50 4.48 043 9.12 1.48 4.71 0.69
VEGFB 1.38 | oos 1.33 010 | -1.2 0.11 1.02 0.04 -1.09 007 1.04 0.22 -1.59 010
VEGFC ND ND ND ND 138 | 018 ND ND -5.03 005 | -11.37 | oo -2.86 0.16

* RQ<1 were replaced by -1/RQ
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Table S2
SiVASH1 polysomes in
Polysomes in hypoxia normoxia

ST ST
Gene name RQ* DEV RQ* DEV
AKT1 2.07 0.07 -1.08 0.10
ANG 2.42 0.53 i 74 0.47
ANGPT1 235 0.67 -1.27 0.10
ANGPTL4 3.26 1.56 -3.02 0.01
ANPEP 3.41 0.21 1.10 0.20
apelin 1.71 0.27 -12.53 0.01
aplnnr -2.89 0.11 ND ND
Atp2a2 1.94 0.34 -1.30 0.15
BAI1 3.80 0.89 ND ND
CCL2(MCP-1) ND ND ND ND
CCL21a ND ND ND ND
COL18A1 2.64 0.51 -2.05 0.11
Col4a3 2.36 0.41 1.29) 0.29
CTGF 315 0.49 -2.66 0.05
CXCL1 2:27 0.30 -1.61 0.25
CXCL10(INP10) 3.96 1.43 -16.36 0.02
Cyr 61 2.00 0.24 -1.11 0.14
EDN1 2.49 0.55 2.54 0.19
EFNA1 2.29 0.29 -1.42 0.14
EFNB2 2.48 0.71 -1.41 0.03
EGF 2.46 1.56 -2.68 0.12
ENG 21 0.78 -1.36 0.01
EPHB4 1.87 0.23 -1.33 0.00
ERBB2(HER2) 2.02 0.24 -1.39 0.11
F3 2.48 0.51 2.09 0.44
FGF1 2.56 0.87 -1.99 0.11
FGF2 ND ND ND ND
FGFR3 2:15 0.41 -1.89 0.05
fibrillarin ND ND -1.60 0.10
FIGF(VEGFD) 2.44 0.96 290 0.39
FN1 2.34 0.30 -2.46 0.10
HIF1A 1.88 0.36 1.38 0.16
HIF2a ND ND -2.21 0.03
hnRNPM 2.48 0.50 1.01 017
HPSE 417 0.79 -13.33 0.02
ID1 1.93 0.38 ND ND
IFNA1 3.93 1.38 ND ND
IGF1 2.03 0.54 27 1.08
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IGF1R 1.88 0.06 A AT 0.04
ITGAV 1.79 0.31 o % i 0.13
ITGB3 244 0.40 1.96 0.20
JAG1 2.03 0.38 ND ND
KDR 2.29 0.55 -1.35 0.15
MDK 2.03 0.35 ND ND
MMP14 1.85 0.18 1.38 0.02
MMP?2 1.91 044 ND ND
NEAT-1 3.98 1.24 -2.86 0.05
NOS3 -1.29 0.10 -4.54 0.08
NRP1 1.67 0.22 1.21 0.09
NRP2 1.88 0.18 -1.28 0.14
P54NRB 312 0.78 -1.38 0.01
PDGFA 242 048 -1.11 0.10
PECAM1 215 1.37 -2.53 0.01
PF4 1.97 1.07 -3.75 0.03
PGF 2.36 0.83 -1.71 0.04
PLAU(uPA) 216 0.50 -1.53 0.05
PLG -3.83 0.21 ND ND
prox1 222 0.27 2.24 0.52
PSF/SFPQ 274 0.80 1.85 0.20
PSPC1 219 043 -2.27 0.08
SERPINE1(PAI-1) 1.92 0.27 ND ND
SERPINF1 570 2.05 -2.32 0.15
SPHK1 -1.29 0.12 -3.82 0.04
TEK 243 0.95 12.03 3.59
TGFA 245 0.31 ND ND
TGFBA1 252 0.31 -2.27 0.03
TGFB2 2.39 0.39 4.51 0.55
TGFBR1 1.86 057 -1.10 0.17
THBSA1 2.03 0.30 7.48 2.32
THBS?2 1.98 0.28 -1.38 0.08
TIMP1 2.36 0.34 1.24 0.34
TIMP2 255 042 1.91 0.10
TIMP3 1.95 0.31 -1.70 0.17
VASH1 6.86 127 ND ND
VEGFA 2.95 0.70 1.41 0.19
VEGFB 2.85 043 1.40 0.21
VEGFC ND ND ND ND

* RQ<1 were replaced by -1/RQ
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Table
A: BIA-MS data: total HL-1 extract proteins bound to the EMCV IRES RNA
Normoxia
ID Description Score | Peptides
LOX15 MOUSE Arachidonate 15-lipoxygenase 23 1.
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2_MOUSE protein 2 88 1
KCTD9 MOUSE BTB/POZ domain-containing protein KCTD9 23 1
BRCC3_MOUSE Lys-63-specific deubiquitinase BRCC36 27 1
PCLO_MOUSE Protein piccolo 24 1
RPAP1_MOUSE RNA polymerase ll-associated protein 1 23 il
ALBU_MOUSE Serum albumin 73 1
GUF1_MOUSE Translation factor Guf1, mitochondrial 24 1
4h hypoxia
ID Description Score | Peptides
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2_MOUSE protein 2 81 1
KCTD9 MOUSE BTB/POZ domain-containing protein KCTD9 23 1
NUDC2_MOUSE NudC domain-containing protein 2 20 1
PLPL1_MOUSE Patatin-like phospholipase domain-containing protein 1 24 1
TAM41_MOUSE Phosphatidate cytidylyltransferase, mitochondrial 21 1
VASH1_MOUSE Vasohibin-1 22 1
8h hypoxia
ID Description Score | Peptides
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2_MOUSE protein 2 36 1
EMAL6_MOUSE Echinoderm microtubule-associated protein-like 6 30 1
BRCC3_MOUSE Lys-63-specific deubiquitinase BRCC36 24 1
RPAP1_MOUSE RNA polymerase ll-associated protein 1 23 1
VASH1_MOUSE | Vasohibin-1 26 i




B: BIA-MS data: total HL-1 extract proteins bound to the VEGFA(a) IRES RNA
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Normoxia
ID Description Score | Peptides

ATPA_MOUSE ATP synthase subunit alpha, mitochondrial 912 16
ATPO_MOUSE ATP synthase subunit O, mitochondrial 374 7
ATPB_MOUSE ATP synthase subunit beta, mitochondrial 372 8
ADT2_MOQUSE ADP/ATP translocase 2 364 5
HNRPU MOUSE Heterogeneous nuclear ribonucleoprotein 348 9
ACTA MOUSE Actin, aortic smooth muscle 147 1
ECHA_MOUSE Trifunctional enzyme subunit alpha, mitochondrial 134 8
ACTB_MOUSE Actin, cytoplasmic 1 119 1
ALBU_ MOUSE Serum albumin 100 1

Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha,
NX SUCA_MOUSE | mitochondrial 86 1
ATPG MOUSE ATP synthase subunit gamma, mitochondrial 78 1
THIM MOUSE 3-ketoacyl-CoA thiolase, mitochondrial 57 1
SERPH_MOUSE Serpin H1 54 1

Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2 _MOUSE protein 2 52 1
PTRF_MOUSE Polymerase | and transcript release factor 51 1
AT2A2_MOUSE Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 4 1
ILF2_MOUSE Interleukin enhancer-binding factor 2 43 2
MOCS3 MOUSE | Adenylyltransferase and sulfurtransferase MOCS3 39 1
MYOG_MOUSE Myogenin 33 1
TAGAP_MOUSE T-cell activation Rho GTPase-activating protein 27 1
CH60_MOUSE 60 kDa heat shock protein, mitochondrial 26 1
C2C2L_MOUSE C2 domain-containing protein 2-like 25 1
EFC14 _MOUSE EF-hand calcium-binding domain-containing protein 14 24 1
SPIR1_MOUSE Protein spire homolog 1 24 1
ATAD3_MOUSE ATPase family AAA domain-containing protein 3 20 1

4h hypoxia
ID Description Score | Peptides

ATPA_MOUSE ATP synthase subunit alpha, mitochondrial 42 1

Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2 _MOUSE protein 2 38 1
RN181 MOUSE E3 ubiquitin-protein ligase RNF181 30 1
DOC10_MOUSE Dedicator of cytokinesis protein 10 26 1
NID2 MOUSE Nidogen-2 26 1
C2C2L_MOUSE C2 domain-containing protein 2-like 25 1
PLCL1_MOUSE Inactive phospholipase C-like protein 1 21 1
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8h hypoxia
ID Description Score | Peptides
SPTC2 _MOUSE Serine palmitoyltransferase 2 20 1
CCD66 MOUSE Coiled-coil domain-containing protein 66 28 1
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2 MOUSE protein 2 35 1
ATPA MOUSE ATP synthase subunit alpha, mitochondrial 60 1
PHRF1_MOUSE PHD and RING finger domain-containing protein 1 41 1
OXR1_MOUSE Oxidation resistance protein 1 26 1
KCTD9_MOUSE BTB/POZ domain-containing protein KCTD9 24 1
BIK_MOUSE Bcl-2-interacting killer 21 1
C: BIA-MS data: total HL-1 extract proteins bound to the FGF1 IRES RNA
Normoxia
ID Description Score | Peptides
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2_MOUSE protein 2 48 1
EMAL6 MOUSE Echinoderm microtubule-associated protein-like 6 43 1
FXL14 MOQUSE F-box/LRR-repeat protein 14 15 1
BRCC3_MOUSE Lys-63-specific deubiquitinase BRCC36 20 1
MYBA_MOUSE Myb-related protein A 26 1
NUDC2_MOUSE NudC domain-containing protein 2 i 3 1
GUF1_MOUSE Translation factor Guf1, mitochondrial 25 1
TMPSD_MOUSE | Transmembrane protease serine 13 15 1
4h hypoxia
ID Description Score | Peptides
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2 MOUSE protein 2 51 2
ATPA_MOUSE ATP synthase subunit alpha, mitochondrial 52 2
C2C2L_MOUSE C2 domain-containing protein 2-like 25 2
High affinity cAMP-specific and IBMX-insensitive 3~,5~-cyclic
PDESB_MOUSE phosphodiesterase 8B 23 1
GVIN1_MOUSE Interferon-induced very large GTPase 1 29 1
ACOX1_MOUSE Peroxisomal acyl-coenzyme A oxidase 1 23 1
TAM41 MOUSE Phosphatidate cytidylyltransferase, mitochondrial 23 1
ALBU_MOUSE Serum albumin 35 1
TCPG_MOUSE T-complex protein 1 subunit gamma 28 1
VASH1 MOUSE Vasohibin-1 26 1
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8h hypoxia
ID Description Score | Peptides
ACTA_MOUSE Actin, aortic smooth muscle 36 1
ADT1 MOUSE ADP/ATP translocase 1 32 1
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
ASAP2_MOUSE protein 2 51 2
C2C2L_MOUSE C2 domain-containing protein 2-like 32 1
CSPRS_MOUSE Component of Sp100-rs 23 1
MCM8 MOUSE DNA helicase MCM8 25 1
EMAL6_MOUSE Echinoderm microtubule-associated protein-like 6 34 1
GKAP1 MOUSE G | kinase-anchoring protein 1 26 1
H1T_MOUSE Histone H1t 41 1
ALBU MOUSE Serum albumin 41 1
SPE39 MOUSE Spermatogenesis-defective protein 39 homolog 20 1
GUF1_MOUSE Translation factor Guf1, mitochondrial 22 1
VASH1 MOUSE Vasohibin-1 28 1
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Target Foward primer 5' to 3' Reverse primer 5' to 3'
AKT1 AGAACTCTAGGCATCCCTTCC CGTTGGCATACTCCATGACA
ANG TCCTGACTCAGCACCATGAC ACATCTTTGCAGGGTGAGGTTA
ANGPT1 ACAACACCGGGAAGATGGAA TTCACCAGAGGGATTCCCAAAA
ANGPT2 GAACCAGACAGCAGCACAAA TCGAGTCTTGTCGICTGGTTTA
ANGPTL4 CTTGGGACCAAGACCATGAC TGGCTACAGGTACCAAACCA
ANPEP TGGGACTTTGTCCGAAGCA TCCCTGGATGAGATTGGCAAA
apelin GCAGGAGGAAATTTCGCAGAC ACTTGGCGAGCCCTTCAA
aplnnr TTGACTGGCCTTTTGGAACC GCAAAAGACACTGGCGTACA
Atp2a2 CGGTCCAAGAGTCTCCTTCTA GCACAATCCACTCCATCGAA
BAI1 GGTCCTGAGAAGCAAACCAA GACCATTCGTTCCAGTTTCCA
CCL11(Eotaxin) CAACAACAGATGCACCCTGAA CACAGATCTCTTTGCCCAACC
CCL2(MCP-1) AGCAGCAGGTGTCCCAAA TTCTTGGGGTCAGCACAGAC
CCL21a GTCAGGACTGCTGCCTTAAGTA GCTTCCTATAGCCTCGGACAA
CDH5 AACGAGGACAGCAACTTCAC TGGCATGCTCCCGATTAAAC
COL18A1 CAGGACCAAAGGGTGACAAA TTCCAGGTGGAAGAGGTCAA
Col4a3 GCTGGTACAAAGGGCAACAA TAAGCCTGGCAATCCATCCA
CTGF AAGCTGACCTGGAGGAAAACA TGCAGCCAGAAAGCTCAAAC
CXCL1 CCTGAAGCTCCCTTGGTTCA TTCTCCGTTACTTGGGGACAC
CXCL10(INP10) ATCCGGAATCTAAGACCATCAAGAA | GCTCTCTGCTGTCCATCCA
L8 GGCTACTGTTGGCCCAATTAC GCTTCATTGCCGGTGGAAA
CXCLS(ENA78/LIX) | GGCATTTCTGTTGCTGTTCAC TGCGGCTATGACTGAGGAA
CXCLS AGCCCCAATTGCAACAAAAC TCTTCACATTTGCCGAGTCC
Cyr 61 CCACACCAAGGGGTTGGAA CACAGGGTCTGCCTTCTGAC
EDN1 CCTGGACATCATCTGGGTCAA AACGCTTGGACCTGGAAGAA
EFNA1 TGGGCAAGGAGTTCAAGGAA GCACTGGGATTCCTGATGGTA
EFNB2 TGCCAGACAAGAGCCATGAA GTCTTGTTGGACCGTGATTCC
EGF GGAGAGACTGCTGAGTGTCA AGCCAGCACACACTCATCTA
ENG AGGCATCCAACACCATCGAA TCTAGCTGGACTGTGACCTCA
EPHB4 CCTCACGGAATTCATGGAGAAC ACCAGCTGGATGACTGTGAA
ERBB2(HER2) ATTCTCAGACGCCGGTTCA TTGGCCCCAAAGGTCATCA
F3 ACCCAAACCCACCAACTATACC GTGTCTGTGGTCGAGAAGCA
FGF1 TGGACACCGAAGGGCTTTTA GCATGCTTCTTGGAGGTGTAA
FGF2(bFGF) TCTTCCTGCGCATCCATCC GCACACACTCCCTTGATAGACA
FGFR3 AGGATTTAGACCGCATCCTCAC CCTGGCGAGTACTGCTCAAA
FIGF(VEGFD) TCCATTCAGACCCCAGAAGAA GTGTTATCCCACAGCATGTCA
FLT1 TTGCACGGGAGAGACTGAAA GCCAAATGCAGAGGCTTGAA
VEGFR3 CTCGCTCGGGACATCTACAAA GGGCCATCCATTTCAGAGGAA
FN1 CGTCATTGCCCTGAAGAACA AAGGGTAACCAGTTGGGGAA
HGF CATCAAATGCCAGCCTTGGAA TCTTTACCGCGATAGCTCGAA
HIF1A TCGACACAGCCTCGATATGAA TTCCGGCTCATAACCCATCA

Table S4
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hnRNPM GATGCCAACCATCTGAGCAAA CCAAATCCTATGCCTTCCATTCC
HPSE GCCTCGAGGGAAGACAGTTAAA TGCCATGTAAGAGAGTCGATCAC
ID1 ACCCTGAACGGCGAGATCA GATCGTCGGCTGGAACACA
IFNA1 TCCACCAGCAGCTCAATGAC TCTTCCTGGGTCAGGGGAAA
IFNG GGCACAGTCATTGAAAGCCTA GCCAGTTCCTCCAGATATCCA
IGF1 GAGCTGGTGGATGCTCTTCA CTCCGAATGCTGGAGCCATA
IL1B TGGCAACTGTTCCTGAACTCA GGGTCCGTCAACTTCAAAGAAC
IL6 CCAGAAACCGCTATGAAGTTCC GTTGTCACCAGCATCAGTCC
ITGAV AAAGGCAGATGGCAAGGGAA GGCTCCCTTCTGCTTGAGTTTA
ITGB3 CCCACCACAGGCAATCAAAA GCGTCAGCACGTGTTTGTA
JAG1 TCCCAAGCATGGGTCTTGTA GATGCACTTGTCGCAGTACA
KDR ATTTCACCTGGCACTCTCCA TCCCAGGAAAGGGTTTCACA
LECT1 CCTGCCGATTTTCTGGCTTA AGAGGGAGCACTGTTTCTCA
LEP AGACCATTGTCACCAGGATCA ATGAAGTCCAAGCCAGTGAC
MDK TTGCCCTCTTGGTGGTCAC CCAGGTCCACTCCGAACAC
MMP14 CAAGGCTGATTTGGCAACCA GCCTTGATCTCAGTCCCAAAC
MMP2 CGAGGACTATGACCGGGATA GGGCACCTTCTGAATTTCCA
MMP9 TCCCCAAAGACCTGAAAACC GGGTGTAACCATAGCGGTAC
NEAT-1 GGGAAGCTGATTGCCAAGAA ATGGTTTCAGAGCCCACAAC
P54NRB TGGTACTCCAGCTCCTCCA CAGCTTGGCCAAAACGTTCA
NOS3 GGGATTCTGGCAAGACAGACTA GCAGCCAAACACCAAAGTCA
NOTCH4 ACCTGCTTGCAACCTTCCA GGTGCACTCATTGACCTCCA
NRP1 CCTGTATCCTGGGAAACTGGTA GCCCAACATTCCAGAGCAA
NRP2 GTGGATCAGCAGCGCTAAC GCCATCACTCTGCAGTTTCAA
PDGFA TGTAACACCAGCAGCGTCAA GGCTTCTTCCTGACATACTCCA
PECAM1 GCACAGTGATGCTGAACAAC GTCACCTTGGGCTTGGATAC
PF4 CCAGCCTGGAGGTGATCAA GGCAAATTTTCCTCCCATTCTTCA
PGF CCAATCGGGATCCACATTTCTA GCCTTTGTCGTCTCCAGAATA
PLAU(UPA) TAGCCTAGGCCTGGGGAAA AGGCCAATCTGCACATAGCA
PLG TGGAATTGCCCACAGTTTCC CCGATAGTCTTTGCCATTCCC
PROK2 GGCTTGGCGTGTTTAAGGAC GGGTCGCATTTCAAGTTCCTAC
prox1 GCCCTCAACATGCACTACAAC CGTGATCTGCGCAACTTCC
PSPCA1 TCCCCGTGGAGCAATAAACA ATACCCATCATTGGAGGAGGAC
PTGS1 TATCACCTGCGGCTCTTCAA GTTCCACGGAAGGTGGGTA
S1PR1 CGGTGTAGACCCAGAGTCC GAGAGGCCTCCGAGAAACA
SERPINE1(PAI-1) | CAGACAATGGAAGGGCAACA GAGGTCCACTTCAGTCTCCA
SERPINF1 AGAACCTCAAGAGTGCTTCCA TTCTCCAGAGGGGCAACAAA
PSF/SFPQ TGAAAAGCTGGCCCAGAAGAA TGTGCCATGCTGAGCAAAAC
SPHK1 GGCAGCTTCTGTGAACCACTA CAGCAGGTTCATGGGTGACA
TEK GCTTGGATGGCAATCGAATCAC CCAGAGCAATACACCATAGGAC
TGFA CCCTGGCTGTCCTCATTATCA CAGTGTTTGCGGAGCTGAC
TGFB1 GCTGCGCTTGCAGAGATTAA GTAACGCCAGGAATTGTTGCTA
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TGFB2 GCCCATATCTATGGAGTTCAGACA | AGCGGAAGCTTCGGGATTTA
TGFBR1 AATTGCTCGACGCTGTTCTA ACCGATGGATCAGAAGGTACA
THBS1 CCCCAGAAGACATTCTCAGGAA CGTTCACCACGTTGTTGTCA
THBS2 GACTGCACGTCATGGTGAAC CCCAATGAGCTCCAAAAGGAAC
TIE1 CCTTTGCTCAGATCGCACTA CTCAAACAGCGACATGTTCAC
TIMP1 TCCCCAGAAATCAACGAGACC CATTTCCCACAGCCTTGAATCC
TIMP2 GAAGAGCCTGAACCACAGGTA TCATCCGGGGAGGAGATGTA
TIMP3 CCCTTTGGCACTCTGGTCTA ACGTGGGGCATCTTACTGAA
TNF CAAATGGCCTCCCTCTCATCA TGGGCTACAGGCTTGTCAC
TYMP GGCACACTGGATAAGCTGGAA CAGCAGCCGACTTCCTCAA
VASH1 GGCTGCCAAGTTGGGGTGTGTT AAACCAGGGCGTGGCTCCTGTA
VEGFA CCAGCACATAGGAGAGATGAG CTGGCTTTGTTICTGTCTTTCTT
VEGFB GAGATGTCCCTGGAAGAACACA TGGCTTCACAGCACTCTCC
VEGFC AGACGTTCTCTGCCAGCAA AGGCATCGGCACATGTAGTTA
18S CAACTAAGAACGGCCATGCA AGCCTGCGGCTTAATTTGAC
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Table S5

siControl 5> = 3’

siVASH1 5> =2 3

ACCAAAUGUACAGCUGAUU

GACACUAGGACCCUUAAAU

ACCAAAUGUACAAAAGACU

CGAAGUUCUGGAUAAAGAG

ACCAAAUGUACAAAAGGAU

CCCUCCUGGACUACAUGUU

ACCAAAUGUACAACACACU

CAUGUUAGUGUGUCCCUGU
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Discussion

Les résultats de cette these démontrent que la régulation de la traduction est un
processus complexe et fondamental de l'expression des genes. La traduction
alternative par le mécanisme a IRES est régulée par les acteurs majeurs qui sont les
ITAF. Plusieurs parameétres sont essentiels dans cette traduction : le type cellulaire

et le stimulus.

Un ITAF serait-il stress-dépendant ?

Le premier chapitre sur Iétude sur lactivité de I'IRES du FGF1 durant la
différenciation myoblastique révele une activité IRES-dépendante du promoteur
qui est orchestrée par les ITAF p54™®/NONO et hnRNPM. Dans le troisiéme
chapitre 'IRES de FGF1 est activé par 'ITAF VASH1 en réponse a une hypoxie
précoce dans les cardiomyocytes. Ces données suggerent que P'activation de 'IRES
de FGF1 recrute un ITAF spécifique selon le stimulus pergu.

Dans le deuxieme chapitre, PIRES du VEGFD est activé par PITAF nucléoline lors
du choc thermique. En revanche, la nucléoline n’a pas était identifié en hypoxie. La
nucléoline serait-elle 'ITAF des autres VEGF a 8h en hypoxie ?

Un ITAF serait-il stimulus-dépendant? Pour cela, il faut étudier leffet de
p54nrb/NONO et hnRNPM dans les cardiomyocytes en hypoxie et inversement,
étudier si VASH1 active 'IRES de FGF1 durant la différenciation myoblastique. 11
faut également étudier I'effet de la nucléoline sur les VEGF a 8h en hypoxie dans
les cardiomyocytes.

Les paraspeckles ont-ils un lien avec les IRES ?

Cependant, linteraction de p54ntb/NONO et hnRNPM a été déja montréeen
2010 par Marko et ses collegues. Ces auteurs ont montré également la localisation
de ces protéines dans le noyau en liaison avec une autre protéine PSF, composant
de corps nucléaires appelés “paraspeckles” dans les cellules cancéreuses (Markoes 4/

2009). Ces paraspeckles se forment dans des situations pathologiques comme lors
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de la différenciation cellulaire et lors du stress, le cancer aété identifié plus tard (Fox
et al, 2002, Imamura et a/, 2014, Choudhry e a/, 2015, Chen and Carmichael, 2009).
Le long non-codant Neatl, est un marqueur de stress essentiel a la formation de ces
paraspeckles. Les conditions de formation des paraspeckles sont similaires aux
conditions d’activation des IRES. Nous avons identifié une corrélation entre la
formation des paraspeckles et lactivation des IRES lors de la différenciation
myoblastique et lors du stress hypoxique a 4h dans les cariomyocytes et a 24h dans
les cellules tumorales (Godet e a/, non publié). De plus dans le noyau, les
paraspeckles sont localisés prés des espaces interchromatiniens et enrichis en
facteurs d’épissage (Fox ef a/ 2002). Ces données correlent avec I'implication de
p54™*/NONO et hnRNPM quant 4 leur fonction facteur de transcription du
promoteur du gene FGF1. Nos résultats montre que Neatl est surexprimé en
hypoxie et retrouvé dans les polysomes. Le long ARN non-codant Neatl serait-il
un ITAF, impliqué dans I'activation de 'IRES de FGF1 ?

En effet, il a été rapporté qu'il interagit avec p54nrtb/NONO, elle-méme identifiée
an tant qu'ITAF. Neat-1 pourrait intervenir dans la formation de I'IRESsome. La
localisation de Neat-1 dans les polysomes (alors qu'il est décrit comme étant
uniquement nucléaire) suggere aussi son implication dans la régulation de la

traduction.

Il faut vérifier 'implication de ce long ARN non-codant dans I’activation de I'IRES
de FGF1 en hypoxie.

Y aurait-il des ITAF responsablesde chaque vague d’activation ?

Dans les cardiomyocytes, les résultats de Dlactivation des IRES
(lymph)angiogéniques montrent deux vagues d’activation. Les IRES de la famille
des FGF sont activés a 4h et ceux de la famille des VEGF sont activés a 8h. Ces
vagues d’activation semblent fonctionner comme des régulons. Ce concept de
régulon traductionnel a déja été démontré dans la famille les genes Hox dans le
développement. Les ARNm des geénes hox possedent un IRES qui est activé par
RPL18 (Xue et al, 2015).

Il serait intéressant de déterminer les ITAF responsables des vagues d’activation
des IRES en réponse a ’hypoxie précoce dans les cardiomyocytes.



Discussion

La vasohibine 1 active spécifiquement 'IRES de FGF1 mais n’agit pas sur 'IRES
de FGF2 a 4h en hypoxie. Curieusement, 'activation de I'IRES de FGF2 est

maintenue jusqu’a 8h.
I’IRES de FGF2 serait-il activé par d’autres ITAF ?

Nos résultats sur la qPCR a haut-débit avec I'invalidation de VASH1 montre un
effet de VASHI1 sur de nombreux genes. Les données suggerent que VASHI
activerait également d’autres IRES.

La double fonction de VASH1

De facon surprenante, I'invalidation de VASH1 augmente I’activation de 'IRES de
VEGFAa. VASH1 serait un ITAF répresseur de VEGFAa. VASHI1 serait un ITAF
a double role : activateur de 'IRES de FGF1 et inhibiteur de 'IRES de VEGFAa
en hypoxie dans les cardiomyocytes. La littérature a montré que la protéine HuR
est un ITAF activateur de 'IRES de XIAP et de HIF-1A mais également un
répresseur de P'IRES de IGF1R et BCL, (Meng e a/, 2005, Durieu ef a/, 2011, 2013
Galban e a/, 2008). Ces deux fonctions peuvent étre expliquées par P'existence de
deux isoformes de VASHI1. I serait intéressant de déterminer Iisoforme
responsable de Tactivation de I'IRES de FGF1 et linhibition de T'IRES de
VEGFAa en réponse a ’hypoxie dans les cardiomyocytes.

VASH]1 aurait-elle un IRES régulé par HuR ?

VASHT1 est connu commun gene anti-angiogenique (Watanabe ef a/, 2004, Sonoda
et al, 2006). Ce qui corrobore avec son role en quITAF répresseur de VEGFAa
dans les cardiomyocytes en hypoxie. En revanche, il pourrait étre un activateur
comme dans le cas de FGF1; ces différentes fonctions seraient liées a son
expression en fonction du tissu. En effet VASH1 n’est pas exprimée dans les
cellules cancéreuses mais nos résultats révelent qu’elle est fortement exprimée dans
les cardiomyocytes en hypoxie (Watanabe e a/ 2004). Outre sa fonction anti-
angiogénique, Miyashita et ses collegues ont montré que VASH1 est impliquée dans
la tolérance au stress. VASH1 améliore la tolérance au stress des cellules
endothéliales en induisant Pexpression de SOD2 et SIRT1 (Miyashita ez a/, 2012).
De plus sa synthese protéique est activée par HuR en réponse au stress en se fixant
sur sa région 3’UTR dans les cellules endothéliales (Miyashita ez a/, 2012) avec une
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expression transcriptionnelle inchangée. Ces résultats sont retrouvés dans les
cardiomycocytes en réponse a l’hypoxie, VASH1 est induite au niveau de la

traduction mais pas au niveau de la transcription en réponse a ’hypoxie.

IARNm deVASH1 possederait-il un IRES régulé par HuR ? De plus, dans la
littérature, HuR a été décrit comme un ITAF (Yeh ef a/, 2008, Galban ef a/, 2008,
Durie ef al, 2011).

L’importance des partenaires protéiques

L’étude sur lactivité de 'IRES du FGF1 durant la différenciation myoblastique
révele une activité IRES-dépendante du promoteur qui est orchestrée par les ITAF
p54ntb/ NONO et hnRNPM. Concernant la fonction de ces I'TAF, hnRNPM est
impliqué dans Iépissage et p54™/NONO a un role dans le couplage transcription-
épissage (Hovhannisyan and Carstens 2007, Pandit ef a/ 2008). De plus,
p54nrb/NONO a été déja décrit comme ITAF des IRES c-, L-, et N-myc et
APAF-1 (Cobbold ez a/, 2008). Dans ce travail I'interaction de p54mb/ NONO et
hnRNPM leur confére un nouveau role dans la stimulation de la différenciation
myoblastique par Pactivation de 'IRES du FGF1 dépendant du promoteur. Ces
protéines sont multifonctionnelles. Ces données révelent 'importance du partenaire

protéique pour définir leur fonction.

L’importance de ’événement nucléaire

Ce travail rejoint de nombreuses publications montrant Iimportance de
Iévenement nucléaire. Nos résultats sur lactivation de T'IRES de VEGFD
montrent que la nucléoline est exportée dans le cytoplasme pour activer 'IRES de
VEGFD en réponse au choc thermique. Deux mécanismes sont alors émis : (i) les
ITAF servent a retenir les ARNm dans le noyau avant leur relargage dans le
cytoplasme en réponse a un stimulus spécifique, (ii) les ITAF sont séparés des
IRES dans le noyau en attendant le signal d’un stress pour étre relargués dans le
cytoplasme afin d’activer 'IRES. Il serait important d’élucider ces mécanismes en
suivant la localisation de I'ITAF avec I'activation de 'IRES cible.
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Mode¢le non-tumoral pour I’étude de ’angiogenése en hypoxie

Les cardiomyocytes HLL1 sont de bons mode¢les pour étudier la réponse au stress et
I'expression de facteurs de croissance angiogéniques. Les cardiomyocytes HIL1
présentent le méme phénotype que les cardiomyocytes adultes avec les mémes
propriétés morphologiques, électrophysiologiques et biochimiques (Claycomb ez 4/,
1998). En ce qui concerne le stress hypoxique, les cellules cancéreuses sont
résistantes par conséquent les IRES sont activés plus tardivement (Braunstein ez a/
2007, Morfoisse et al, 2014). Les cardiomyocytes sont donc de bons modéles pour
étudier la régulation de la traduction par le mécanisme a IRES en réponse a une
hypoxie précoce. De plus, les cardiomyocytes HIL-1 sont facilement transduits par

les lentivecteurs pour un bon suivi de I’expression des transgenes a long terme.

L’importance de I’étude des ITAF dans la thérapie génique et comme
nouvelles cibles thérapeutiques

La régulation de la traduction IRES-dépendante est trés complexe et nécessite
encore beaucoup d’investigations pour étre ¢lucidée. Les ITAF sont des acteurs
importants pour réguler finement cette traduction. Comme je I’ai mentionné dans
I'introduction, actuellement la thérapie combinée s’avére indispensable. Dans ce
contexte 'IRES est un outil prometteur pour l'expression de transgeénes. Par
conséquent, les résultats cette thése rappellent I'importance du réle des ITAF en
fonction du type de stress et du type cellulaire. Ils fournissent des données
importantes pour la vectorologie, car le choix des IRES a utiliser pour créer des
vecteurs de transfert de gene pour la thérapie génique de l'ischémie cardiaque.

I1 a aussi été montré que les IRES sont responsables de l'activation de l'expression
génique dans des situations pathologiques, notamment dans les cellules cancéreuses
(Marcel et al, 2013). Avec le concept de régulon traductionnel qui est apparu pour
les IRES, les ITAF identifiés constituent donc de nouvelles cibles potentielles pour
bloquer (ou activer) de maniere concertée l'expression de familles de genes.
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SUMMARY

Various tumors metastasize via lymph vessels and
lymph nodes to distant organs. Even though tumors
are hypoxic, the mechanisms of how hypoxia regu-
lates lymphangiogenesis remain poorly character-
ized. Here, we show that hypoxia reduced vascular
endothelial growth factor C (VEGF-C) transcription
and cap-dependent translation via the upregulation
of hypophosphorylated 4E-binding protein 1 (4E-
BP1). However, Initiation of VEGF-C translation
was induced by hypoxia through an internal ribo-
some entry site (IRES)-dependent mechanism.
IRES-dependent VEGF-C translation was indepen-
dent of hypoxia-inducible factor 1« (HIF-1a)
signaling. Notably, the VEGF-C IRES activity was
higher in metastasizing tumor cells in lymph nodes
than in primary tumors, most likely because lymph
vessels in these lymph nodes were severely
hypoxic. Overall, this transcription-independent
but translation-dependent upregulation of VEGF-C
in hypoxia stimulates lymphangiogenesis in tumors
and lymph nodes and may contribute to lymphatic
metastasis.

INTRODUCTION

The lymphatic vasculature consists of a network of lymph ves-
sels that drain interstitial fiuid from tissues and return it to the
blood. It is also essential for immune surveillance. However,
increased lymphangiogenesis also contributes to tumor metas-
tasis and various inflammatory diseases, while insufficient lymph

@ CrossMark

vessel growth or dysfunction causes lymphedema (Albrecht and
Chnstofori, 2011; Alitalo, 2011; Bonnal et al., 2003; Christiansen
and Detmar, 2011; Martinez-Corral and Makinen, 2013). Block-
ing lymphangiogenesis may offer therapeutic benefit to limit
tumor spread.

Hypoxia promotes the growth of blood vessels (angiogen-
esis), but only limited data are available on whether and how
hypoxia regulates lymphangiogenesis. Nevertheless, lymph
vessels are often located in remote areas away from oxygen-
carrying blood vessels and do not contain oxygen-camying
red blood cells; they are thus exposed to a milieu with very
low oxygen levels (Guzy et al., 2008; lvanovic, 2009). Some
correlative studies suggest a link among tumor hypoxia, the
hypoxia-inducible transcription factor HIF-1«, and lymphangio-
genesis (Schoppmann et al., 2006; Tao et al., 2006). Another
study reported that HIF-1z promotes lymphatic metastasis
by transcriptional activation of the lymphangiogenic factor
platelet derived growth factor B (Schito et al, 2012). HIF-1a
also stimulates transcription of Prox-1, another lymph-angio-
genic factor (Zhou et al., 2013). However, whether hypoxia
signaling (and in particuar HIF-12) regulates the expression
of vascular endothelial growth factor C (VEGF-C), one of the
key lymphangiogenic factors (Alitalo and Detmar, 2012), re-
mains unknown. Only a single report documented an associa-
tive correlation between HIF-12 and VEGF-C in cancer (Liang
et al., 2008). It is also unknown whether VEGF-C expression
in hypoxic conditions relies on transcriptional or translational
mechanisms.

When cells are exposed to low oxygen levels, they
suppress general protein synthesis in order to save energy
(Kaelin and Ratcliffe, 2008; Majmundar et al., 2010; Maxwell,
2005; Semenza, 2012). Hypoxia inhibits mRNA translation
by affecting the activity of two kinases, mTOR and PERK
(Larsson et al., 2013; Silvera and Schneider, 2009). Inactivation
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of mTOR results in hypophosphorylation of elF4E-binding

proteins (4E-BP), which promotes the sequestering of
elF4E, a factor necessary for cap-dependent translation
(Martineau et al., 2013; Richter and Sonenberg, 2005). Hypoxic
activation of PERK is mediated by the unfolded protein
response and inhibits translation by phosphonfating the
translation intiation factor elF2-o (Koumenis and Wouters,
2006).

Other mRNAs are translated in hypoxic conditions by an
altemative mechanism, mediated by intemnal ribosome entry
sites (IRESs) located in their 5 UTRs, which allows the ribo-
some to be recruited to a site that is at a considerable distance
from the cap structure, most frequently in the presence of
trans-acting factors (Spriggs et al., 2008; Vagner et al., 2001).
Many cellular mRNAs have now been documented to contain
IRESs. The majority of identified IRESs are found in mMRNAs of
proteins that are associated with the control of cell growth
and death, including growth factors, proto-oncogenes and pro-
teins required for apopteosis (Bushell et al., 2004). IRES ele-
ments have also been identified in VEGF-A and fibroblast
growth factor 2 mRNA sequences and are activated by hypoxia
to stimulate angiogenesis (Bornes et al., 2007). However, since
itis unknown if IRES-dependent expression of VEGF-C in hyp-
oxic conditions regulates lymphangiogenesis, we characterized
IRES-dependent induction of VEGF-C in hypoxic tumors and
lymph nodes.
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Figure 1. Expression Levels of VEGF-C and
4E-BP1 in Breast Tumor Specimens

(A-F) Immunostaining of VEGF-C in human spec-
imens of healthy breast tissue (A), invasive breast
cancer (B and C), and in healthy (D) and metasta-
sized (E and F) lymph nodes. (C) and (F) show
larger magnification of the ramed area of (B) and
(E). respectively.

(G-J) Immunostaining of 4E-BP 1 in human healthy
breast epithelium (G), invasive breast cancer (H),
and normal () and metastasized (J) lymph nodes.

Scale barrepresents 50 ym(A, B, G, and H), 25 ym
(Cand F), and 250 um (D, E, I, and J).

L7

RESULTS

Coexpression of VEGF-C and 4E-
BP1 in Tumor Cells

We examined by immunohistochemistry
(IHC) the expression levels of VEGF-C in
human healthy breast specimens, tumor
biopsies of invasive ductal carcinomas,
and draining metastatic lymph nodes.
Fifteen tumor biopsy specimens and their
sentinel nodes were analyzed. Immunore-
active VEGF-C levels were moderate in
healthy tissues but elevated in tumor
samples (Figures 1A-1C). VEGF-C was
undetectable in healthy lymph nodes but
upregulated in metastatic tumor cells in
lymph nodes (Figures 1D-1F).

Notably, 4E-BP1, a negative regulator of cap-dependent
mRNA translation, was overexpressed in tumors and metastatic
lymph nodes as compared to healthy epithelium and noninvaded
lymph nodes (Figures 1G-1J). Since overexpression of 4E-
BP1 inhibits cap-dependent translation induced by hypoxia in
tumors (Braunstein et al., 2007), these findings raised the
question whether VEGF-C translation in tumors and metastatic
lymph nodes relied on a cap-independent regulation of VEGF-C
translation.

VEGF-C mRNA Is Reduced while VEGF-C Protein Is
Increased in Tumors

We used three different mouse tumor models known to induce
lymphangiogenesis and to metastasize via lymph vessels:
Capan-1, a xenograft of human pancreatic adenocarcinoma;
4T1, an orthotopic syngeneic mouse mode! of metastatic breast
cancer; and a syngeneic subcutaneous model of Lewis lung
carcinoma (LLC) (Deer et al., 2010; Garmy-Susini et al., 2010;
Pulaski and Ostrand-Rosenberg, 2001). When studying the
expression of VEGF-C in primary tumor extracts during tumor
progression, we found that VEGF-C mRNA levels were
decreased (Figures 2A-2C), while human VEGF-C protein levels
were increased in the three tumor cell types, as observed by
a human VEGF-C-specific ELISA (Figure 2D) and by immuno-
blotting (Figures 2E and 2F). These data suggested that induc-
tion of VEGF-C expression occurred via a posttranscriptional
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tumors, showing an increase in VEGF-C protein
levels, associated with increased expression and
dephosphoryiation of 4E-BP1 and with increased
phosphorylaton of elF2a when comparing day 14
(Capan-1, 4T1) or day 21 (LLC) with day 7 tumor
protein extracts. Quantification by densitometry is
shown in (F). Relative levels are normalized to
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WDay7  WEDayi4  EMDay2i (G-L) Immunostaining for LYVE-1 (red) demon-
Caparn-1 4T1 ) strating increased lymphangogenesis during

Capan-1 pancreatic (G and H), 4T1 breast (land J),
and LLC (K and L) growth. Nuclei are visualized by
DAPI staining (blue).

(M-0) Morphometric quantffication of tumor lym-
phatic vessel area (% of tumor area) in Capan-1
(M), 4T1 (N), and LLC (O) tumors {mean « SEM;
n=8-10; "p < 0.01).

Scale bar represents 50 pym (G-L). See also
Figure S1.
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total 4E-BP1 protein levels increased and
4E-BP1 became increasingly hypophos-
phorylated, as evidenced by the shift to
a lower molecular weight (Figures 2E
and 2F). We also analyzed elF2« phos-
phorylation using antibodies recognizing
phosphorylated and total elF2«, as

21 da
v elF2a phosphorylation downregulates

mechanism. Use of murine VEGF-C-specific primers in the
human Capan-1 tumor model revealed that stromal cells did
not compensate for the reduced human VEGF-C mRNA levels
by upregulating murine VEGF-C transcript levels (Figure S1).
Staining for the lymphatic endothelial cell marker LYVE-1 com-
plemented with quantification of lymph vessel area showed
that lymphangiogenesis increased during tumor progression
(Figures 2G-20), in agreement with the enhanced VEGF-C pro-
tein levels.

We studied the phosphorylation status of 4E-BP1 by immu-
noblotting. 4E-BP1 can be hypophosphorylated (designated
a-form) or hyperphosphorylated (designated f§ and y forms). In
its hypophosphorylated state, 4E-BP1 inhibits cap-dependent
translation initiation by sequestering elF-4E (Martineau et al.,
2013; Richter and Sonenberg, 2005). During tumor progression,

protein synthesis in various stress condi-

tions, including hypoxia (Koumenis and
Wouters, 2006). Notably, phosphorylated elF2« (p-elF2x) levels
increased during tumor progression (Figures 2E and 2F). Thus,
decreased VEGF-C mRNA andincreased VEGF-C protein levels,
together with the decrease of global translation initiation in
tumors mediated by 4E-BP and elF22, suggested a stress-spe-
cific mechanism of regulation of VEGF-C translation, such as an
IRES-dependent translation process.

Structure Probing of the 5 UTR mRNA of VEGF-C

We therefore explored if VEGF-C might be translated via IRES-
dependent regulation. In order to analyze if the 5’ UTRs of the
human and murine VEGF-C contained conserved structural
features, the secondary structures of both RNAs were studied
by using “selective 2'-hydroxyl acylation analyzed by primer
extension” (SHAPE) analysis to obtain information on the RNA
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Figure 3. VEGF-C mRNA Contains an IRES Element Activated during Tumor Growth
(A) Sequence alignment of the murine and human VEGF-C 5’ UTR secuences. A color code is used for each nuclectide: guanine (crange), adenne (green), uridine
(red). and cytosine (blue). Three stretches of nucleotides are highly conserved between the two RNA sequences: motif 1 (light blue). motif 2 flight orange). and
motf 3 (light green).
(B) Quantification of the SHAPE analysis (see the Experimental Procedures) is shown for the conserved nucleotides of motif 3 of the human (orange) and murine
(red) & UTRs, showing very similar reactivity pattemns.
(C) Putative secondary structure of the murne 5 UTR of VEGF-C mRNA, as predicted on the basis of the ribose reactivities toward SHAPE and the reactivities of
adenines at N1 and cytosines at N3 toward DMS. For each nucleotide, the level of reactivity toward SHAPE is indicated in red. yellow. or black font character for
strong, medium, or weak reactivity, respectively. The cleavage sites induced by ribonucleases V1, T1, or T2 are indicated by arrows. Motifs 2 and 3 are color-
coded as in (A).

(legend continued on next page)
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secondary structure at single nucleotide resolution. SHAPE
takes advantage of the fact that only flexible nucleotides are
reactive toward hydroxyl-selective electrophiles, whereas con-
strained nucleotides are unreactive. We used as chemical prob-
ing reagents benzoyl cyanide in order to provide information on
the flexibility of each ribose (Mortmer and Weeks, 2009) and
dimethyl sulfate (OMS), which methylates single-stranded cyto-
sines at N3 and adenines at N1 (Figure S2A). To footprint and
probe the RNA structure, we also took advantage of the enzy-
matic cleavage by RNase T1 (which cleaves single-stranded
RNA after unpaired guanines residues), RNase T2 (cleaving
single-stranded RNA after unpaired nuclectides with a prefer-
ence foradenines), and RNase V1 (cleaving base-paired nucleo-
tide residues in a non-sequence-specific manner) (Figure S2A).

This analysis revealed that the 5" UTRs were highly structured
because of a high GC content (Figures 3A and 3B; Figures S?A
and S2B). However, the concomitant presence of RNase V1
cleavages and of single-strand specffic cuts, together with the
sensitivity to modifications by DMS in the SHAPE analysis, sug-
gested that these RNAs do not fold into a unique fixed structure
but are able to adopt alternative conformations at equilibrium.
Newertheless, based on the quantification of the DMS and
SHAPE reactivities, the most representative of the putative sec-
ondary structures of the murine 5” UTR is shown in Figure 3C.
Using sequence alignment, we observed three highly conserved
regions between the human and murine 5' UTRs (Figure 3A).
Interestingly, SHAPE analysis revealed that two of these motifs
adopted the same structure, since the reactivity pattern of the
conserved residues was nearly identical (Figure 2B; Figure S2B).
These motifs, located at the same distance from the intiation
codon in human and murine RNAs, might be appropriate for
binding of trans-acting factor(s) necessary to activate IRES-
dependent translation.

The § UTR of VEGF-C Exhibits IRES Activity

We then explored if the putative IRES sequences in the human
and murine 5’ UTR of the VEGF-C mRNAs were translationally
active and cloned these sequences in a double luciferase bicis-
tronic vector (Figure 3D) (Creancier et al., 2000). In this vector,
the first Renilla luciferase (LucR) cistron is translated by a cap-
dependent mechanism, while the second firefly luciferase
(LucF) cistron can be translated only if an IRES is present
between the two cistrons. We used bicistronic vectors contain-
ing the encephalomyccarditis virus (EMCV) IRES sequence since
it is not or only minimally regulated in mammalian cells, and we
also used the VEGF-A IRES since it is activated by hypoxia
(Bomes et al., 2007) (the VEGF-A data are discussed below).
An empty control bicistronic vector, containing a sequence
without IRES activity between the two cistrons, was inactive (Fig-

Annexe

ure 3D; Figure S2C). Control RT-PCR analysis showed that both
proteins were translated from a single mRNA transcript, since
comparable amounts of LucR and LucF mRNA were measured
(Figures 3E and 3F), indicating that a cryptic promater or splicing
event did not influence the results (Martineau et al., 2004).

To quantify the IRES activity in human and murine VEGF-C
5' UTR seguences in vivo, Capan-1, 4T1, and LLC tumor cells
were transduced with the bicistronic lentiviral vectors and in-
jected subcutaneously (Capan-1, LLC) or orthotopically in the
mammary fat pad (4T1). We used the human VEGF-C 5 UTR
for the human cell line (Capan-1) and the murine VEGF-C
5' UTR for the murine cel lines (4T1, LLC). Transduction of the
bicistronic vector did not affect tumor growth (Figures S2D and
S2E). The VEGF-C IRES activity was quantified by measuring
the LucF/LucR ratio as a parameter of the relative contribution
of IRES-dependent versus cap-dependent translation after 7,
14, and 21 days. The IRES activity levels at day 14 and 21
were expressed relative to the IRES activity at day 7. These ex-
periments revealed an IRES activity for both human and murine
VEGF-C & UTRs (Figures 3G and 3H). Furthermore, this IRES
activity increased during tumor progression, especially in breast
and lung tumors, while the EMCV IRES activity changed only
minimaly in 4T1 tumors (1.68-fold), e.g., less than the VEGF-C
IRES activity in these tumors (3.75-fold).

The VEGF-C IRES Activity Is Higher in Metastatic Lymph
Nodes

Analysis of the LYVE-1-positive lymphatic area in Capan-1, 4T1,
and LLC tumors showed that lymphangiogenesis in lymph nodes
was minimal at 3 days after inoculation but progressively
increased from 7 days onward (Figures 4A-4J). This raised the
question whether VEGF-C protein synthesis was increased in
metastatic lymph nodes. However, substantial numbers of met-
astatic cytokeratin-positive tumor cells were detected in draining
lymph nodes of Capan-1 and 4T1 tumors only from 14 days
onward and of LLC tumors only from 21 days onward, i.e., later
than the first signs of increased lymphangiogenesis in metastatic
lymph nodes (Figures 4K-4N). Previous reports already docu-
mented that lymph node lymphangiogenesis precedes lymph
node metastasis, presumably because primary tumors release
VEGF-C in the lymph fluid of efferent lymphatics (Hirakawa,
2009).

We also explored whether tumor cells might upregulate
VEGF-C production to higher levels, once they had intravasated
and traveled through lymph vessels to the lymph node, and
therefore analyzed the VEGF-C IRES activity in draining lymph
nodes to which tumor cells metastasized. In order to compare
the IRES activity in tumors and metastatic lymph nodes, the
firefly/Renilla luciferase ratio in each tumor type was normalized

(D) Schematic representation of the bicistronic expression cassettes subcloned in lentivectors, enceding two luciferase reporters that are translated by cap-
dependent translation (Renilia luciferase) or by IRES-dependent tion (firefly lucif: ). IRESs used ars the murine and human VEGF-C 5’ UTR, the human
VEGF-A IRES, as wel as the viral EMCV IRES (EMCV) and a short sequence devoid of IRES as positive and negative controls, respectively.

(E and F) mRNA expression analysis of firefly luciferase (LucF) and Renila luciferase (LucR) by gRT-PCR on cells transduced with the bicistronic lentivector
containing human (E} or murine (F) VEGF-C 5° UTR, revealing comparable expression of LucR and LucF mRNA, suggesting transcription of a single mRNA
(mean + SEM; n=6;p = NS).

(G and H) In vivo VEGF-C (G} and EMCV (H) IRES activity in Capan-1, 4T1, and LLC tumors (values are relative to day 7; mean + SEM; n=8-10; *p <0.01).
See also Figure S2.
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Figure 4. VEGF-C IRES Activity Is Higher in Metastatic Tumor Cells in the Lymph Node

(A) Staining forLYVE-1 {red) and nuceel (DAPI, blue) at day 3 (A-C), 7 (D—F) and 14(G and H) or 21 () revealad that lymphanglogenesls progressivel increased in
tumor-draining lymph nodes in Capan-1, 4T1, and LLC tumors. Dashed ines denote the border of the tissue.

(J) Quantification of lymphatic vessel area inlymph node (mean + SEM; n = 8-10; *p < 0.05, ***p < 0.001).

(K-M) Staining for cytokeratin (green, see arrowheads) and nuclei (DAPI, biue) revealed metastatic dissemination to lymph node of Capan-1, 4T1 and LLC tumors.

Dashed lines dencte the border cf the tissue.

(N) Quantfication of metastasis positive lyrmph nodes (mean + SEM; n=8-10; *

“p < 0.001).

(O) In vivo VEGF-C- and EMCV-IRES activity in metastatic lymph nodes of Capan-1, £T1, and LLC tumors at 14, 14, and 21 days, respectvely (values are
expressed relative to the respective value in the tumor; mean = SEM; n = 8-10; *p < 0.01).

Scale bar represents 50 um (all).

to the value of 1, both for the EMCV and VEGF-C IRES, and the
IRES activities in the lymph nodes were expressed as a fold
induction over the IRES activity in the tumor. This analysis re-
vealed that compared to primary tumors, the VEGF-C IRES
activity in metastatic lymph nodes was 5-, 7-, and 18-fold higher
in the Capan-1, 4T1, and LLC tumor models at 14, 14, and
21 days after tumor inoculation, respectively, while the EMCV
IRES activity was not affected (Figure 40). These findings sug-
gested that the lymphatic milieu influenced VEGF-C translation
in tumor cells.

Lymph Vessels Are Hypoxic and Develop Nearby Hypoxic
Tumor Cells

We then sought to determine why the lymphatic milieu enhanced
the VEGF-C IRES activity in metastatic tumor cells. Since lym-
phatics are known to be hypoxic (Guzy et a., 2008; Ivanovic,

160 Cell Reports 6, 155-167, January 16, 2014 ©@2014 The Authors

2009) and IRES elements are activated in cellular stress condi-
tions such as hypoxia (Braunstein et al., 2007; Komar and Hatzo-
glou, 2011; Pestova et al., 2001; Sachs, 2000; Silvera and
Schneider, 2009; Spriggs et al., 2010; Vagner et al., 2001), we
explored whether hypoxia affected IRES-dependent initiation
of translation of VEGF-C. We first explored a possible link
between hypoxia and lymphatic development and therefore
double stained tumors for the hypoxyprobe pimonidazole and
the lymphatic markers LYVE-1 or podoplanin. Already at an early
stage of tumor development (in <5 mm® tumors), the pancreas,
breast, and lung cancer models contained hypoxic regions,
which became more widespread and stained more strongly after
2 weeks (Figuras 5A=-5C). Immunoblotting for HIF-1« confirmed
activation of this hypoxia-inducible transcription factor (Fig-
ure 5D). In all cancer models, lymph vessels developed in prox-
imity of hypoxic tumor cell clusters (Figures 5E-5G). Unlike blood
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Figure 5. Tumor VEGF-C Levels Are
* Increased in Hypoxic Zones

(A-C) Immunodetection of hypoxic areas (hypo-
xyprobe, brown) in Capan-1 tumors revealed few
small hypoxic areas at early time points (A, day 7),
which became more abundant by 14 days after
injection (B). Amowheads indicate pimonidazole
adduct (PIMO)-positive hypoxic areas. Quantifi-
cation of PIMO" area is shown in (C) (mean + SEM;
n=10;°p < 0.001).

(D) Immunoblot for HIF-12 in Capan-1 tumors
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ctl  Capan-1
e —

HIF-1a

Prubulin  ——

HIF-1a/ B-tubulin ratio: 0.67:0.13 6.11+0.40***

showing statilization of the protein in vivo. Nomal
healthy skin was used as control. Densitometric
quantification is shown (mean+ SEM; n=6; *'p <
0.001). ctrl, control.

(E-G) Staining for LYVE-1 (green, see arrowheads)
revealing the presence of lymphatic vessels close
to hypoxic areas (hypoxyprobe [PIMO], brown) in
Capan-1 (E), 4T1 (F), and LLC (G) tumors.

(H-J) Staining of Capan-1 tumor for LYVE-1
(green, arrowhead) and hypoxyprobe (PIMO,
brown) revealed hypoxic lymph vessels. Merged
image is shown in (J).

Scale bar represents 50 um (Aand B), 50 pm (E-G),
25 pm H-J). See also Figure S3.

translation (Figures 6J and 6K). In
Capan-1 cells, VEGF-C protein levels
were comparable in hypoxic conditions,
though 4E-BP1 dephosphorylation was

endothelial cells, lymphatic endothelial cells also stained posi-
tively for pimonidazole, indicating that lymph vessels are hypoxic
(Figures 5H-5J; Figures S3A-S3F).

Hypoxia Induces VEGF-C Expression by a
Nontranscriptional Mechanism

We then studied the regulation of IRES-dependent VEGF-C
translation by hypoxia. Immuncstaining revealed that VEGF-C
and LucF were expressed predominantly in pimonidazole-posi-
tive hypoxic tumor areas in vivo (Figures 6A-6F). To study the
effect of hypoxia on VEGF-C expression in vitro, we exposed
LLC, Capan-1, or 4T1 tumorcells to 1% oxygen or to cobalt chlo-
ride (CoCl,), known to activate hypoxia signaling. Hypoxia
reduced VEGF-C mRNA levels in LLC and 4T1 cells while not
affecting its levels in Capan-1 cells (Figures 6G-6l). In LLC and
4T1 cells, hypoxia increased the protein levels of VEGF-C and
of hypophosphorylated 4E-BP1, suggesting increased VEGF-C
production despite a decrease in cap-dependent initiation of

increased, suggesting that the reduced
cap-dependent initiation of VEGF-C
translation was balanced off by an in-
crease in IRES-dependent initiation of
VEGF-C translation (Figures 6J and 6K).
In each cell line, elF2« phosphorylation
was increased by hypoxia, suggesting
that hypoxia downregulated global
mRNA translation (Figures 6J and 6K).
Since hypoxia increased the VEGF-C
IRES activity in all human and murine
tumor lines (also in the Capan-1 cells, in which VEGF-C levels
did not increase) (Figures 6L-6N), hypoxia thus induced a switch
from cap-dependent to IRES-dependent initiation of VEGF-C
translation. Similar results were obtained when we used CoCl,
(Figure 60). Phosphorylation of elF2q inhibits the EMCV IRES
activity (Sanz et al., 2015) and the increased elF2« phosphoryla-
tion levels might thus be responsible for the inhibition of the
EMCV IRES activity in hypoxia, while the variable EMCV IRES
activity in hypoxia in distinct tumor cell lines likely reflects cell-
type-dependent regulation of this IRES activity, which has
been recognized previously (Pilipenko et al., 2000).

The VEGF-C IRES Activity Is Reduced in More
Oxygenated Tumors

We then explored whether tumor oxygen levels in vivo influ-
enced the switch between cap-dependent VEGF-C translation
(in oxygenated conditions) versus IRES-dependent VEGF-C
translation (in hypoxic conditions). We therefore used prolyl
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Figure 6. Hypoxia Induces VEGF-C-IRES Activity In Vitro

(A-C) Staining for VEGF-C (red) and hypoxyprobe (PIMO, brown) reveaied VEGF-C colocdization {arrows) in hypoxic areas in Gapan-1 (A), 4T1(8), and LLG(C)

tumors. Dashed lines denote more hypoxic rom mora NOMMoXIC Zones.

(D-F) Staining for firefly lucferase (LucF, red) and hy poxyprobe (PIMO, brown) revealed IRES-dapendent luciferase translation (arows) primarily in hypoxicareas
in Capan-1 (D), 4T1 (E), and LLC (F) tumors. Dashed lines denots more hypoxic from more normoxic zones.
(G- gRT-PCR for VEGF-C showing reduced mRNA levels in hypoxic conditions in LLC (G) and 4T1 () tumor cells, but not in Capan-1 tumor cells (H) (mean =

SEM;n=9,"p<0.001inL #p=0.059in G; p =NSin H).

(J and K) Immunoblot of VEGF-C, 4E-BP1, elF2« and phosphorylated elF2« (p-elF2:9 in Capan-1, LLC, or 4T1 tumor cells, cultured in normoxia or hypoxia
(1% O5). Quantification by densitometry is shown in (K). Relative levels are normalized to p-tubulin (VEQF-C, hypophasphorylated 4E-BP1) or to eiF 2a (p-eiF2z)

(mean + SEM; n = 3-5; 'p < 0.05, “p < 0.01).

(L-N) VEGF-C- and EMCV IRES activity under narmoxic and hypoxic condifions (1% O:) in Capan-1 (L), 4T1 (M), and LLC (N) tumer celis in vitro (values are
expressed relative to the respective normexia condition; mean + SBEM; n = 6; *p < 0.01 versus normoxia).
(O) VEGF-C- and EMCV IRES activity in control and CoCl, conditions in Capan-1 and LLC cells in vitro (values are expressed relative to the respective controls;

mean £ SEM; n=5; *p < 0.01).
Scale bar reprosents 50 um (A-F). ctrl, control.

hydroxylase domain protein-2 (PHD2)*~ mice. in which tumor
hypoxia is reduced because of normalization of tumor blood
vessels and improved tumor vessel perfusion (Mazzone el &,
2009), hypothesizing that the VEGF-C IRES activity would be
reduced in thase mice. We thus implanted bicistronic luciferase
vector-transduced LCC tumor cells in wid-type (WT) and
PHD2*~ mice. Tumor growth of cancer cells, transduced
with VEGF-C- or EMCV-IRES vectors, was comparable in WT
and PHD2"~ mice (Figure S4A), consistent with reports that
PHD2 haplodeficiency did not affect tumor growth (Mazzone
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et al., 2009). Also, staining for the hypoxia marker pimonidazole
demonstrated that hypoxia levels were lower in EMCV IRES-
and VEGF-C IRES-expressing tumors in PHD2*~ mice than
in WT mice (Figures 7A, 7D, and 7G).

Compared to tumors in WT mice, tumors in PHD2 "'~ mice had
similar VEGF-C immunoreactive proteinlevels, which colocalized
in part with the pimonidazole-positive hypoxic regions, showing
that both normoxic and hypoxic tumor cells produced VEGF-C
(Figures 7B, 7C, 7E, 7F, and 7H). Immunoblotting confirmed
these findings (Figure S4B). However, a reduced fraction of
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Translationally Regulated but HIF-1x Inde-
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(A-F) Immunostaining for hypoxyprobe (pimonida-
2zole, green) and VEGF-C (red) in LLC turmnors in wild-
* type (WT) (A-C) and PHD2"  mice {D-F).

(G) Quantification of pimecnidazole-positive pixel
density in tumors transduced with EMCV- or
VEGF-C IRES luciferase constructs showed a
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decrease in hypoxia in PHD2*/~ mice (mean = SEM;
n=6;"p < 0.05).

(H) Quantification of VEGF-C-postive pixel density
in tumors transduced with EMCV- or VEGF-C IRES
luciferase lentivector construets revealing no differ-
ences (mean = SEM; n = 8-10; p = NS).

(HO) Staining for firefly ludferase (LucF. red)
and hypoxyprobe (pmondazole, green) revealed
reduced VEGF-C IRES-dependent translation in
LLC-bearing PHD2*'~ mice (L-\) as compared to
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WT mice (I-K). Quantification of LucF-positive pixal
density is shown in (O) confirming the decrease in
luciferase signal for VEGF-C-IRES, which was not
* seen with the EMCV control IRES (mean + SEM;
n=&10; ‘p<0.01).

(P-R] Micrograpns of LLC tumor sections in
PHD2"'" mice, stained for LYVE-1 (green) and hy-
paxyprobe (PIMO, browrn), revealing that lymph
vessals were hypoxic in this modal.
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VEGF-C was translated via IRES-dependent mechanisms in the
more oxygenated tumors of PHD2*'~ mice. Indeed, when double
staining for pimonidazole and firefly luciferase (LucF), VEGF-C
IRES-expressing tumors in PHD2*/~ mice had reduced LucF
but increased LucR levels (Figures 770; Figures S4C and
S4D), indicating that the VEGF-C IRES activity was reduced while
cap-dependent translation initiation was increased. VEGF-C
IRES-dependent transiation of LucF was only detected in the
residual hypoxic tumor zones in PHD2"~ mice (Figures 7L-
7N). Interestingly, even though overall tumor oxygenation in
PHD2*'~ mice wasimproved because of blood vessel normaliza-

(W and %) gRT-PCR for VEGF-A showing increased
mRNA levels in hypoxic conditions in Capan-1 (C)
and LLC (D) tumor cels in vitro (mean + SEM; n= 6;
‘p< 009

Scale bar represente 50 um (all). See aso Figure S1.

tion, lymph vessels remained immunoreactive for the hypoxyp-
robe pimonidazole in tumors of PHD2*'~ mice (Figures 7P-TR).
Thus, IRES-dependent VEGF-C translation was reduced in
more oxygenated tumors of PHD2*~ mice, confirming the regu-
lation of the transiational switch (cap versus IRES dependence)
by oxygen levels in vivo. That VEGF-C protein levels were not
lower in tumors of PHD2"'~ mice than in WT mice, despite overall
improved oxygenation, may be due to the fact that the oxygena-
tion conditions in tumors of PHD2'~ mice were still not
sufficiently improved to completely abrogate IRES-dependent
VEGF-C translation. In addition, even though HIF-1z levels are
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reduced in more oxygenated tumors of PHD2"'~ mice (IMazzone
et al, 2009), the residual HIF-1a levels may still promote cap-
dependent translation, since HIF-1« induces the transcription
of the cap-binding factor elF-4E (Yietal., 2013).

HIF-1a-Independent Hypoxic Induction of VEGF-C
Synthesis

To explore if VEGF-C protein production in hypoxic conditions
was HIF dependent, we used a small interfering RNA (siRNA)
againsthuman HIF-1a (siHIF) to silence HIF-1x expression, which
reduced HIF-1a protein levels to nearly undetectable levels in
hypoxic Capan-1 tumor cells (Figure 7S). Silencing of HIF-1x
alsoreduced the expression levels of VEGF-A, phosphoglycerate
kinase (PGK), hexokinase-2, and the glucose transporter
GLUT-1, all known HIF-1a target genes (Figure S4E). Despite
the strong decrease of the HIF-1a levels in hypoxic Capan-1
tumor cells transfected with siHIF (Figure 7S), VEGF-C protein
levels were maintainedin hypoxic conditions (Figure 7S), whereas
the VEGF-C IRES activity was not affected by HIF-1x silencing
(Figure 7T). Thus, these data suggest that the posttranscriptional
induction of VEGF-C via IRES was independent of HIF-1a

Regulation of VEGF-A Expression by Hypoxia

For reasons of comparison, we also studied the relative impor-
tance of the cap-dependent versus IRES-dependent translation
of VEGF-A in hypoxia. Previous in vitro studies documented that
VEGF-A translation relies on cap-dependent mechanisms in nor-
moxia and on IRES-dependent mechanisms in hypoxia (Bomes
etal,, 2004). Transgenic mouse lines, expressing reporter genes
under the control of IRESs, also revealed that VEGF-A translation
in ischemic muscle partly depends on the IRES activity (Bomes
et al., 2007). However, it is unknown whether IRES-dependent
translation of VEGF-A can also occur in tumors or metastatic
lymph nodes. When tumor cells, stably ransduced with a bicis-
tronic lentiviral vector containing the VEGF-A IRES sequence,
wereinjected in vivo, the VEGF-A IRES activity levelswere detect-
able and increased during tumor progression (Figure 7U). The
VEGF-A IRES activity was sensitive to oxygen levels in tumors
invivo, since tumors (transduced with lentiviral bicistronic vectors
containing VEGF-A IRES) had lower VEGF-A IRES activity levelsin
PHD2 "'~ mice, as revealed by staining for firefly luciferase (Fig-
ure 7V). This was not influenced by the tumor size, since tumor
growth was not affected by the PHD2 genotype or type of bicis-
tronic vector (VEGF-A- or EMCV-IRES) (Figure 54F).

However, different from VEGF-C. regulation of VEGF-A
expression also relied on transcriptional upregulation in hypoxic
conditions. Indeed, VEGF-A mRNA levels were increased in
tumor cells in hypoxia (Figures 7W and 7X) and also increased
during tumor progression in vivo, both at the protein and mRNA
levels (Figures S4G-S4J). Thus, unlike VEGF-A, the expression
of which is upregulated in hypoxia at the transcriptional and
translational level, the expression of VEGF-C in hypoxia is regu-
lated by translational, but not by transcriptional, mechanisms.

DISCUSSION

We identified a translational requlation of VEGF-C production in
hypoxic conditions, both in primary tumors and in (pre)-metasta-
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tic lymph nodes, thatis distinct from previously identified mech-
anisms of how hypoxia stimulates lymphangiogenesis.

Tumor Cells Metastasizing via Hypoxic Lymphatics
Induce VEGF-C

For tumor cells to spread to distant organs via lymphatics, they
induce lymphangiogenesis. However, since tumors are often
deprived of oxygen and lymphatics are extremely hypoxic
(Guzy et al., 2008; lvanovic, 2009), tumor cells must have mech-
anisms to stimulate lymph vessel growth in hypoxic conditions.
Qur findings demonstrate that tumor cells can upregulate
VEGF-C protein levels in hypoxic conditions in vitro and in vivo
andthatlymph vessels grew in and around hypoxic tumor areas,
where VEGF-C was produced. While hypoxia often upregulates
protein levels via HIF-1a-dependent gene transcription, this
study shows that hypoxia augments VEGF-C protein levels via
aHIF-1e-independent effect on VEGF-C IRES-dependent initia-
tion of translation.

Hypoxia Regulates VEGF-C Protein Levels via an
IRES-Dependent Activity

We demonstrate that murine and human VEGF-C mRNAs are
translated by IRES-dependent initiation of translation in hypoxic
tumor areas during tumor development in vivo. Sequence align-
ment revealed that murine and human VEGF-C 5’ UTRs share
three highly conserved maitifs. Interestingly, probing the RNA
secondary structures by SHAPE analysis showed that two of
these motifs adopt the same two-dimensional structure, since
the reactivity pattern of the conserved residues was nearly
identical. These motifs, located at the same distance from the
initiation codon, might be appropriate for binding of specffic
trans-acting factor(s), necessary to activate IRES-dependent
translation. Use of a bicistronic vector provided functional evi-
dence that the 5’ UTR of murine and human VEGF-C mRNA
indeed functioned as IRES sequences to initate cap-indepen-
dent translation of the VEGF-C mRNA. Thus, translation of the
VEGF-C mRNA in normoxia occurs via cap- and/or IRES-depen-
dent mechanisms. In hypoxia, when global translation is sup-
pressed through dephosphorylation of 4E-BP1 and increased
phosphorylation of elF2«, IRES-mediated mRNA translation is
activated, leading to an overall increase in VEGF-C protein
levels.

VEGF-C IRES Activity Is Higher in Lymph Nodes

Previous studies reported that expression of VEGF-C by cancer
cells promotes tumor and lymph node lymphangiogenesis as
well as metastasis (Hirakawa et al., 2005, 2007). Even before
metastatic tumor cells reach the sentinel lymph nodes, VEGF-C,
released by malignant cells of the primary tumor into the
lymphatic circulation, stimulates lymphangiogenesis in lymph
nodes at a distance (Hirakawa et al.,, 2005, 2007). Using lucif-
erase reporters of posttranscriptional VEGF-C regulation, we
observed that the VEGF-C IRES firefly luciferase aclivity was
increased in lymph nodes at the time when they were colonized
by metastatic tumor cells. Notably, however, the induction of
the VEGF-C IRES activity was higher in tumor cells that had
metastasized to the lymph nodes than in tumor cells that were
present in the primary tumors. Lymphangiogenesis was also



more extensive in metastatic lymph nodes than in primary
tumors. These data indicate that the lymph node milieu stimu-
lates VEGF-C expression. Since lymphatics are highly hypoxic,
the hypoxic milieu seems to be of key importance to activate
IRES-dependent VEGF-C translation.

HIF-1«-Independent Regulation of VEGF-C Translation

in Hypoxia

Hypoxia signaling is well known to stimulate angiogenesis, in
part by promoting HIF-1a dependent transcription of VEGF-A
as well as by stimulating IRES-dependent VEGF-A translation
(Bornes etal., 2007; Huez et al., 2001). Incontrast, VEGF-C tran-
script levels were reduced, yet VEGF-C protein levels were
increased, in hypoxia by switching from cap-dependent to
IRES-dependent VEGF-C translation. Notably, this regulation
seemed to be independent of HIF-1«, since near-complete
silencing of HIF-1a to levels suificient to lower HIF-1« target
gene transcription did not abrogate the hypoxia-induced post-
transcriptional IRES-activated translation of VEGF-C mRNA
and production of VEGF-C protein. Different molecuar mecha-
nisms thus evolved to ensure production of VEGF-A and
VEGF-C, two closely related and homologous members of the
VEGF family.

Hypoxic Lymph Vessels Ensure Lymphangiogenesis in
Cancer

Our findings may also be relevant to understand how tumor
cells have developed mechanisms to ensure spreading via
lymphatics in oxygen-deprived conditions. Lymph vessels are
severely hypoxic, not only because they lack oxygen-carrying
red blood cells, but also because they reside in very hypoxic
regions in tissues and tumors (Guzy et al., 2008; Ilvanovic,
2009). Such a hypoxic miieu suppresses cap-dependent
mRNA translation of VEGF-C in tumor cells, traveling inside
lymphatics to the lymph nodes. However, by switching to
IRES-dependent initiation of translation of VEGF-C, tumor
cells can upregulate the production of this key lymphangio-
genic factor in hypoxia and thereby ensure increased growth
of lymph vessels via which they metastasize. Hence, tumor
cells have adopted mechanisms to stimulate lymphangiogene-
sis when metastasizing through hypoxic lymph vessels and
lymph nodes.

EXPERIMENTAL PROCEDURES

All human tissue was used under approval from the Human Subjects Institu-
tional Review Board of the University of Toulouse lll. More detailed procedures
are described in Supplemental Experimentd Procedures.

Tissue Specimens

In total, 15 primary human breast cancer specimens and their associated
lymph nodes were collected from pretreatment surgical resections (Ranguei
Hospital, Toulouse, France). Sample collection was approved by the INSERM
Institutional Review Board (DC-2008-463) and Research State Department
(Ministére de la Recherche, ARS, CPP2, authorization AC-2008-820).

Cell Culture

Cell culture of Capan-1 pancreatic carcinoma cells, 4T1 breast carcinoma,
and LLC cels under nomoxia or hypoxia (1% Oz or 300 uM CoCly) was as
described in the Supplemental Experimental Procedures.

Annexe

Tumor Studies and Inmunohistochemical Phenotyping

Anmal experiments were conducted inaccordance with recommendations of
the European Convention for the Protection of Vertebrate Animals usad for
experimentation and according to the INSERM IACUC (France) and the KU
Leuven (Belgium) guidelines for laboratory animal husbandry. All animal
experiments were approved by the local branch Inserm Rangueil-Purpan of
the Midi-Pyrénées ethics committee, France (protocol 091037615), or by the
Ingtitutional Animal Cars and Research Advisory Commitoee of the KU Leuven,
Leuven, Belgium (protocol P166/2011). The LLC syngenic tumor model in
C57BI6 mice, Capan-1xenograft model in NMRI nude mice. syngenic ortho-
topic 4T1 breast carcinoma model in Balb/c mice, and the collection and
immunohistological analysis of tumor and lymph nodes was performed as
detailed in the Supplemental Experimental Procedures.

RNA and Protein Analysis

SHAPE Analysis

In-vitro-transcribed RNA was prepared and subjeded to SHAPE analysis as
previously described (Heffer et al., 2013) (Mortimer and Weeks, 2009) and
further detailed in the Supplemental Experimental Procedures.

RNA Analysis

Expressionof human and murine VEGF-C, VEGF-A, hexokinasell, Gut1, PGK.
LucR, and LucF was by SYBR green quantitative RT-PCR (Table S1) as
described in the Supplemental Experimental Procedures.

Protein Analysis

VEGF-C protein levels in Capan-1 tumor extracts were measured by ELISA
(R&D Systems).

Lentivector Construction and Luciferase Reporter Gene Assay
Cloning of the cDNAs coding human and murine VEGF-C 5’ UTR, VEGF-A
5 UTR, and EMCV & UTR into the bicistronic lenti P ing Renila
luciferase under the cytomegalovirus promoter and firefly luciferase undear
the control of the respective 5 UTR IRES, and cell transduction was as
described in the Suppemental Experimental Procadures. In \vitro or ex vivo
luciferase assays on cell or tissue lysates were performed using the Dual-
Luciferase Assay System kit (Promega).

siRNA and Cell Transfection

siRNA-mediated silencng of human HIF1« was done using a pool of siRNAs as
listed in the Supplemental Experimental Procedures. Transtection of Gapan-1
celis and verification of silencing by immunoblotting was as described in the
Supplemental Experimental Procedures.

Statistical Analysis

All statistical analyses were performed with a two-tailed Student's t test or
one-way ANOVA. All experiments were performed three times, with one
exception, where the incidence of metastasis is reported as the average +
SEM of three separate animal experiments. All other data presented are of
one representative experiment.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at nttp://
dx.doi.org/10.1016/.celrep2013.12.011.
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