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INTRODUCTION

- Les protéines G monomeriques de la famille Rho :
I.1- Présentation génerale des Rho GTPases :

La famille des protéines Rho (Ras homologous) fait partie de la superfamille Ras et se
compose de 20 petites GTPases ayant un poids moléculaire de 20 a 30 kDa (Figure 1). Ces
protéines sont exprimées par I’ensemble des organismes eucaryotes et se caractérisent par leur
capacité a se lier au nucléotide GTP (guanosine triphosphate). Il existe d’une part les Rho
GTPases dites « classiques » telles que RhoA, Rac, Cdc42, RhoD et RhoF présentes sous forme
active liée au GTP ou inactive liée au GDP (guanosine diphosphate). D’autre part les Rho
GTPases « atypiques » telles que RHO-BTB, RND, RHOU, RHOV et RHOH sont liées
exclusivement au GTP. Leur activité peut étre réguler par différents mécanismes tels que leur
niveau d’expression ou de phosphorylation. Les GTPases monomériques de la famille Rho les

plus étudiées et les mieux caractérisées sont les protéines RhoA, Rac et Cdc42.

RhoBTB3

RhoBTB
SUBFAMILY
RhoH/TTF
RhoBTB2
RhoBTB1
Rac \ y
SUBFAMILY \ \
\ —
RhoG/ANhrG \\ \ \ %
\
RhoJd/TCL \ \ R
RhoQ/TC10 b
Cdc42
RhoB \
Ahoumrcht | FNOC RhoA \d
Cdc4a2
SUBFAMILY  novMreh
Rho
SUBFAMILY

Figure 1 : Dendrogramme des membres de la famille des Rho GTPases
(Bustelo, Sauzeau, et Berenjeno 2007)



La fonction principale de ces protéines est de contrdler I’organisation du cytosquelette
d’actine. L’activation de RhoA entraine la formation de fibres de stress constituées de filament
d’actine alignés en faisceaux denses ainsi que de points d’adhésions focales. L’activation de
Cdc42 induit la formation de longs filaments d’actine droits appelés filopodes. L’activation de
Racl, quant a elle, conduit a la polymérisation de I’actine a la périphérie de la cellule, a la
formation de lamellipodes et de protrusions membranaires. Ces protéines sont donc des acteurs
clés de la régulation de I’organisation du cytosquelette d’actine et participent de ce fait a la
morphologie, la polarité, la migration, la prolifération et 1’adhésion cellulaire (Etienne-
Manneville et Hall 2002).

Au cours de ma these, je me suis intéressée plus particulierement a la protéine Rac. Il
existe 4 homologues de la protéine Rac, Racl/2/3 et RhoG. Racl (Ras-related C3 botulinum
toxin substrate 1) est une protéine ubiquitaire codée par un gene présent sur le chromosome 7
(7p22) chez ’'Homme et est composeé de 7 exons (Matos et al. 2000). La protéine Rac2 est codée
par le géne situé sur le chromosome 22 (22q13.1) et est exprimée exclusivement dans les
cellules hématopoiétiques. Le gene codant pour la protéine Rac3 se situe sur le chromosome 17
(17925.3) et cette forme de Rac est exprimée majoritairement au niveau cérébral (Courjal et al.
1997). Concernant la protéine RhoG, elle est codée par le géne situé sur le chromosome 11
(11p15.4) et est exprimée dans les fibroblastes, les leucocytes, les cellules neuronales et
endothéliales. Ces protéines présentent une forte homologie de séquence avec 88%
d’homologie entre Racl et Rac2, 77% entre Racl et Rac3 et 72% entre Racl et RhoG (Vincent,
Jeanteur, et Fort 1992; Wertheimer et al. 2012).

1.2- Structure des Rho GTPases :

Les Rho GTPases sont des protéines monomériques composées d’un domaine G central,
d’une région d’insertion et d’une extrémité C-terminale hypervariable selon les membres de la
famille (Figure 2).

Le domaine G est constitué¢ d’un feuillet-p a 6 brins antiparalléles entouré par 5 hélices-
a. Ce domaine se caractérise par 5 boucles polypeptidiques G1 a G5 qui forment la poche
nucléotidique permettant la fixation du GDP ou du GTP (Sprang 1997). Le motif G1 contient
la séquence consensus GXXXXGK(S/T) qui réalise la liaison entre le feuillet B1 et I’hélice al
de la GTPase et se lie également aux a- et B-phosphates du nucléotide gréce a la Lys16
conservée entre les GTPases Rac, RhoA et Cdc42. La boucle G1 est egalement impliquée dans
la coordination de 1’ion Mg?" par le biais de la Thrl7 pour Rac, RhoA et Cdc42. Le Mg?*
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participe au maintien de la structure tridimensionnelle de la protéine ainsi qu’a la stabilisation
de la liaison entre la protéine et le nucléotide. La boucle G2 assure la liaison entre 1’hélice al
et le brin 2. Cette boucle participe a la coordination du Mg?* grace a la Thr35 conservée entre
les différentes GTPases et fait partie intégrante de la région Switch I. Le motif G3 situé entre
le brin B3 et I’hélice a2 se lie au y-phosphate du nucléotide et également au Mg?*. La boucle
G3 fait partie de la région Switch Il et de I’hélice a2. La boucle G4 relie le brin B5 et I’hélice
a4 pour participer a la reconnaissance de la base guanidine. Le motif G5 participe également &
la reconnaissance de la guanine et se situe entre le brin 36 et I’hélice a5 (Itzen et Goody 2011).

La région d’insertion unique, de 10 & 15 acides aminés, se trouve entre 1’hélice 04 et le
brin B5. Cette séquence peptidique est impliquée dans I’interaction entre la GTPase et les
facteurs d’échange de nucléotides guanyliques (GEFs) ainsi qu’entre la GTPase et ses effecteurs
(Lam et Hordijk 2013). Ce domaine permet 1’activation des effecteurs et des cascades de
signalisation qui en découlent.

L’extrémité C-terminale des RhoGTPases contient un motif CAAX qui participe a la
localisation des GTPases. Ce motif subit une modification post-traductionnelle qui consiste en
I’ajout d’un motif prényle sur la cystéine par les farnésyl- ou géranylgéranyl-transférases.
L’ajout de ce motif lipidique permet un adressage de la GTPase a la membrane plasmique.
L’extrémité C-terminale des GTPases contient également une région hypervariable qui
participe également a la localisation de ces protéines. Dans le cas de Racl, cette région contient
une séquence polybasique correspondant au signal de localisation nucléaire (NLS) (Lam et
Hordijk 2013).

Les régions Switch I et 11 sont essentielles pour le passage des protéines de leur état
inactif & un état actif. Ces régions vont subir des modifications structurelles permettant le
remplacement du GDP par le GTP. Pour Racl, la région Switch I correspond aux résidus 26 a
36 et la région Switch Il correspond aux résidus 59 a 76. Les différentes études structurales des
GTPase ont mis en évidence les différentes interactions existant entre le nucléotide et les
GTPases. Lorsque la protéine est sous forme active (liee au GTP), deux liaisons hydrogene sont
établies entre le phosphate y du nucléotide et la Thr35 au niveau du Switch | et la Gly60 de la
région Switch II de Racl. Lors de I’hydrolyse du GTP en GDP, il y a libération du phosphate y
et les liaisons établies entre celui-ci et les régions Switch sont donc perdues entrainant un

relachement de la conformation de la protéine (Schaefer, Reinhard, et Hordijk 2014).
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Figure 2 : Séquences primaires des Rho GTPases et structure cristallographique
de Racl

(A) Alignement des séquences des GTPases de la famille Rho. Les domaines et les principaux motifs structuraux
sont annotés. Les acides aminés en jaune sont de type hydrophobes, en vert hydrophyles, en rouge chargés
négativement, en bleu chargés positivement (Amin et al. 2016). (B) Structure cristallographique de Racl (PDB :

3THS). Les différents domaines G1 a G5 et les motifs structuraux hélices o et brins  sont symbolisés.




1.3- Régulation de I’activité des Rho GTPases :

Les GTPases agissent comme des commutateurs moléculaires en passant d’un état
inactif lié au GDP dans le cytosol a un état actif lié au GTP et ancré a la membrane plasmique
(Figure 3). Ce cycle d’activation/inactivation des Rho GTPases est finement régulé par
différentes familles de protéines. Les GEFs sont activés en réponse a différents stimuli externes
et catalysent I’échange du GDP par le GTP. Une fois liées au GTP, les GTPases peuvent
interagir avec leurs effecteurs spécifiques et initier différentes cascades de signalisation
régulant de nombreux processus cellulaires. Les GTPases possedent une activité GTPasique
intrinséque permettant I’hydrolyse du GTP en GDP. Cette activité intrinséque étant faible, les
protéines activatrices de 1’activité GTPasique (GAPs) agissent comme des catalyseurs en
accélérant la réaction d’hydrolyse du GTP et favorisent donc le retour de la protéine a un état

inactif. Les GTPases sous forme inactive sont séquestrées dans le cytosol par les GDIs.

faANARARARA(

Effecteurs

Figure 3 : Cycle d’activation des GTPases de la famille Rho (d'aprés Loirand,
Sauzeau, et Pacaud 2013)

Racl cycle entre un état inactif 1i¢ au GDP et un état actif li¢ au GTP. Ce cycle d’activation est régulé par les GEFs
responsables de I’échange du GDP par le GTP ; les GAPs favorisent I’hydrolyse du GTP et le retour de la GTPase
a un état inactif ; les GDIs séquestrent Racl sous forme inactive dans le cytosol.



1.3.1- Les facteurs d’échange de nucléotides guanyliques (GEFs) :

Il existe plus de 80 GEFs régulant I’activité des Rho GTPases qui Se répartissent en deux
familles : les GEFs a domaine DH (Dbl-Homology) et les GEFs a domaine DHR (Dock
Homology Region). Les GEFs peuvent activer différentes GTPases monomériques, étre
specifiques d’une sous-famille ou spécifique d’une seule GTPase monomérique (Snyder et al.
2002).

La plus grande famille de GEFs, les GEFs a domaine DH, regroupe 71 membres qui
sont tous constitués d’un domaine DH en tandem avec un domaine PH (Pleckstrin Homology)
(Fort et Blangy 2017) (Figure 4). Les domaines DH-PH forment souvent la structure minimale
nécessaire a I’activité des GEFs. Les domaines DH se composent d’un assemblage d’hélices o
et de 3 regions CR1 a CR3 hautement conservées. Ces régions forment chacune une hélice a et
s’assemblent pour former le cceur du domaine DH. Les domaines CR1 et CR3 constituent une
partie du site de fixation des GEFs sur les GTPases et sont en interaction direct avec les
domaines Switch I et Switch Il des Rho GTPases. Le domaine PH, quant a lui, interagit avec
les phospholipides et participe a la localisation membranaire des Rho GTPases (Zheng 2001,
Hakoshima 2003; Hoffman et Cerione 2002).
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Figure 4 : Les GEFs a domaine DH (Cook, Rossman, et Der 2014)
Les différents domaines composants ces GEFs sont représentés avec notamment le domaine DH (jaune) et le

domaine PH (rectangle bleu). La spécificité de ces GEFs pour les GTPases est également mentionnée.

Le mécanisme d’action des GEFs repose sur un changement de conformation des
régions Switch | et Il entrainant une modification de la poche nucléotidique et perturbant la
fixation de 1’ion Mg?* (Vetter et Wittinghofer 2001; Rossman, Der, et Sondek 2005; Cherfils
et Zeghouf 2013). Ces modifications structurelles conduisent a la libération du GDP qui est
remplacé par le GTP majoritaire dans le milieu intracellulaire. L’étude cristallographique de
Racl liée aux domaines DH-PH de Tiam1 a permis de caractériser plus spécifiquement le
mécanisme d’action de ces GEFs en identifiant les acides aminés clés et propres a cette réaction
(Figure 5). Cette étude a mis en évidence que Tiaml interagit avec les régions Switch | et Il de

Racl. Des liaisons de type hydrogéne sont établies entre un résidu d’acide glutamique de la
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région CR1 du domaine DH de Tiaml et les amides de la chaine principale des acides aminés
Thr35 et Val36 ainsi qu’avec I’hydroxyle de la chaine latérale de la Tyr32 de la région Switch
| de Racl. Ces différentes interactions entre le domaine DH du GEF et la région Switch I de la
GTPase entrainent une déstabilisation de la poche nucléotidique et un déplacement de la Thr35
qui participe & la coordination de I’ion Mg?*. La région Switch Il de Racl subit également des
changements conformationnels qui sont dus aux interactions entre la région CR3 du domaine
DH et I’Ala59 et la Tyr64 de Racl. Ces modifications participent également a la déstabilisation
du Mg?*. En effet, le groupe méthyle présent dans la chaine latérale de 1’Ala59 est déplacé dans
la poche nucléotidique et bloque le site de fixation du Mg?* par encombrement stérique.
L’ensemble de ces modifications conformationnelles des régions Switch I et Il permettent une
interaction entre I’acide aminé Glu62 et la Lys16 présente dans la boucle G1 de la GTPase.
Cette interaction libére le B-phosphate du nucléotide qui était lié a la boucle G1. Ainsi, la
perturbation de la liaison du Mg?* et la déstabilisation de la boucle G1 sont des éléments clés
permettant 1’échange GDP/GTP (Worthylake, Rossman, et Sondek 2000; Hoffman et Cerione
2002; Toma-Fukai et Shimizu 2019).
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Figure 5 : Structure cristallographique du complexe Racl/Tiam1 (d'apres
Worthylake, Rossman, et Sondek 2000)

(A) Structure cristallographique du complexe Racl/Tiaml. La protéine Racl est représentée en vert avec ses
domaines Switch I et 1l en rouge, les domaines DH et PH de Tiam1 sont respectivement en jaune et bleu. Les
acides aminés de Racl, Tyr32, Thr35, Val36, Ala59 et Tyr64, qui sont impliqués dans les interactions avec Tiam1
sont annoteés. (B) Représentation des interactions entre Racl et Tiam1. Les liaisons hydrogénes sont annotées en
vert, les interactions de Van der Waals en rouge, les liaisons ioniques en bleu et les étoiles représentent des liaisons

non-ioniques faisant intervenir les atomes de la chaine latérale de I’acide aminé.



L’activité des GEFs est régulée par différents mécanismes tels que la suppression de
séquences inhibitrices intramoléculaire (Lépez-Lago et al. 2000), des interactions protéine-
protéine (Taya et al. 2001; Z. Chen et al. 2012) ou leur localisation intracellulaire (Fleming et
al. 2004). De nombreux GEFs présentent des séquences de régulation qui bloquent leur propre
activité par interaction intramoléculaire entre une séquence d’auto-inhibition et le domaine DH
du GEF. Ce mécanisme de régulation a notamment été décrit pour Vav et Tiam1 qui possédent
a leur extrémité N-terminale une séquence d’auto-inhibition. Des études ont démontré que la
phosphorylation des GEFs peut entrainer des modifications conformationnelles qui déplacent
ces séquences d’auto-inhibition permettant alors aux GEFs d’exercer leur activité catalytique
(Lopez-Lago et al. 2000; Whalley et al. 2015; Azoitei et al. 2019). Pour le GEF Vav, il est
nécessaire que la Tyrl74 soit phosphorylée afin de démasquer son domaine DH contenant son
site actif (Aghazadeh et al. 2000). L’activité des GEFs peut également dépendre de leur
localisation intracellulaire. Par exemple, le GEF Tiam1 posséde deux domaines PH, I’un en
tandem avec le domaine DH qui participe a I’activité catalytique du GEF tandis que le second
est responsable de son recrutement a la membrane (Crompton et al. 2000; Fleming et al. 2004).

La seconde famille de GEFs, les GEFs a domaine DHR, est constituée de 11 membres
classés en quatre sous-groupes : DOCK-A, -B, -C et -D (Figure 6). Ces GEFs sont caractérisés
par la présence de deux domaines conservés : la région d’homologie Dock-1 (DHR-1) qui
permet la liaison du GEF aux lipides et la région DHR-2 qui est responsable de 1’activité
catalytique du GEF. Les GEFs des groupes DOCK-A et -B activent spécifiquement les GTPases
de la sous-famille de Rac tandis que DOCK-D active spécifiquement Cdc42. Les GEFs de la
sous-famille DOCK-C sont capables d’activer Rac et Cdc42 a I’exception de DOCKS8 qui est
spécifique de Cdc42 (Laurin et Coté 2014).
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Figure 6 : Structure des GEFs de la famille DOCK (Laurin et Cété 2014)
Les GEFs de la famille DOCK sont subdivisées en 4 sous-familles qui possédent toutes au minimum un domaine

DHR-1 impliqué dans la liaison aux lipides et un domaine DHR-2 portant I’activité catalytique du GEF

Le mécanisme d’action de ces GEFs est moins bien connu que celui des GEFs a domaine
DH. Ces GEFs sont décrits pour interagir avec les GTPases monomériques via leur domaine
DHR2 et modifier uniquement la conformation de la région Switch | sans interagir avec la
région Switch Il. La fixation du GEF sur la GTPase entraine un déplacement de la boucle G1
du domaine Switch I ce qui perturbe I’interaction entre la Phe28 et la base du GDP libérant le
B-phosphate du nucléotide. Cette modification conformationnelle de Switch I permet I’insertion
d’un résidu hydrophobe & proximité du site de fixation de 1’ion Mg?* ce qui a pour effet de

déstabiliser la liaison entre cet ion et la GTPase monomérique (Thompson et al. 2021).

1.3.2- Les protéines activatrices de 1’activit¢ GTPasique (GAPs) :

Les protéines G monomériques de la famille Rho possedent toutes une activité

GTPasique intrinseque mais celle-ci est lente et incompatible avec les differentes fonctions
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régulées par les GTPases qui demandent une inactivation rapide des protéines. Les GAPs
accélérent la réaction d’hydrolyse du GTP en GDP.

La famille RhoGAP est constituée de plus de 70 membres dont chacun possede un
domaine GAP, formant 9 hélices a, constitué de 190 acides aminés hautement conservés dont
une arginine essentielle a I’activité catalytique (Mosaddeghzadeh et Ahmadian 2021). Ces
protéines régulatrices possedent également des régions DH, PH, SH2, SH3 et des régions riches
en proline permettant de réguler leur activité et leur localisation subcellulaire (Figure 7). La

région PH permet la liaison a la membrane plasmique et les régions SH2 et SH3 sont impliquées

dans les interactions protéiques (Ligeti, Welti, et Scheffzek 2012).

Rho
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Figure 7 : Structure des protéines de la famille RhoGAP (Ligeti, Welti, et

Scheffzek 2012)

Organisation structurelle de différentes GAPs spécifiques des GTPases de la famille Rho avec un domaine GAP

hautement conservé et d’autres régions telles que DH, PH, SH2, SH3.

Les GAPs interagissent avec les Rho GTPases au niveau de la boucle G1, les régions

Switch | et Switch II. Une liaison est établie entre 1’arginine catalytique du domaine GAP et le

12



carbonyle de la chaine principale de la Gly12 de Racl permettant de stabiliser 1’état de transition
de I’hydrolyse du GTP. Cette interaction participe également a la stabilisation des charges
négatives qui se forment lors de 1’état de transition de 1’hydrolyse du GTP au niveau du y-
phosphate et oriente la GIn61 de Racl afin qu’elle coordonne I’attaque nucléophile d’une
molécule d’eau sur le y-phosphate (Bos, Rehmann, et Wittinghofer 2007; Mosaddeghzadeh et
Ahmadian 2021) (Figure 8).

Figure 8 : Structure cristallographique du complexe Racl/GAP (PDB : 1HE1)
La protéine Racl est représentée en vert avec ses domaines Switch | et Switch 11 en rouge et la boucle
G1 en bleu, le domaine GAP de la toxine ExoS est en orange.

L’activit¢ des GAPs est régulée de fagon spatio-temporelle. Ainsi, certaines GAPs
doivent étre presentes au niveau de la membrane plasmique pour permettre I’inactivation des
GTPases monomériques. Les RhoGAPs peuvent également étre régulées par phosphorylation
comme ARHGAP24, une GAP spécifique de Racl, dont la phosphorylation de la Ser402 induit
son activation cytoplasmique (Morishita, Tsutsumi, et Ohta 2015; Hodge et Ridley 2016).

1.3.3. Les protéines inhibitrices de la dissociation guanylique (GDIs) :

Les RhoGDIs empéchent la dissociation du nucléotide guanylique, le plus souvent le

GDP, et maintiennent les GTPases sous forme inactive dans le cytoplasme. La famille des
RhoGDls se compose de trois membres : RhoGDI1, RhoGDI2, RhoGDI3. Le membre de la
13



famille majoritaire est RhoGDI1 qui a une expression ubiquitaire. RhoGDI2 est
préférentiellement exprimée dans les cellules épithéliales et hématopoiétiques tandis que
RhoGDI3 est exprimée dans le pancréas, les poumons et le cerveau (DerMardirossian et Bokoch
2005; Dovas et Couchman 2005; Garcia-Mata, Boulter, et Burridge 2011). Les RhoGDIs sont
composées d’un domaine N-terminal avec un faisceau d’hélices o qui interagit avec les régions
Switch de la GTPase et une extrémité C-terminale comprenant un sandwich B qui se lie au
groupement prényle.

Le mécanisme d’interaction entre les GTPases monomériques et les GDIs se divise en
deux étapes. Premierement, le domaine N-terminal du GDI se lie aux domaines Switch | et Il
de la GTPase inhibant la dissociation du nucléotide. Les acides aminés de Racl essentiels a
cette interaction ont été identifiés : la Thr35, la Tyr64, I’ Arg66, I’His103 et I’His104 établissant
des liaisons hydrogéne avec la GDI (Garcia-Mata, Boulter, et Burridge 2011) (Figure 9).
Deuxiémement, le groupement prényle de la GTPase monomeérique est déplacé de la membrane
plasmique vers la poche hydrophobe du GDI présente a son extremité C-terminale ce qui
empéche les interactions entre les lipides de la GTPase monomérique et lamembrane plasmique
(Dovas et Couchman 2005; Garcia-Mata, Boulter, et Burridge 2011). Suite a cette étape la
GTPase monomeérique est sequestrée dans le cytosol. Il a été observé que PAK (p-21 activated
kinase) phosphoryle les Ser101 et Ser174 de RhoGDI permettant la dissociation du complexe
protéique Racl/RhoGDI et I’activation de la GTPase monomérique (Dovas et Couchman
2005).

14



Switch |

Figure 9 : Structure cristallographique du complexe Rac/GDI (PDB : 1DS6)
La protéine Rac est représentée en vert avec ses domaines Switch | et Switch Il en rouge, les acides aminés

impliqués dans les interactions avec la GDI sont mentionnés, la GDI est en orange.

- Réles physiologiques de la GTPase Racl :

En modulant I’organisation du cytosquelette d’actine, la protéine Racl regule des
fonctions cellulaires essentielles telles que la migration, 1’adhésion et la contraction cellulaire.
Racl est également impliquée dans la transduction de signaux de croissance, la régulation de la

transcription, le cycle cellulaire et le stress oxydant.
I1.1- Organisation du cytosquelette d’actine et migration cellulaire :

Le cytosquelette d’actine est un systéme filamentaire dynamique qui s’étend dans le
cytoplasme et régit la morphologie cellulaire. 1l est composé de monomeres globulaires d’actine
qui s’assemble pour former des microfilaments d’actine polarisés avec une extréemité a
croissance rapide et une extrémité a croissance lente. Les filaments d’actine forment un réseau
de filaments droits ou branché associés aux protéines liant [’actine. La capacité
d’assemblage/désassemblage de ce réseau d’actine confere aux cellules une certaine plasticité

qui leur permet de s’adapter a leur environnement et notamment de migrer (Cooper 2000).
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La protéine Racl régule I’organisation du cytosquelette d’actine notamment via la
polymérisation directe de ’actine. Racl, activee par le GEF Tiam1, interagit avec son effecteur
IRSp53 favorisant la liaison de Racl aux protéines WAVE qui peuvent a leur tour activer le
complexe Arp2/3. Cette cascade de signalisation participe a la formation de nouveaux
polyméres d’actine qui se ramifient aux filaments déja existants et qui sont essentiels a la
formation de lamellipodes (Miki et al. 2000; Millard, Sharp, et Machesky 2004; Ridley 2006).
Les lamellipodes présents au niveau du front de migration des cellules sont des projections
membranaires qui permettent a la cellule de se déformer et guident la migration cellulaire. Racl
contrdle également la polymérisation de I’actine de fagon indirecte via son effecteur PAK. Ce
dernier phosphoryle et active les LIM-kinases (LIMKSs) qui phosphorylent et inactivent la
cofiline responsable de la dépolymérisation de I’actine (Ridley 2006; Mierke et al. 2020). De
ce fait, Racl participe a la stabilisation des filaments d’actine (Figure 10).

La régulation de 1’organisation du cytosquelette d’actine est un élément clé de la
migration cellulaire. Par conséquent Racl, tout comme les GTPases RhoA et Cdc42, est
impliquée dans cette fonction cellulaire. Le mécanisme de migration cellulaire est régulé de
facon spatio-temporelle. Premiérement, des protrusions membranaires de deux types se
développent a I’avant de la cellule permettant d’orienter la migration. La formation de
filopodes, de longs filaments d’actine droits, est sous le contrdle de I’activité de Cdc42 (L. Ma,
Rohatgi, et Kirschner 1998, 42; Lawson et Ridley 2018) tandis que la formation de lamellipodes
est régulée par Racl. De nouveaux points d’adhésion doivent étre établi entre la cellule et les
substrats extracellulaires pour soutenir la formation de ces protrusions membranaires. Racl, via
son GEF B-Pix participe a la formation du complexe GIT/B-Pix/PAK impliqué dans la mise en
place de ces nouveaux points d’adhésion (Frank et Hansen 2008; Lawson et Ridley 2018)
(Figure 10). Deuxiémement, le corps et 1’arriére de la cellule doivent se contracter pour suivre
I’extension vers 1I’avant de la cellule. Cette étape fait intervenir la GTPase RhoA qui participe
a la formation de fibres de stress et module la force de contraction de 1’actine-myosine régulant

la contraction du corps et de I’arrié¢re de la cellule (Etienne-Manneville et Hall 2002; Hall 2012).
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Figure 10 : Régulation de la migration cellulaire mésenchymateuse par les
GTPases de la famille Rho

(A) Représentation schématique d’une cellule en cours de migration. Cdc42 régule la formation de filopodes et
des complexes focaux d’adhésion, Racl contrdle la formation des lamellipodes et ’assemblage des complexes
focaux d’adhésion, RhoA participe au développement des fibres de stress et régule la contraction du corps
cellulaire. (B) Voies de signalisations moléculaires régulant I’ organisation du cytosquelette d’actine et la migration

cellulaire dépendante de Racl.
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I1.2- Régulation du cycle cellulaire et de la prolifération :

Au cours du cycle cellulaire, la cycline D1 permet ’activation de kinases dépendantes
de la cycline (cdk) cdk4 et cdk6 qui phosphorylent et inactivent la protéine rétinoblastome
permettant la libération du facteur de transcription E2F. Ce dernier régule 1’expression de génes
impliqués dans la transition G1/S. Différentes études ont démontré que Racl est capable de
moduler I’expression de la cycline D1 tant au niveau transcriptionnel que traductionnel (Ridley
2001; Jaffe et Hall 2005).

La transcription de la cycline D1 est induite par différents facteurs de transcription dont
NF«B. Il a été constaté que la liaison de NFkB sur le promoteur de la cycline D1 est stabilisée
par Racl (Joyce et al. 1999). La transcription de la cycline D1 peut également étre régulée par
ERK. Racl interagit avec son effecteur PAK qui phosphoryle et active ERK induisant la
transcription de la cycline D1 via ETS et AP-1 (Klein et al. 2007). Rac1 est également impliquée
dans la régulation de la traduction de la cycline D1. Il a été démontré dans les cellules
endothéliales que les intégrines activent SOS, un GEF de Racl, qui active cette derniere et
favorise la biosynthése de la cycline D1 (Mettouchi et al. 2001). D’autres études ont mis en
évidence qu’une inhibition de la protéine Racl bloque les cellules en phase G1 (L. Liu et al.

2014).

I1.3- Régulation des NADPH oxydases :

Les NADPH (nicotinamide adénine dinucléotide phosphatase) oxydases (NOX) sont
des complexes enzymatiques transmembranaires qui catalysent I’oxydation du NADPH menant
a la formation de NADP*, H" et de I’ion superoxyde O2". Le proton H* et I’anion superoxyde
O, reagissent ensemble sous I'action de la superoxyde dismutase pour former du peroxyde
d'hydrogene (H202). L’ion superoxyde et le peroxyde d’hydrogene font partie de la famille des
espéces réactives de 1’oxygene qui peuvent oxyder I’ADN (acide désoxyribonucléique), les
protéines et les lipides. La famille des NOXs chez I’homme, est composée de sept isoenzymes :
cing NOXs (NOX1, NOX2, NOX3, NOX4 et NOX5) et deux DUOXs (DUOX1 et DUOX2)
(Bedard et Krause 2007).
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D’un point de vue structurelle, le complexe enzymatique NOX est composé de
différentes sous-unités qui different selon les isoenzymes. Les NOX1, 2, 3 et 4 sont associées
a la sous-unité membranaire p22phox ainsi qu’a des sous-unités régulatrices essentielles a la
formation d’un complexe NOX actif au niveau membranaire (Bedard et Krause 2007; Panday
et al. 2015) (Figure 11). Différentes études mettent en évidence le réle essentiel de Racl dans
la formation de ces complexes enzymatiques. Le recrutement des sous-unités régulatrices de
NOX1 et NOX2 est possible grace a une interaction directe entre ces sous-unités et les régions
Switch I et Switch 11 de Racl (Kao et al. 2008). De ce fait, la protéine Racl régule I’activité de
ces NOXs, la production de ROS (espéces réactives de 1’oxygene) associée et participe au stress

oxydant.

20, 20,
{\4

NSX3

NADP + H*

NADPH

NADPH
NADP + H* NADP + H*

20, 20,

NADP + H* NADP + H* NADP + H*

Figure 11 : Schéma d’assemblage et d’activation des NOXs (Panday et al. 2015)
L’activation de NOX1 et NOX2 dépend de la phosphorylation de NOXO1 et p47phox respectivement et nécessite
la translocation des complexes régulateurs a la membrane, NOXA1 et Racl pour NOX1 et p67phox, p40phox et

Racl pour NOX2. L’assemblage et I’activation des autres NOXs ne dépend pas de Racl.

I1.4- Regulation de la contraction des cellules musculaires lisses :

Le muscle lisse tapisse les parois de I’ensemble des organes creux du systéme

respiratoire (trachée, bronches, bronchioles, alvéoles), du systeme gastro-intestinal (cesophage,
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estomac et intestin), du systéme urino-génital (vessie, utérus) ainsi que la média des vaisseaux.
La fonction principale des CMLs est la contraction permettant notamment de contréler le
diamétre des vaisseaux pour les CMLs vasculaires (CMLvV) ou des bronches pour les CMLs
bronchiques (CMLDb).

La contraction des CMLs repose sur ’activité de la myosine qui est active lorsque sa
chaine légere (MLCx2o) est phosphorylée. Deux enzymes, la phosphatase de la chaine légere de
la myosine (MLCP) et la kinase de la chaine Iégere de la myosine (MLCK) régulent I’état de
phosphorylation de la MLCzo (Figure 12).

L’activation de la MCLK est nécessaire a la phosphorylation de la MLCy et est
dépendante de la concentration intracellulaire en Ca?*. Une entrée de Ca?* extracellulaire et/ou
la libération des stocks calciques au niveau du réticulum sarcoplasmique via les récepteurs a
I’TP3 et les récepteurs a la ryanodine (RyR) induisent une augmentation de la concentration
intracellulaire en Ca?* (Hill-Eubanks et al. 2011; Amberg et Navedo 2013). Cette élévation de
Ca?* dans le cytosol permet la formation de complexes calcium-calmoduline et 1’activation de
la MLCK. Il a récemment été démontré dans les CMLb, que la protéine Racl, en se fixant au
domaine PH de la sous-unité p2 de la phospholipase C, favorise la production d’IP3, la
libération de Ca?* et finalement la contraction des CMLb (André-Grégoire et al. 2018).

La contraction des CMLs est également régulée indépendamment du Ca?* par la voie
de sensibilisation au Ca?* de I’appareil contractile. Cette voie de signalisation implique la
MLCP qui déphosphoryle la MLCxg et favorise la relaxation. Les agonistes contractants activent
généralement des récepteurs a sept segments transmembranaires qui activent la voie du Ca?*
mais également la GTPase monomérique RhoA. RhoA actif interagit avec son effecteur
principal, Rho-kinase (ROCK), qui phosphoryle et inhibe 1’activité de la MLCP (Feng et al.
1999). ROCK phosphoryle également la protéine CPI-17 qui inactive alors la MLCP (Koyama
et al. 2000; Pagiatakis et al. 2012; Sward et al. 2003). L’inhibition de la MLC permet de
maintenir des taux élevés de MLCzo phosphorylée et donc de maintenir une contraction

maximale avec une faible concentration Ca%* intracellulaire.
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Figure 12 : Régulation de la contraction des CMLv
RCPG : récepteur couplé aux protéines G ; ROCK : Rho kinase ; PIP2 : phosphatidylinositol-4,5-bisphosphate ;
IP3 : inositol 1,4,5-trisphosphate ; CaM : calmoduline ; MLCK : kinase de la chaine Iégére de la myosine ; DAG :
diacylglycérol ; PKC : protéine kinase C ; MLCP : phosphatase de la chaine légére de la myosine ; MLCx : chaine

légere de la myosine

I1lI-  Roles physiopathologiques de Racl :

Comme decrit dans la partie précédente, Racl regule des fonctions cellulaires
essentielles et une modification de son expression et/ou de son activité peut avoir de
nombreuses répercutions physiopathologiques. Racl est décrit pour étre impliqué dans des
pathologies cardiovasculaires (Sawada, Li, et Liao 2010; Loirand, Sauzeau, et Pacaud 2013),
inflammatoires (Winge et al. 2016), infectieuses (Eitel et al. 2012; Ravi et al. 2021) et dans
differents cancers (Rathinam, Berrier, et Alahari 2011; Haga et Ridley 2016; Kazanietz et
Caloca 2017). Au cours de ma thése je me suis principalement intéressée aux réles de Racl

dans des pathologies associées aux CMLs et dans le cancer.
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I11.1- Racl dans la physiopathologie des CMLs :
I11.1.1- La contractilité des CMLs :

Tous mécanismes menant a une augmentation de la contraction des CMLyv participent a
la hausse de la pression artérielle systémique et donc au développement de pathologies
cardiovasculaires. Cette augmentation de la contraction des CMLvV peut avoir deux origines :
une élévation de la production de vasoconstricteurs et/ou une baisse de la synthése de
vasodilatateurs. La relaxation des CMLv est essentiellement régulée par les cellules
endothéliales via la synthése de monoxyde d’azote (NO). Dans un modele murin haplo-
insuffisant pour Racl dans les cellules endothéliales, il a été observé une diminution de
I’expression et de 1’activité de la NO synthase endothéliale (eNOS). La production de NO est
réduite ainsi que la vasorelaxation des CMLv (Sawada et al. 2008). De méme, la délétion
specifique de Racl dans les CMLs conduit également a un défaut de relaxation en réponse aux
donneurs de NO et aux agents vasorelaxants (André et al. 2014; Fabbiano et al. 2014). Ce défaut
de vasorelaxation induit une hypertension artérielle dans ces modéles murins. Ce défaut de
relaxation artérielle en réponse au NO est également observé dans un modéle murin ayant une
délétion du gene de Vav2, un GEF de Racl (Sauzeau et al. 2010). Ces études démontrent le
réle clé de la voie de signalisation VVav2/ Racl dans la relaxation des CMLv et dans le contréle
de la pression artérielle.

L’asthme et la bronchopneumopathie chronique obstructive sont des pathologies
respiratoires majeures qui se caractérisent par une hyperréactivité bronchique (HRB). Chez les
asthmatiques, il a été observé ex vivo que les CMLb ont une capacité contractile augmentée
caractérisée par une contraction plus rapide et plus forte (X. Ma et al. 2002; Matsumoto et al.
2007). Dans notre laboratoire, nous avons observé dans un modele de souris asthmatiques que
la délétion de I’expression de Racl dans les CMLs ou son inhibition pharmacologique prévient
le développement de ’HRB (André-Grégoire et al. 2018). Ces résultats démontrent le role de
Racl dans la dérégulation des CMLDb associée a I’asthme.

L’ensemble de ces études révele le role essentiel de Racl dans la régulation de la

contraction des CMLs. Toutefois, en fonction du type de CMLs étudié, son role est different.

I11.1.2- Le remodelage des CMLs :

Les CMLs sont décrites pour participer au remodelage tissulaire associé a de

nombreuses pathologies telles que I’hypertension, 1’athérosclérose, la resténose ou 1’asthme
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sévere. Dans ces différents contextes, il est observé une hypertrophie, une prolifération et une
migration des CMLs.

Dans les pathologies vasculaires, plusieurs études ont demontré 1’implication de Racl
dans le remodelage tissulaire via la production de ROS. Comme décrit précédemment (I1.3-
Régulation des NADPH oxydases) Racl régule 1’activité des NOXs et est donc impliquée dans
la production des ROS. Au niveau des CMLyv, les isoformes de NOX retrouveées principalement
sont NOX1, NOX2 et NOX4 (Bedard et Krause 2007). L’activation de ces NOXs dépendante
de Racl entraine notamment 1’activation des voies de signalisation dépendantes de p38 et ERK
décrites pour promouvoir la prolifération et la migration des CMLv. L’expression du dominant
négatif RacIN'’ dans les CMLyv, tout comme un traitement avec des agents antioxydants,
empéche I’activation de ces voies de signalisation et inhibe la migration des CMLv (C. Li et al.
2000; Gorin et al. 2004; Gerthoffer 2007). Il a également été mis en évidence que 1’angioplastie
active Racl qui participe a la prolifération des CMLvV via la stimulation de l'ubiquitine-ligase
Skp2 impliquée dans la progression du cycle cellulaire (Bond et al. 2008). Ces differents
éléments mettent en lumiére le réle physiopathologique de Racl dans la production de ROS et

I’activation de voies de signalisations menant a la prolifération et a la migration des CMLv.

I11.2- Racl en oncologie :

En oncologie, plusieurs mutations de la GTPase monomérique Racl ont été identifiées
dont Rac1™?%, Rac1N®?! Rac1¢?"Y et Rac1™’® (Kawazu et al. 2013; Davis et al. 2013). La
mutation Rac1”%S est la mieux décrite & ce jour et a été observée dans 9% des mélanomes
induits par exposition aux rayons UV (Davis et al. 2013). Le résidu en position 29 de la protéine
Racl, fait partie de la région Switch I et cette mutation favorise 1’interaction entre Racl et ses
effecteurs. Une surexpression de la proteine a été observée dans différents types de cancers dont
le cancer colorectal, pancréatique, mammaire et différentes leucémies (Lou et al. 2018) (Figure
13). 1l a également été constaté que la suractivation de la protéine Racl pouvait étre associée a
une augmentation de son expression ou a une hyperactivation des GEFs responsables de son
activation. De plus, une isoforme de Racl, Raclb, est décrite pour étre surexprimée dans le
cancer du sein, du colon et du poumon (Jordan et al. 1999; Schnelzer et al. 2000; Stallings-
Mann et al. 2012). Cette protéine Raclb a un cycle d’échange du nucléotide plus rapide que la
protéine Racl et présente les propriétés biochimiques caractéristiques des formes

constitutivement actives des GTPases monomeériques (Matos et al. 2000; Melzer et al. 2019).
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L’activité de la protéine Racl est associée a la prolifération, la migration et la formation
de métastases ainsi qu’a la chimiorésistance des cellules tumorales ainsi. L’expression du
dominant négatif RacIN!’, Dextinction de 1’expression de Racl et son inhibition
pharmacologique ont permis de redonner une chimiosensibilit¢ a des cellules tumorales
résistantes a différentes chimiothérapie dans le cas notamment du cancer du sein (Q. Li et al.

2020), du poumon (Q.-Y. Chen et al. 2011) et du carcinome épidermoide de I’cesophage (Zeng

et al. 2019).
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Figure 13 : Fréquence des modifications de séquence ou d’expression de Racl
observées dans différents types de cancer (d’apres cBioPortal)

Fréquence des modifications de Racl observées en différents types de cancer avec en vert les mutations, en violet
les variants structuraux, en rouge 1’augmentation de son expression, en bleu les délétions et en gris la présence de

plusieurs types de modifications.

I11.2.1- La prolifération des cellules tumorales :

Les cellules tumorales se caractérisent par une prolifération anormale en absence de
signaux de croissance ce qui favorise leur survie. Racl, de par son rdle dans 1’activation des
voies de signalisation pro-prolifératives, a été étudieée dans ce contexte.

La hausse de I’activation de Racl observée dans les cellules tumorales entraine une
suractivation de ses effecteurs dont PAK1 qui est décrit pour promouvoir la prolifération
cellulaire. PAK1 participe a 1’activation des cascades de signalisation de ERK, AKT et WNT
impliquées dans la régulation du cycle cellulaire et donc la prolifération (Radu et al. 2014). Plus

précisement, PAK1 phosphoryle Raf-1 et MEK1 qui activent a leur tour ERK. Cette voie de
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signalisation favorise I’expression de la cycline D1 et la progression du cycle cellulaire en phase
G1/S (L. Chen et al. 2019). Concernant I’implication de PAK1 dans la voie WNT-B-caténine,
il a été démontré que PAKI1 s’associe et phosphoryle la B-caténine au niveau de la Ser663 et de
la Ser675. La B-caténine est alors stabilisée et est transloquée dans le noyau ou elle régule la
transcription de la cycline D1 et de la protéine myc, tous deux décrits pour favoriser la
prolifération cellulaire (Arias-Romero et al. 2013) (Figure 14).

PAK1 est également décrit pour réguler I’apoptose. Il a été observé que la
phosphorylation de Raf-1 par PAK1 entraine sa translocation dans le noyau permettant sa
liaison a BAD afin de le phosphoryler. BAD une fois phosphorylé ne peut plus interagir avec
Bcl-2 ce qui inhibe cette voie de signalisation pro-apoptotique et favorise donc la survie des
cellules tumorales (Schiirmann et al. 2000). PAK1 est aussi capable d’activer la voie de NFxB
ce qui a pour effet de favoriser la résistance des cellules tumorales a 1’apoptose comme cela a
été observé dans des cellules épithéliales mammaires (Friedland et al. 2007). De plus, la
protéine Racl régule I’activation des NOXs et la formation des ROS qui participent a

I’activation de la voie dépendante de NF«B favorisant la survie cellulaire (Figure 14).
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Figure 14 : Voies de signalisations moléculaires impliquant Racl dans la
prolifération et la survie des cellules tumorales

L’activation de Racl entraine différentes cascades de signalisations impliquées dans la prolifération et la survie

qui participent & la tumorigenése.

111.2.2- La formation de métastases :

La formation des métastases se définit par I’infiltration des cellules cancéreuses dans le
systeme lymphatique et/ou sanguin qui s’extravasent ensuite pour nicher dans le ou les tissus
cibles distants. Ainsi, la migration cellulaire joue un réle clé dans la progression tumorale et la
formation de métastases. Comme décrit précédemment (11.1 Organisation du cytosquelette
d’actine et migration cellulaire), la voie de signalisation Rac/PAK/LIMK est impliquée dans la

motilité cellulaire via la polymérisation de I’actine et la formation de lamellipodes. Une
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augmentation de la motilité et de l'invasivité des lignées cellulaires, notamment du cancer du
sein, est corrélée a une hausse de I’activité de PAK1 (Vadlamudi et al. 2000).

La migration des cellules nécessite la perte des adhésions cellule-cellule. Dans le cas du
carcinome, les cellules épithéliales perdent ces adhésions et subissent une transition épithélio-
mésenchymateuse (EMT). La delétion spécifique de I'E-cadhérine dans les cellules épithéliales
murines entraine une augmentation de la capacité d’invasion des cellules tumorales dans un
modele de carcinome (Derksen et al. 2006). Ainsi, la perte de I'E-cadhérine semble étre
impliquée dans I’invasion et la formation de métastases (Birchmeier et Behrens 1994). La
diminution de I’expression de I'E-cadhérine est également observée lors de la surexpression de
la forme constitutivement active de Racl, Rac1V?, dans les cellules de carcinomes (Hage et al.
2009). Par ailleurs, IQGAPI1, un effecteur de Rac1, s’associe a différentes protéines formant les
jonctions d’adhérence. IQGAP1 stabilise l'interaction entre 1’E-cadhérine et la B-caténine au
niveau du complexe jonctionnel lorsque Racl n’est pas active. Par conséquent, I’activation de
Racl déstabilise le complexe de jonction en modifiant la distribution de I'E-cadhérine et de la
B-caténine (Hage et al. 2009). L’ensemble de ces éléments démontrent le réle central de

I’activité de Racl dans 1’invasion tumorale et la formation de métastases.

V- Stratégies thérapeutiques régulant ’activité de la GTPase Racl :

L’ensemble de ces données bibliographique met en évidence que la protéine Racl est
une cible thérapeutique potentielle dans de nombreux contextes pathologiques. C’est pourquoi
depuis plusieurs décennies, différentes stratégies ont été développées pour de moduler son
activité (Figure 15) : limiter la présence de Racl au niveau membranaire, cibler les interactions

de Racl avec ses activateurs (GEFs) ou ses effecteurs (Tableau ).
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Inhibiteur des modifications I

post-traductionnelles :
P61A6

Inhibiteurs de I'échange
nucléotidique :
EHT1864,
MLS000532223,
R-ketorolac,

o composés 1 et 6
GYS32661
GDP ‘ I

Inhibiteurs des
interactions
Rac-effecteur:

v IPA-3
Inhibiteurs des interactions Phox-I1
Rac-GEF:
NSC23766, EHop-016,
MBQ167,ZINC69391, IA-116,
ITX3

Figure 15 : Les différentes stratégies thérapeutiques ciblant Racl
Il est possible de moduler I’activité de la protéine Racl en utilisant des inhibiteurs de ses modifications post-
traductionnelles, des inhibiteurs des interactions Rac-GEF, des inhibiteurs ciblant 1’incorporation du nucléotide

ou des inhibiteurs limitant les interactions entre Racl et ses effecteurs

V.1- Utilisation de toxines inhibant Racl :

Il est également possible d’inhiber 1’activité de la protéine Racl via I’utilisation de
toxines bactériennes. Des bactéries pathogenes peuvent produire des toxines capables de
modifier les Rho GTPases, dont Racl, en bloquant leurs interactions avec leurs effecteurs. C’est
le cas des toxines de la famille large clostridial cytotoxins (LCC) qui est composee des toxines
A et B de Clostridium difficile, la toxine létale (LT) et la toxine hémorragique (HT) de
Clostridium sordelli et la toxine alpha de Clostridium novyi. Toutes ces toxines sont constituées
d'une seule chaine polypeptidique abritant un domaine catalytique a leur extremité N-terminale
et un domaine de liaison cellulaire & leur extrémité C-terminale et entrainent une mono-
glycosylation des GTPases (Aktories et al. 2011). Les LCC peuvent avoir une spécificité de
substrat et de cosubstrat différente. Ainsi, les toxines A et B, la toxine hémorragique de C.

sordellii et la toxine de C. novyio. modifient toutes les Rho GTPases tandis que la toxine létale
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et la toxine B modifient Rac et Cdc42 (Z. Liu et al. 2021). Cette mono-glycosylation des
GTPases induit un encombrement stérique qui va prévenir I’interaction entre la GTPase et ses
effecteurs. De plus, la glycosylation des GTPases empéche 1’échange nucléotidique médié par
les GEFs et les rend également insensibles aux GAPs (Lerm, Schmidt, et Aktories 2000).

D’autres toxines peuvent également réguler I’activité des Rho GTPases en agissant
comme des GAPs. Il s’agit des toxines dites injectées telles que SptP (protéine tyrosine
phosphatase de Salmonella typhimurium), ExoS (exoenzyme S de Pseudomonas aeruginosa)
et YopE (protéine externe E de Yersinia pseudotuberculosis) (Lerm, Schmidt, et Aktories
2000). La toxine SptP posséde plusieurs domaines dont I’un a son extrémité C-terminale qui lui
confére une activité tyrosine phosphatase. Il a été mis en évidence que cette toxine se fixe
préférentiellement sur Racl et Cdc42 lorsque ces GTPases sont sous forme liées au GTP et
stimule leur activité GTPasique intrinseque comme le fait les RhnoGAPs (Fu et Galan 1999). La
toxine ExoS posséde une activité d’ ADP-ribosyltransférase de par son domaine C-terminal et
agit également comme une RhoGAP pour Racl, Cdc42 et RhoA grace a son domaine N-
terminal (Goehring et al. 1999). La toxine YopE présente également un domaine ayant une
activité GAP a son extrémité N-terminale avec une forte homologie de séquence avec les
domaines GAP de SptP et ExoS (Von Pawel-Rammingen et al. 2000). Ainsi, il a été mis en
évidence que cette toxine catalyse 1’activité GTPasique intrinseque des GTPases, Racl, Cdc42
et RhoA et favorise donc la présence de ces GTPases sous forme inactive.

V.2- Inhibiteurs des modifications post-traductionnelles de Racl :

La protéine Racl pour étre active doit subir différentes modifications post-
traductionnelles au niveau de son extrémité C-terminale. Racl fait 1’objet de ’ajout d’un
groupement géranylgéranyl, issu du geranylgéranyl-pyrophosphate, sur la Cys189 grace a
I’action de I’enzyme géranylgéranyltransférase de type 1 (GGTase-1). Cette modification post-
traductionnelle permet a la protéine de s’ancrer a la membrane plasmique et d’interagir avec
ses effecteurs. Au cours de ces derniéres années, plusieurs molécules inhibant la GGTase-I ont
été identifiées telles que le P61A6. Cette molécule inhibe la prolifération cellulaire dans
differentes lignées de cellules cancéreuses humaines (Watanabe et al. 2008). De plus, il a éte
mis en évidence dans un modele murin de cancer du pancréas, qu’un traitement au P61A6
diminue la croissance tumorale associé¢ a une baisse de ’activité de la GTPase RhoA (Lu et al.
2009). Malgré ces résultats prometteurs, cette stratégie thérapeutique mangue de spécificité

puisque de nombreuses GTPases monomériques subissent cette modification post-
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traductionnelle et I’utilisation clinique d’un inhibiteur de GGTase-l pourrait mener a de

nombreux effets secondaires.

V.3- Inhibiteurs de la formation du complexe Racl-GEF :

Pour inhiber Racl, une autre stratégie est de bloguer son activation médiée par les GEFs.
Cette stratégie parait pertinente puisque certains GEFs sont exprimeés spécifiquement dans
certains tissus ou peuvent étre activés en réponse a des stimuli particuliers. Par conséquent, le
développement d’inhibiteurs de GEFs ou des interactions GEF/Rac1 permettraient d’étre plus
spécifique que les inhibiteurs de GGTase-I.

La premiere molécule développée et caractérisée comme étant un inhibiteur de
I’interaction entre Racl et ses GEFs est le NSC23766. Cette molécule a été identifiée par
criblage virtuel basé sur la structure de Racl en 2004 (Gao et al. 2004). L’étude de la structure
cristallographique du complexe Racl-Tiaml a permis d’identifier le Trp56 comme étant un
acide aminé indispensable a I’interaction spécifique entre Racl et Tiam1. Structurellement, cet
acide aminé se trouve dans une poche formée par les résidus Lys5, Val7, Thr58, et Ser71 de
Racl et les résidus His1178, Ser1184, Glul1183, et 11e1197 de Tiam1 (Worthylake, Rossman,
et Sondek 2000; Gao et al. 2004). A partir de ces informations structurelles, un screening de
librairies chimiques a été réalisé pour identifier les molécules se liant a Trp56 de Racl. Apres
docking (Figure 16), la capacité des molécules a inhiber I’interaction Racl1/GEF a été évaluée.
Le NSC23766 était la seule molécule capable d’inhiber significativement 1’interaction entre le
GEF Trio et Racl avec une ICsp ~50 uM. Cette molécule ne modifie pas la formation du
complexe Cdc42/Intersectine, démontrant la spécificité du NSC23766 pour la GTPase Racl
(Gao et al. 2004). Cette stratégie de design rationnelle de molécules a donc mené a
I’identification du premier inhibiteur de GEF spécifique de Racl. Les premiers tests
fonctionnels ont démontré que le NSC23766 inhibe la croissance cellulaire des 3T3 stimulée
par les GEFs de Racl, Trio ou Tiam1, sans avoir d’effet sur la croissance stimulée par des GEFs
de RhoA ou Cdc42 (Gao et al. 2004). D’autres études ont mis en évidence que I’utilisation du
NSC23766 inhibe la prolifération, la migration et I’invasion des cellules tumorales (Thomas et
al. 2007; Yoshida et al. 2010; Ji et al. 2015). Cependant le NSC23766 présente des effets sur
d’autres cibles que la protéine Racl. Il a été constaté que le NSC23766, a des concentrations
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élevées (~100 uM), entraine une modification des glycoprotéines a la surface des plaquettes

prévenant I’activation plaquettaire indépendament de I’activité de Racl (Dutting et al. 2015).

Hydrophobicity

~ NSC23766
bound to Racl

Figure 16 : Modele de docking du NSC23766 sur la GTPase Racl (Sauzeau,
Beignet, et Bailly 2022)

Modele de docking de la molécule NSC23766 sur la protéine Racl. La surface de la protéine est représentée en
cyan, les interactions entre le NSC23766 et Racl sont modélisées et colorées en fonction de leurs types hydrophiles
ou hydrophobes.

Etant la premiére molécule identifiée, la structure du NSC23766 a servi de base pour le
développement d’autres molécules. C’est le cas notamment pour EHop-016 qui a été synthétisé
et caractérisé en 2012 (Montalvo-Ortiz et al. 2012). Le docking de la molécule EHop-016 sur
la structure de Racl a permis d’identifier les acides aminés Pro34, Thr35, Val36, Phe37, Asp38,
Asn39, Trp56, Asp57, Thr58, Ala59, Tyr64, Leu67, Arg68, Leu70, et Ser7l comme étant
essentiels pour I’interaction entre Racl et cette nouvelle molécule. EHop-016 empéche
I’interaction GEF Vav2/Racl. L’effet inhibiteur sur 1’activité de Racl a été évalué sur une
lignée cellulaire de mélanome avec une 1Cso ~1.1uM. In vitro, EHop-016 diminue la formation
de lamellipodes et la migration cellulaire (Montalvo-Ortiz et al. 2012). L’effet d’EHop-016 a
été également évalué in vivo dans un modéle murin immunodéficient de cancer du sein. Le
traitement avec EHop-016 limite la croissance tumorale, 1’angiogenese ainsi que la formation
de métastases (Castillo-Pichardo et al. 2014). Bien que la structure de EHop-016 semblerait
plus favorable que celle du NSC23766, un autre dérivé de cette molécule a été développé

récemment : le MBQ-167. Le docking de cette nouvelle molécule montre qu’elle se fixe dans
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la poche de liaison avec Racl et interagit notamment par une liaison hydrogene avec le résidu
Asn39 de Racl (Humphries-Bickley et al. 2017). La GTPase Cdc42 posséde également cet
acide aminé ce qui explique pourquoi le MBQ-167 inhibe aussi cette GTPase. Le MBQ-167 a
une ICso pour Racl de 103nM et de 78nM pour Cdc42 dans des cellules métastatiques de cancer
de sein. Cette molécule permet d’inhiber la migration cellulaire et de réduire la viabilité des
cellules du cancer du sein en réduisant ’activité de PAK et STAT3. 1l a ainsi été mis en évidence
que le MBQ-167 induit une perte de polarité des cellules métastatique du cancer de sein avec
une diminution de la formation de lamellipodes médiée par Racl et de filopodes contrélés par
Cdc42. Cet effet est uniquement observe sur les cellules métastatiques du cancer du sein sans
affecter les cellules non cancéreuses. L’utilisation de cette molécule dans un modéle murin
immunodéficient de cancer du sein réduit la progression des tumeurs mammaires (Humphries-
Bickley et al. 2017; Maldonado et al. 2019; Cruz-Collazo et al. 2021).

Un screening de la librairie chimique ZINC a été réalisé afin d’identifier de nouvelles
molécules capables de cibler I’interaction entre Racl et ses GEFs. Ce criblage a mené a
I’identification de la molécule ZINC69391 qui interfére dans I’interaction entre Racl et Tiaml.
Difféerentes études in vitro ont mis en évidence la capacité de cette molécule a limiter la
progression du cycle cellulaire et la migration de cellules issues de lignées de cancer du sein,
de glioblastome et de leucémies (Cardama, Comin, et al. 2014; Cardama, Gonzalez, et al. 2014;
Cabrera et al. 2017). L’utilisation in vivo de ZINC69391 réduit la formation de métastases
pulmonaires dans un modéle murin syngénique de cancer du sein (Cardama, Comin, et al.
2014). Un analogue de cette molécule, 1A-116, a également été développé et caractérisé. La
molécule 1A-116 prévient spécifiquement I’interaction entre Racl et P-Rex1 et a un effet
inhibiteur plus important que la molécule ZINC69391 (ICso ~21uM pour 1A-116 et ICso ~48
MM pour ZINC69391) (Cardama, Comin, et al. 2014). L’utilisation de cette molécule réduit
également la prolifération, la migration cellulaire et ’invasion tumorale (Cardama, Comin, et
al. 2014; Cardama, Gonzalez, et al. 2014; Cabrera et al. 2017).

V.4- Inhibiteurs de I’échange nucléotidique :

L’échange du GDP par le GTP est une étape indispensable a 1’activation de la GTPase
Racl. Une stratégie d’inhibition de Racl possible consiste donc a inhiber cet échange
nucléotidique en développant des molécules se liant spécifiquement a la GTPase Racl. L’étude

de la structure cristallographique de Racl liée au GDP et au GTP a permis d’identifier les acides
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aminés clés impliqués dans la liaison au nucléotide et a mené au développement de molécules
interagissant spécifiquement avec ces acides aminés.

L’EHT 1864 est décrit pour empécher la fixation du nucléotide spécifiquement sur les
isoformes de la protéine Rac, ce qui en fait un inhibiteur de 1’échange nucléotidique. L’étude
du mécanisme d’action de cet inhibiteur a mis évidence que I’EHT1864 entraine une libération
du nucléotide de la poche de Rac1 et diminue I’affinité de la GTPase pour le nucléotide présent
empéchant donc son activation quel que soit le GEF impliqué dans ce processus (Shutes et al.
2007; Onesto et al. 2008). Ce mécanisme d’inhibition bloquant la liaison du GTP a Racl
suggere que I’EHT1864 devrait inhiber 1’interaction entre Racl et I’ensemble de ces effecteurs.
De plus, la fixation de ’EHT4864 sur Racl a lieu au niveau des régions Switch I et Switch 11
qui sont impliquées dans la liaison de Racl a ses effecteurs. L’utilisation de ’EHT 1864 induit
une diminution de la formation de lamellipodes et de la migration associée dans des cellules
3T3 (Shutes et al. 2007; Onesto et al. 2008; Castoria et al. 2011). D’autres études menées sur
des lignées de cellules de cancer du sein ont mis en évidence que I’EHT 1864 inhibe 1’adhésion,
la prolifération cellulaire, induit I’apoptose et réduit la croissance tumorale dans un modele
murin de xénogreffe de cancer du sein (Molnar et al. 2015; Hampsch et al. 2017). Une étude a
également montré que ’utilisation de ’EHT 1864 pouvait avoir des effets secondaires au niveau
plaquettaire et indépendamment de ’activité¢ de la protéine Racl. En effet, I’utilisation de
I’EHT1864 a des concentrations de 1’ordre de la centaine de micromolaire entraine une
apoptose des plaquettes et diminue I’expression des intégrines impliquées dans 1’activation
plaquettaires (Dutting et al. 2015).

D’autres molécules capables d’inhiber I’échange nucléotidique ont été développé suite
a la découverte de ’EHT 1864, ¢’est notamment le cas de MLS000532223, R-ketorolac et des
composés 1 et 6. La molécule MLS000532223 a été découverte suite au screening de la librairie
chimique MLSCN et empéche la fixation du GTP sur la GTPase Racl mais également Cdc42
et RhoA de maniere dose-dépendante. L’utilisation de cette molécule sur une lignée de
mastocytes a permis d’inhiber la formation de fibres stress médiée par RhoA, de lamellipodes
médiée par Racl et de filopodes médiée par Cdc42 ainsi que la migration cellulaire associée
(Surviladze et al. 2010). Le R-ketorolac est le R-énantiomére d’un anti-inflammatoire non
stéroidien déja utilisé en thérapeutique. Cette molécule a été identifiée comme pouvant interagir
avec les GTPases de la famille Rho dans une étude utilisant le screening de molécules ayant
déja recu une autorisation de mise sur le marché et pouvant donc étre repositionnée ou obtenir
une extension d’application. Le docking de cette molécule au niveau de la poche de fixation du

nucléotide sur Racl et Cdc42 suggére qu’elle interagit en neutralisant 1’ion Mg?* impliqué dans
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I’échange nucléotidique (Oprea et al. 2015). Une étude sur des lignées cellulaires de cancer de
I’ovaire a mis en évidence que le R-ketorolac inhibe la migration cellulaire, I’adhésion et
I’invasion (Guo et al. 2015). L’utilisation de cette molécule in vivo, dans un modele
transgénique murin de cancer du sein spontané, a réduit la croissance tumorale (Peretti et al.
2018). Les composés 1 et 6 ont quant a eux été identifiés par screening virtuel et docking de
molécules capables de se lier a la poche nucléotidique de la protéine Racl. Le docking de ces
deux molécules suggerent qu’elles se fixent sur Racl au niveau de la poche nucléotidique. Ces
deux molécules bloquent uniquement 1’interaction entre le nucléotide et la GTPase Racl et
n’ont pas d’effet sur RhoA ou encore Cdc42. L’inhibition de 1’échange nucléotidique induit par
ces molécules diminue 1’interaction entre Racl et son effecteur PAK1 de maniére dose-
dépendante. De plus, il a été constaté que I’utilisation des composés 1 et 6 inhibe la
prolifération, la migration cellulaire et diminue la survie de lignées cellulaires issues de cancer
du pancréas (Arnst et al. 2017).

Récemment, un nouvel inhibiteur de Racl dérivé de la structure de ’EHT1864 a été
développé par Revere Pharmaceuticals, le GYS32661. L’hétérocycle central 4-pyrone de
I’EHT1864 a été remplacé par un imidazole ce qui a amélioré la capacité de la molécule a se
lier a Racl et a donc amélioré son pouvoir inhibiteur (ICso ~1.18 uM) (Goka et al. 2019). Cette
molécule inhibe I’activité de Racl et de Raclb et diminue la migration et prolifération de
différentes lignées de cellules cancéreuses issues du cancer du c6lon, du rein et de la prostate
(Goka et al. 2019; Goka et al. 2020; Goka, Mesa Lopez, et Lippman 2021). Le GYS32661
réduit la migration des cellules endothéliales ainsi que le nombre de nouveaux vaisseaux
sanguins formés dans un modele murin de xénogreffe de cancer du rein démontrant que le
GYS32661 a un effet anti-angiogénique (Goka et al. 2020). L’utilisation du GYS32661 in vivo
dans différents modeles de xénogreffe de cancers du cblon et du rein a permis de limiter la
croissance tumorale (Goka et al. 2019; Gola et al. 2020).

V.5- Inhibiteurs des interactions entre Racl et ses effecteurs :

La protéine Racl posséde des effecteurs spécifiques qui vont déclencher des cascades
de signalisation particulieres et donc orienter I’effet cellulaire dépendant de 1’activation de
Racl. Ainsi une stratégie thérapeutique possible vise a inhiber I’interaction entre Racl et ses
effecteurs ou inhiber directement ses effecteurs en ciblant les voies de signalisation d’intérét.

Dans cette optique, des inhibiteurs notamment de PAK ont été développés. La protéine

PAK1 sous forme inactive forme un dimeére entrainant 1’auto-inhibition de la protéine. La
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liaison de Racl sur PAK1 déstabilise sa configuration de dimére et permet
I’autophosphorylation de la Thr423 de PAK1 qui est essentielle a la stabilisation de la forme
monomeérique et active de PAKL. Un des rbles de la protéine PAK1 active est de catalyser
I’hydrolyse de I’ ATP (adénosine triphosphate), c’est pourquoi des tests évaluant I’hydrolyse de
I’ATP ont été utilisé pour identifier des molécules capables d’inhiber 1’activation de PAKI.
Cette stratégie de criblage a permis d’identifier la molécule IPA-3 comme potentiel inhibiteur
de PAK1. Afin d’identifier la cible protéique de cette molécule des tests d’activité de kinase
ont été réalisés et ont mis en évidence que IPA-3 inhibe 1’autophosphorylation de la Thr423 de
PAK1 impliquée dans I’activation de cette derniére. Ainsi la molécule IPA-3 est capable
d’inhiber I’activation de la protéine PAK1 mais n’a pas d’effet lorsque celle-ci est déja activee
(Viaud et Peterson 2009). L’utilisation de I’IPA-3 a notamment pour effet d’empécher la
formation de lamellipodes, la prolifération cellulaire et limite la croissance tumorale dans un
modele murin de xénogreffe de cancer du foie (Takahashi et Suzuki 2009; Wong et al. 2013).
Cet inhibiteur bloque donc I’activation de PAK1 et des voies de signalisations dépendantes de
son activité.Un autre effecteur important de Racl est la NOX. Comme décrit précédemment
(1.3 Régulation des NADPH oxydases), Racl interagit avec la sous-unité p67phox afin de
permettre 1’activation des NOXs et favoriser la production des ROS. L’étude de la structure du
complexe Racl-p67phox a mené a I’identification des résidus impliqués dans cette interaction,
a savoir I’Arg38 et 102 de p67phox et la Thr25, Ans26 et Ala27 de la région Switch I de Racl.
Un screening virtuel de librairies chimiques a été réalise afin d’identifier les molécules capables
de se lier spécifiqguement a ces résidus de p67phox. Ce criblage a permis I’identification de la
molécule Phox-11 qui se lie a p67phox en interagissant avec 1’Arg38 de la protéine empéchant
donc la protéine Racl de se lier également a ce résidu. La molécule Phox-11 est capable
d’inhiber la production de ROS in vitro avec une ICsp ~3 uM sans avoir d’effet sur les autres

fonctions régulées par Racl notamment I’organisation du cytosquelette d’actine.

35



Tableau | : Les différents inhibiteurs de Racl

Catégories

T Nom de la molécule Cible 1G5, Structure Effets Commentaires
d'inhibiteurs
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Inhibe la formation de
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métastases
i
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MBQ167 o A NN e o Effet sur Racl et Cdc42
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CFy
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CFy
W
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I'invasion
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EHT1864 Racl 25uM s | Induit 'apoptose isoformes
[+ ) Y . . .
N N Limite la croissance Agrégation plaquettaire
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MLS000532223 Racl, RhoA, Cdc42 10puM # O o lamellipodes, filopodes et Non spécifique de Racl
O fibres de stress
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- 0.5 UM pour Racl migration cellulaire et Effet sur Racl et Cdc42
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; la migration cellulaire
) composé 1 _ . P
Composés 1et6 Racl Diminuent la survie Spécifique de Racl
88 +48nM pourle . .
. cellulaire dans des lignées
composé 6 ,
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migration cellulaire .
H L] Spécif de Racl et d
GYS32661 Racl et Raclb 1.18uM W Limite la croissance pecitique de Rac ! et cu
. variant Raclb
> N o tumorale
" Effet anti-angiogénique
Inhibe
IPA-3 Pak1 2,5uM I'autophosphorylation de la Spécifique de Pak1
Thr423 de Pak1
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interactions Rac-
effecteur
PhoxI1 p67phox 3uM Inhibe I'activation de NOX2 Spécifique de la sous-unité

et la production de ROS

p67phox de NOX2
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OBJECTIFS DE THESE

La GTPase Racl régule des fonctions cellulaires essentielles et participe de ce fait a de
nombreux processus physiopathologiques. Notre équipe a démontré que Racl est activée dans
les CMLb de patients asthmatiques. L’asthme sévére se caractérise par une hyperréactivité
bronchique et un profond remodelage des voies respiratoires associé a une hypertrophie et une
hyperplasie du muscle lisse. Le premier objectif de mon travail de these a été d’identifier le role
de la suractivation de Racl dans les CMLb au cours de I’asthme allergique sévére et de valider

I’intérét thérapeutique de cibler Racl dans 1’asthme.

L’ensemble des données bibliographiques présentées précédemment (IV- Stratégies
thérapeutiques régulant I’activité de la GTPase Rac1) montrent que de nombreux inhibiteurs de
cette protéine ont été développés et utilisés en recherche afin d’élucider le role de Racl dans
différents mécanismes cellulaires et contextes pathologiques. Cependant, aujourd’hui aucun de
ces inhibiteurs n’est utilisé en clinique. Mon second objectif a donc consisté a identifier et a
caractériser un nouvel inhibiteur spécifique de la GTPase Rac ayant des paraméetres physico-
chimiques ainsi que des effets biologiques permettant son développement et son utilisation en

clinique.
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RESULTATS

Premiere partie : Role de Racl dans les cellules musculaires lisses bronchiques et le

remodelage des voies aériennes associés a I’asthme allergique séveére

L’asthme est une pathologie chronique des voies aériennes qui touchent plus de 250
millions de personnes a travers le monde et son incidence ne fait qu’augmenter (D’ Amato et al.
2016). En France, 6 a 7% de la population adulte souffre de cette pathologie et est responsable
chaque année de pres de 1000 déceés en France. Cette pathologie respiratoire hétérogéne se
caractérise par des symptdmes respiratoires variés qui consistent en une respiration sifflante, de
la toux, une oppression thoracique associés a une limitation variable des débits expiratoires et
a une inflammation bronchique chronique (Papi et al. 2018). Les traitements actuels reposent
sur I’utilisation corticostéroides inhalés associés a des bronchodilatateurs a action courte ou de
longue durée afin de contréler les symptémes de la maladie (Reddel et al. 2015). Pour les
patients qui souffrent d’asthme dit sévere, 5 a 10% des patients asthmatiques, les traitements
actuels ne sont pas efficaces pour contréler les symptomes. La société thoracique américaine et
la sociéte thoracique européenne ont défini 1I’asthme sévere comme étant asthme nécessitant un
traitement reposant sur 1’utilisation de fortes doses de corticoides inhalés en association avec
un autre traitement, ou une corticothérapie orale, dans le but de maintenir le contrble de la
pathologie ou qui reste non contrdlé malgré ce traitement conséquent (Chung et al. 2014). Les
patients souffrants d’asthme séveére ont une fonction respiratoire dégradée de facon plus
importante, des exacerbations plus fréquentes et plus graves en comparaison aux autres patients
asthmatiques.

D’un point de vue physiopathologique 1’asthme se définit par trois composantes
importantes : I’inflammation, I’hyperréactivit¢é bronchique et le remodelage des voies
aeriennes.

La composante inflammatoire, grandement etudiée, définit les phénotypes et endotypes
d’asthme et est responsable de la grande hétérogénéité de la maladie. On trouve ainsi deux
grandes familles d’asthme : 1’asthme éosinophilique et non éosinophilique. Le phénotype

d’asthme éosinophilique se caractérise par une forte présence de lymphocytes de type Th2 qui
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vont sécréter trois cytokines principales, IL-4, IL-5 et IL-13. L’IL-4 participe a la polarisation
des lymphocytes T auxiliaires et la hausse de I’expression des IgE. L’IL-5 participe a
I’activation et au recrutement des éosinophiles tandis que 1’IL-13 participe a I’HRB et au
remodelage des voies aériennes (Carr, Zeki, et Kraft 2018; Mubarak, Shakoor, et Masood
2019). L’asthme non éosinophilique est moins bien connu et caractérisé que 1’asthme
éosinophilique.

L’HRB est définie comme une contraction exagérée des bronches via les CMLb en
réponse a differents stimuli et peut étre médiée par I’inflammation.

Le remodelage des voies aériennes est caractérisé par des modifications structurelles de
la paroi bronchique dont une altération de 1’épithélium bronchique, une augmentation de
I’épaisseur de la membrane basale et une hyperplasie et hypertrophie des CMLs. L’altération
de I’épithélium bronchique peut étre di a un défaut de prolifération des cellules épithéliales et
une augmentation de I’apoptose. L’épaississement de la membrane peut s’expliquer, en partie,
par I'augmentation des dépots de collagene de type I et III ainsi que de fibronectine.
L’hyperplasie du muscle lisse bronchique est induite par une augmentation de la prolifération
de ces derniéres en réponse soit a I’inflammation soit a des facteurs mitogénes (Sumi et Hamid
2007; Shifren et al. 2012; Fehrenbach, Wagner, et Wegmann 2017). L’unique solution
thérapeutique permettant de lutter contre 1’hyperplasie du muscle lisse est la thermoplastie
bronchique qui vise a réduire la masse des CMLb. Les essais cliniques ont montré une
amélioration de la qualité de vie des patients ayant subis cette intervention avec une diminution
du nombre d’exacerbations et des visites d’urgences pendant 5 ans aprés la thermoplastie
bronchique (Laxmanan et Hogarth 2015). Ces résultats démontrent I’intérét thérapeutique de
cibler les CMLs bronchiques dans I’asthme. Il est nécessaire d’élucider les mécanismes
moléculaires impliqués dans I’hyperplasie du muscle lisse bronchique pour identifier de
nouvelles cibles pharmacologiques. Comme décrit précédemment la GTPase Racl régule la
migration, la prolifération et I’adhésion des cellules notamment les CMLs ainsi que leur
contraction. Nous avons donc émis 1’hypothése que Racl pourrait également étre impliquée
dans I’hyperplasie des CMLs et donc dans le remodelage des voies aériennes associées a
I’asthme sévere. Ainsi 1’objectif de cette partie de ma these a été d’étudier le role de Racl dans

les CMLb au cours de I’asthme sévere.
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Mes résultats mettent en évidence que I’activation de la protéine Racl induit la
prolifération des CMLb via la voie de signalisation de STAT3. Dans notre modéle murin
d’asthme allergique sévére, la délétion de Racl dans les CML prévient le développement de
I’hyperplasie du muscle lisse bronchique caractéristique du remodelage des voies aériennes
associ¢ a cette pathologie. De plus, I’administration d’un inhibiteur de Rac1, le NSC23766, par
nébulisation a prévenu I’hyperplasie du muscle lisse bronchique et également I’inflammation
de type éosinophilique. Ces résultats mettent donc en évidence 1’intérét thérapeutique de cibler
la protéine Racl dans cette pathologie.

Ce travail a fait I’objet de la publication d’un article original (Article 1: Essential role
of smooth muscle Racl in severe asthma associated-airway remodeling). Pour cette étude j’ai
réalisé les études histologiques, de biologie cellulaire, de signalisation cellulaire, de biochimie
ainsi que la caractérisation de nos modele murins. Mon travail a également fait 1’objet d’une
revue (Article 2: Bronchial smooth muscle cell in asthma: where does it fit?). Une étude
similaire portant sur le role de Racl dans les CMLv au cours de I’hypertension artérielle
pulmonaire a été menée au laboratoire au cours de ma these (Annexe 1: Smooth muscle Racl

contributes to pulmonary hypertension).
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Article 1: Essential role of smooth muscle Racl in severe asthma associated-

airway remodeling

Article publié dans le journal Thorax
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Essential role of smooth muscle Rac1 in severe
asthma-associated airway remodelling

Florian Dilasser," Lindsay Rose,' Dorian Hassoun,' Martin Klein," Morgane Rousselle,'
Carole Brosseau,2 Christophe Guignabert,3 Camille TaiIIé,4 Marie Christine Dombret,5
Leonarda Di Candia,* Nicolas Heddebaut,® Gregory Bouchaud,' Marina Pretolani,®
Antoine Magnan,7 Gervaise Loirand,’ Vincent Sauzeau'

ABSTRACT

Background Severe asthmais a chronic lung

disease characterised by inflammation, airway
hyperresponsiveness (AHR) and airway remodelling. The
molecular mechanisms underlying uncontrolled airway
smooth muscle cell (aSMC) proliferation involved in
pulmonary remodelling are still largely unknown. Small
G proteins of the Rho family (RhoA, Rac1 and Cdc42)
are key regulators of smooth muscle functions and we
recently demonstrated that Rac1 is activated in aSMC
from allergic mice. The objective of this study was to
assess the role of Rac1 in severe asthma-associated
airway remodelling.

Methods and results Immunofluorescence analysis

in human bronchial biopsies revealed an increased Rac'
activity in aSMC from patients with severe asthma compared
with control subjects. Inhibition of Rac1 by EHT1864 showed
that Rac1 signalling controlled human aSMC proliferation
induced by mitogenic stimuli through the signal transducer
and activator of transcription 3 (STAT3) signalling pathway.
In vivo, specific deletion of Rac1 in SMC or pharmacological
inhibition of Rac1 by nebulisation of NSC23766 prevented
AHR and aSMC hyperplasia in a mouse model of severe
asthma. Moreover, the Rac1 inhibitor prevented goblet

cell hyperplasia and epithelial cell hypertrophy whereas
treatment with corticosteroids had less effect. Nebulisation
of NSC23766 also decreased eosinophil accumulation in the
bronchoalveolar lavage of asthmatic mice.

Conclusion This study demonstrates that Rac1 is
overactive in the airways of patients with severe asthma
and is essential for aSMC proliferation. It also provides
evidence that Rac1 is causally involved in AHR and
airway remodelling. Rac1 may represent as an interesting
target for treating both AHR and airway remodelling of
patients with severe asthma.

INTRODUCTION

Asthma is a heterogenous and complex disease that
affects more than 300 million people worldwide." >
The disease expression includes wheezy dyspnoea,
expiration blocking, cough and thoracic oppression
in a context of chronic bronchial inflammation.’
Current treatments are based on anti-inflammatory
therapies (inhaled and oral corticosteroids) and
inhaled bronchodilators. Severe asthma is defined
as asthma that is not improved by standard treat-
ment and that requires a combination of high doses
of inhaled corticosteroids with an add-on therapy to

key message

What is the key question?

» The objective of this study was to assess the
role of Rac1 in severe asthma-associated
airway remodelling.

What is the bottom line?

» The current study unveils an overactivation of
smooth muscle Rac1 in bronchi from severe
asthmatics, and highlights a leading role of
Racl in airway remodeling.

Why read on?
» Racl appears as a new attractive therapeutic
target in severe asthma.

be controlled, or that remains uncontrolled or even
worsens despite these treatments.’ Severe asthma
leads to a poor quality of life and important health-
care expenses due to direct (care visits and treat-
ments) and indirect (day off work) costs.” ¢ Thus,
improving the therapeutic management of these
patients represents a major public health challenge.

In addition to chronic inflammation, severe asthma
is characterised by airway hyperresponsiveness (AHR)
and structural changes of the airway wall. This
airway remodelling includes goblet cell hyperplasia,
thickening of the basal membrane, angiogenesis and
airway smooth muscle cells (aSMCs) hypertrophy
and hyperplasia.”” The extent of this remodelling
correlates with the severity of asthma and the degree
of airflow obstruction.’® Currently, the only avail-
able treatment targeting airway remodelling is bron-
chial thermoplasty, a bronchoscopy procedure that
consists in reducing the aSMC mass through the local
deliver of controlled radiofrequency energy. Although
bronchial thermoplasty has been shown to be effec-
tive in controlling asthma in severe asthmatics,"'~*?
its long-term effects are not known and the selec-
tion of patients who could benefit from this invasive
procedure remains challenging. Nevertheless, the
use of this procedure demonstrated the therapeutic
value of targeting aSMCs in severe asthma and the
need of developing new pharmacologic strategies for
limiting aSMC proliferation and airway remodelling
in severely affected patients.

It has been widely demonstrated in vitro that
the small G protein Racl activity controls aSMC
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proliferation.”* ** We thus hypothesised that Racl may be impli-
cated in the proliferation of aSMC and consequently in the dele-
terious airway remodelling associated with severe asthma. By using
human bronchial biopsies, human aSMC cultures and a mice model
of severe allergic asthma sensitised to house dust mite (HDM) that
closely mimics human pathology, we demonstrated that activation
of Racl is causally involved in aSMCs proliferation and airway
remodelling associated with severe asthma. We also show that in
vivo pharmacological inhibition of Rac1 prevents asthma-associated
airway remodelling thus confirming Rac1 as an alternative potential
target for the treatment of severe asthma.

METHODS

Human bronchial biopsies

Bronchial biopsies were obtained by bronchial endoscopy from
severe asthmatics as previously described.'® All enrolled patients
gave written approval. Control samples were obtained from
donor lung transplants under NaRacAS (expression and activity
of Racl in bronchial smooth muscle cells from from asthmatic
patients) protocol (NCT03325088). Clinical protocols were
previously approved by relevant ethic committees.

Analysis of Rac1 activity

Human pulmonary biopsies paraffin-embedded sections were
deparaffinised and permeabilised (phosphate buffered saline
(PBS)+0.1% Triton-X100) before incubation with anti-Rac-GTP
antibody (26903, NewEast Biosciences, King of Prussia, Pennsyl-
vania) (1/1000) overnight at room temperature (RT). After three
washes in PBS, sections were incubated for 1 hour at RT with the
secondary Alexa$568-labelled anti-rabbit antibody (1/1000). Anti-
SM220. antibody (Abcam) (1/500 O/N at RT) with Alexa488-
labelled anti-mouse antibody (1/1000 1 hour at RT) were used to
localise smooth muscle. To quantify Rac—GTP levels within the
smooth muscle, Rac—-GTP fluorescence intensities were measured
inside a mask delimited by SM22a-positive cells and normalised to
the control condition.

aSMCs proliferation

Primary aSMCs were isolated from human bronchial biopsies. Addi-
tional detail on the method is provided in an online data supple-
ment. Human aSMCs were seeded into 24-well plates (10 000
aSMCs/well) and allowed to adhere during 6 hour before serum
starvation during 24 hours. When indicated, human aSMCs were
treated with the Rac inhibitor, EHT1864 (10~ M; Tocris Biosci-
ence), P21-activated kinases (Pak) inhibitor IPA3 (10> M; Tocris
Bioscience), Akt inhibitor VIII (10™° M; Calbiochem), MEK inhib-
itor PD98059 (10~° M; ThermoFisher), JAK inhibitor ruxolitinib
(10~° M; InvivoGen) added 30 min before stimulation with bFGF
(25 ng/mL; Miltenyi Biotech), PDGF-bb (25 ng/mL; Miltenyi
Biotech), interleukins (IL)-13 (10 ng/mL; Miltenyi Biotech), IL-33
(10 ng/mL; Miltenyi Biotech), IL-17 (20 ng/mL; Miltenyi Biotech),
IL-9 (10 ng/mL; Miltenyi Biotech) or TSLP (10 ng/mL; Miltenyi
Biotech) for 48 hours. Cells were stained with EAU for 12 hours at
10~ M according to the manufacturer’s indications (EdU Staining
Proliferation Kit iFluor 488, ID: ab219801, Abcam). Proliferation
was quantified by the ratio of EdU-positive cells over the total
number of cells. Proliferative signalling pathways were analysed by
immunoblotting detailed in an online data supplement.

Allergic asthma models

C57Bl/6 Rac1'*"* and SMMHC-Rac1**"* mice were obtained
as previously described.” Racl deletion in smooth muscle cells
(SMCs) was induced in 8-week-old SMMHC-Rac1'*"* males

by intraperitoneal injection of tamoxifen (1 mg/day in sunflower
oil) for five consecutive days during 2 weeks. Tamoxifen-treated
Rac1¥'** mice were used as control. Allergic asthma was induced
in mice using a total HDM extract (Dermatophagoides farinae,
from Stallergenes Greer, Antony, France), as described previously.*®
Additional details on the method for experimental models and the
analyses of bronchoalveolar lavage fluid and airways reactivity are
provided in an online data supplement.

Histology

To assess smooth muscle hypertrophy/hyperplasia, lung sections
were stained by immunochemistry with SM22a antibody (Abcam).
Hyperplasia was expressed as the ratio of SM22a-positive area to
the total bronchial area and normalised to the control condition.
Additional detail on the method for making pulmonary sections is
provided in an online data supplement.

Statistics

Mann-Whitney test was performed for two-group comparisons. For
multiple comparisons, the non-parametric Kruskal-Wallis test was
used followed by Dunns’ post-test to specifically compare indicated
groups. The two-way ANOVA test was used for multiple compari-
sons of bronchial contractility studies. Data analysis was performed
using the GraphPad Prism software. The threshold for statistical
significance was set at p<0.05.

RESULTS

Rac1 activity is increased in aSMC from patients with severe
asthma

To validate the potental role of Racl in airway remodelling associ-
ated with severe asthma, we determined the level of Racl activity
in bronchial biopsies from healthy subjects and from patients
with severe asthma (table 1). Asthmatic donors of bronchial biop-
sies were mainly 50-year-old female patients with adult asthma
onset. They suffered from hypereosinophilic exacerbation-prone
asthma for a mean duration of 24.7 years, with pulmonary func-
tion tests moderately altered but predominantly characterised by
fixed airflow obstruction. These patients were uncontrolled (mean
values of asthma control test=8.5) and they showed poor quality
of life (mean values of Asthma Quality-of-Life Questionnaire=2.3)
(table 1), despite an optimal treatment with high doses of inhaled
corticosteroids associated with another controller, sometimes
in combination with oral corticosteroids. Immunofluorescence
measurements of Racl activity, using an antibody that specifically
recognises the active GTP-bound form of Racl, revealed a greater
intensity in bronchial biopsies from asthmatic patients than from
controls (figure 1A,B). Labelling of aSMC by anti-SM22a antibody
showed that the aSMC area was larger in bronchial biopsies of severe
asthmatics than in control subjects (figure 1A.B). Furthermore, the
high level of Rac1-GTP detected in biopsies of patients with severe
asthma is mainly localised in SM22a-positive area indicating that
it results from an increase in Racl activity in aSMC (figure 1A B).
The activation of Rac1 observed within the aSMC is thus consistent
with our hypothesis of a potential role of Rac1 signalling in airway
remodelling and in aSMC hyperplasia in severe asthmatics.

asSMCs proliferation depends on Rac1 activity

Several growth factors, cytokines and chemokines have been
proposed to participate in airway remodelling in severe asthma
by promoting aSMC proliferation.’** We therefore assessed the
role of Racl in primary human aSMC proliferation in response to
different mitogenic stimuli. Among the mitogen factors used, only
bFGF and PDGFbb induced a significant proliferation of control
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Table 1  Clinical and paraclinical data of asthmatic and control
donors.
Asthma control p value
(n=11) (n=4)
Age (years) 50.4+12.4 50.8+11.4 NS
Gender (F/H) 714311 NS
BMI (kg.m™?) 29.2+9.424.0=5 034
Atopy (Y/N) 8/3 0/4 0.025
Total IgE (IU/mL) 333£274
Asthma duration (years) 24.7£203
Eosinophils (mm~%) 294:177
Pulmonary function test
FEV1 (% predicted) 59+16
FEV1/FVC 0.58+0.12
Reversibility (Y/N) 2/
Treatment
Daily OCS (Y/N) 6/5
0CS posology (mg/day) 23+20
ICS (pg/day) 2091831
LABA (Y/N) 101
Daily nebulisation (Y/N) 714
Exacerbation annual rate 9.3+7.1
Hospitalisation annual rate 224
Control and quality of life score
ACT Score 8543
<20 (Y/N) 110
AQLQ Score 23+0.7

ACT, asthma control test; AQLQ, Asthma Quality-of-Life Questionnaire; BMI, body
mass index; FEV1, Forced Expiratory Volume in one second; FVC, forced vital
capacity; ICS, inhaled cortico steroids; IgE, immunoglobulin E; LABA, long acting
beta2 agonists; OCS, oral cortico steroids.SEM). Fisher statistical test was used to
compare Control and Asthmatic patients.

human aSMC (online supplemental figure E1). Interestingly, both
in basal condition and on exposure to bFGF, the proliferation rate
of aSMC from severe asthma patients was significantly higher than
that of aSMC from control subjects (figure 2AB). These differ-
ences are abolished by the Rac inhibitor, EHT1864, that prevented
both spontaneous and bFGF- and PDGFbb-induced proliferation
of aSMC from control and severe asthmatics (figure 2A,C). These
results suggest that Racl activity is involved in the mitogenic effect
of bFGF and PDGFbb on human aSMC and participates to the
high proliferation rate of aSMC of asthmatic patients. To validate
this hypothesis, we assessed the activation of the Racl signalling
pathway, by measuring the phosphorylation of Pak, one of the main
downstream targets of Racl, by westem blot (figure 3A). Stimula-
tion of control aSMC with bFGF and PDGFbb indeed increased
Pak phosphorylation and this response was prevented by EHT 1864,
thereby confirming the activation of Racl (figure 3A).

Rac1/Pak1/STAT3 signaling pathway is involved in growth
factor-induced aSMCs proliferation

Transduction pathways activated by mitogens involved in asth-
matic airway remodelling have been shown to converge to a rela-
tively limited number of intracellular signalling modules, mainly
P44/42 mitogen-activated protein kinases (MAPK), phosphoinos-
itide 3-kinase (PI3K)/Akt and JAK/STAT.***® Indeed, we confirm

that bFGF and PDGFbb rapidly increased the phosphorylation
levels of P44/42, Akt, and signal transducer and activator of tran-
scription 3 (STAT3) in control human aSMCs (figure 3A and
online supplemental figure E2). Inhibition of these signalling path-
ways by PD98059, Akt VIII inhibitor and ruxolitinib, respectively,
reduced the proliferation of control human aSMCs at baseline and
after bFGF and PDGFbb stimulation, attesting the role of these
signalling pathways in this process (figure 3B). Phosphorylation of
STAT3 induced by bFGF and PDGFbb was prevented by the Racl
inhibitor EHT 1864 (figure 3A), which had no effect on P44/42
activation in response to the two mitogenic factors (online supple-
mental figure E2). EHT1864 also downregulated Akt phosphory-
lation in bFGF-treated human aSMC, but not in aSMC stimulated
by PDGFbb (online supplemental figure E2). These results demon-
strated the essential role of Racl in the activation of the STAT3
pathway by mitogenic stimuli in human aSMC.

SM Rac1 deletion prevents airway remodeling in a mouse
model of severe asthma

To establish the role of Racl in airway remodelling in vivo, we
developed a murine model of severe allergic asthma induced by
a percutaneous sensitisation and repeated intranasal challenges
with HDM. This model allows the observation of major changes
of the airway wall including aSMCs hyperplasia (figure 4A,B),
AHR of bronchial rings to methacholine (figure 4C), and mixed
inflammation with eosinophil and neutrophil accumulation in
bronchoalveolar lavage (BAL) fluid (figure 4D). Nebulisation of
the reference corticosteroid, beclomethasone at 150 pg/kg * had
no significant effect on airway inflammation in this severe asthma
model, whereas it prevented BAL eosinophilia and neutrophilia in
an acute allergic asthma model (online supplemental figure E3).
These results show that this severe allergic asthma model closely
mimics the main features of severe asthma in humans, including
the corticosteroid resistance.

We next submitted tamoxifen-inducible SM-Rac1-KO mice'*
to the severe allergic asthma protocol. ASM area and AHR were
significantly reduced in SM-Rac1-KO mice compared with SM-Ra-
c1'=1°= (figure 4B,C), whereas the histological grade, inflammatory
cells accumulation in BAL and mucus production (figure 4A,D)
remained unchanged. These results suggest a causal role of Racl in
SMC hyperplasia and the resulting airway remodelling associated
with severe allergic asthma.

Inhalation of a Rac1 inhibitor prevents aSMC hyperplasia,
AHR, and pulmonary inflammation in a murine allergic severe
asthma model

As a proof of concept to demonstrate the therapeutic value of phar-
macological inhibition of Rac1 to limit airway remodelling associated
with severe asthma, the Racl inhibitor NSC23766 was admin-
istrated by repeated nebulisations before each HDM challenge.
NSC23766 abrogated SMC hyperplasia and AHR of bronchial rings
in response to methacholine (figure SA-C), but also peri-bronchial/
vascular infiltrates of inflammatory cells (figure SAB). This effect
of NSC23766 on inflammatory cell infiltration was confirmed by
the significant decrease of the number of macrophages and eosin-
ophils in BAL fluid of NSC23766-treated mice, as compared with
vehicle-treated mice (figure 5D). The efficiency of NSC23766 on
airway remodelling and pulmonary inflammation was shown to be
higher than that of current reference treatments such as repeated
high doses of beclomethasone inhalations (1500 pg/kg), or the long-
lasting 32-agonist, formoterol (figure 5A,B,D). Despite a significant
reduction of inflammatory cell infiltrate, beclomethasone failed to
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Figure 1 Racactivity is increased in airway smooth muscle contained in bronchial biopsies from asthmatics. (A) Representative images of Rac-GTP

immunofluorescence (red) in biopsies sections from control (n=4) and patients with severe asthma (n=11). Nuclei were detected by 4’,6-diamidino-2-
phenylindole staining (blue) and smooth muscle by SM22a immunofluorescence (green). Scale bar, 100 pm. (B) Quantification of smooth muscle area,
mean fluorescence intensity of the Rac1-GTP signal within the biopsy and within the smooth muscle layer. Data are presented as mean+SEM. Mann-
Whitney statistical test was used to compare control and asthmatic groups. *P<0.05, ***p<0.001.

prevent aSMC hyperplasia, and formoterol had no effect on lung
inflammation and remodelling.

DISCUSSION

Our current study revealed a leading role of Racl in airway remod-
elling and in aSMC hyperplasia associated with severe asthma, by
promoting STAT3-dependent aSMC proliferation. This involve-
ment of Racl in the pathological remodelling in the human disease
is consistent with its overactivation observed in bronchi from severe
asthmatics.

The increase of aSMC mass is one of the main features of airway
remodelling associated with asthma and is considered as a marker
of disease severity.'* *° It relies on a high proliferation rate of aSSMC
in patients with severe asthma compared with mild and moderate
asthma, or control subjects.’® A number of mediators can operate
in concert to stimulate aSMC proliferation, including growth
factors (PDGFbb and bFGF), cytokines and chemokines, which are
produced by inflammatory and airway structural cells, and by prod-
ucts of mast cells infiltrating the aSMC bundles, such as histamine,
tryptase, and leukotrienes.”> * Although initially described as the
main intracellular signalling pathway mediating cytokine responses,
the JAK/STAT signalling pathway has been shown to be activated by
many different ligands and receptors, including growth factor/tyro-
sine kinase receptors and G protein coupled receptors.’! Consistent
with our results, Racl has been shown to be required for growth

factor receptor-mediated and G protein coupled-receptor-mediated
activation of the JAK/STAT pathway, thus defining Racl as a hub in
signalling networks that control human aSMC proliferation.** 32 *3
This role of Racl is in agreement with the strong activity of Racl
systematically observed in the remodelled airway wall of patients
with severe asthma compared with control subjects, even though
the number of samples analysed was limited. Recently, P-Rex1, a
Rac1 exchange factor, has been shown to be aberrantly upregulated
in lung tissue from patients with asthma and to potentiate growth
factor-induced human aSMC proliferation.>* Therefore, it can be
hypothesised that the activation of aSMC Racl observed in severe
asthma patients could be related, at least in part, to this aberrant
upregulation of P-Rex1 expression, and would be responsible for
the increased aSMC proliferation in asthma.

The increase in aSMC mass in asthma patients was associated
with airflow obstruction.” '° Indeed, aSMC are not only respon-
sible for AHR through their contractile activity, but also contribute
to the inflammatory process by modifying the extracellular matrix
and producing mediators that act on inflammatory cells. Pharmaco-
logical targeting of aSMC thus appears as an attractive strategy for
novel asthma therapies. Current therapeutic strategies remain based
on the chronic use of high dose inhaled or oral corticosteroids,
resulting in various and harmful long-term side effects.”” *¢ New
therapeutic strategies such as monoclonal antibodies anti-IgE (omal-
izumab), anti-IL-5 (mepolizumab, reslizumab), anti-IL-5 receptor
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Figure 4 SM-Rac1 deletion prevents smooth muscle hyperplasia associated in an experimental model of severe allergic asthma. (A) Hematoxylin/
Eosin (HE staining, SM22a immunohistochemistry and Periodic acid-Schiff (PAS) staining of lung sections from naive (DP) or house dust mite-
sensitised (HH) mice of the indicated genotypes. Images are representative of 910 mice in each experimental condition. Scale bars, 100 pm. (B)
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(benralizumab) and anti-IL-4/IL-13 receptor (dupilumab) signifi-
cantly improve exacerbations rate and asthma control, and lower
oral corticosteroid use in patients with severe asthma.”” ™ However,
these strategies focus on specific inflammatory endotypes,* **~** and
the potential impacts of these new strategies on airway remodelling
are still missing. In this context, our demonstration that Racl is a
node in signalling pathways that plays a major role in the contrac-
tion and proliferation of aSSMC makes this protein a pharmacolog-
ical target of choice for severe asthma. The efficiency of SMC Racl
deletion and repeated inhalations of the Racl inhibitor NSC23766
to prevent AHR and aSMC hyperplasia validate this hypothesis in
a severe allergic asthma model in mice that recapitulate the human
disease. Moreover, in addition to these expected effects, Racl
inhibition also reduced eosinophilic inflammation, thus demon-
strating that the anti-inflammatory action of Rac1 inhibitor already
described in an acute murine model of allergic asthma,' is also
effective in severe chronic asthma. To our knowledge, this is the first
demonstration of a drug able to combine all the desired effects for
the treatment of severe asthma, that is, limiting aSMC contraction
and proliferation and reducing inflammation. Since Rac1 is known
to have ubiquitous expression and multiple functions,” an open and
important question that remains to be addressed is the possible side
effects of Racl inhibitor. However, in asthma, the opportunity of
administrating the treatment locally might be an effective way to
limit potential adverse effects. Indeed, repeated administration of

NSC23766 by nebulisation failed to alter blood pressure, whereas
SMC Racl deletion has been shown to elicit this effect.*®

In conclusion, we suggest that Racl may represent a relevant
target to develop new drugs of clinical interest for the treatment
of severe asthma. Our data support the concept that inhibition
of Racl-dependent signalling pathway may simultaneously limit
aSMC hyperplasia, AHR and inflammation, thereby providing a
novel approach to reverse airway remodelling and restore airway
function in patients with severe asthma. The development of Racl
inhibitors may thus offer a new therapeutic option for patients
who are refractory to current treatments.
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2

3

4 Supplemental Methods

2 Cell culture. Primary aSMCs were isolated from human bronchial biopsies. Tissues were

7  cleaned manually and the muscular layer was further digested for 1 hour with collagenase Il

8 (1 mg/mL, Worthington Biochemical, Lakewood, NJ) at 37°C under agitation. Cells grew up in

9  Dulbecco modified Eagle medium (Gibco; Invitrogen ThermoFisher Scientific, Waltham, Mass)
10  containing 10% FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin at 37°Cand 5% COa.
11  The culture medium was changed every 72 hours. All experiments were performed between
12 passages 1 and 6.
13 Allergic asthma models. For acute allergic asthma model, mice were sensitized on days DO,
14 D7, D14, and D21 by skin application of 500 pg Der f in 20 pL of dimethyl sulfoxide (Sigma)
15 onto the ears. Control mice were sensitized with dimethyl sulfoxide. Intranasal challenges
16  were performed with 250 pg of Der fin 40 pL of sterile PBS on D27 and D34. For severe allergic
17  asthma model, mice were submitted to the same protocol but were intranasally challenged
18  ondays D26, D27, D28 and D33, D34, D35. When indicated, allergic asthma mice were treated
19 by repeated inhalations of NSC23766 (40 pg/kg in 400 pL PBS), formoterol (125 pg/kg in 400
20  pLPBS) or beclomethasone (150 or 1500 pig/kg in 400 pL PBS) before each challenge. All mice
21  were sacrificed 24 hours after last intranasal challenge for analysis.
22  Bronchoalveolar lavage (BAL) fluid analysis. Mice were tracheotomized and 1 mL of sterile
23 PBS was administrated intratracheally through a catheter. Cells and supernatants from
24 recovered fluid were separated by centrifugation. Total cell number was counted on Kova
25  slides by optical microscopy. Identification of immune cell subpopulations was performed by
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26 flow cytometry analysis?°. Acquisition was performed on LSR Il (BD Bioscience) and analyzed
27  with Flowlo software.

28  Airways reactivity ex vivo. Murine primary bronchi were cleaned, cut in rings, and mounted
29  on a multichannel isometric myograph in Krebs-Henseleit physiological solution (118.4 mM
30  NaCl, 4.7 mM KCl, 2 mM CaCly, 1.2 mM MgS04, 1.2 mM KH2POs, 25 mM NaHCOs, and 11 mM
31 glucose) at 37°C and gassed with a mixture of 95%0./5%CO0-. A pretension of 0.5 mN was
32  applied. We constructed dose-response curves to methacholine (Sigma-Aldrich, Paris, France).
33  The wire myograph was connected to a digital data recorder (Maclab/4e, AD Instruments,
34 Paris, France) and recordings were analyzed using LabChart v7 software (AD Instruments).

35  Histology. Paraformaldehyde (4% in PBS, 1 mL) was administered intratracheally in the lungs
36  through a flexible catheter, trachea was ligatured, and lungs were excised. Lungs were fixed
37  in 4% paraformaldehyde for 48 h and embedded into paraffin. Sections measuring 6 mm in
38  size were stained with periodic acid-Schiff or hematoxylin/eosin for morphological studies.
39  Histological grade (over 12 points) was determined to assess inflammation (0-8) and
40  pulmonary remodeling (0-4) as previously described?°.

41  Immunoblotting. Primary aSMCs were incubated on ice with lysis buffer supplemented with
42  protease and phosphatase inhibitor cocktails (Sigma Aldrich, Saint Quentin Fallavier, France)
43 andsodium orthovanadate. Lysates were subjected to SDS-PAGE, transferred to nitrocellulose
44  membranes, and incubated with specific antibodies: p-Akt (9271), Akt (9272), p-P44/42
45 (9101), P44/42 (4695), p-Pak (2605), Pak1 (2602), p-STAT3 (9131) and STAT3 (4904) antibodies
46  were from Cell Signaling Technology (Leiden, The Netherlands). Equal loading was checked by
47  reprobing of the membrane with an anti-tubulin antibody (Beckman Coulter; Villepinte,
48  France). Immune complexes were detected with appropriate secondary antibodies and
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49  enhanced chemiluminescence reagent (Clarity ECL BioRad, Marnes la Coquette, France).
50 Protein band intensities were quantified using Image) Software (NIH software, Bethesda, Md).
51
52  Supplemental legends
53
54  Figure E1. aSMC proliferation is induced by bFGF and PDGFbb. (A) Representative images of
55 aSMC proliferation by indicated factors. Nuclei are detected by DAPI staining (blue) and aSMC
56  proliferation by EAU staining (green). Scale bar, 25 um. (B) Proliferation of haSMC induced by
57  bFGF, PDGFbb, IL-13, IL-33, IL-17, IL-9 and TSLP. Detection and quantification of haSMC
58  proliferation by EdU staining. Results are expressed as the percentage of EdU positive cells
59 (n=10). Data are presented as mean + SEM. Kruskal-Wallis test followed by Dunns’ posttest
60  were used. “"P<0.01, ***P<0.001 vs control cells.

61

62  Figure E2. Activation of Akt and P44/42 in response to bFGF and PDGFbb. (A) Immunoblot
63  analysis of Akt and P44/42 expression and phosphorylation in haSMCs stimulated with bFGF
64  or PDGFbb at different time points. When indicated, EHT1864 was preincubated 30 min before
65  stimulation. (B) Quantification of phosphorylation and expression of Akt and P44/42 (n=4-5).
66  Data are expressed as mean + SEM. Kruskal-Wallis test followed by Dunns’ posttest were used.
67  "P<0.05, "P<0.01, "*P<0.001.

68

69  Figure E3. Effect of beclomethasone on pulmonary inflammatory cells infiltrate in an acute
70 allergic asthma murine model. Infiltrating cells in BAL fluid from DP and HH mice from the
71  acute allergic asthma protocol treated with beclomethasone (150 or 1500 pg/kg) or NaCl (n =
72 10 mice). Data are expressed as mean = SEM. Kruskal-Wallis test followed by Dunns’ posttest
73  were used. “**P<0.001 vs DP NaCl; *P<0.05 vs HH NaCl.
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Bronchial smooth muscle cell in asthma:

where does it fit?

Dorian Hassoun,' Lindsay Rose,? Frangois-Xavier Blanc

Gervaise Loirand,? Vincent Sauzeau?

ABSTRACT

Asthma is a frequent respiratory condition whose
pathophysiology relies on altered interactions between
bronchial epithelium, smooth muscle cells (SMC) and
immune responses. Those leads to classical hallmarks
of asthma: airway hyper-responsiveness, bronchial
remodelling and chronic inflammation. Airway smooth
muscle biology and pathophysiological implication in
asthma are now better understood. Precise deciphering
of intracellular signalling pathways regulating smooth
muscle contraction highlighted the critical roles played
by small GTPases of Rho superfamily. Beyond contractile
considerations, active involvement of airway smooth
muscle in bronchial remodelling mechanisms is now
established. Not only cytokines and growth factors,
such as fibroblats growth factor or transforming growth
factor-f3, but also extracellular matrix composition have
been demonstrated as potent phenotype modifiers for
airway SMC. Although basic science knowledge has grown
significantly, little of it has translated into improvement
in asthma clinical practice. Evaluation of airway smooth
muscle function is still limited to its contractile activity.
Moreover, it relies on tools, such as spirometry, that
give only an overall assessment and not a specific one.
Interesting technics such as forced oscillometry or
specific imagery (CT and MRI) give new perspectives

to evaluate other aspects of airway muscle such as
bronchial remodelling. Finally, except for the refinement
of conventional bronchodilators, no new drug therapy
directly targeting airway smooth muscle proved its efficacy.
Bronchial thermoplasty is an innovative and efficient
therapeutic strategy but is only restricted to a small
proportion of severe asthmatic patients. New diagnostic
and therapeutic strategies specifically oriented toward
airway smooth muscle are needed to improve global
asthma care.

INTRODUCTION

Airway smooth muscle cells (aSMC) derive
mainly during embryogenesis from mesen-
chymal precursors, in parallel with epithe-
lial buds, and are associated with the correct
development of the airways tree.' Present all
along the respiratory tree from the trachea to
the bronchioles, it is conserved in vertebrae
through evolution.? aSMCs are thought to
maintain basal tone in bronchi and homoge-
neous lung ventilation through modulation
of local airflow resistance.” Though, its real

,! Antoine Magnan,g”4

physiological role after development remains
controversial in part due to the difficulties to
design experimental procedure to testspecific
hypothesis (impact on mucus expulsion and
cough, ventilation to perfusion matching
etc) " However, while the physiological role
of aSMC is controversial, their involvement in
airways diseases, especially in asthma, is now
better understood.

Asthma is a respiratory condition defined
by the association of variable respiratory
symptoms, such as acute dyspnoea, chest tigh-
ness, wheezing and chronic cough, associated
with impaired airf!ow and chronic bron-
chial inflammation.” It is a frequent disease
affecting around 250 million patients world-
wide with an increased incidence for the last
decade.” Asthma treatment is mainly based
on inhaled corticosteroids associated with
long-acting and short-acting bronchodilators.
The main objective of those treatments is to
achieve a complete control of the disease.”

Asthma pathophysiological hallmark can
principally be divided into three inter-related
components: airway inflammation, airway
hyper-responsiveness and airway remodelling
(figure 1).

Inflammatory pathways involved in asthma
course have been extensively studied. Two
main pathophysiological pathways are now
commonly accepted: eosinophilic (or type-
2-driven asthma) and non-eosinophilic.8
Considering  type-2-driven  asthma, key
inflammatory cytokines can be highlighted:
interleukine (IL)-4 implicated in T-helper 2
polarisation and IgE switching, IL-5 associated
with eosinophils production and trafficking
and IL-13 that plays a central role in airway
remodelling. Some biotherapies targeting
those cytokines pathways had proven their
efficiency in selected severe asthmatics and
are now available in clinical practice 2 On the
contrary, non-eosinophilic asthma, including
paucigranulocytic and neutrophilic asthma,
remains poorly understood.

Airway remodelling is defined by an associ-
ation of structural modifications of bronchial
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Pathophysiology of asthma. Under stimulation by noxious and/or harmless environment, bronchial epithelium

secretes alarmins. Such molecules stimulate innate and adaptative immunity giving rise to infiltration of bronchi by
eosinophils or neutrophils or both. Conversely, under sustained inflammation, bronchial remodelling developed with increased
basal membrane thickness and hypertrophy and hyperplasy of bronchial smooth muscle. Along with specific bronchial
smooth muscle cells acquired hypercontractility, all those mechanisms participate to airway hyper-responsiveness. IgE,
immunoglobulin E; IL, interleukine; Th, T-helper cell, TSLP, thymic stromal lymphopoietin. Created with BioRender.com.

wall including aSMC alterations, epithelial dysfunction,
reticular membrane thickening and oedema.'”'! Such
lesions can be irreversible and lead to the progressive loss
of respiratory function through time.' Airway remod-
elling unlinked with airway smooth muscle biology is
presented elsewhere.'®

Airways hyper-responsiveness (AHR) is defined by an
exaggerated response of airways to harmless or harmful
stimuli. This altered response of bronchi to environment
depends on bronchial smooth muscle’s activity, principal
actor of bronchoconstriction. Noteworthy, inflammation,
by acting on bronchial smooth muscle, is also closely
linked to this phenomenon.

Although recent biotherapies critically improved
asthma outcomes in severe asthmatic patients, some
inflammatory endotypes, noteworthy non-eosinophilic
asthma, remain orphan of efficient treatment.'*"” New
strategies are evaluated in preclinical setup on non-
inflammatory components, notably in aSMC. In this
review, we will discuss the biological dysfunctions of the
bronchial smooth muscle during asthma, the different
techniques of evaluation of these dysfunctions in the

clinic as well as the existing or developing therapeutic
strategies to manage them.

Biology of aSMC and role in asthma pathophysiology

aSMC contraction dysfunction in asthma

aSMC is essential in the development and sustain-
ment of AHR. Ex vivo studies demonstrated that aSMC
harvested from asthmatic subjects displayed increased
maximum ca})acity and shortening velocity compared
with controls.™® Moreover, aSMCs isolated from asthmatic
patients presented a stronger contraction in response to
histamine compared with controls.'! Contractile capacity
of bronchial SMC principally depends on the phos-
phorylation of the 20 kDa myosin light chain (MLC, ),
which leads to the activation of the contractil appa-
ratus (figure 2). The phosphorylation level of MLC,
is regulated by two enzymes: the myosin light chain
kinase (MLCK) and the myosin light chain phosphatase
(MLCP). Two distinct signallin% pathways regulate the
activity of these enzymes: the Ca™" and the Ca™ sensitisa-
tion pathway.

2 Hassoun D, et al. BMJ Open Resp Res 2022;9:¢001351. doi:10.1136/bmjresp-2022-001351
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Intracellular regulation of airway smooth muscle cells contraction. Smooth muscle cells contraction and relaxation

cycle depends on phosphorylation and dephosphorylation of MLC, respectively. Increase of intracellular Ca®* concentration
in response to bronchoconstrictor stimuli leads to the CaM-dependent activation of MLCK, which phosphorylates MLC: it is
the Ca®* pathway. In parallel, activation of RhoA-Rock pathways and CPI-17 deactivates MLCP, which prevents MLC from
dephosphorylation: it is the Ca®* sensitisation. B-NAD, beta-nicotinamide adenine dinucleotide; cADP-r, cyclic adenosine
diphosphate ribose; CaM; calmodulin; CD, cluster of differentiation; DAG, diacylglycerol; GPCR, G protein-coupled receptors;
IP8, inositol triphosphate; MLC, myosin light chain; MLCK, myosin light chain kinase; MLCP, mysoin light chain phosphatase;
PKC, protein kinase C; PLC, phospholipase C; PIP2, phosphatidylinositol-4,5-bisphosphate; Rac1, Rac family small GTPase
1; ROCK, Rho kinase; RhoA, Rho family small GTPase A; SR, sarcoplasmic reticulum.

Considering the Ca2+pathway, the phosphorylation of
MLC20 by MLCK leads to cross bridges with actin that
conducts the aSMC contraction cycle. Interestingly, over-
expression of MLCK in aSMC has been observed during
asthma associated with its overcontractility.18 * MLCK
activity is principally controlled by the rise in cytosolic
Ca®™ concentration coming from extracellular calcium
influx through ion channels and sarcoplasmic reticulum
(SR) calcium stores.”’ SR stores release is principaly trig-
gered by the inositol 1,4,5-trisphosphate (IP3) produced
by activated phospholipase C (PLC) after the binding
contractile agonists to G Erotein-coupled receptors or to
M3 muscarinic receptors.‘2

Recently, this signalling pathway has been comple-
mented by studies demonstrating the involvement of
the monomeric GTPase Racl in aSMC contraction. Racl
protein is activated in murine and human aSMC by bron-
choconstrictors such as methacholine leading to its asso-
ciation with the pleckstrin homology domain of PLC 2
to potentiatgqthe production of IP3 required for aSMC
contraction.” The relevance of this signalling pathway in

aSMC was highlighted by demonstrating that Racl was
overactivated in aSMC from asthmatic patients as well as
in aSMC from mice developing allergic asthma. In this
experimental model, deletion of the Racl gene specif-
ically in SMCs or pharmacological inhibition of Racl
activity prevents AHR. These results identify the Racl
protein as a new therapeutic target in respiratory pathol-
ogies associated with AHR.™

Independently of IP3 production, cyclic adenosine
diphosphate ribose (cADPr) could activate the ryano-
dine receptors channel (RyR) on the SR leading to the
liberation of Ca® from the internal SR stores.”* ** Such
metabolite is produced from beta-nicotinamide adenine
dinucleotide next to the stimulation of the muscarinic
receptor M3. Moreover, Ca” liberation is increased
by Ca™induced Ca™ release through RyRs, resulting
in Ca® wave propagation and the simultaneous aSMC
tw,vitching.26 In asthma, overexpression of CD38 induced
by proinflammatory cytokines such as IL—lB, II-13 and
tumor necrosis factor-0. leads to increased RyR activation
by cADPr.**?
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Calcium uptake and sustainment of ATP synthesis by
mjtochondria are essential to smooth muscle contrac-
tio * Calcium uptake is mediated by the mltochonclrnl
Gt umpotter whlle its le]e’lse mainly depends on Na®/
Ca® or H'/Ca® exclmngel  In aSMC from asthmatic
patients, mitochondrial dysfunction can be observed.
Dowmeguhtlon of the expression of sarcoendoplasmic
C " ATPases 2 is associated with the dysregulation of
Ca® homeosta51s in asthma.”

The Ca®" sensitisation pathway leads to a maxmml
contraction independently of the intracellular ol
concentration by the regulation of the MLC, phosphor-
ylation state by MLCP. On the one hand, activation of
proteine kinase C by diacylglycerol leads to the phos-
phorylation of protein kinase C-potentiated phosphatase
inhibitor protein of 17 kDa (CPI-17), which binds to the
catalytic subunit of MLCP, inhibiting its phosphatase
actlwty% On the other hand, activated RhoA interacts
with its downstream effector Rho kinase (ROCK), which
macuvates MLCP by phosphorylating its myosin-binding
subunit.” Moreover, ROCK can also regulate the activity
of MLCP by the phosphorylation of CPI-17. 19 Interest-
ingly, expression and activity of CPI-17 '1re increased in
aSMC from rats model of allergic asthma.™ In parallel,
several studies have shown an mcrease of RhoA expres-
sion in aSMC in animal models.” Inhibition of RhoA
activity prevents and reverses AHR induced in allergic
asthma models of guinea plgs Convelsely inflamma-
tory cytokines can significantly influence Ca®" sensitisa-
tion pathway. IL17A, a cytokine secreted by Th17 cells, is
able to mduce an upregulation of RhoA protein in human
aSMC.? Conversely it can also increase aSMC contrac-
tion by the activation of RhoA-ROCK2 through NF-xB
pat_hway.38 Targeting IL-17 pathway with neutralising
antibody decreased the expression of NF-kB, ROCK-I
and ROCK-II in lung p”lrenchvm"l in a mouse model of
asthma compared with controls.” IntelesUnglv, it has
been recently proven in mouse that combination of anti-
IL17 antibodies along with ROCK inhibitor (Y-27632)
significantly improved resplratmv resistance, bronchial
remodelling and inflammation.” Similar findings were
observed with IL-13, which induces an increase in RhoA
expresswn by aSMC." Those results suggest a potential
role of Ca®* sensitisation pathway dysfunction associated
with asthma AHR.

Aside inflammatory cytokines, small molecules can also
interactwith the contractile apparatus such as nitric oxide
(NO). In physiological conditions, NO is a potent bron-
chodilator through the production of cGMP by activated
cytosohc guanylate cyclase leading to decreased intracel-
lular Ca*.** Bronchial NO mainly derived from epithe-
lial cells on the one hand and mhlbltor} non-adrenergic
non-cholinergic nerve terminals.” ** Inhibition of NO
synthe51s by L-NG-Nitro arginine methyl ester in vitro
and in vivo in guinea pigs enhances the alrW'ly hvper—
responsiveness in response to histamine.* ” Though, i
precise role in the context of asthma remains controver-
sial.* Indeed, inflammatory environment, especially type

2 driven, is a potent activator of inducible NO synthase
of type 2 in epithelial cells. 4748 Fxhaled NO measured

49 50
Associa-

in asthmatic patients is correlated with AHR.
tion of NO with worsened AHR, despite its physiological
bronchodilator effect, can be partly explained by collat-
eral damages linked with peroxynitrite production and
side effects on vessels with increased permeability and
bronchial oedema.

Autonomous innervation of aSMCs is another modu-
lator of AHR. TRPAI channels are located at sensory
nerves, predominantly on C fibres and is also expressed
in non-neuronal cells including airway 1nﬂamm'1t01y
cells, SMC, epithelial cells and fibroblasts.”' Activation
of TRPAI by environmental irritants such as cigarette
smoke or air pollution leads to the activation of bron-
chopulmonary C fibr es in an experimental model and is
implicated in cough.’ " Inhibition or knockout of TRPA1
channels leads to an inhibition of neuropeptide release
and airway hvperreactlvltv in an ovalbulmin-challenged
mice model of asthma.” Whether such pathway is impli-
cated in human asthma pathophysiology remains to be
demonstrated.

aSMC beyond contraction: bronchial remodeling

Airway remodelling presentation may differ between
groups of moderate-to-severe asthmatic patients in terms
of aSMC mass and basement membrane thlckemng
Interestingly, airway remodelhng can appear early in
asthma, even in children.’ 2220 Significant bronchlal
remodelling in childhood, characterised by reticular
basement thickening ancl L eased aSMC mass, is associ-
ated with severe disease.’ Moneover airway remodelling
is also associated w1th persistent obstruction in severe
asthmatic children.” Those elements are in favour of an
early role played by airway remodelling in asthma natural
course.

Physiologically, aSMC presents low proliferation capac-
ities and a contractile phenotype characterised by the
expression of sm-O-actin, smooth muscle Yactin, smooth
muscle myosin heavy chain, calponm h-caldesmon,
SM22, smoothelin and metavinculin.” 59 Though, in
inflammatory environment, aSMC have the ability to
switch their phenotype with an increase of their prolif-
eration and migration capacity leading to hyperplasia. o
Mitochondria biogenesis is also affected. In proliferative
aSMC from asthmatic patients, increased mitochondrial
mass and activity can be observed associated with altered
calcium homeostasis.®!

Phenotype switch can be induced in vitro by several
growth factors and cytokines presented in table 1. Anal-
ysis of induced sputum in asthmatics showed that many
of these molecules are indeed oversecreted.® Bronchial
inflammation associated with remodelling can be driven
by the environment through the ability of bronchial
epithelium to secrete alarmins, namely thymic stromal
lymphopoietin (TSLP), IL-25 and IL-33, in response to
harm.!’ It has been demonstrated that human aSMC
expressed receptor to TSLP and IL-25 and that their

4 Hassoun D, et al. BMJ Open Resp Res 2022;9:¢001351. doi:10.1136/bmjresp-2022-001351
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Table 1 Mitogenic factors of aSMC

Factors Cellular source

Effects Ref

Growth factors

PDGF Platelets, monocytes/macrophages, ASMC, epithelium Pro-proliferative 123-126

FGF Extracellular matrix, monocytes/macrophages, ASMC Pro-proliferative 126-129

EGF Epithelium, platelets Pro-proliferative 130
Cytokines

TGF-B ASMC, T-lymphocytes, epithelium Pro-proliferative 128 131-133

TNF-o ASMC, epithelium, T cells, monocytes/macrophages Pro-proliferative, 126 134-136

antiproliferative

IL-1B T cells, monocytes/macrophages, ASMC, epithelium Pro-proliferative 137 138

IL-6 T cells, monocytes/macrophages, ASMC, epithelium Pro-proliferative 135 138

IFN-y T cells, NK cells Antiproliferative 139

IL-4 T-cell, mast cells Antiproliferative 140 141
Inflammatory mediators

Histamine Mast cells, basophils Pro-proliferative 142 143

Thromboxane A2 Mast cells, monocytes/macrophages Pro-proliferative 144 145

Sphingosine 1-phosphate
Enzymes and diverse

Plasma, platelets

Tryptase Mast cells
Thrombin Plasma
Elastase Neutrophils

Reactive oxygen species

Pro-proliferative 146

143 147
Pro-proliferative 148
Pro-proliferative 149

Pro-proliferative

Monocytes-macrophages, neutrophils, eosinophils, mast cells Pro-proliferative 150

aSMC, airway smooth muscle cells; EGF, epidermal growth factor; FGF, fibroblast growth factor; IFN, interferon; IL, interleukine;
PDGF, platelet-derived growth factor; TGF-f, transforming growth factor-f; TNF-a, tumor necrosis factor-c.

stlmu]atlon lead to proinflammatoryand synthetic pheno-
types.m Conversely, it has been shown by air-liquid
interface coculture that injured epithelial cells stimulate
aSMC proliferation through the production of proin-
flammatory molecules (IL-6, IL-8, monocvte chemotactic
protein-1) and matrix metalloplotelnase-9 ” Mechanical
stimulation of epithelial cells is another path leading to
phenotype switch of aSMC. A significant prolifemtion
of aSMC could ‘be induced in vitro by compression of
epithelial cells.” § Combination of inflammator y cytokines,
such as type 2 cytokines, leads to complex modification
of aSMC phenotype. For example, whereas IL-13 alone
have an 'lntiproliferative effect on cultured aSMC, it also
increases the expression of CysLT1 receig)tor enhancing
leukotriene induced proliferation. Interestingly,
stimulated aSMC are also able to synthesise proinflam-
matory factors such as the platelet-derived growth factor
(PDGF), fibroblats growth factor, IL-1B, transforming
growth factor-, IL-5, IL6 IL-8, IL-17, which further
amplifies phenotype switch.?

Composition of the extracellular matrix (ECM) itself
also influences the phenotype and functions of aSMC. g
Laminin reduces the aSMC proliferation and increases
the expression of contractile proteins such as sm-0l-
actin and smooth muscle myosin heavy chain.” On the
contrary, fibronectin promotes the aSMC proliferation

but decreases the expression of contractile proteins.m
During asthma, the synthesis of laminin is reduced
while the fibronectin synthesis is increased plomotmg
the switch of aSMC to a proliferative phenotype In
response, aSMC participate to the deposition of the ECM
through increased MMP-9 and MMP-12 expressions as it
has been shown in bronchial biopsies from severe asth-
matic p'ments

At a cell signalling level, aSMC proliferation is princi-
pally under the control of extracellular signal-regulated
kinase (ERK) and PI3K pathways by increased expres-
sion of cyclin D1. ERK protein, a member of the MAPK
familly, is a central regulator of cell cycle entry and Gl
progression essential to aSMC proliferation.” *In parallel,
Aktl, an effector of PI3K, inhibits the constitutively active
glycogen synthase kinase 3 and an activator mTOR and
1)70 S6 kinase which are important for transcriptional acti-
vation and protein tr'lnslatlon leading to aSMC prolifer-
ation and hvpeltrophv * PI3K can also activate Racl and
Cdc42 in or del to promote the cell proliferation thanks
to cyclin D1.” In addition, Racl forms part of the Nico-
tinamide Adenine Dinucleotide Phosphate (NADPH)
oxydase complex and also participates in the reactive
oxygen spec1es production which is involved in the aSMC
muogenesns ® We recently demonstrated that Racl was
essential to the increased proliferation capacities of aSMC
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from asthmatic patients in comparison to controls in basal
condition and after mitogenic stimulation. " We identi-
fied the signal transducer and activator of transcription
3 as the main effectors involved in such Racl-dependent
mecanism. Interestingly, inhibition of Racl activity in a
mouse model of asthma prevented aSMC hyperplasia.
aSMC hyperplasia also results from the migration of
aSMC or progenitors in response to mitogen factors such
as the PDGF, the vascular endothelial growth factor, the
transforming growth factor B (TGF-B) or IL-1B. The P38
MAPK, PI3K and ERK pathways are involved in migration
as their inhibition leads to decreased aSMC migration
due to reduced phosphorylation of heat shock protein
27 implicated m the F-actin polymerization neceSS"lry
for cell motility.” ® Moreover, the migration of aSMC in
response to PDGF is significantly 1mp'1cte(l by the inhibi-
tion of PISK, ERK or ROCK pathway. "™

Aside its proliferative capacity, activated aSMC also
demonstrate improved capacity to interact with immune
cells through increased expression of their surface mole-
cules such as VCAM-1, ICAM-1, CD44 and LFA-1.*" Note-
worthy, aSMC display closed interaction with mast cells
and are able to synthetize powerfull mastocyte chemo-
tactic agents such as the stem cell factor but also TGF B1
and tumour suppressor in lung cancer- -1.% In parallel,
aSMC express both CD44 and CD51 which are involved
in the mast cell adhesion.®® Interaction of mast cells with
aSMC promotes the degranulation and cytokines produc-
tion by mast cells ultlmatel\ leading to aSMC contraction
and prohfer'mon aSMC can also interact with other
immune cell types such as T cells via CD44, which mduces
DNA synthesis of aSMC and promotes its pr oliferation.”

As presented, aSMC has important impacts on asthma
pathophysiology not solely due to their contractile activity
but also to their ability to interact with other cell types
leading to complex remodelling activity. Such a broad
involvement makes the clinical evaluation of its action
at a patent level complex, as it is discussed in the next
section.

Bronchial smooth muscle in asthma clinical practice

In routine practice, evaluation of aSMC'’s function cannot
be fulfilled directly. Indeed, conventional pulmonary
function tests, such as spirometry and plethysmography
only give access to an overall sight of their implication
in airway obstruction. New tools currently developed to
further assess new facets of its function are described
below.

Airway obstruction in asthma

Airway obstruction is necessary to asthma diagnosis
along with relevant and consistent respiratory symptoms.
Pulmonary function tests in asthma, particularly forced
spirometry, are standardised and aim to prove such
obstruction.®® Evolution of obstruction through time is
critical considering asthma care. Data from birth cohorts
showed that children with low forced expiratory volume

in one second (FEV1) /forced vital capacity (FVC) ratio
had a steeper slope of evolution of FEV1/FVC ratio
through time until 'lclulthoocl that increases the risk of
developing asthma.”” In parallel, patients self-reporting
asthma experienced a faster decline of FEVI through
time than healthy volunteers in a 15-year prospective
study performed in Denmark.

Bronchodilators response tests are available to assess
the role of bronchial smooth muscle contraction in
obstruction for an individual patient.ab However, nega-
tive bronchodilator test does not imply that aSMC are not
relevant in asthma symptoms. Indeed, a fixed obstruction
(FEV1/FVC ratio under lower limit of normal values and/
or FEV] under 80% of predicted value after bronchodi-
lators) can appear in about 20% of never ever—smokm
adult asthmatic patlents after 10 years of follow—up
Such persistent airway obstructlon had been linked
with increased airway smooth muscle area in a popula-
tion of severe asthmatics under standardised high dose
anti-inflammatory treatment.’ Though airway remodel-
ling is not only dependent on aSMC. It has been shown
recently by cluster analysis of pathological examination
of bronchial biopsies from asthmatic patients and healthy
individuals that bronchial remodelling could be classi-
fied into several groups depending on the component
involved (bronchial smooth muscle, basal membrane).™

Considering small airways impairment in asthma,
available explorations are currently imperfect. A study
highlighted that mid-expiratory and instantaneous flows
(FEF25-75 and FEF75) did not ﬂgmﬁcant]) add informa-
tions to FEV] and FEV1 to FVC ratio.” Use of impulse
oscillometry and nitrogen breath washout technics
identified around 1 /3 of asthmatic p1t1ents displaying
markers of small airways clysfunctlon Though data
clearly linking pathology with oscillometric data are still
lacking. Conversely, specific imagery approaches are
currently assessed. \Ion -invasive evaluation of obstruc-
tion by hyperpolarized - *HE MRI showed that ventilation
defects due to obstruction often persisted in time and
location under stable or provoked (methacholine) condi-
tions in a small series of patients.™ Interestmgl), markers
of ventilation heterogeneity linked to small airways
involvement inversely correlated with variation of asthma
control score under inhaled corticosteroid treatment of
asthmatic p'ltlents \Ievertheless MRI lacks availability
needed for clinical practice.

Airway hyper-responsiveness in asthma

AHR is an important argument in favour of asthma diag-
nosis that can be sought by direct and indirect provoca-
tion bronchial tests. Methacholine and histamine tests
are the principal direct provocation tests available. They
aim at triggering direct bronchial smooth muscle contrac-
tion through inhalation of determined cumulative doses
of stimulant. However, this test explores only selected
pathways of bronchial smooth muscle contraction to the
exclusion of the others described in the previous sections.
In addition, its overall sensitivity is around 60%-90% and
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Table 2 Effect of approved biotherapies on pulmonary function tests in allergic and eosinophilic severe asthma (phase I

trials)
Phenotype Molecule
Endotype Type Target Main inclusion criteria Effect on respiratory function Ref
Allergic Omalizumab IgE Severe asthma with high dose Improved morning PEF 15106
Humanised monoclonal ICS +2.8% predicted FEV1 in comparison
antibody Positive SPT to aeroallergen  with placebo
Serum total IgE 30-7001U/mL
Eosinophilic Mepolizumab -5 Severe asthma with high Slightimprovement of pre-BDand 14 151
Humanised monoclonal dosage ICS. post-BD FEV1 (+98 mL, +138mL,
antibody Peripheral blood eosinophils  respectively) in comparison with
count=150/mm?® at screening  placebo
or >300/mm?® during the Statistically non-significant
previous year. improvement of pre-BD and post-BD
+ Maintenance treatment FEV1 in the corticosteroid weaning
with systemic corticosteroids  trial
(5-35mg of prednisone or
equivalent)*
Eosinophilic Reslizumab -5 Inadequately controlled Statistically significant improvement 152
Humanised monoclonal asthma despite at least of pre-BD FEV1 in comparison with
antibody medium dosage ICS. placebo (+0.11L LS mean)
Peripheral blood eosinophils
count>400/mm?®
Eosinophilic Benralizumab 1I-5 Severe asthma with high Statistically significant improvement 16 153 154
Humanised monoclonal  receptor dosage ICS. of pre-BD FEV1 in comparison with
antibody Baseline peripheral blood placebo in SIROCCO and CALIMA
eosinophils count=300/mm°®  studies (+159mL and +116mL,
respectively, LS mean)
Type-2 Dupilumab 1I-4 Uncontrolled asthma despite  Statistically significantimprovement 17 108
inflammation Fully human monoclonal receptor @ medium to high dosage ICS  of pre-BD FEV1 in comparison with
antibody and up to two controller placebo at 12 wks (+130mL LS
mean) and 24 wks (+ 220mL LS
mean).
Eosinophilicand Tezepelumab TSLP Uncontrolled asthma despite  Statistically significantimprovement 110

non-eosinophilic ~ Fully human monoclonal

antibody

medium to high dosage ICS

of pre-BD FEV1 in comparison with
placebo at 52 wks (+130mL LS
mean)

BD, bronchodilators; FEV1, forced expiratory volume in one second; ICS, inhaled corticosteroid; IgE, immunoglobuline E; IL-5, interleukine 5; LS,

least squares; PEF, peak expiratory flow; SPT, skin prick test; TSLP, thymic stromal lymphopoietin; wks, weeks.

specificity around 90%.97 Its use in clinical practice is then
principaly reserved to intermediate probability of asthma
at diagnosis and is not recommended for follow-up.

Indirect tests mainly include exercise-induced and
eucapnic hyperventilation tests. The objective of such
tests is to provoque a deshydratation of respiratory
airways that stimulates the secretion of various cytokines
and inflammatory mediators by bronchial epithelium
and sub-mucosa triggering hypersensitive aSMC contrac-
tion.” Exercise-induced bronchoconstriction is associ-
ated with asthma with a good specificity but low sensitivity.
In an overall population, exercise-induced bronchocon-
striction under standardised exercise correlated with
airflow limitation (FEV1) but also with age and sex.”
Noteworthy, some patients displaying significant positive
indirect AHR tests would not react to direct stimulation
of airway smooth muscle contraction.”

Unmet needs in aSMC functional evaluation in asthma
Diagnostic tools determining the exact role played by
bronchial smooth muscle in asthma at an individual level

need to be developed. Indeed, spirometry isn’t sufficient
to precisely incriminate the responsible agent (inflamma-
tion, bronchial smooth muscle, infection triggers, combi-
nation of those). Tests specifically exploring bronchial
contractility and its determinants could potentially be of
interest in order to guide therapy, particularly concerning
the use of long-acting bronchodilators. Conversely, it
would be interesting to evaluate the proliferative activity
of bronchial smooth muscle in order to early detect and
prevent bronchial remodelling. Finally, the improvement
of physiopathological knowledge could lead to the devel-
opment of new targeted therapeutic strategies alongside
their specific biomarkers.

aSMC as a target in asthma

Conventional therapies: inhaled and oral treatments
Conventional therapies in asthma principally target 2
pathophysiological mechanisms: inflammation and bron-
choconstriction. Inhaled bronchodilators (beta-2 agonist
and anticholinergic) directly target aSMC by decreasing
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its contractility in order to improve airflow and limit
chronic and acute symptoms. Though, pharmacological
researches mainly focused on the improvement of the
length and/or delay of action. Interestingly, a proof-of-
concept clinical trial showed in a small cohort of severe
asthmatics (31 patients) that gallopamil, a calcium ion
channel inhibitor, could reduce the aSMC bronchial area
and thickness after 1year of treatment in comparison
with baseline associated with reduced exacerbation after
the end of treatment.'” However, further clinical trials
were withdrawn by the pharmaceutical companies.

Even if inhaled corticosteroids target principally inflam-
matory effectors, it also affects aSMC contractility and
proliferation. Glucocorticoids reduce the expression of
o-smooth actin and the short isoform of MLCK by aSMC
in response to TGF-B which dampens its contractility.ml
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It also decreases the expression and phosphorylation of
CPI-17 by aSMC in a rat model leading to lower MLC
phosphorylation and improved AHR.'*® Furthermore,
ciclesonide effectively reduced key bronchial remodel-
ling features, such as goblet cell hyperplasia or immune
reactive aSMC, in a rat model of asthma.'® Considering
bronchial remodelling, high doses of inhaled steroids
also improved the submucosal hypervascularity but also
the basement membrane thickness in small clinical

Biotherapies and aSMC

No biotherapy directly targeting aSMC is currently under
clinical development to our knowledge. However, avail-
able biotherapies that target inflammation can have
implication in aSMC (table 2).
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Omalizumab is a humanised monoclonal antibody
targeting immunoglobulin (Ig) E to treat severe allergic
asthmatic patients. Phase III study demonstrated that
omalizumab significantly improves asthma exacerbation
rate compared with placebo. 15196 1¢ 2150 showed that
omalizumab could slightly improve morning peak expi-
ratory flow and FEVI. Monoclonal antibodies targeting
IL-5 pathway namely mepolizumab, reslizamab and
benralizumab are now 'lpl)roved to be used to treat
severe eosinophilic asthma. ™" Considering improvement
of prebronchodilator and postbronchodilator FEVI,
biotherapies targeting IL-5 reached statistic significance
overall, though clinical significance remains questionable
(about+100 mL vs placebo). Conversely, dupilumab, a
fully human monoclonal antibody targeting I1-4 receptor
0. also demonstrated a significant reduction of exacer-
bation rate and efficient oral corticosteroid tapering in
patients suffenng of uncontrolled moderate to severe
asthma.'” 1% Interestingly, a significant improvement of
FEVI under treatment with dupilumab was observed
at 24 weeks of treatment with mean difference above
200mL."" In a reallife asthma cohort, dupilumab also
improved FEV] by 10% (predicted values) after 1year of
treatment.’ Recently, a treatment with tezepe]um’tb, a
human monoclonal antibody targeting the TSLP, lead to
a 130mLincrease of pre blonchodlhtor FEVI in compar-
ison with the control gloup ’ Such improvements, to
be confirmed in the long term, tends to underline the
importance of the interactions between inflammation
and bronchial smooth muscle and the interest in simulta-
neously targeting multiple actors.

Few trials specifically studied the effect of biotherapies
on pulmonary functions. Benralizumab failed to signifi-
cantly 1mp1 ove prebronchodllator FEVI and hyperin-
flation in SOLANA trial.'"! To note, this trial aimed at
assessing benralizumab efficiency at short-term (84 days)
and potentially lack interesting effects on obstruction
through prolonged treatment. Small-sized clinical studies
have shown that mepolizumab could possibly improve
small airway function evaluated by multiple-breath
nitrogen washout test and forced oscillometry after a few
months of treatments.’

Bronchial thermoplasty

In order to specifically target bronchial wall including
aSMC, an interventional endoscopic technic was devel-
oped: bronchial thermoplasty. Its objective is to lower the
airway wall thickness by direct thermic energy applica-
tion. In AIR-2 clinical trial, bronchial thermoplasty signif-
icantly improved quality of life with a trend in favour of
better asthma control through lower exacexbaﬂon rate
in comparison with the sham gloup ¥ Good long-term
tolerance has been shown after 5 years of follow-up.'"
Considering bronchial remodelling, in a small prospec-
tive case series (n=11), bronchial thermoplasty slightly
decreased the airway wall thickness and air-trapping 2
years after the procedure, even if no significant improve-
ment of airway lumen could be observed.'"” However,

no significant effect had been observed on small airways
evaluated by oscillometry 6 months after the procedm e,
despite significantly improved clinical markers.''® Inter-
estingly, a proof-of-concept pilot study found that bron-
chial thermophst\ could nevertheless improve dynamic
hyperinflation in selected patlents Though, such
results need to be confirmed in larger and control clin-
ical studies.

Data about bronchial thermoplasty effects on airways
physiology and asthma pathophysiology are now avail-
able. aSMC area (0-SMA staining) significantly decreased
in short term (6 weeks) after bronchial thermoplasty
consistent with lower smooth muscle mass.'"® The
TASMA randomised clinical study confirmed such data
by including a parallel delayed bronchial thermoplastv
group of severe asthmatic patients as controls.'"” Never-
theless, modification of aSMC mass did not correlate
with improvement of asthma control and related quality
of life scores (Asthma Control Questionnaire, Asthma
Quality of Life Questionnaire). In parallel, it was recently
reported that bronchial thermoplasty induced a decrease
of mucus production assessed by MUCJAC epithelial
expression at 12 months post procedure " Bronchial
thermoplasty can also modify cell cross-talk between the
different components of airway wall. It has been reported
that it blocked the production and secretion of heat-
shock protein-60 by the epithelium that triggered in part
remodelling in asthma by fibroblasts. 15l

Unmet needs in targeted treatment of aSMC in asthma

Few innovative strategies targeting specifically aSMC are
available. Although bronchial thermoplasty has shown
interesting results, this technique remains complex and
reserved to a limited number of patients. Besides, in an
era of precision medicine, tools that predict response to
a treatment strategy in an individual setting are essential.
Few studies are available concerning such biomarkers
to predict efficacy of bronchial thermoplasty. Fixed or
reversible obstruction status was not significantly associ-
ated with clinical response to bronchial thermophstv e
Small molecules that directly target key signalling path-
ways implicated in aSMC contraction and proliferation
could be an interesting therapeutic opportunity. For
example, inhibition of Rho and Rac activation could
potentially reduce airway hyperresponsiveness and
remodelling. Nevertheless, those have long been consid-
ered as undruggable due to their ubiquitous expression
and critical biological roles that could lead to serious side
effects. The identification of tissue and condition specific
regulators of Rho superfamily activation, such as guanine
exchange factors, could be a promising way to overcome
such limit.

CONCLUSION

Asthma represents a broad-spectrum disease involving
at different levels epithelial dysfunction, sustained
bronchial inflammation and bronchial smooth muscle
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dysfunction. Knowledge about bronchial smooth muscle
role in asthma pathophysiology had been considerably
improved (figure 3). Mechanisms of bronchial contrac-
tion are better understood and new intracellular path-
ways had been discovered. However, aSMC should not
be only considered as simple contraction actors. Indeed,
implication of aSMC airway remodelling and their secre-
tion capacities are far more important than previously
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Deuxiéme partie : Identification et caractérisation d’un nouvel inhibiteur pharmacologique

de Racl

Racl joue un réle important dans le développement et la progression du cancer. Le
cancer est aujourd’hui, dans de nombreux pays, la premiére cause de mortalité précoce avant
70 ans (Figure 17). En 2020, on estime a 19,3 millions le nombre de nouveaux cas de cancer
dans le monde et 10 millions de déces sont imputables au cancer a travers le monde. Le cancer
du sein de la femme est le cancer pour lequel le nombre de nouveau cas (hommes et femmes
confondus) est le plus important en 2020 et représente plus de 2,26 millions de nouveaux cas
suivi par le cancer du poumon avec 2,2 millions de nouveaux cas. Le cancer du poumon est la
premiére cause de déces par cancer (hommes et femmes confondus) en 2020 avec 1,7 millions
de déces tandis que le cancer du sein chez la femme est le 5°avec plus de 684 mille décés (Sung
et al. 2021).
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Figure 17 : Prévalence du cancer a travers le monde en 2020 (GLOBOCAN 2020)

La prévalence de tous types de cancer, ages et sexes confondus est représentée en proportion pour 100 000
habitants en 2020.

Comme décrit précédemment (I11.2- Racl en oncologie), Racl participe a la
prolifération et la survie des cellules tumorales ainsi qu’a leur migration et la formation de
métastases. Ces éléments font donc de Racl une cible thérapeutique d’intérét également en

oncologie.

# Organization
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Différentes stratégies thérapeutiques et inhibiteurs de Racl ont déja été développés (I1V-
Stratégies thérapeutiques régulant I’activité de la GTPase Racl) et plus ou moins caractérisés.
Ces différents inhibiteurs sont plus ou moins spécifiques de Racl ou de ses effecteurs, ont pour
certains des effets sur d’autres cibles non négligeables ou encore des ICso trop élevés pour une
utilisation envisageable en clinique. Ces molécules sont aujourd’hui utilisées comme des outils
pour caractériser I’effet de I’inhibition de Racl sur différentes fonctions cellulaires et dans
divers contextes physiopathologiques. De plus, I’étude des différentes stratégies de criblage
utilisées pour le développement de ces diverses molécules ainsi que leurs structures chimiques
sont utiles au développement de nouveaux inhibiteurs spécifiques de Racl.

Pendant ma thése j’ai identifié et caractériser un nouvel inhibiteur pharmacologique
specifique de Racl. Pour cela une approche de criblage virtuel associé a des tests in vitro ont
été utilisés et ont permis notamment de valider sa spécificité et d’identifier son mécanisme
d’action. Cet inhibiteur agit comme un compétiteur réversible du GTP en se liant a Racl au
niveau de la poche nucléotidique et empéche ainsi son activation. L utilisation de cet inhibiteur
dans un modéle murin de cancer du sein triple négatif a permis de réduire la croissance
tumorale, d’améliorer la survie et a empéché la formation de métastases.

Pour cette étude j’ai réalisé les étapes de biologie cellulaire, signalisation cellulaire,
biochimie, 1’étude pharmacocinétique de 1’A4.1 ainsi que la caractérisation de ses effets dans

nos modeles murins de cancer du sein triple négatif.
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Abstract

The Rho GTPase Rac regulates essential cell functions including actin cytoskeleton
organization implicated in cell migration and invasion. Racl activity is involved in many steps
of cancerogenesis such as initiation, progression, invasion and metastasis. Rac hyperactivation
and overexpression are associated with aggressive cancers. For these reasons there is an
extensive interest in the development of new Rac GTPase inhibitors. In this study we achieved
a pharmacophore and by docking-based virtual screening we identified a new Rac inhibitor,
A4.1. A4.1is a specific and efficient inhibitor of Racl which is able to inhibit Racl activity in
vitro and in vivo. In vitro A4.1 inhibited the colony formation and invasion in triple negative
breast cancer (TNBC) cell line. In vivo A4.1 reduced the tumor growth after primary tumor
resection in immunodeficient and immunocompetent murine models of TNBC. The treatment
with A4.1 also reduced metastasis frequency and improve mice survival in these two models of
TNBC. Therefore, A4.1, is a promising Racl inhibitor for the treatment of metastatic cancers

with high Rac activity.
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Introduction

Racl, the Ras-related small GTPase member of the Rho family, is a binary molecular
switch cycling between an inactive GDP-bound “OFF” state and an active GTP-bound “ON”
state to regulate essential cellular functions including actin cytoskeleton organization, NADPH
oxidase activity, and modulation of gene expression(Loirand et al., 2013; Ridley, 2015). When
this activation/inactivation cycling is compromised, Racl activity is implicated in various steps
of oncogenesis including initiation, progression, invasion, and metastasis(Jansen et al., 2018;
Kazanietz and Caloca, 2017). Overexpression of Racl has been reported in
colorectal(Kawasaki et al., 2003), pancreatic(Crnogorac-Jurcevic et al., 2001), breast(Tian et
al., 2018; Andrés Lopez-Cortes. Scientfic reports, 2020), and testicular cancers(Mclver et al.,
2013) and in various leukemia(Durand-Onayli et al., 2018; Hasan et al., 2018; Wang et al.,
2009). Recently, it was observed that the mRNA expression levels of Racl is gradually
increased in breast cancer tissues of stages I, 11, Il and 1V ; indicating that the high expression
level of Racl is associated with high pathological stage and more aggressive tumor
subtypes(Tian et al., 2018). Moreover, aberrant activation of upstream regulators of Racl, such
as the Rac exchange factors TIAM1, PREX1, ECT2 and Vav family members, have been
implicated in various cancers(Kazanietz and Caloca, 2017; Lin and Zheng, 2015). In addition,
the discovery of a hotspot mutation in RAC1 (c.85C>T) in up to 9% of sun-exposed melanomas
identified Racl as a new actor of melanoma genesis (Reid, T.S, Terry, K.L J Mol Biol 2004;
Goa, Y., Dickerson, J.B PNAS 2004). There is also emerging evidence that Rac may be
mutationally activated [Rac1(N92l), Rac1(C157Y), Rac2(P29L), and Rac2(P29Q)] in other
forms of cancer such as head and neck tumors as well as a breast tumor(Kawazu et al., 2013).
This oncogenic role of Racl was confirmed by targeting depletion of its expression that reduced

the rate of proliferation and invasion in cancer cells (Shutes, A. et al. JBC 2007; Duttings JTH
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2015), pointing that Racl blocking may have therapeutic value in repressing tumor progression
and metastasis.

To date, there is no clinically available drugs targeting Racl. Over the two last decades,
it has been challenging to directly target Ras superfamily proteins with therapeutic molecules.
These proteins are deemed to be undruggable: they are too smooth, too floppy and have few
pockets where a molecule might bind tightly (Ledford, 2015). However, several strategies have
been considered to inhibit Racl activity(Lin and Zheng, 2015). Some bacterial toxins
(exoenzyme C3 transferase, toxin A and B) could modify Rho GTPases activity and they have
been widely used to decipher physiological functions of Rho GTPases. However, these toxins
are non-specific and cannot be wused clinically. HMG-CoA reductase and
gerenylgeranyltransferase inhibitors are also used to inhibit the translocation of Racl to the
membrane and thus prevent its activation. As observed with toxins, these inhibitors are not
specific and have not demonstrated significant therapeutic efficiency. To activate Racl,
Guanine Exchange Factors (GEF) promote the GDP/GTP nucleotide exchange. The NSC23766
compound is the first Racl specific inhibitor to be described impairing Rac/GEFs interaction.
Another strategy was to identify molecules blocking the interaction between Racl and its
effectors to inhibit Racl-dependent cellular functions. That was the strategy used to develop
the EHT1864 compound. However, further studies have demonstrated that EHT1864 is a non-
competitive inhibitor that promotes nucleotide dissociation and locks Racl in an inactive state.
In addition, it has been described that NSC23766 and EHT1864 present some critical off-targets
like inhibition of Racl-independant platelet activation (Sebti SM Oncogene 2000, Sousa SF
Cur Med Chem 2008), thus highlighting the obvious need to discover new specific Racl
inhibitors.

In this study, we carried out a pharmacophore and docking-based virtual screening and

we identify the compound A4.1 as the first potent and efficient Racl inhibitor able to inhibit
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Rac activity in vivo. Herein, we designed experiments to demonstrate the
pharmacological/therapeutical potential of this new potent Rac inhibitor in human metastatic

cancer such as triple negative breast cancer (TNBC).
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Results

Pharmacophore modeling, virtual screening and docking

We first used a pharmacophore model generated on the basis of the crystal structure of
RACL in complex with NSC23766 (Zheng, Y., Nassar, N., and Skowronek, K. R. (2010) United
States Patent 17,826,982) and virtual screening to search for new small molecules that bind to
RACL1 and potentially inhibit its activity (Fig. 1). From the docking of candidates retrieved from
the virtual screening, the top scoring 100 chemicals have been purchased for testing their ability
to inhibit RAC-dependent cell processes and EGF-induced RAC activation. The ranking of the
molecules according to their efficacy compared to the known RAC inhibitors, EHT1864 and
NSC23766, has placed the molecule A4 at the top of the list (Supp. Table 1). Further
examination of A4 structure and docking to characterize its binding mode and interactions with
RACL revealed possible interaction with the nucleotide binding pocket of RAC1. Indeed,
prediction of A4 binding modes by docking studies, showed that interaction of A4 with RAC1
involves mainly hydrophobic interactions when it was docked to the NSC23766 binding site of
RACL (the one used for the virtual screening), while it consists of more hydrogen bonds, when
the nucleotide binding site was explored, resulting in a docking score more in favor of the last
site (Figure 1b). Chemical modifications of A4 affected the docking score in the nucleotide
binding pocket (Table 1). To confirm these virtual data, A4 and its analogs have been
synthetized and their ability to inhibit Racl-dependent processes has been experimentally
assessed by quantifying their inhibitory action on membrane ruffle formation. Of note, we
observed a very good correlation between the docking score and the potency of the analogues
to inhibit the Racl-dependent process for 5 out of tested 6 molecules (Table 1). The substitution
of sulfur atom by oxygen (A4.14) slightly affect the docking score and the inhibition of ruffle
formation while the modification in the carbon chain length (A4.16) in the western part of the

molecule decreased the docking score and the inhibition of ruffle formation. More drastically,
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the removal of the aromatic ring (A420) or the replacement of the sulfonamide functional group
by an amide functional group (A4.15) molecule leads to the loss of RAC inhibition, suggesting
the essential role of these functional groups in the inhibitory activity. The A4.1 analog bearing
a change in the methoxy group position on the benzene ring showed a better docking score than
A4 and a higher potency to inhibit membrane ruffle formation as shown by the decrease of the
ICso from 3.10® M for A4 t0 0.67.10° M for A4.1 (Table 1 and Fig. 1b). The inhibitory action
of A4.1 on RAC1-dependent cell function and its superiority to NSC23766 was further
confirmed on cell migration (Supp. Fig. 2a) and cell adhesion (Supp. Fig. 2b). A4.1 thus
emerged as the best small molecule candidate and was considered as the lead molecule of this
chemical series. A4.15 was identified as a negative control molecule and results from our
structure activity relationship allows to propose a chemical skeleton model of small molecule

RAC inhibitor (Supp. Figure 3).

Compound A4.1 is a potent and selective inhibitor of RAC proteins

To further characterized A4.1 properties, we next directly assessed its effects on RAC1
activity both in cell and in vitro. In 3T3 fibroblasts, measured of the amount of active GTP-
bound RAC1 by pull-down assay shows that A4.1 (10° M) totally prevented EGF-induced
RACL activation, while NSC23766 and A4.15 had no significant effect (Figure 1d). In vitro,
A4.1 efficiently inhibits the guanine nucleotide exchange catalyzed by the DH-PH of the RAC
GEF Trio on RAC1 (Figure 2a). A4.1 also significantly reduced the activation of RAC2 by
Trio but has no effect on Trio-induced RhoG activation (Figure 2a). These observations are
consistent with a direct effect of A4.1 on RAC proteins. We similarly used fluorescence kinetics
to test potential effect of A4.1 on guanine nucleotide exchange on RHOA and CDC42 (Figure
2b). A4.1 has no effect on Arhgefl-induced RHOA activation and Tiam-induced CDC42

activation. Thus, A4.1, seems to display a remarkable specificity for RAC proteins.
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To confirm the specificity of A4.1 for RAC proteins and to validate whether A4.1
directly binds to RAC, we used surface plasmon resonance to measure its interaction with the
RHO family proteins RAC1, RHOA and CDC42 (Figure 2c). Surface plasmon resonance
sensograms clearly show that A4.1 binds to RAC1 but not to RHOA and CDC42, confirming a

direct, selective and reversible interaction of A4.1 with RAC proteins.

A4.1 is a competitive nucleotide binding inhibitor of RAC1

The observed direct interaction of A4.1 with RAC1 and the inhibition of its activity,
together with its docking in the nucleotide binding pocket leads us to hypothesize that A4.1
could exert its inhibitory effect by competing with the guanine nucleotide binding to RAC. To
assess this hypothesis, we carried out nucleotide exchange assay to test the inhibition of RAC
activation by A4.1 under conditions where A4.1 concentration was held fixed (5 uM) while
increasing the concentration of GTP (Figure 3a). The inhibitory effect of A4.1 was decreased
by increasing the mant-GTP concentration from 1 uM to 2,5 uM and abolished at 5 uM (Figure
3a). These results are thus consistent with A4.1 behaves as a reversible competitive inhibitor of
guanine nucleotide binding on RAC1.

We next wanted to experimentally validate the binding of A4.1 to the nucleotide binding
pocket of RAC1. Unfortunately, our attempts to obtain the crystal structure of RAC1 in complex
with A4.1 were unsuccessful. Therefore, we performed photolabeling coupled with liquid
chromatography-high resolution mass spectrometry (LC-HRMS) for identifying sites of A4.1-
RACL1 interaction. A phenylazide derivative of A4.1 ([N3]-A4.1), forming a reactive nitrene
intermediate by activation by ultraviolet irradiation has been synthetized and used to allow to
light-induced covalent binding of the molecule to RACL. LC-HRMS chromatograms show that
irradiation of RACL1 did not alter its protein profile, while in the presence of [N3]-A4.1, slight

modifications of both chromatographic profile and mass spectrum, associated with an increased
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noise level suggest that RAC1 was modified. Deconvoluted mass spectra clearly identified the
two typically states of RAC1 corresponding to the protein with (25.0 kDa) and without (24.5
kDa) bound nucleotide (Figure 3b). In the presence of [N3]-A4.1, the peak of the smallest
RAC1 isoform is reduced, and a third states with a molecular weight of 25.1 kDa corresponding
to the theoretical labeling of nucleotide-free RAC1 with a single molecule [N3]-A4.1 appears
(Figure 3b). Samples of RAC1 alone and compound treated RAC1 were then reduced,
alkylated, and trypsin-digested prior to additional LC-HRMS and LC-MS/MS analyses.
Trypsin digestion led to the formation of 14 detectable peptides corresponding to a 88%
sequence coverage of RAC1. The spectrum of peptides from the [N3]-A4.1 treated RAC1
sample, shows that it contains an additional peptide corresponding to CVVVGDGAVGK
(position 6-16) with a mass shift of 485.1 Da and a retention time of 8.5 min (Figure 3c).
MS/MS fragmentation of both labeled and unlabeled CVVVGDGAVGK peptide revealed that
the lysinel6 residue (K) is the reactive amino-acid linking the inhibitor. Lys16 belongs to the
phosphate-binding loop (P-loop) of RAC1 (position 12-17) corresponding to a conserved
GXGxxxxGK[ST] sequence motif found in mononucleotide-binding proteins (lhara et al.
1998). This conserved lysine residue forms hydrogen bonds (H-bonds) with - and y-phosphate
groups, while the next Ser/Thr residue coordinates the Mg?* ion, which, in its turn, coordinates
B- and y-phosphates from the other side of the phosphate chain. The interaction between Lys16
and A4.1 thus confirms that the inhibitor compound binds to the guanine nucleotide binding
pocket of RAC1 (Figure 3d).

Despite the conservation of this Lys residue in other Rho proteins (Supp. Fig. 4) A4.1
displays a remarkable specificity of A4.1. Examination of the sequences of neighboring regions
that contain 7 amino acids involved in the nucleotide binding confirmed the very high homology
of the N-terminal region of RAC1 and RAC2 with CDC42, RHOG and RHOA on which A4.1

did not bind and had no effect. Nevertheless, a common difference between RAC proteins and
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A4.1-insensitive Rho proteins lies on Gly30, which is only found in RAC proteins. Glycine is
a unique amino acid as it only contains a hydrogen as its side chain, which makes glycine the
most flexible amino acid (Yan and Sun, 1997). Its conformation has greater freedom providing
flexibility for adjacent residues. Gly30 can thus confers to RAC proteins a unique flexibility of
the nucleotide binding region that does not exist in the other Rho proteins. To address this
hypothesis, we substituted Gly30 of RACL1 by a serine residue (G30S-RACL1), to mimic the
sequence of CDC42. Kinetics of guanine nucleotide exchange on G30S-RAC1 are similar in
the absence and in the presence of A4.1(Figure 3e). Thus, the point mutation of Gly30 on
RAC1 made it resistant to A4.1, suggesting that flexibility of the nucleotide binding region
provided by Gly30 allows unique accessibility and selectivity of A4.1 to RAC proteins.

To further characterize the inhibitory action of A4.1 on RAC proteins we tested its
potency on the fact-cycling P29S-RAC1 and the constitutively active RAC1B oncomutants.
The activity of these mutants analyzed by pull-down assay was strongly reduced by A4.1
indicating that in addition to being effective on wild-type RAC1 activity, A4.1 is also able to

limit oncogenic RAC overactivation (Figure 3f).

A4.1 inhibits RAC activity, colony formation and invasion in TNBC cell line

We next sought to characterize in vitro the biological effect of A4.1 in cancer cells by
using the TNBC MDA-MB-468 Luc cell line (Figure 4). A4.1 (10 uM) decreased by more than
50% the active RAC1-GTP levels in MDA-MB-468 Luc cells, while at same concentration,
EHT1864 and NSC23766 have respectively no or little effects on RACL1 activity (Figure 4a).
Clonogenic assay revealed that incubation of MDA-MB-468 Luc cells with increasing
concentrations of A4.1 significantly inhibited colony formation in a dose-dependent manner
(Figure 4b). A similar inhibitory effect of A4.1 was also obtained on colony formation in other

breast cancer cell lines and in other types of cancer cell lines regardless of their oncogenic
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mutations (Figure 4c and Supp. Table 2). This suggests that intracellular downstream
transducers of these oncogenic mutations are, at least in part, RAC dependent-processes.
Indeed, hyperactivation of Akt, known to play a central role in the oncogenicity of a variety of
mutations including, KRAS, PTEN and PI3K is reduced by A4.1, while p44/42 activation is
unchanged (Supp. Fig. 5). We next assessed the potential effect of A4.1 on MDA-MB-468
invasion in 3D collagen (Figure 4d). A4.1 strongly reduced the migration area of the MDA-
MB-468 spheroids (Figure 4d). In the presence of A4.1, the size of the spheroids was not
affected but appeared to be darker compared to untreated spheroids. These results suggest that
A4.1 would not have an effect on the cell density of spheroids, thus on cell survival, but only
on cell migration. In addition to the migratory capacity of cancer cells, tumor progression,
invasion and metastasis is critically dependent on cancer-associated fibroblasts (CAFs) (Asif
PJetal, 2021). Interestingly, this anti-invasion property of A4.1 seen on cancer cells was also
observed in human breast CAF spheroids (Figure 4d). This results therefore suggest that A4.1

may have anti-metastatic properties.

Compound A4.1 has suitable properties for in vivo testing

In order to assess the anti-tumor properties of A4.1 in vivo, we first would like to make
sure of the safety and the absence of major off-target effects of A4.1. In vitro binding assays on
a panel of targets (membrane receptors, ion channel, kinases, ...) revealed only very limited
off-target binding (Supp. Table 3). Conventional approaches that have been used to detect
potential genotoxic effects of A4.1 (bacterial toxicity, Ames fluctuations, and micronucleus
test) have excluded such effects in the concentration range 107-10* M (Supp. Table 4-6). In
vivo safety has been addressed by following various biological parameters in mice chronically
receiving daily intraperitoneal A4.1 injection (1, 10 and 25 mg/Kg) for 1 month. None of the

parameters measured, nor the weight of the mice was affected by the chronic A4.1 treatment
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(Supp. Fig. 6). No deaths were recorded and visual inspection showed no signs of suffering or
abnormal behavior of A4.1-treated mice. We then analyzed pharmacokinetics and tissue
distribution of A4.1 following intraperitoneal injection of A4.1 (25 mg/Kg). A4.1 rapidly
reached its peak plasma concentration, which then declined over 2-3 h (Supp Table 7 and
Supp. Figure 7). A4.1 was detected in the liver, heart and lungs. The highest concentration of
A4.1 was found in the kidney, indicating renal uptake and subsequent clearance in drug
disposition. A4.1 was found at extremely low concentration in brain, which indicated that it
could not cross the blood-brain barrier (Supp. Figure 7). Taken together, all these data suggest

that A4.1 is suitable for in vivo testing in a mouse TNBC model.

Compound A4.1 prevents metastasis frequency in a mouse model of TNBC

The anti-metastatic potential of A4.1 was assessed in a TNBC xenograft model by
orthotopic injection of MDA-MB-468 Luc cells into the mammary fat pad of 4-week-old
NMRI nude mice randomized in 2 groups. The tumor gradually growth over time. A the 50™"
day post-grafting, when a volume of ~1000 mm?® was reached, the tumor was resected, which
corresponded to tumor mass of approximatively 0.6 g (Supp. Figure 8a). Treatment of the mice
with A4.1 (25 mg/kg/jour by IP) or vehicle was then started for 4 weeks. Monitoring of the
weight of the mice throughout the experiment, especially during the 4 weeks of treatment,
shows that there were no differences between the 2 groups (Supp. Figure 8b). Longitudinal
post-resection in vivo bioluminesence imaging (BLI) clearly showed a decrease in the primary
tumor regrowth in the A4.1 group compared to control mice (Figure 5a and Supp. Figure 8c).
Ex vivo BLI in relevant organs harvested at 4 weeks-post-resection did not detect metastasis in
the liver and pancreas in both groups of mice. In contrast, it revealed the presence secondary
tumors in leg bones, lungs, kidneys, ovaries and uterus with a significant higher frequency in

control than in A4.1-treated mice (Figure 5b). Moreover, ex vivo luminescence intensity of
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femur and ovaries and uterus is significantly lower in the A4.1-treated than in the control mice
(Figure 5¢).

These results demonstrate that A4.1 limits tumor regrowth and metastases in a TNBC
xenograft model in immunocompromised mice, which lacks the immune system component
known to participate to the multi-step processes of tumor growth and dissemination. To
circumvent this limitation and confirm the effect of A4.1 in a model closer to human breast
cancer, we next used a similar protocol in a syngeneic model using implantation of murine 4T1
tumor cells into the mammary fat pad of immunocompetent BALB/c mice the 4T1 murine
TNBC cell line allografted. A4.1 treatment after primary tumor resection significantly
decreased the frequency of primary tumor re-growth which was observed in 80% of control
mice at 4 weeks post-resection but in only 40% of A4.1-treated mice (Figure 5d), and also
significantly reduced metastasis frequency (Figure 5e). These beneficial effect of chronic A4.1
treatment in immunocompetent mice is not accompanied by changes in white cell blood counts,
suggesting that A4.1 did not exhibit an immunosuppressive effect (Supp. Table 8). Finally,
treatment with A4.1 remarkably increased the survival rate from 30% in controls to 80% in

treated mice (Figure 5f).

RACL1 activity as poor prognostic factor of TNBC

The observed effect of A4.1 on tumor growth and invasion is in agreement with a key
role of Racl in cancerogenenesis and metastasis. Indeed, extraction and analysis of data related
to RAC1 mRNA expression in cancer tissue from the Cancer Genome Atlas (Supp. Figure 9).
This analysis attests that high level of RAC1 expression in many types of cancer is correlated
with a high mortality rate of patient. However, the overexpression of RAC1 is not necessarily
associated with an increase in its activity. Thus, we analyzed the levels of active RAC1 (RAC-

GTP) in a panel of human breast cancer samples. A comparison of RACL1 activity was carried
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out in Luminal B-like (immunohistochemically defined by hormone receptor (HR) dissociated
expression, HER2 negative status and mitotic grade > 1) and in triple negative (defined by lack
of ER and PR expressions, HER2 negative) tumors (Supp. Table 9). With the follow-up over
several years, each patient group was divided into total remission or recurrence (metastatic
relapse) cancer to evaluate a possible association between RAC1 activity and breast cancer
aggressiveness. Regardless of breast cancer subtype, we observed by immunofluorescence a
high level of active RAC1 in tumors from breast cancer patients who developed metastases
within five years after sampling, while levels of RAC1-GTP are low or undetectable in primary
tumors of patients who went into remission (Figure 6a). This analysis suggests for the first time
that detection of RAC1 activity levels in primary tumor could be predictive of metastasis
relapses in breast cancer with a high specificity and sensitivity in TNBC (Figure 6b). These
results reinforce the hypothesis that activation of RAC1 is involved in the initiation of

metastases and the therapeutic necessity in developing this new potent RACL1 inhibitor A4.1.
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Discussion

Since the discovery of hotspot mutations in RACL1 in various human cancers (i.e:
melanoma and breast cancer) and that the level of RAC1 expression is associated with high
pathological stage and more aggressive tumor subtypes, RACL1 attracts increasing interest as a
potential marker to predict cancer prognosis and therapeutic target against tumor progression
and metastasis. Despite intensive research, traditional strategies have failed to identify specific
inhibitor of small GTPases and these proteins have been considered undruggable for decades.

The analysis of different crystallographic structures combined with an understanding of
RACL protein dynamics has allowed us to set up a pharmacophore and docking-based virtual
screening of compounds libraries and to succeed in the identification of new RAC1 inhibitors.
The lead compound A4.1 is the first potent and selective RAC inhibitor able to inhibit RAC
activity in vivo. This structure-based methodology for small GTPase inhibitors seems to be the
most relevant strategy to discover specific inhibitors. Indeed, this same approach also lead to
identify the first multivalent small-molecule Pan-Ras inhibitor termed 3144, displaying anti-
tumor activity in mouse cancer models(Welsch et al., 2017).

Inhibiting RACL activity by targeting the nucleotide binding could raise some concerns
about the biological specificity and innocuity of a such molecule. Indeed, RAC1 GTPase is
involved in various essential and vital cell functions (Jaffe Ann Revell Dev Biol 2005). The
total inhibition of its activity could lead to considerable off-targets, impeding with clinical
development of a such drug. However, we didn’t detect toxicity and off-target activity of A4.1
in vitro and in mice. These results could be explained by the observation that A4.1 affinity to
RACL is lower than nucleotides, thus preventing RAC1 to be fully inhibited. This specification
would allow A4.1 to limit the overactivation of RAC1 observed in this study in breast cancer
patients who developed metastases, and in various cancer(André-Grégoire et al. 2017) or other

pathological processes(Marei et Malliri 2017).
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To demonstrate the pharmacological/therapeutical potential of this innovative RAC1
inhibitors in metastatic cancer, we showed in two different experimental models, that the
chronic administration of A4.1 significantly reduces the frequency of metastases compared to
control and with a therapeutic efficacy comparable to the molecules used in the clinic. This
beneficial effect results in the increase of the survival curve, suggesting that this potent RAC
inhibitor A4.1 can be a promising therapeutic agent to limit metastasis spreading in invasive
cancers.

Acquired resistance to specific therapeutics remains a fundamental cause of relapses
and failure. The treatment of resistance tumors has proved a major challenge to the field of
cancer therapeutics. It was recently observed that constitutive mutants of RAC1( Li Q Nat
Comm. 2020) or an overactivity of the main RAC effector p21-activated kinase (PAK) confer
resistance to chemotherapy by mTOR pathway activation and inhibition of apoptosis. In
addition, a high-throughput functional screen using RNAI to targeting genes commonly
amplified in breast tumors with acquired resistance identified RAC1 as one of the most relevant
protein involved in the mechanisms of resistance. They demonstrated that the inhibition of
RACL expression restored sensitivity to chemotherapies (Wetterskog et al 2013 Oncogene).
Herein, we have observed that A4.1 is able of inhibiting wild-type and oncomutant RAC1
activities such as RAC1b and RACP?S, Thus, this clinical development of A4.1 would, in

addition to preventing metastases, restore tumors' sensitivity to chemotherapy agents.
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Methods

In silico screening. The structure of RAC1 was first extracted from the crystal structure
of RAC1-NSC23766 complex (Zheng, Y., Nassar, N., and Skowronek, K. R. (2010) United
States Patent 17,826,982). Pharmacophore models were created from the binding site of
NSC23766 with RAC1 using the Receptor-Ligand Pharmacophore Generation tools within
Accelrys Discovery Studio 4.0 (DS4.0) software package. The pharmacophore models were
built using HBA (hydrogen bond acceptor), HBD (hydrogen bond donor) and hydrophobic
features. These features were created based on the observation of RAC1/NSC23766 interactions
either directly from the ligand or in projection on RACL1 structure. The models consist of several
combinations of four features, two main features (one HBA oriented towards the hydroxyl
group of Ser71 and one HBD pointed to the O atom of Leu70), an accessory feature (one HBA
oriented towards the amine group of GIn74) and several hydrophobic features facing residues
Val36, Ala59, Tyr64, and leu67 of RAC1, completed by thirteen exclusion spheres centered on
the main residues of the defined binding site (Val36, Asn39, Trp56, Asp57, Thr58, Ala59,
Tyr64, Leu67, Arg68, Leu70, Ser71, Pro73 and Asn74) .

The pharmacophore models were used as a search query against three dimensional
multi-conformational molecular databases. The 2013 edition of the HitFinderTM collection
(14,400 compounds) from Maybridge (www.maybridge.com), the DIVERSetTM-EXP (50,000
compounds) and the DIVERSetTM-CL (50,000 compounds) from Chembridge
(www.chembridge.com) were used in the virtual screening. For the preparation of ligands,
duplicate structures were removed and 3D coordinates were generated. A multi-conformational
ligand database was then created using Catalyst within the Build 3D Database tool under DS4.0.
The query was performed using the Search 3D Database tool with the FAST search method

under DS4.0, retrieving as hits only compounds matching all features of the query.
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The docking studies were performed using LigandFit option of receptor-ligand
interactions protocol section available in DS4.0. Initially, RACL1 protein was prepared, by
adding the hydrogen atoms and removing the water molecules, and then minimized using
CHARMM force field. The protein molecule thus prepared was then defined as the total
receptor. The ligand molecules retained by the pharmacophore models were docked into the
binding site of the RAC1 and the interaction energies in the form of dock score (Venkatachalam
et al, 2003) between each ligand and the protein were calculated. Docking was performed using
CFF as the energy grid. Penality of 200kcal/mol/atom was set up to reduce the dock score of
poses that occurred outside of the binding site. The conformational search of the ligand poses
was performed by the Monte Carlo trial method. Maximum internal energy was set at
10000kcal/mol. A short rigid body minimization was then performed (steepest descent and
Broyden Fletcher Goldfarb Shanno (BFGS) minimizations). Ten poses were saved for each
ligand after docking and 100 steps of BFGS rigid body minimization were then carried out.
Scoring was performed with the scoring functions: LigScorel and Ligscore2 (Krammer et al,
2005), using CFF force field. Best scored compounds were retained based on the calculation of
a consensus score and binding free energies after in situ ligand minimization under DS4.0.

The potential binding mode of the hit A4 in the NSC23766 binding site as well as in the
nucleotide binding pocket of RAC1 was predicted by additional docking experiments using the
crystal structure of RAC1 extracted from NSC23766/RAC1 complex (Zheng, Y., Nassar, N.,
and Skowronek, K. R. (2010) United States Patent 17,826,982) and the RAC1 structure
extracted from RACZ1/Arfaptin complex (PDB code 114D, Tarricone C, et al. 2001)
respectively. Both LigandFit and C-Docker programs were used, the latter being another
docking program using CHARMM-based molecular dynamics docking algorithm and
implemented under DS4.0 (Wu et al, J Comp Chem 2003). For both docking programs, best

poses among the 50 saved were retained based on consensus score (LigandFit) or C-Docker
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energy (C-Docker), and then compared based on the calculation of binding free energy after in
situ ligand minimization.

Cell culture. NIH3T3 cells grew up in DMEM (Gibco; Invitrogen) containing 1 g/L
glucose, 10% foetal bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin at
37°C and 5% CO2. MDA-MB-468Luc, MDA-MB-231, MDA-MB-435s and A375 cells grew
up in DMEM (Gibco; Invitrogen) containing 4,5 g/L glucose, 10% foetal bovine serum, 100
units/mL penicillin and 100 pg/mL streptomycin at 37°C and 5% CO2. Other cancer cell lines
grew up in RPMI 1640 (Gibco; Invitrogen) containing 10% foetal bovine serum, 100 units/mL
penicillin and 100 pg/mL streptomycin at 37°C and 5% CO2.

Cell imaging by immunofluorescence. After indicated treatments, cells were fixed
with 4% paraformaldehyde and permeabilized in PBS 0.5% Triton X-100. To assess Racl
activity, cells were then incubated with Rac-GTP antibody (26903, NewEast Biosciences, King
of Prussia, Pa) (dilution 1/500) overnight at room temperature, followed by secondary
Alexa568-labeled anti-mouse antibody (dilution 1/1000). Cancer cells were detected with
firefly luciferase antibody (ab21176, Abcam) (dilution 1/500) overnight at room temperature,
followed by secondary Alexa488-labeled anti-rabbit antibody (dilution 1/1000). To assess
cytoskeleton organization, cells were incubated with Alexa Fluor 488 phalloidin (A12379,
Invitrogen) to visualize F-actin. After staining, cells were mounted in Prolong gold antifade
reagent with DAPI and images were captured by a fluorescence microscope.

Focus formation assays. 1000 cells/well from the indicated cancer cell lines were
seeded in 6-wells plates and allowed to grow 2 days before treatments. When indicated, cells
were then treated three times a week with indicated doses or 10°M (when not indicated) of
A4.1. When the untreated well reached 70% of confluence, cells were fixed with 4%
paraformaldehyde and colored with 0,1% Coomassie Blue. The area occupied by the cells was

then quantified with ImageJ software.
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Immunoblotting. After indicated treatments, MDA-MB-468Luc cells were incubated
on ice with lysis buffer supplemented with proteases and phosphatases inhibitor cocktails
(Sigma Aldrich, Saint Quentin Fallavier, France) and sodium orthovanadate. Lysates were
subjected to SDS-PAGE, transferred to nitrocellulose membranes, and incubated with specific
antibodies. P-Akt (9271), Akt (9272), pP44/42 (9101) and P44/42 (4695) antibodies were from
Cell Signaling Technology (Leiden, The Netherlands). Tubulin was from Beckman Coulter
(Villepinte, France). Immune complexes were detected with appropriate secondary antibodies
and enhanced chemiluminescence reagent (Clarity ECL BioRad, Marnes la Coquette, France).
Protein band intensities were quantified using ImageJ Software (NIH software, Bethesda, Md).

Rac-GTP pull-down assays. Pull-down assay using GST-PBD fusion proteins were
performed on NIH3T3 lysates to assess Racl activity as previously described (Guilluy et al.
2011). The precipitated active Rac was subjected to SDS-PAGE and detected by immunoblot
with anti-Rac1 antibody (BD biosciences) (dilution 1/1000).

Surface plasmon resonance studies. SPR immobilization was performed at 25 °C.
Racl, RhoA and Cdc42 purified proteins (respectively RHO1, RC0O1 and CDO01, Cytoskeleton)
were diluted to 5 ug/mL in Na™ acetate buffer (pH 5.0) and injected into sensor chip CM5 (GE
Healthcare) in a Biacore T200 (GE Healthcare) that was activated with NHS/EDC buffer.
Approximately 5,000 response units of the purified protein were captured on the biosensor chip.
Biosensor chips were blocked by an injection of 1 mM ethanolamine (pH 8.5). SPR analysis
was performed at 25°C in HBSEP running buffer (5% DMSO).

1D cell migration. NIH3T3 cells (1000/well) were seeded in a 96 well plate with 20mm
fibronectin stripes (CytooPlates Motility, CYTOO) in medium with 1% SVF and allowed to
spread for 4 hours before capturing time-lapse images for 24 hours (image/10 minutes) on a
Widefield Leica DMI 6000B drove with Metamorph software. Cells speed was measured with

ImageJ software.
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Cell adhesion assay using impedance technology. NIH3T3 cells (10000/well) were
seeded in a 96 well plate microtiter XCELLigence assay plate (E-Plate) (ACEA Biosciences
Inc.) and placed on the Real-time XCELLigence Cell Analyzer (Roche Applied Science)
platform at 37°C to measure the “cell index” every 5 min for a period of 6 hours. The cell index
unit is defined as (Rn — Rb)/15. Rn is the cell electrode impedance of the well when it contains
cells. Rb is the background impedance of the well with the media alone.

Proteins. Full-length Racl carrying a 6xHis tag in C-terminus was purified as
previously described (Cherfils et al. 2011). Full-length Rac2, RhoG, RhoA and Cdc42 were
purified as previously described (Cherfils et al. 2011; Jang et al. 2010). Full-length Rac1G30S
was obtained by directed mutagenesis on the pET-3a-Rac1HisCter plasmid using Quick change
Il site directed mutagenesis kit (Agilent technologies) accordingly to the manufacturer
instructions (Primer for: CAATGCATTTCCTTCAGAATATATCCCTAC / Primer rev:
GTAGGGATATATTCTGAAGGAAATGCATTG). Small GTPases were loaded with GDP
prior to nucleotide exchange by incubation of 250 uM GTPase with 1.5 uM GDP and 10 uM
EDTA for 30 min at room temperature. Nucleotide exchange was stopped by the addition of 20
mM MgCI2. Removal of excess nucleotides and buffer exchange was done by gel filtration.
TrioPHPH was purified as previously described (Ferrandez et al. 2017). TiamPHP" is a kind gift
of Scott Hansen (University of California, Berkeley). TiamP"PH was expressed in Rosetta (DE3)
pLysS Escherichia coli strains in LB medium by induction with 0.5 mM IPTG overnight at
20 °C. Bacterial pellet was resuspended in lysis buffer (20 mM Tris pH 8.0, 500 mM NaCl,
2 mM B-mercaptoethanol, 2 mM MgCl, 10% glycerol, 0.5% tween-20, anti-protease cocktail)
and frozen in liquid nitrogen. After thawing, benzonase was added to 7.5 U/mL and cells were
disrupted using a French press, cleared by centrifugation at 14 000 g for 30 minutes and the
supernatant was filtered over a 0.22 um filter. Proteins were first purified by an affinity step

using a 5 mL His-Trap column (GE Healthcare) with elution at 500 mM imidazole, followed
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by gel filtration on a Superdex 200 column (GE Healthcare) equilibrated with 20 mM Tris pH
8.0, 150 mM NaCl, 2 mM B-mercaptoethanol, 1 mM MgCl, 5% glycerol. P115RhoGEFPH
(residues 388-799) was cloned into a pFastBac HTA vector (EcoRI-Kpnl sites) for expression
in insect cells. After sequencing, the plasmid pFastBac HTA was transposed into a bacmid by
transformation into DH10Bac competent cells. After extraction and screening of the
recombinant bacmids, Sf21 cells were transfected. After obtaining the viral stock, expression
tests in 24-well plates were performed. P115RhoGEFP"PH was expressed in insect cells and
purified by affinity chromatography on a Histrap column followed by gel filtration with a
Superdex 75 XK16 / 61 column (Amersham), and then concentrated at 30mg/ml in 50mM
Hepes pH 7.4, 100mM NaCl, 2mM B-mercaptoethanol. Specific exchange activity towards
RhoA determined by fluorescence kinetics is 0.04 s*TM™.

Nucleotide exchange Kkinetics. Nucleotide exchange kinetics were measured by
recording the increase in fluorescence following association of mant-GTP (Aex=360 nm,
Aem =440 nm). All reactions were performed at 30°C in a buffer containing Tris 20mM pH 8,
NaCl 150mM and MgCl> 1mM. Purified GTPases were at 0.5 puM, indicated GEFs at 0.01uM,
GTP at 1uM, A4.1 at 5 pM. Kqps Were determined by a single exponential over the entire
kinetics, which was preferred over analysis initial velocities which can be affected by the
intrinsic fluorescence of chemical compounds as described here (Cherfils et al. 2011; Ferrandez
et al. 2017). All experiments were done at least in triplicate.

Histology. Paraformaldehyde (4% in PBS, 1 mL) was administered intratracheally in
the lungs through a flexible catheter, trachea was ligatured, and lungs were excised. Lungs were
fixed in 4% paraformaldehyde for 48 hours and embedded into paraffin. Sections measuring 6
mm in size were stained with hematoxylin/eosin for morphological studies. Histological grade

(/22 points) was determined to assess inflammation (0-8) and pulmonary remodeling (0-4). To
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assess smooth muscle hypertrophy/hyperplasia, sections were stained by immunochemistry
with SM22q. antibody (Abcam).

Synthesis of chemical materials. General considerations for the synthesis of Racl
inhibitors:

Solvents were purified and dried by standard methods prior to use; alternatively, the MB
SPS-800-dry solvent system was used to dry dichloromethane. Commercially available
reagents were purchased from Sigma Aldrich and were used without purification. Dry
dichloromethane was obtained by refluxing solvent on calcium hydride for an hour and distilled
under argon. Glassware used for reaction was either flame dried under vacuum or under argon
stream for several minutes. Reactions were carried out under rigorous anhydrous conditions
and argon stream/positive pressure of argon. *H and 3C NMR spectra were recorded on a
Bruker Avance 300 spectrometer fitted with a 5 mm i.d. BBO probe carefully tuned to the
recording frequency of 300.13 MHz (for *H) and 75.47 MHz (for 1*C), the temperature of the
probe was set at room temperature (around 293-294 K), on a Bruker Avance 400 spectrometer
fitted with a5 mm i.d. BBFO+ probe carefully tuned to the recording frequency of 400.13 MHz
(for *H) and 100.61 MHz (for 13C). The spectra are referenced to the solvent in which they were
run (7.26 ppm for *H CDClI3 and 77.16 ppm for **C CDCls, 2.5 ppm for *H DMSO and 39.52
ppm for 13C DMSO). Chemical shifts () are given in ppm, and coupling constants (J) are given
in Hz with the following splitting abbreviations: s = singlet, d = doublet, t = triplet, g = quartet,
gt = quintet, sx = sextuplet, sp = septuplet, m = massif and br = broad. All assignments were
confirmed with the aid of two-dimensional *H, *H (COSY), or H, *C (HSQC, HMBC)
experiments using standard pulse programs. All reactions were monitored by TLC on
commercially available precoated plates (Kieselgel 60 F254), and the compounds were
visualized with KMnOj4 solution [KMnOg (3 g), K-CO3z (20 g), NaOH (5% aqg.; 5 mL), H.O
(300 mL)] and heating or by UV (254 nm) when possible. Flash column chromatography was
carried out using high purity grade (Merck grade 9385) pore size 60A, 230-400 mesh particle
size silica gel (Sigma Aldrich). Solvents used for chromatography were prior distilled on a
Buchi rotavapor R-220-SE. Low resolution mass spectrometry (MS) were recorded on a
ThermoFinnigan DSQII quadripolar spectrometer (coupled with a TracUltra GC apparatus) for
Chemical lonization (ClI), on a ThermoFinnigan LCQ Advantage spectrometer for ElectroSpray
lonisation (ESI). High resolution mass spectrometry (HRMS) were recorded on a
ThermoFinnigan MAT95XL spectrometer (for CI) and on a ThermoFisher Scientific LTQ-
Orbitrap spectrometer (for ESI).
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Synthesis of inhibitors A4.1, A4.14, A4.16, A4.20

2,7 eq. acid
OMe 3.26 eq. oxalyl chloride R

HN 2 eq. sulfonyl chiol d \©\ 296q.Fe H 1 eq. aniline Tf Me
2 275 q. pyridine _ SeaNHCl N _ ZedEeN
CH,Cly, 1t H,0/Ethanol, 70°C CHZCly, 1t
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1 OMe
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s 7Oy
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A4.20 : R =Et

Synthesis of A4.1 :
2 : N-(2,5-dimethoxyphenyl)-4-nitrobenzenesulfonamide :

o

OZN\]@i OMe
7 H 2

9 S/ 1 3

General procedure A :

To a suspension of commercial 4-nitrobenzenesulfonyl chloride (3g, 13.54 mmol) in
CH:Cl> (35 mL) were added dropwise commercial 2,5-dimethoxyaniline 1 (1.037g, 6.77 mmol)
and pyridine (1.53 mL, 18.62 mmol) in CH2Cl2 (20 mL) at rt. After 3 hours of stirring at rt, the
reaction mixture was guenched with water. The aqueous layer was extracted three times with
CH2Cl>. The combined organic layers were washed with a saturated aqueous NaHCO3 solution
and brine, dried over MgSOs, filtered and concentrated in vacuo. The crude was purified by
column chromatography over silica gel (PE/AcOEt : 7/3) affording the expected compound 2
as a yellow solid (4.15g, 90%).

R : 0.42 (PE/ AcOEt : 7/3) m.p. : 160°C 'H NMR : (400 MHz, CDCls, 25 °C) § : 8.23
(m, 2H, Hoet Hy'), 7.93 (m, 2H, Hget Hs'), 7.16 (d, *J = 2.86 Hz, 1H, Hs), 7.10 (s, 1H, NH),
6.66 (d, 3J = 8.97 Hz, 1H, Hs), 6.60 ( dd, *J = 2.86 Hz, %] = 8.97 Hz, 1H, Ha), 3.76 (s, 1H,
OCHgss)), 3.59 (s, 1H, OCHs(»), *C NMR : (100 MHz, CDCls, 25 °C) § : 154.1 (Cs), 150.3
(C10), 144.9 (C7), 144.0 (C2), 128.6 (Cget Cy’), 125.5 (C1), 124.1 (Coet Co’), 111.7 (C3), 110.9
(C4), 108.4 (Cg), 56.2 (OCHa(2), 55.9 (OCH35)) HRMS : (ES-) m/z calculated for C14H13N20e
[M-H]", 337.0494; found 337.0505 FT-IR : v(NHsuifonamide) : 3309, v(CHar) : 3107, v(CHwme) :
2945, 2839, vas(NO2) :1533, vs(NO3) : 1346, vs(SO) : 1173, v(CN) : 858.

3 : 4-amino-N-(2,5-dimethoxyphenyl)benzenesulfonamide :
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OMe
OMe

General procedure B :

To a solution of N-(2,5-dimethoxyphenyl)-4-nitrobenzenesulfonamide 2 (2 ¢, 6.48
mmol) in EtOH (100 mL) were successively added iron (1.06 g, 19 mmol) and an aqueous
solution of NH4Cl (1.72 g, 32.46 mmol in 20 mL of water). After stirring over 6 hours at 70 °C,
the reaction mixture was filtered through a pad of celite on sintered funnel. After successive
washings with acetone, CH.Cl, and AcOEt, the biphasic mixture was separated. The aqueous
layer was extracted twice with CH2Cl>. The combined organic layers were dried over MgSO4
and the solvents were concentrated under vacuum. The crude was purified by chromatography
over silica gel (PE/AcOEt : 1/1) affording the expected compound 3 as a light brown solid (1.37
g, 68%).

Rt : 0.22 (PE/ AcOEt : 1/1) m.p. : 115°C 'H NMR : (300 MHz, d6-DMSO, 25 °C)
5 : 8.81 (s, 1H, NH), 7.38 (m, 2H, Ho-Hy"), 6.82 (d, 1H, Hs, 3 = 8.9 Hz), 6.78 (d; 1H, He, 4J =
2.9 Hz), 6.56 (dd, 1H, Ha, 3J = 8.8 Hz, ] = 2.9 Hz), 6.52 (m, 2H, Hs-Hs'), 5.96 (s, 2H, NH>),
3.63 (s, 3H, OCHss)), 3.56 (s, 3H, OCHs(z) *C NMR : (75 MHz, d6-DMSO, 25 °C) & : 152.8
(Cs and Cyo), 144.9 (Cy), 128.7 (Cs-Cg’), 127.3 (C7), 124.8 (Cy), 112.5 (Cg3), 112.3 (Co-Co),
108.7 (Cs4), 108.5 (Cs), 56.2 (OCHz3()), 55.2 (OCH3sz) HRMS : (ES+) m/z calculated for
C14H16N204SNa [M-Na]*, 331.0728; found 331.0727 FT-IR : v(NHamine) : 3461, 3366 ;
V(NHsulfonamide): 3218 ; v(CHar) : 3110 ; v(CHuwme) : 2939, 2839 ; vas(SO) : 1304 ; v (CN) : 1257,
vs(SO): 1144,

A4.l : N-(4-(N-(2,5-dimethoxyphenyl)sulfamoyl)phenyl)-3-(p-

tolylthio)propanamide
Feagsed 15
Me

o)

General procedure C :

In a 50 mL flask, commercial 3-(p-tolylthio)propanoic acid (0.38 g, 1.95 mmol) was
dissolved in dry CH2Cl> (10 mL) under argon atmosphere. Oxalyl chloride (0.17 mL, 1.95

mmol) and DMF (0.03 mL) were successively added to the reaction mixture at 0°C. After 15
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minutes of stirring, bubbling stopped and an NMR analysis confirmed total conversion to the
acyl chloride. Oxalyl chloride and CH>Cl> were removed under reduced pressure. To a solution
of the resulting 3-(p-tolylthio)propanoyl chloride in dry CH2Cl> (10 mL) were added dropwise
at 0°C 4-amino-N-(2,5-dimethoxyphenyl)benzenesulfonamide 3 (0.6 g, 1.95 mmol) and EtsN
(0.15 mL, 1.95 mmol) dissolved in dry CH2Cl> (10 mL). After completion, the reaction mixture
was quenched with an aqueous 5% NaHCOg solution. The aqueous layer was extracted three
times with CH.Cl,. The combined organic layers were washed successively with a molar
solution of HCI and brine, dried over MgSQg, filtered and concentrated in vacuo. The crude
was purified by chromatography over silica gel (PE/AcOEt/CH2ClI; : 5/3/2) then affording the
expected compound A4.1 as a white solid (0.745 g, 78%).

R : 0.15 (PE/ AcOEt/ CH2Cl; : 5/3/2) m.p. : 129°C *H NMR : (300 MHz, CDCls, 25
°C) & ppm: 7.70 (m, 2H, Hg-Hg’), 7.60 (s, 1H, CONH), 7.53 (m, 2H, He-Ho’), 7.29 (m, 2H, H1s-
His), 7,13 (d, 1H, He, %J = 2,8 Hz), 7.10 (M, 2H, His-His'), 7.03 (s, 1H, SO2NH), 6,65 (d, 1H,
Hs, 3 = 8,8 Hz), 6.53 (dd, 1H, Ha4, 3J = 8,9 Hz,*J = 2,9 Hz), 3.74 (s, 3H, OCHs), 3.61 (s, 3H,
OCHa(), 3.21 (t, 2H, Hiz, 3 = 6,9 Hz), 2.62 (t, 2H, His, 3 = 6,9 Hz), 2,30 (s, 3H, Hisg) °C
NMR : (75 MHz, CDCls, 25 °C) 6 ppm: 169.6 (C11), 153.9 (Cz), 143.49 (C10), 141.8 (Cs), 137.2
(C17),133.9 (C7), 130.9 (C15-Ci5°), 130.7 (C14), 130.0 (Cs-g), 128.6 (C16-Ci¢’), 126.5 (C1), 119.1
(Co-Cy), 111.5 (C3), 109.7 (C4), 107.1 (Ce), 56.2 (OCHss)), 55.8 (OCHs(2)), 37.2 (C12), 29.9
(C13), 21.0 (C18) HRMS : (ES+) m/z calculated for C24H27N20sS, [M-H]", 487.1361 ; found
487.1362 FT-IR : v(NHamide) : 3310 ; V(NHsulfonamide): 3242 ; v(CHar) :3125, 3066 ; v(CHowme) :
2953, 2833 ; v(C=0) : 1689 ; vas(SO) : 1330; vs(SO): 1149.

A4.14 : N-(4-(N-(2,5-dimethoxyphenyl)sulfamoyl)phenyl)-3-(ptolyloxy)
propanamide
EeRg gt
OMe

A4.14 was obtained following general procedure C, using commercial 3-(p-
tolyloxy)propanoic acid (0.36 g, 2 mmol), oxalyl chloride (0.17 mL, 2 mmol), 4-amino-N-(2,5-
dimethoxyphenyl)benzenesulfonamide 3 (0.308 g, 1 mmol) and EtsN (0.21 mL, 1.5 mmol).
After purification (PE/AcOEt : 1/1), it afford the expected compound A4.14 as a white solid
(0.26 g, 55%). Rs : 0.46 (CH.Cl/AcOEt: 9/1) m.p. : 145°C *H NMR : (300 MHz, CDCls, 25
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°C) 6 ppm: 8.15 (s, 1H, CONH), 7.71 (m, 2H, Hs-Hg’), 7.55 (m, 2H, Ho-Ho¢’), 7.14 (d, 1H, He,
4 = 2.9 Hz), 7.10 (M, 2H, His-H1s"), 7.03 (s, 1H, SO2NH), 6.83 (M, 2H, H1s-H1s*) 6.65 (d, 1H,
Hs, ) = 8.9 Hz), 6.52 (dd, 1H, H4, 31 = 8.9 Hz,4) = 2.9 Hz), 4.28 (t, 2H, Hi3, %) = 5.7 Hz), 3.74
(s, 3H, OCHas), 3.61 (s, 3H, OCHa), 2.82 (t, 2H, Haz, 3] = 5.7 Hz), 2.31 (s, 3H, Hig) 13C
NMR : (75 MHz, CDCls, 25 °C) & ppm: 169.5 (C11), 155.8 (C14), 154.1 (C3), 143.7 (C10), 142.1
(Cs), 134.1 (Cv), 131.4 (C17), 130.3 (C16-Ci¢°), 128.7 (Cs-Cs’), 126.7 (C1), 119.3 (Co-Cy), 114.7
(C15-Cis7), 111.7 (Cs), 110.0 (Ca), 107.3 (Ce), 64.3 (C13), 56.4 (OCHa(s)), 55.9 (OCHs(), 37.9
(C12), 20.6 (C18) HRMS : (ES+) m/z calculated for C24H26N20sSNa [M-Na]*, 493.1409; found
493.1410 FT-IR : v(NH) : 3242 ; v(CHar) : 3065 ; v(CHowme) : 2837 ; vas(SO) : 1321 ; v (CN):
1283 ; vs(SO): 1152,
A4.16 : N-(2,5-dimethoxyphenyl)-4-(3-(p-tolylthio)butanamido)benzamide

OMe
4-methyl-thiophenol (1.77 g, 14.3 mmol) was dissolved in DMF (18 mL). To the stirred
solution at 0°C was added carefully in four times sodium hydride (0.57 g, 23.8 mmol, 60 %).

The reaction mixture was kept stirring at 0°C for 30 min. y-lactone was then added dropwise.
After stirring at 0°C for 15 min, the reaction was warmed to rt, and finally to 90°C. After cooling
down at rt, the reaction mixture was diluted with AcOEt and quenched with HCI (1M). The two
layers were separated and the organic phase was washed with water and brine, dried over
NazSOy, filtered and concentrated off under vacuo. A purification of the crude (CH2CIl2/EtOAC
: 9/1) was performed to obtain 4-(p-tolylthio)butanoic acid as a light yellow solid (0.9 g, 30%)
'H NMR (300 MHz, CDCls) : 7.27 (m, 2H, He-He), 7.10 (m, 2H, H7-H7), 2.93 (t, 2H, 3 =7.2
Hz, Ha), 2.51 (t, 2H, 3J = 7.2 Hz, H2), 2.32(s, 3H, Ho), 1.92 (quint, 2H, 3] = 7.2 Hz, H3) 13C
NMR (75 MHz, CDCls) : 178.8 (C1), 136.5 (Cs), 131.9 (Cs), 130.4 (C7-C7), 129.8 (Cs-Cs’),
33.6 (C2), 32.5 (Cy), 24.0 (Cg), 21.0 (Co).

A4.16 was obtained following general procedure C, using the corresponding 4-(p-
tolylthio)butanoyl chloride obtained from 4-(p-tolylthio)butanoic acid (0.42 g, 2 mmol), oxalyl
chloride (0.17 mL, 2 mmol), 4-amino-N-(2,5dimethoxyphenyl)benzenesulfonamide 3 (0.2 g,
0.65 mmol) and Et3sN (0.11 mL, 0.78 mmol). After purification by precipitation in iPrOH, the
expected compound A4.16 is isolated as a white solid (0.1 g, 20%). R¢: 0.12 (CH2Cl2) m.p. :
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153°C 'H NMR (300 MHz, CDCI3) : 7.70 (m, 2H, H8-H8"), 7.52 (m, 2H, H9-H9"), 7.40 (s,
1H, CONH), 7.24 (m, 2H, His-Hi¢"), 7.13 (d, 1H, H6, ) = 2.8 Hz), 7.07 (m, 2H, H17-H,7°), 7.04
(s, 1H, SO2NH), 6.64 (d, 1H, H3, 3] =8.9 Hz), 6.53 (dd, 1H, Ha, ¥ = 2.8 Hz, %) = 8.9 Hz), 3.74
(s, 3H, OCHs(s)), 3.61 (s, 3H, OCHs), 2.96 (t, 2H, H14, 3) = 6.8Hz), 2.51 (t, 2H, H12,3) = 7.2
Hz), 2.96 (s, 3H, H19), 2.01 (g, 2H, H7,3J = 7.0 Hz) 13C NMR (75 MHz, CDCls) : 170.9 (C11),
154.0 (Cs), 143.7 (C10), 142.1 (C>), 136.7 (C1g), 133.9 (C7), 131.9 (C15), 130.5 (C16-Ci¢), 130.0
(C17-Cyi7), 128.7 (Cs-Cs’), 126.7 (C1), 119.1 (Co-Co), 111.6 (Cs), 109.9 (Cg3), 107.2 (C4), 56.4
(OCHgs(s)), 55.9 (OCHs(p), 35.8 (C12), 33.8 (Cu4), 24.5 (C13), 21.1 (C10) HRMS : (ES+) m/z
calculated for C2sH2sN204SNa [M-Na]*, 523.1337; found 523.1340 FT-IR : v(NH) : 3312 ;
V(CHar) : 2917 ; v(CHowme) : 2832 ; vas(SO) : 1325 ; v (CN): 1304 ; vs(SO): 1157.
A4.20 : N-(2,5-dimethoxyphenyl)-4-(propanamido)benzamide

/WN@ o

M
OMe

e

A4.20 was obtained following general procedure C, using the corresponding propanoyl
choride obtained from commercial propionic acid (0.36 g, 4.8 mmol), oxalyl chloride (0.41
mL, 4.8 mmol), 4-amino-N-(2,5dimethoxyphenyl)benzenesulfonamide 3 (0.5 g, 1.6 mmol) and
EtsN (0.67 mL, 4.8 mmol). After purification by precipitation in hexane, the expected
compound A4.16 is obtained as a white solid (0.15 g, 73%) R¢: 0.05 (CH2Clz) m.p. : 170°C 'H
NMR : (300 MHz, d4-MeOD, 25 °C) & ppm: 7.65 (s, 4H, Hs-Hs> and He-Hy-), 7.03 (d, 1H, He,
4)=3.3 Hz), 6.74 (d, 1H, Hs, 3 = 8,9 Hz), 6.62 (dd, 1H, H4, 3 = 8.9 Hz, 4] = 3.3 Hz), 3.72 (s,
3H, OCHss), 3.52 (s, 3H, OCHs(), 2.39 (q, 2H, Hi2,3) = 7.5 Hz), 1.18 (t, 3H, Hi3, 31 = 7.5
Hz) *C NMR : (75 MHz, d4-MeQOD, 25 °C) & ppm: 175.6 (C11), 155.1 (Cs), 147.0 (C10), 144.2
(C2), 135.4 (Cv), 129.4 (Cs-Csg), 127.8 (C1), 120.0 (Co-Co), 113.0 (Cs), 111.6 (C4), 111.3 (Cs),
56.6 (OCHzs), 56.1(0CHsp), 31.1 (Ci2), 9.9 (C13) HRMS : (ES+) m/z calculated for
C17H20N205SNa [M-Na]+ , 387.0991; found 387.0977 FT-IR : v(NH) : 3342, 3171 ; v(CHa)
: 2993 ; v(CHal) : 2925 ; v(CHOMeE) : 2834 ; vas(SO) : 1329 ; v (CN): 1307 ; vs(SO): 1152.
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NMR spectra of the intermediates 1, 2, 3 and final compounds A4.1, A4.14, A4.16, A4.20
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Synthesis of inhibitor A4.15

H

HoN N
g OMe SW ., OMe
N c 0 N
—_—
o]

A4.15 %

4
OMe OMe

A4.15 : N-(2,5-dimethoxyphenyl)-4-(3-(p-tolylthio)propanamido)benzamide
/©/ \/ﬁlzf 4@\( OMe
OMe

A4.15 was obtained following general procedure C, using commercial 3-(p-

tolyloxy)propanoic acid (0.588 g, 3 mmol), oxalyl chloride (0.26 mL, 3 mmol), commercial 4-
amino-N-(2,5-dimethoxyphenyl)benzamide 4 (0.5 g, 1.6 mmol) and Et3N (0.17 mL, 1.2 mmol).
After purification (CH2Cl2/EtOAc: 100/0 to 9/1), it afford the expected compound A4.15 as a
white solid (0.05 g, 10%) Ry : 0.35 (CH.Cl,/AcOEt: 9/1) m.p. : 153°C *H NMR : (300 MHz,
d6-DMSO, 25 °C) & ppm: 10.25 (s, 1H, C2)ONH), 9.22 (s, 1H, Cz)ONH), 7.91 (m, 2H, Ho-
Hio), 7.71 (M, 2H, He-Ho-), 7.56 (d, 1H, He, *J = 3.1 Hz), 7.29 (M, 2H, His-Hi¢), 7.16 (M, 2H,
Hi7-Hi7), 7.01 (d, 1H, Hs, 3J = 9.0 Hz), 6.72 (dd, 1H, Hs, #J = 3.1 Hz,3 = 9.0 Hz), 3.80 (s, 3H,
OCHzs(s), 3.71 (s, 3H, OCHs(), 3.21(t, 2H, Hi4, 3 = 7.2 Hz), 2.67 (t, 2H, His, 3] = 7.2 Hz),
2.27 (s, 3H, H1g) 3C NMR : (75 MHz, d6-DMSO, 25 °C) & ppm: 169.7 (C12), 164.2 (C7), 152.9
(Cs), 144.9 (C11), 142.2 (Cy), 135.6 (Cug), 131.9 (C1s5), 129.8 (C17-Ci7°), 129.1 (C16-Cis’), 128.6
(Cg), 128.4 (C10-Ci0?), 127.8 (C1), 118.4 (Co-Cyo’), 111.9 (C4), 109.7 (Cs), 109.2 (C3), 56.3
(OCHs(s)), 55.4 (OCHs3(2)), 36.3(C13), 28.5 (Cu4), 20.5 (C19) HRMS : (ES+) m/z calculated for
CosH26N204SNa [M-Na]*, 473.1511; found 473.1510 FT-IR : v(NH) : 3316 ; v(CHar) : 3005
; V(CHowme) : 2838 ; vas(SO) : 1366 ; v (CN): 1302 ; v5(SO): 1163.
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NMR spectra of the compounds A4.15
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Synthesis of inhibitor dz-A4.1

QMe 0CD; 0CD,
13593qA|—C|833 OoN 2.2 22eq. BB BBr; 212162,;760,_83 2N B HoN
CHacI o°c CHZC|2 -78°C DMF, 0°C -
OM oM OMe OMe
§ z ds;-8 ds-1

\A

dz-Ad.1

6 : 1,4-dimethoxy-2-nitrobenzene

OMe

To commercial 1,4-dimethoxybenzene 5 (2 g, 14.47 mmol) solution in CHCI3 (37 mL)
and AcOH (2.48 mL, 43.41 mmol) cooled in an ice-bath, was added nitric acid (1.37mL, 21.7
mmol, 70% in water) dropwise. The reaction was stirred for 15 min and then poured onto an
ice/water mixture (100 mL). The organic layer was washed with an aqueous NaHCO3 solution
(0.5N, 2 x 20 mL), water, and brine, dried over MgSQsa, filtered, concentrate in vacuo. The
crude product was purified by column chromatography on silica gel (PE/ AcOEt 9:1) affording
the expected product 6 as a yellow solid (2.15g, 81% yield) R¢: 0.30 (EP/AcOEt) m.p. : 72°C
H NMR : (400 MHz, CDCls, 25 °C) & : 7.39 (d, ¥J = 3.04 Hz, 1H, Hs), 7.12 (dd, 3J = 9.18 Hz,
4)=3.04 Hz, 1H, Hs), 7.03 (d, 3 = 9.18 Hz, 1H, He), 3.92 (s, 3H, OCHa()), 3.81 (s, 3H, OCHa(s
13C NMR : (100 MHz, CDCls, 25 °C) & : 153.1 (Ca), 147.5 (C1), 139.8 (C3), 121.0 (Cs), 115.4
(Cs), 110.2 (Cg), 57.3 (OCH3(1)), 56.2 (OCHz3@)) HRMS : (ES+) m/z calculated for CgH1oNO4
[M+H]", 184.0610; found 184.0601 FT-IR : v(CHwme) : 2950, 2848, vas(NO2) :1522, vs(NO>) :
1351, v(CNno2) : 873.

7 : 4-methoxy-2-nitrophenol

OH

OMe
To a solution of 1,4-dimethoxy-2-nitrobenzene 6 (2.159, 11.7 mmol) in CH.CI;
(600mL) was added BBrsz (25.8 mL, 1M in CHClz, 25.8 mmol) at -78°C under inert
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atmosphere. The mixture was then stirred for 30 min and poured onto ice and aqueous saturated
sodium bicarbonate solution. After being shaken vigorously, the mixture was extracted with
CH2Cl>. The combined organic layers were then washed with water, brine, dried over MgSOa,
filtered and concentrated off. The crude product was purified by column chromatography on
silica gel (PE/ CH2Cl>: 9/1) affording expected product 7 as an orange solid (1.85g, 94% yield).

Rt : 0.55 (PE/ AcOEt : 9/1+1% acetic acid) m.p.: 81 °C 'H NMR : (400 MHz, CDCls,
25 °C)
§:10.33 (s, 1H, OH), 7.51 (d, 43 = 3.12 Hz, 1H, Hs), 7.22 (dd, 3] = 9.24 Hz, ) = 3 Hz, 1H,
Hs), 7.09 (d, 3 = 9.24 Hz, 1H, He), 3.83 (s, 3H, OMe) 3C NMR : (100 MHz, CDCls, 25 °C) §
: 152.8 (C4), 150.2 (Cy), 133.2 (Cy), 127.4 (Cs), 121.0 (Cs), 105.9 (Cs), 56.2 (OMe) HRMS :
(ES-) m/z calculated for C7HsNO4 [M-H], 168.0297; found 168.0289 FT-IR : v(OH) : 3222 ;
V(CHar) : 3052 ; v(CHuwe) : 2844 ; vas(NO2) : 1527 ; vs(NO3): 1305 ; v(CN): 862, 761.

ds-8 : 4-methoxy-1-(methoxy-d3)-2-nitrobenzene

0CD,4

3 5

OMe

To a solution of 4-methoxy-2-nitrophenol 7 (860mg, 5.08 mmol) in DMF (7mL) was
added K>CO3z (1.55¢, 11.19 mmol) portionwise. After the solution became red, iodomethane
(345 uL, 5.59 mmol) was added and was stirred overnight at rt and filtered. The filtrate was
diluted with AcOEt (25mL) and washed with an aqueous saturated sodium bicarbonate solution
(5 x 30 mL). The organic layer was dried over MgSOs, filtered and concentrate. The expected
product ds-8 was obtained without further purification needed as a yellow solid (815 mg, 86%
yield). R¢: 0.32 in petroleum ether/ Ethyl acetate 9:1 m.p.: 74 °C 'H NMR : (400 MHz, CDCls,
25°C)8:7.39 (d, *J =3.10 Hz, 1H, H3), 7.11 (dd, 3 =9.04 Hz, ¥ = 3.10 Hz, 1H, Hs), 7.02 (d,
31 =9.04 Hz, 1H, Hg), 3.81 (s, 3H, OMe) 3C NMR : (100 MHz, CDCls, 25 °C) & : 153.0 (Ca),
147.5 (Cy), 139.8 (C2), 121.0 (Cs), 115.3 (Cs), 110.2 (C3), 56.4 (OCD3), 56.2 (OMe) HRMS :
(ES+) m/z calculated for CsH7D3sNO4 [M+H]", 187.0798; found 187.0796 FT-IR : v(CHwme) :
2851 ; v(CDcps) : 2077, vas(NO2) : 1521 ; vs(NO2): 1351 ; v(CN): 873.

ds-1 : 5-methoxy-2-(methoxy-d3)aniline

0CD;
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ds-1 was obtained following general procedure B, using 4-methoxy-1-(methoxy-d3)-2-
nitrobenzene ds-8 (0.6g, 3.22 mmol), iron (1.07g, 19.32 mmol) and NH4CI (1.7g in 15 mL of
water, 32.2 mmol). No further purification needed to afford the expected compound ds-1 as a
green solid (0.48 g, 96%). Rs: 0.42 (PE/AcOEt : 9/1) m.p.: 81 °C *H NMR : (400 MHz, CDCls,
25°C) 8 :6.69 (d, %) =8.71 Hz, 1H, H3), 6.33 (d, *J = 2.86 Hz, 1H, He), 6.24 (dd, 3J = 8.71 Hz,
4)=2.86 Hz, 1H, Ha), 3.73 (s, 3H, OMes). 13C NMR : (100 MHz, CDCls, 25 °C) & : 154.6 (Cs),
142.0 (C2), 137.4 (C1), 111.5 (C3), 102.3 (Cg), 102.1 (C4), 55.7 (OMes), 55.7 (m, 1J = 22 Hz ,
OCDz). HRMS : (ES+) m/z calculated for CsHoD3NO2 [M+H]", 157.1056; found 157.1053
FT-IR : v(NH) : 3457, 3366 ; v(CDcpg3) : 2071 ; v(CN) : 1227.

ds-2 :N-(5-methoxy-2-(methoxy-d3)phenyl)-4-nitrobenzenesulfonamide

0,N o2 ,
9 S/

8 02

OMe

ds-2 was obtained following general procedure A, using 5-methoxy-2-(methoxy-
d3)aniline ds-1 (483 mg, 3,09 mmol), pyridine (432 pL, 5.37 mmol) and 4-
nitrobenzenesulfonile chloride (0.85g, 3.84 mmol). After purification (PE/EtOAc: 7/3), it afford
the expected compound ds-2 as a yellow solid (0.95 g, 90%). R¢: 0.42 (PE/AcOEt : 7/3) m.p.:
160 °C 'H NMR : (300 MHz, CDCls, 25 °C) & : 8.25-8.21 (m, 3J = 8.83 Hz, 4J = 2.38 Hz, %) =
1.96 Hz, 2H, Hg et Ho'), 7.96-7.91 (m, 3J = 8.83 Hz, %) = 2.38 Hz, 5J = 1.96 Hz, 2H, Hs et Hs),
7.16 (d, %) =2.80 Hz, 1H, He), 7.12 (s, 1H, NH), 6.66 ( d, 3 = 8.97 Hz, 1H, Hs), 6.59 (dd, 3J =
8.97 Hz, 4J = 2.80 Hz 1H, Ha), 3.75 (s, 3H, OMe) 13C NMR : (75 MHz, CDCls, 25 °C) & :
154.0, 150.3, 144.9, 144.0 (CV), 128.6 (2 C"), 125.4 (CV), 124.1 (2C"), 111.6 (C3), 110.8
(C4), 108.4 (Cg), 55.9 (OCHs3), 55.6 (m, J = 22.18 Hz,0CD3) HRMS : (ES-) m/z calculated for
C14H10D3N206S [M-H], 340.0683; found 340.0683 FT-IR : v(NHsuifonamide) : 3311, v(CHar) :
3107, v(CDcp3) : 2079, vas(NO2) :1533, vs(NO2) : 1346, vs(SO) : 1173, v(CN) : 855,

ds-3 : 4-amino-N-(5-methoxy-2-(methoxy-d3)phenyl)benzenesulfonamide

HZN\‘@\ OCD3
OMe

ds-3 was obtained following general procedure B, using 4-methoxy-1-(methoxy-d3)-2-
nitrobenzenesulfonamide ds-2 (1.08g, 3.16 mmol), iron (1.06g, 18.96 mmol) and NH4Cl (1.679
in 15 mL of water, 31.6 mmol). No purification needed to afford the expected compound ds-3
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as a beige solid (910mg, 92%) Rs: 0.079 (PE/AcOEt : 7/3) m.p.: 120 °C*H NMR : (300 MHz,
CDCls, 25 °C) § : 7.57-7.54 (m, 2H, He-Hy), 7.12 (d; 1H, He, 4] = 2.9 Hz), 6.98 (s, 1H, NH),
6.65 (d, 1H, Hs, 3J = 8.9 Hz), 6.59-6.54 (m, 2H, Hs-Hs'), 6.51 (dd, 1H, Ha, 3J = 8.8 Hz, 41 = 2.9
Hz), 4.06 (s, 2H, NHy), 3.73 (s, 3H, OMes) 13C NMR : (75 MHz, CDCls, 25 °C) 6 : 154.0 (Cs)
, 150.8 (C10), 143.6 (C2), 129.6 (Cs-Cs’), 127.6 (Cy), 127.4 (C7), 113.9 (Co-Co’), 111.6 (C3),
109.5 (C4), 106.9 (Cs), 55.9 (OCHg3), 55.6 (m, J = 22.18 Hz,0CD3) HRMS : (ES-) m/z
calculated for C14H12D3N204S [M-H], 310.0941; found 310.0939 FT-IR : v(NHamine) :
3483,3391 ; v(NHsuifonamide): 3259 ; V(CHme) : 2939 ; v(CDcp3) : 2073 ; vas(SO) : 1308 ; v (CN)
1 1217 ; vs(SO): 1152.

ds-A4.1  :  N-(4-(N-(5-methoxy-2-(methoxy-d3)phenyl)sulfamoyl)phenyl)-3-(p-
tolylthio)propanamide

QWQ i

o)

Me
Me

ds-3 was obtained following general procedure C, using commercial 3-(p-
tolylthio)propanoic acid (1.58 g, 2.75 mmol), oxalyl chloride (0.69 mL, 8.1 mmol), 4-amino-
N-(5-methoxy-2-(methoxy-d3)phenyl)benzenesulfonamide ds-3 (0.5 g, 1.6 mmol) and EtsN
(0.24 mL, 1.76 mmol). After purification (PE/EtOAC/CH2CI> : 6/2/2), it afford the expected
compound d3-A4.1 as a white solid (0.59 g, 69%) Rt : 0.15 (PE/ AcOEt/ CH2Cl> : 5/3/2) m.p. :
129°C 'H NMR : (300 MHz, CDCls, 25 °C) & ppm: 7.97 (s, 1H, CONH), 7.69-7.66 (m, 2H,
Hs-Hs-), 7.56-7.55 (m, 2H, Ho-Hy'), 7.28-7.25 (M, 2H, Hi4-Hi4°), 7,13 (d, 1H, He, 4J = 2,8 Hz),
7.11-7.08 (m, 3H, His-His- and SO.NH), 6,65 (d, 1H, Ha, 3J = 8,8 Hz), 6.55 (dd, 1H, Ha, 3] =
8,9 Hz,*J = 2,9 Hz), 3.73 (s, 3H, OMes), 3.21 (t, 2H, Hiz, 3J = 6,9 Hz), 2.64 (t, 2H, Hi3, %) = 6,9
Hz), 2,30 (s, 3H, H17) *C NMR : (100 MHz, CDCls, 25 °C) § : 169.9 (C11), 153.9 (C>), 143.72
(C10), 142.18 (Cs) , 137.1 (C17) , 133.7 (C7), 131.2 (C15-Ci5°), 130.7 (C14), 130.0 (Cs.Cs’), 128.6
(C16-Cis’), 126.5 (C1), 119.2 (Co-Co’), 111.6 (Ca), 109.8 (Cs), 107.5 (Ce), 55.8 (OCHBa), 55.6
(OCD:3), 37.3 (C12), 29.9 (C13), 21.0 (C18) HRMS : (ES+) m/z calculated for C24H24D3N205S>
[M-H]*, 490.1550; found 490.1545 FT-IR : v(NHamide) : 3325 ; v(NHsulfonamide): 3270; v(CHwme)
: 2924 ; v(CDcp3) : 2071 ; v(C=0) : 1695 ; vas(SO) : 1330; vs(SO): 1153.
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NMR spectra of the intermediates 6, 7, ds-8, ds-1, ds-2, dz-3 and final compounds dz-A4.1
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HRMS spectra of the final compounds A4.1, A4.14, A4.15, A4.16, A4.20, d3-A4.1

Elemental Composition Report o Page 1
- . 16' 14 S
Single Mass Analysis OMe
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 100.0 5
Element prediction: Off 17 i
Number of isotope peaks used for i-FIT = 4 18 T 15 3
Monoisotopic Mass, Even Electron lons 4
135 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass) 6
Elements Used Ad.1 5
C:0-30 H 0120 N:0-2 0:0-5 Na: 01 8:2-2 " e
LcT 20150413_MJR-59p2c2 59 (1.186) AM (Cen, 13, 80.00, Ar,4100.0,556.28,0.00 LS 10); Cm (47:63)
MJR-59p2c2 / CH2CI12+MeOH / ESI+ 13-Apr-2015
1: TOF MS ES+
sod 1158 2.94e+004
100 |
%
510.1249
g— - T - — - - — ———r miz
508.80 509.00 509.20 509.40 508.60 509.80 510.00 §10.20 510.40
Minimuam: 1.5
Max imum: 5.0 5.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
509.1158  509.1181 -2.3 -4.5 12.5 n/a C24 H26 N2 05 Na S2
Elemental Composition Report Page 1
16'
Single Mass Analysis OMe
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 100.0 17 2
Element prediction: Off 1
Number of isotope peaks used for i-FIT = 4 18 3
Monoisotopic Mass, Even Electron lons 6 4
105 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass) A4 14 5
Elements Used: .
C:0-100 H:5-100 N:0-2 0O:0-6 Na:1-1 S:1-1 OMe
LcT 20150602_MJR-77 13 (0.269) AM (Cen,13, B0.00, Ar,4000.0,556.28,0.00 LS 10); Cm (3:14)
MJR-77 / CH2CI2+MeOH / ESI+ 02-Jun-2015
MS ES
1: TOF + 3.02e+004
493.1398
100
%
494.1480
o R | o = o .
492.80 493.00 493.20 493.40 493.60 493.80 494,00 494.20 494.40
Minimum: =]
Max imum: 5.0 5.0 14
Mass Calc. Mass mDa PPM DBE i-FIT Formula
498098 (9T TII0Y -1.1 22,2 12.5 n/a C2¢ H26 N2 06 Na §
Elemental Composition Report i 3 H Page 1
17 5.8 12N
Single Mass Analysis 7 OMe
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 100.0 18 2
Element prediction: Off 16 (¢} 1
Number of isotope peaks used for i-FIT = 4 19 17 3
Monoisotopic Mass, Even Electron lons A4.15 6 4
622 formula(e) evaluated with 3 results within limits (up to 50 closest results for each mass) 5
Elements Used: OMe
C:0-100 H:0-100 N:0-3 0:0-16 S:0-1
T 20150528_MJR-80p2 3 (0.069) AM (Cen,13, 80.00, Ar,3000.0,554.26,0.00,LS 10), Cm (2:10)
MJR-80p2 / CH2CI2+MeOH / ESI- 28-May-2015
1. TOF MS ES-
1.26e+004
1004 449.1515
%
450.1533
0 T -~ T miz
44880 449.00 449.20 449.40 443,60 448,80 450.00 450.20 450.40
Minimum: -1.5
Maximum: 5.0 5.0 100.0
Mass Calc. Mass mba PPM DBE i-FIT Formula
449.1515  449.1508 0.9 2.0 1.5 n/a €15 H29 015
449.1501 1.4 il 19 n/a €28 H2l N2 04
449.1535 -2.0 -4.5 14.5 n/a €25 H25 N2 04 S
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Elemental Gomposition Report 4 L1/ Page 1
18
Single Mass Analysis ]
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 100.0 OMe
Element prediction: Off 2
Number of isotope peaks used for i-FIT =4 L o
Monoisotopic Mass, Even Electron lons
700 formufa(e) evaluated with 5 results within limits (up to 50 closest resuits for each mass) 6 4
Elements Used: 5
C:0-100 H:5-100 N: 06 0O:0-10 Na: 1-1 S:1-2 OMe
SYNAPT-G2#NotSet 20150629_MJR-90 81 (0.442) AM2 (Ar,20000.0,0.00,0.00); Cm (69:56)
29-Jun-2015 MJR-50 / CH2CI2+MeOH / ESI+
1: TOF MS ES+
22133 9.81e+006
100 0
%
524.1375
| 525.1337
0 T ‘ T T T T SR e E ‘ miz
522.80 523.00 523.20 523.40 523.60 523.80 5§24.00 524.20 524.40 524,60 524.80 525.00 525.20 525.40
Minimum: -1.5
Max imum: 5.0 5.0 100.0
Mass Calc. Mass mDa PEM DBE i-FIT Formula
523.1343  523.1344 -0.1 -0.2 21.5 n/a C33 H24 03 Na S
52371337 0.6 Lol dleeee n/a C25 H28 N2 05 Na S2
523.1351 -0.8 -1.5 17.5 n/a C26 H24 N6 O Na S2
523.1362 -1.9 -3.6 8.5 n/a €21 H28 NZ 010 Na S
523.1317 2.6 5.0 22.5 n/a C2% H20 N6 O Na S
g 7
Elemental Composition Report TN Page 1
Single Mass Analysis OMe
Tolerance =50 PPM / DBE: min = -1.5, max = 50.0 2
Element prediction: Off 1
Number of isotope peaks used for i-FIT = 4 3
Monoisotopic Mass, Evep Electron lons 4
3616 formula(e) evaluated with 20 results within limits (up to 50 closest results for each mass) 6
Elements Used: 5
C:0-100 H:0-100 N:0-20 0:0-20 Na:0-1 S:0-1 OMe
MJR101 / DCM - eaw/ACN/AF (90/10/0.1%) / ESI+ XEVO G2-XS QTOF 16-Jan-2017
20170116_MJR101 18 (0.381) AM2 (Ar,22000.0.0.00.0.00); Cm (17:20) 1: TOF MS ES+
5.68e+007
443.1242
193 153.0785 2269518 2622791365.1150, 4211419, | ° 468.3286 8353976410 1554 6ma2004 7512007 807.2355 863.26158894655 9555346000 5065 10626826
- T T T T T T T T T T T T T T T T T T T T T T INARMLI T T T T T T T T
150 200 250 0 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200
Minimum: -1.5
Maximum: 30.0 S 0 50.0
Mass Calc. Mass mbDa PEM DBE i-FIT Norm Conf (%) Formula
387.0977  387.0975 0.2 0.5 0.5 990.7  16.659 0.00 C8 H20 N4 012 Na
387.0975 0.2 0.5 11.5 989.3  15.255 0.00 C6 H8 N18 02 Na
387.0974 0.3 0.8 7.5 975.3  1.223 29.44 C14 H19 N4 07 §
387.0981 -0.4 -1.0 16.5 989.7 15.605 0.00 €22 H15 N2 05
387.0973 0.4 1.0 4.5 990.8  16.699 0.00 €6 H15 N10 010
387.0970 0.7 1.8 18.5  990.4  16.273 0.00 C21 H12 N6 O Na
387.0986 -0.9 -2.3 9.5 990.0 15.951 0.00 c7 H1l N14 06
387.0986 -0.9 -2.3 -1.5 990.8 16.693 0.00 c9 H23 016
387.0988 -1.1 -2.8 12.5 976.3 2.205 11,02 Cl15 H15 N8 03 S
387.0989 -1.2 -3.1 5.5 980.2  16.116 0.00 C9 H16 N8 08 Na
387.0964 1.3 3.4 9.5 977.3  3.256 3.86 €13 H16 N8 03 Na S
387.0991 -1.4 -3.6 8.5 974.7 0.620 53.79 C17 H20 N2 05 Na S
387.0962 figsl 3.9 6.5 990.9  16.862 0.00 C5 H12 N14 06 Na
387.0961 1.6 4.1 13.5 978.8 4.716 0.90 €1l H11 N14 O §
—emental Composition Report H Page 1
) . S N
Single Mass Analysis OCD;
Tolerance = 5.0 PPM / DBE: min =-50.0, max = 500.0 H
Element prediction: Off (0] _N
Number of isotope peaks used for i-FIT = 4 %
Monoisotopic Mass, Even Electron lons 2
1116 formula(e) evaluated with 6 results within limits (all resuits (up to 1000) for each mass)
Elements Used:
C:0400 1H:030 2H:05 N'0-5 0:05 S 2.2 dz-Ad.1 OMe
CTR-036-F1 (DCM) - MeOH (100%) XEVO G2-XS QTOF 14-Nov-2017
20171114_CTR-036-F1 17 (0.364) AM2 (Ar,22000.0,0.00,0.00); ABS; Cm (17:18) 1: TOF MS ES+
3.31e+007
490.1545
1004 | 491.1577 4921542
v T T T T T T T T T T T Ay T T T T T T T T T miz
489.80 490.00 490.20 490.40 490.60 490.80 491.00 491.20 491.40 491.60 491.80 492.00 492.20 492.40
Minimum: -50.0
Maximuam: 30.0 5.0 500.0
Mass Calc. Mass mDa PFM DBE i-FIT Norm Conf (%) Formula
4901545 450.1550 -0.5 =1.0 12.5 60.8 0.763 46.64  C24 1H24 2H3 N2 05 52
490.,1552 -0.7 -1.4 12.5 61.4 1.385 25.02 C22 1H24 2H2 N5 04 S2
490.1559 -1.4  -2.9 17.5 62.1 2,102 12.23 €29 1H20 2H5 O3 S2
490.1561 -1.6  -3.3 17.5 62.1 2.066 12.66 C27 lH20 ZH4 N3 UZ SZ
490.1522 2.3 4.7 20.5 63.7 3.728 2.40 C31 1H24 2H W2 S2
490.1521 2.4 4.9 13.5 64.6 4.564 1.04 €22 1H20 2H4 N5 04 S2
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LCMS analysis of the final compound ds-A4.1 for pharmacokinetic studies

180307-CTRO36F2¢ (2) ELSD Signal
650 Range: 1765
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Analytical Conditions :

LC characterization was performed on a Waters Atlantis T3 (500m, 4.6 x 150 mm; Waters)
equiped with an ELSD detector. The chromatographic separation was carried out with the
injection of 2[JL of a sample solution (1mg/mL) followed by an isocratic elution
(H20/Methanol: 25/75) at a flow rate of 0.8 mL/min.

Safety screen. The specificity of A4.1 activity was tested on 87 targets by Enzyme and

Radioligand Binding Assays by Eurofins Panlabs Taiwan, Ltd. Methods employed in this study
have been adapted from the scientific literature to maximize reliability and reproducibility.

Molecule toxicity. To assess the toxicity of A4.1, bacterial cytotoxicity, Ames fluctuation test
and Micronucleus assays were performed by Eurofins Panlabs Taiwan, Ltd. The conditions of

each test are detailed in the table below.
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Assay Source Technique i D

Toxicity
Bacterial cytotoxicity (TA98 - S9) Reverted Salmonella typhimurium 96 hr Photometry
(TA98) 37°C
Bacterial cytotoxicity (TA100 - S9) Reverted Salmonella typhimurium 96 hr Photometry
(TA100) 37°C
Bacterial cytotoxicity (TA1535 - S9) Reverted Salmonella typhimurium 96 hr Photometry
(TA1535) 37°C
Bacterial cytotoxicity (TA1537 - S9) Reverted Salmonella typhimurium 96 hr Photometry
(TA1537) 37°C
Ames fluctuation test (TA98 - S9) Salmonella typhimurium (TA98) Fluctuation test 96 hr Photometry
37°C
Ames fluctuation test (TA98 + S9) Salmonella typhimurium (TA98) and Fluctuation test 96 hr Photometry
rat liver S9 37°C
Ames fluctuation test (TA100 - S9) Salmonella typhimurium (TA100) Fluctuation test 96 hr Photometry
37°C
Ames fluctuation test (TA100 + S9) Salmonella typhimurium (TA100) Fluctuation test 96 hr Photometry
and rat liver S9 37°C
Ames fluctuation test (TA1535 - S9) Salmonella typhimurium (TA1535) Fluctuation test 96 hr Photometry
37°C
Ames fluctuation test (TA1535 + S9)  Salmonella typhimurium (TA1535) Fluctuation test 96 hr Photometry
and rat liver S9 37°C
Ames fluctuation test (TA1537-S9) Salmonella typhimurium (TA1537) Fluctuation test 96 hr Photometry
37°C
Ames fluctuation test (TA1537 + S9)  Salmonella typhimurium (TA1537) Fluctuation test 96 hr Photometry
37°C
Micronucleus (CHO + S9, HCA) CHO-K1 cell line and rat liver S9 High content analysis (HCA) 4 hr Fluorescent Image Analysis
37°C
Micronucleus (CHO - S9, HCA) CHO-K1 cell line High content analysis (HCA) 24 hr Fluorescent Image Analysis
37°C

Bacterial Cytotoxicity

The results for cytotoxicity are expressed as percent of control growth (OD650). Compounds
with growth of less than 60 % of control are flagged and considered cytotoxic.

Ames Tests

Wells that displayed bacteria growth due to the reversion of the histidine mutation (as judged
by the ratio of OD430/0OD570 being greater than 1.0) are counted and recorded as positive
counts. The significance of the positive counts between the treatment (in the presence of test
compound) and the control (in the absence of test compound) are calculated using the one-tailed
Fisher's exact test. Three significance levels are reported as follows:

Weak positive, if 0.01 <p <0.05, denoted as "+" Strong positive, if 0.001 <p < 0.01, denoted
as "++" Very strong positive, if p < 0.001, denoted as "+++"

in vitro Micronucleus

The percent of micronucleated cells is calculated. A marginally-positive result ("-/+") is defined
as a value significantly higher than controls (t-test, p < 0.05), and at least 2-fold higher than

controls. A positive result ("+") is defined as a value significantly higher than controls (t-test,
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p < 0.05) and at least 3-fold higher than controls. Cytotoxicity indexes are also provided to aid
in the interpretation of the results.

A "scorable" cell is a bi-nucleated cell contained within the field boundary, in which both nuclei
are of similar size (the maximum area ratio of the largest nucleus versus the smallest nucleus
within a cell must be lower than 1.5).

Cytokinesis Block Proliferation Index (CBPI) % Cytotoxicity uses a modified version of the
(CBPI). This method takes advantage of the fact that cytotoxicity very often induces cell cycle
arrest, which is reflected in a decreased ratio of bi-nucleated to mononucleated cells when using
cytochalasin B. A CBPI of 1 is equivalent to 100% cytotoxicity.

The % cytotoxicity based on the CBPI is calculated as follows:

CBPI, — 1

i1 0, = N\~ nr 4
Cytotoxicity(%) = 100 (CBPIC—l

X 100)

where:
CBPIt = CBPI of treated cells CBPIc = CBPI of control cells CBPI is defined as:

(MoNC + 2 X BiNC + 3 X MuNC)
Total number of cells

Since most multinucleated cells are bi-nucleated, our approximation is:

(MoNC + 2 X MuNC)

BPI =
¢ Total number of cells

where
MoNC = number of mononucleated cells
BINC = number of binucleated cells
MUNC = number of multinucleated cells

The Cell Number % Cytotoxicity is an index based on cell numbers, in which:

Number of treated cells X 100)

Cytotoxicity(%) = 100 —
ytotoxicity (%) ( Number of control cells
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For both indexes, the control cell population is defined as the cells exposed to medium
containing 1% DMSO. For the S9-treated cells, the control cell population is also exposed to
medium containing 1% DMSO.

In most cases, the cell number index of cytotoxicity is more sensitive than the CBPI index. This
is probably because the cell number index accounts for both cell proliferation and cell death,
whereas the CBPI index is only based on cell proliferation. In addition, we find the cell number
index especially useful in detecting aneugens, since aneugens can inhibit cytokinesis and they
might not induce a drop in CBPI even at very cytotoxic concentrations.

The % Micronucleated Cells is the percentage of scorable cells that contain at least one
micronucleus within their cytoplasmic domain. The largest allowed ratio of a micronucleus
radius to the average nuclei radius within a scorable cell is 0.33.

Animals use. All experimental procedures and animal care were performed in accordance with
the European Community Standards on the Care and Use of Laboratory Animals and approved
by the local ethics committee (Comité d’Ethique en Expérimentation Animale des Pays de
Loire). NMRI and NMRI Nude mice were purchased from Janvier Labs, C57BI/6 mice from
Charles River. In all experiments, A4.1 was dissolved in the vehicle DMSO/PEG300/water
(ratio 10:40:50).

In vivo pharmacokinetics. All reagents were provided from Sigma Aldrich (Saint-Quentin-
Fallavier, France). A4.1 was administrated intraperitoneally (25 mg/kg, aqueous solution of
A4.1 in 5% DMSO, 50% PEG) in 2 months old C57BI/6 after 4h of fasting. After 5, 30, 60,
120 and 360 minutes following injection, mice (n = 3 per Kinetic time) were sacrificed and
tissues (blood, heart, lung, liver, kidney and brain) were collected. Control mice (n = 5) were
used to get blank tissues for mass spectrometry analyses. Blood was collected by cardiac
puncture into tubes containing 10% EDTA. Immediately after blood collection, plasma was

separated by centrifugation for 5 min at 4 °C (2,000 x g). Solid tissues were rapidly excised and
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snap frozen in liquid nitrogen before to be disrupted and homogenized in PBS (1/10; wt/vol)
using TissueLyser Il (Quiagen). A4.1 concentrations were determined in mouse plasma and
tissues by liquid chromatography-tandem mass spectrometry (LC-MS/MS). All solvents were
LC-MS grade and purchased from Biosolve (Valkenswaard, Netherlands). A4.1 10x standard
solutions were prepared and serially diluted in acetonitrile to obtain 8 standard solutions ranging
10-20,000 nmol/L. A4.1 10X standard solutions (5 pL or 20 pL) were added to blank plasma
(45 pL) or blank tissue homogenates (180 L), respectively, to get final concentrations ranging
1-2,000 nmol/L. Acetonitrile (5 puL or 20 puL) was added to plasma (45 pL) or tissue samples
(180 pL). Tissue homogenates (standards and samples) were then centrifugated for 5 min at
5,000 x g for 5 min at 10 °C and supernatants (100 pL) were collected. Proteins were
precipitated by the addition of 150 pL or 300 pL of acetonitrile containing labeled D3-A4.1 as
internal standard (200 nmol/L) in all plasma (50 pL) and tissue supernatants (100 pL),
respectively. After centrifugation (17,000 x g, 10 min, 10 °C), supernatants were collected and
dried under a gentle stream of nitrogen. Dried samples were finally reconstituted with 25%
acetonitrile containing 0.1% formic acid (100 pL), and injected into the LC-MS/MS system.
Analyses were performed on a Xevo® TQD mass spectrometer with an electrospray (ESI)
interface and an Acquity H-Class® UPLC™ device (Waters Corporation, Milford, MA, USA).
Samples (10 pL) were injected onto a BEH Cig column (1.7 pm; 2.1 x 50 mm, Waters
Corporation) held at 60 °C, and compounds were separated with a linear gradient of mobile
phase B (acetonitrile, 0.1% formic acid) in mobile phase A (water, 0.1% formic acid) at a flow
rate of 500 pL/min. Mobile phase B was kept constant for 0.5 min at 1%, linearly increased
from 1% to 100% for 3 min, kept constant for 0.5 min, returned to the initial condition over 0.5
min, and kept constant for 0.5 min before the next injection. A4.1 and its internal standard Ds-
A4.1 were then detected by the mass spectrometer with the ESI interface operating in the

positive ion mode (capillary voltage, 3 kV; desolvatation gas (N2) flow and temperature, 900
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L/h and 450 °C; source temperature, 120 °C). The multiple reaction monitoring mode was
applied for MS/MS detection at the following mass-to-charge (m/z) ratio transitions: 487.1 —
153.0 and 490.2 — 156.0 for A4.1 and D3-A4.1, respectively. Cone voltage and collision energy
were set at 35 V and 20 eV, respectively. Data acquisition and processing were achieved using
MassLynx® and TargetLynx® softwares (version 4.1, Waters Corporation). Chromatographic
peak area ratios between A4.1 and its internal standard constituted the detector responses.
Standard solutions were used to plot calibration curves for quantification and dilution factors
related to biological matrix preparations were included in calculation. The linearity was
expressed by the mean r2 which was greater than 0.995 for all matrices (linear regression, 1/x

weighting, origin excluded). AUCo.¢nh Was calculated as follow:
6h

AUCO—Gh = f Coe_Kt dt = Co/K
0

Where K = constant of elimination, and Co = administrated dose.
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Racl labeling by irradiation and photoaffinity. Solutions of Racl (2.1 mg/mL) in PBS
containing EDTA (84 pg/mL) were irradiated with or without [N3]-A4.1 (500 pg/mL) at 302
nm for 6 min. A control solution of Racl (no irradiation and without [N3]-A4.1) was used to
ascertain the stability of the protein throughout the experiment. Prior all experiments, both
modified and unmodified Racl samples (~100 pL) were desalted and concentrated with 3 mL
of 50 mM ammonium bicarbonate (Sigma Aldrich) buffer (pH 8) and a 5-kDa molecular weight
cut-off filter. Resulting samples were stored at -20 °C until analysis.

Analysis of whole proteins. Samples were directly analyzed by liquid chromatography-high
resolution mass spectrometry (LC-HRMS). LC-HRMS analyses were performed on a Synapt™
G2 HRMS Q-TOF mass spectrometer equipped with an ESI interface operating in the positive
mode and an Acquity H-Class® UPLC™ device (Waters Corporation). Samples were injected
(10 uL) onto a Acquity® CSH C18 (1.7 pm; 2.1 x 150 mm; 180 A) reversed-phased LC column
held at 60 °C. Proteins were then eluted over 20 min with a linear gradient of mobile phase B
(100% acetonitrile) in mobile phase A (5% acetonitrile), each containing 0.1% formic acid, and
at a flow rate of 250 uL/min. Mobile phase B was kept constant at 1% for 1 min, then linearly
increased from 1% to 80% for 15 min, kept constant at 80% for 1 min, returned to the initial
condition over 1 min, and kept constant for 2 min before the next injection. The full-HRMS
mode was applied for protein detection (m/z range 100-4,000) at a mass resolution of 25,000
full-widths at half maximum. The ionization settings were as follows: capillary voltage, +3 kV;
cone voltage, 30 V; desolvation gas (N2) flow rate, 900 L/h; desolvation gas/source
temperatures, 450/120 °C. Leucine enkephalin solution (2 pg/mL, 50% acetonitrile) was
infused at a constant flow rate of 10 pL/min in the lockspray channel, allowing for correction
of the measured m/z throughout the batch (theoretical m/z 556.2771 in positive mode). Data
acquisition and processing were achieved using MassLynx® software (version 4.1, Waters

Corporation). Complex mass spectra under chromatographic peaks were deconvoluted with the
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MaxEnt; extension software to get the experimental molecular weights of proteins, which were
then compared with those of the unmodified protein to estimate the number of added [N3]-A4.1
residues.

Peptide mapping after Racl tryptic digestion. The positive ESI mode is appropriate for proteins
(ESI+) but leads to the formation of several adducts (H+, K+, Na+...) with multiple charge
states ([M+nH]™ ions) in addition to natural isotope signals (}*C, 2H, °N...). Protein samples
were therefore subjected to proteolysis in order to form peptides that are more easily detected
by mass spectrometry (lower charge states) and suitable for tandem mass spectrometry
(MS/MS) analysis. The protein samples (50 uL) were reduced (addition of 120 puL. ammonium
bicarbonate 50 mM containing 7 mg/mL of RapidGest detergent [Waters Corporation],
incubated 10 min at 80 °C; then addition of dithiothreitol, 70 mM, 20 pL, incubated 20 min at
60 °C), alkylated (addition of iodoacetamide, 142 mM, 30 pL, incubated 20 min at room
temperature in the dark) and trypsin digested overnight (7 mg/mL in HCI1 1 mM, 30 pL, 37 °C)
using the ready-to-use solutions of the ProteinWorks™ eXpress kit (Waters Corporation) and
according to the manufacturer’s instructions. Enzymatic digestion was stopped with 20%
trifluoroacetic acid (TFA; 5 pL). After 15 min at 45 °C, the precipitate was removed by
centrifugation (15 min, 10°C, 10,000 x g), and supernatants were removed for LC-HRMS and
LC-MS/MS analyses. Proteotypic peptides were separated and detected by the full-HRMS
mode as described above. In parallel, protein sequence was in-silico digested using the free
Expasy software (https://web.expasy.org/peptide_mass). All tryptic peptides were looked for
from their theoretical m/z ratios assuming several charged ions (from 1+ to 6+). Relevant
peptides were then subjected to MS/MS fragmentations to ascertain their amino-acid sequences.
Then, peptide sequences were compared with each other and between both modified and

unmodified protein samples to establish the location of the labeled [N3]-A4.1 (+485.1 Da).
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Finally, MS/MS fragmentation patterns allowed the identification of the modified amino-acid
during the labeling experiment.

Orthotopic breast cancer model. Orthotopic cell xenograft was performed by injection of 4
million MDA-MB-468Luc cells in the fourth fat pad from 5-week-old NMRI nude mice.
Primary tumour was allowed to develop during 5.5 weeks and tumour growth was assessed by
tumour volume measurement using a calliper. Primary tumor was then removed by exeresis and
weighed. Treatments began 1 day before exeresis. 25 mg/kg of A4.1 was administered
intraperitoneally on a daily basis during 4 weeks. Mice were weighed 5 times a week and in
vivo bioluminescence intensities (Photon Imager, Biospace Lab) were measured once a week.
At the end of the protocol, mice were sacrificed and ex vivo bioluminescence intensities of
indicated organs were measured.

Statistics. All data are expressed as the mean + SEM of sample size n. For multiple
comparisons, the non-parametric Kruskal-Wallis test was used followed by Dunns’ post-test.
When the sample size was greater than 30, the one-way ANOVA test was used followed by
Tukey’s multiple comparisons test. For individual comparisons, statistical analysis was
performed using non-parametric t-test (Mann-Whitney). Data analysis was performed using the

GraphPad Prism software. The threshold for statistical significance was set at P< 0.05.
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List of table

Table 1: Chemical library derived from A4 compound.

Druglikeness

Name Structure Molecular MW logP Docking 1Cso
Formula score (M)
A4 QWOQ CasH26N20sS; 486,60 4,197 -1032  3.10°®
a1 Q@ C2aH2eN,0sS, 486,60 4,197 1112 0.67.10°
IVIPERE TR, Q@ CasH26N20sS 470,54 3,639 -11.62 0.56.10°
H?@is/‘*\‘/‘*n@\ g QMe
A416 ® Ny CasHasN2OsS: 500,63 4,518 -9.92 2.6.10°
A415 T QY@ CasH26N20sS 450,55 4,494 -7.53 -
A420 R Q@ CiHaoN20sS 364,42 2,072 1380 -

For each molecule, druglikeness has been assessed according to Lipinski’s rules: molecular
weight (MW)<500; high lipophilicity (LogP<5); less than 5 hydrogen bond donors (HBD); less
than 10 hydrogen bond acceptors (HBA). The docking score (kcal/mol) for the nucleotide
binding site corresponds to the value of the binding free energy after in situ ligand minimization

divided by the number of heavy atoms of each ligand. IC50 was determined experimentally

from the inhibition on RAC1-dependent ruffle formation.
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Figure 1: Identification of a new RAC1 inhibitor. (a) Predicted binding modes of NSC23766
on RAC1. (b) Predicted binding modes of A4 to the NSC23766 binding site or the GDP binding
pocket of RACI. In the NSC23766 binding site of RACI (left), the compound A4 (blue) makes
2 hydrogen bonds (green dotted line) with Ser71 (S71) and 8 hydrophobic interactions (pink
dotted line) with Ala3 (A3), Lys5 (K5), Trp56 (W56) and Leu67 (L67) leading to a docking
score of -6.03 kcal/mol. The GDP molecule is shown with fine line. In the GDP binding pocket
(right), A4 is involved in 6 hydrogen bonds with Gly15 (G15), Lys16 (K16), Cys18 (C18) and
Lys116 (K116), 1 carbon hydrogen bond with Lys116 and 4 hydrophobic interactions with
Cysl18, Ile33 (I33) and Lys116, resulting in a docking score of -10.32 kcal/mol. (¢) NIH-3T3
cells were incubated in serum-free growth medium and stimulated by EGF (10 ng/mL) to induce
ruffle formation. 1h before this stimulation, cell cultures were pre-incubated with A4.1 or
NSC23766 at indicated concentration. Ruffles are indicated by arrows (top panel). Percentages
of cells with ruffles were gquantified (bottom panel). Results shown are representative of 3
independent experiments. (d) Immunoblot analysis and associated quantification of Rac-GTP
levels and total Rac expression in fibroblasts (NIH3T3 cells) stimulated by EGF (10ng/mL, 5
min) and pre-incubated or not with NSC23766, A4.1 or A4.15 at 10°M for 1 h. ***P<0.001 vs

controls withtout EGF stimulation, ### P<0.001 vs controls with EGF stimulation.
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Figure 2
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Figure 2: A4.1 selectively impairs Rac proteins activation. (a) Effect of A4.1 on GEF-

stimulated Racl, Rac2 and RhoG nucleotide exchange. Purified GTPases were pre-loaded with

GDP, then nucleotide exchange was monitored as an increase in fluorescence following mant-

GTP binding. (b) Effect of A4.1 on GEF-stimulated RhoA and Cdc42 nucleotide exchange.

Experimental conditions are similar as described in (a). (c) Representative surface plasmon
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resonance (SPR) sensograms of binding of immobilized Rac1, RhoA or Cdc42 small GTPase

with increasing concentrations of A4.1. n>3.

Figure 3
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Figure 3: Inhibitory mechanism of A4.1. (a) Racl activation was monitored following mant-

GTP binding. The protein complex Racl/TRIO was incubated with mant-GTP at indicated
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concentrations and A4.1 at fixed concentration 5 uM. A.U.= arbitrary fluorescence units. (b)
Deconvoluted mass spectra generated from crude mass spectrum analyses to evaluate Racl
photolabeling with [N3]-A4.1 by LC-HRMS on native protein. (c) Representative mass spectra
of both labeled and unlabeled CVVVGDGAVGK peptide during LC-HRMS analysis of Racl
photolabeling with [N3]-A4.1 after trypsin digestion. (d) Predicted binding mode of A4.1 to
the GDP binding pocket of RAC1. Compound A4.1 (orange) makes 4 hydrogen bonds (green
dotted line) with Lys16 (K16), Cys18 (C18) and Lys116 (K116), 1 carbon hydrogen bond (light
green dotted line) with Vall4 (V14) and 4 hydrophobic interactions (pink dotted line) with
Cys18, Phe28 (F28), Lys116 (K116) and Leul60 (L160). (e) Effect of A4.1 on Rac1%%%
activation. Rac1%%% activation was monitored following mant-GTP binding. The GEFs TRIO
and DHR2, or EDTA were used to induce nucleotide exchange. (f) Immunoblot analysis and
associated quantification of Rac-GTP levels and total Rac expression in fibroblasts expressing
Rac wilde-type (Rac1%") or Racl oncomutants (Rac1??°> and Raclb). Data are presented as

mean = SEM. ***P<(0.001 vs controls.
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Figure 4: A4.1 decreases growth and invasiveness of triple negative breast cancer cells in
vitro. (a) Representative images of Rac-GTP levels (Red) in MDA-MB-468Luc cells (Left
panel). Luciferase (Luc, green) was used to detect the cells. When indicated, cells were treated

with EHT1864, NSC23766 or A4.1 during 1h at 10°M. Rac-GTP mean fluorescence intensity
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was quantified inside the cell area (Right panel). n=31-37 cells from 3 independent experiments.
*P<0.05, ***P<0.001. (b) Focus formation assay of MDA-MB-468Luc cells (Left panel).
When indicated, cells were treated with indicated concentrations of A4.1. Quantification of
colony formation inhibition by A4.1 (Right panel). n=6 independent experiments. (c) A4.1
efficacy was tested on focus assays on various cancer cell lines. (d) 3D Invasion and associated
quantification of MDA-MB-468Luc and cancer associated fibroblasts (CAFs). When indicated,
Matrigel was polymerized with 10°M of A4.1. n=3 independent experiments. ***P<0.001 vs

controls.
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Figure 5
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Figure 5: A4.1 decreases metastasis of triple negative breast cancer cells in vivo. (a)

Representative images of luciferase bioluminescence intensities (BLI) in whole body or legs or
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overies + uterus of NMRI nude mice 80 days post-xenograft. When indicated, mice were treated
with A4.1. (b) Metastasis frequency quantification based on ex vivo BLI measurements in
indicated organs (black bars). When indicated, mice were treated with A4.1 (white bars). n=10-
15 mice. *P<0.05 vs controls. (c) BLI quantification in legs and ovaries/uterus from NMRI
nude mice 80 days post-xenograft (black circles). When indicated, mice were treated with A4.1
(white squares). n=10-15 mice. *P<0.05 vs controls. (d) Tumor growth proportion in
immunocompetent mice after primary tumor resection treated (blue line) or not (red line) with
A4.1. (e) Metastasis frequency quantification based on ex vivo BLI measurements in indicated
organs (grey bars) from immunocompetent mice. When indicated, mice were treated with A4.1
(withe bars). n=10 mice. *P<0.05 vs control. (f) Survival curve of immunocompetent mice

after primary tumor resection treated (blue line) or not (red line) with A4.1.
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Figure 6: Analysis of Rac activity in breast cancer biopsies. (a) By immunofluorescence,
Rac-GTP was detected in biopsies from patients with luminal B-like (LL) (n=20) or triple
negative (TNBC) breast cancer (n=20). In each group, biopsies were divided in two sub-groups:

patients who will develop metastases (Recurrence) or will be in remission (Remission). HE,
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hematoxylin-eosin staining; DAPI, nucleus labelling; merge, fusion of DAPI and Rac-GTP
images. (b) Proportion of Rac-GTP positive (P, in black) and negative (N, in white) biopsies in

different patient groups.
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Supp. Table 1: Ranking of RAC inhibitor candidates retained from virtual screening and

docking.

#Sample ID Adhesion Migration Proliferation Rac-GTP level
(10°M) (% inhib) (% inhib) (% ctrl) (relative to EHT1864)

A4 58 34 100 0.38

D10 36 25 114 0.60

D9 42 10 110 0.77

B10 62 32 7 0.80

D6 37 35 94 0.82

A2 32 13 131 0.83

B3 51 22 51 0.95
EHT1864 32 35 101 1.00
G5 36 44 134 1.08

H7 40 14 144 1.41

A8 65 10 53 1.46

E6 48 27 101 2.44

E4 44 22 143 2.87

D11 37 40 88 3.79
NSC23766 34 0 131 N.D

Small molecules have been tested for their inhibitory effect on RAC-dependent processes
(adhesion, migration and proliferation) and EGF-induced RAC activation assessed by pull-
down assay in NIH-3T3 cells. EGF-induced RAC activity in the presence of EHT1864 has been
set to 1. Molecules are ranked according to their efficacy compared to that of NSC23766 and
EHT1864 and are displayed in the table the molecules better than the reference inhibitors.
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Supp. Table 2: Known mutations of cancer cell lines from various organs and tissues used

in clonogenic assays.

Tissue Cell line Mutation

Breast MDA-MB-468 P53
MDA-MB-231 KRAS, BRAF
MDA-MB-435s BRAF

Colon LS147T KRAS, PI3K
HCT 116 KRAS, PI3K
SW9o48 PI3K
HT29 BRAF
Sw48 NA

Prostate PC3 PTEN

Lung NCI-H358 KRAS
NCI-H460 KRAS, PI3K
NCI-H1975 PI3K

Skin A375 BRAF

A4.1 efficacy was tested on focus assays. For each cancer cell lines, mutations were indicated.
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Supp. Table 3: A4.1 SafetyScreen.

Assay Name Spec. % inh.
ATPase, Na*/K*, Heart, Pig pig -15
Cholinesterase, Acetyl, ACES hum 64
Cyclooxygenase COX-1 hum -11
Cyclooxygenase COX-2 hum 11
Monoamine Oxidase MAO-A hum 10
Monoamine Oxidase MAO-B hum 17
Peptidase, Angiotensin Converting Enzyme rabbit 11
Peptidase, CTSG (Cathepsin G) hum -2
Phosphodiesterase PDE3 hum 9
Phosphodiesterase PDE4 hum 4
Protein Serine/Threonine Kinase, PKC, Non- rat 48
Selective

Protein Tyrosine Kinase, Insulin Receptor hum -25
Protein Tyrosine Kinase, LCK hum 14
Adenosine A1 hum 2
Adenosine A2A hum 16
Adrenergic alA rat 34
Adrenergic alB rat 41
Adrenergic alD hum 21
Adrenergic a2A hum 29
Adrenergic a2B hum 9
Adrenergic f1 hum 2
Adrenergic B2 hum 5
Androgen (Testosterone) hum 10
Angiotensin AT1 hum 17
Bradykinin B2 hum 1
Calcium Channel L-Type, Benzothiazepine rat 46
Calcium Channel L-Type, Dihydropyridine rat 85
Calcium Channel L-Type, Phenylalkylamine rat 52
Calcium Channel N-Type rat 3
Cannabinoid CB1 hum 81
Cannabinoid CB2 hum 36
Chemokine CCR1 hum 2
Chemokine CXCR2 (IL-8RB) hum 1
Cholecystokinin CCK1 (CCKA) hum 31
Cholecystokinin CCK2 (CCKB) hum 0
Dopamine D1 hum 17
Dopamine D2L hum 9
Dopamine D2S hum 35
Endothelin ETA hum -8
Estrogen ERa hum 10
GABAA, Chloride Channel, TBOB rat 45
GABAA, Flunitrazepam, Central rat 15
GABAA, Ro-15-1788, Hippocampus rat -12
GABABI1A hum -6

Glucocorticoid hum 17
Glutamate, AMPA rat 9
Glutamate, Kainate rat -8
Glutamate, Metabotropic, mGlus hum -12
Glutamate, NMDA, Agonism rat 4
Assay Name Spec. % inh.
Glutamate, NMDA, Glycine rat 7
Glutamate, NMDA, Phencyclidine rat -6
Glutamate, NMDA, Polyamine rat 19
Glycine, Strychnine-Sensitive rat -17
Histamine H1 hum 41
Histamine H2 hum -14
Leukotriene, Cysteinyl CysLT1 hum 14
Melanocortin MC1 hum 14
Melanocortin MC4 hum 8
Muscarinic M1 hum 11
Muscarinic M2 hum 12
Muscarinic M3 hum 4
Muscarinic M4 hum -1
Neuropeptide Y Y1 hum -2
Nicotinic Acetylcholine hum -3
Nicotinic Acetylcholine al, Bungarotoxin hum 0
Opiate 61 (OP1, DOP) hum 6
Opiate k(OP2, KOP) hum 10
Opiate u(OP3, MOP) hum 14
Platelet Activating Factor (PAF) hum 78
Potassium Channel [KATP] ham 11
Potassium Channel hERG hum 22
PPARy hum -7
Progesterone PR-B hum -16
Serotonin (5-Hydroxytryptamine) 5-HT1A hum 6
Serotonin (5-Hydroxytryptamine) 5-HT1B hum 15
Serotonin (5-Hydroxytryptamine) 5-HT2A hum 84
Serotonin (5-Hydroxytryptamine) 5-HT2B hum 90
Serotonin (5-Hydroxytryptamine) 5-HT2C hum 56
Serotonin (5-Hydroxytryptamine) 5-HT3 hum -2
Sodium Channel, Site 2 rat 57
Tachykinin NK1 hum 41
Transporter, Adenosine gp 37
Transporter, Dopamine (DAT) hum 30
Transporter, GABA rat -4
Transporter, Norepinephrine (NET) hum 36
Transporter, Serotonin (5- hum -3
Hydroxytryptamine) (SERT)
Vasopressin V1A hum 1
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The activity of A4.1 in 87 radioligands binding assays against other targets than small GTPases

was measured at a concentration of 10uM A4.1. The degree of radioligand inhibition is

indicated in each case.

Supp. Table 4: Bacterial cytotoxicity effects of A4.1.

Test %Effect Cytotoxicity (% of
Concentration 15t ,nd 3 Mean %Effect control)
Bacterial cytotoxicity (TA98 - S9)
6.0E-07 M 92.4 824 824 85.7 86
1.2E-06 M 89.7 74.1 55.8 73.2 73
2.5E-06 M 80.5 83.3 824 82.0 82
5.0E-06 M 88.8 84.2 814 84.8 85
1.0E-05M 82.4 76.9 77.8 79.0 79
2.5E-05M 95.2 92.4 83.3 90.3 90
5.0E-05 M 88.8 833 75.9 82.7 83
1.0E-04 M 154.6 177.5 1437 158.6 159
Bacterial cytotoxicity (TA100 - S9)
6.0E-07 M 104.7 104.7 98.2 102.5 103
1.2E-06 M 1034 995 92.9 98.6 99
2.5E-06 M 106.0 1034 929 100.8 101
5.0E-06 M 1165 1165 916 108.2 108
1.0E-05 M 116.5 1086 929 106.0 106
2.5E-05M 1139 1113 100.8 108.6 109
5.0E-05M 1126 1531 1021 107.3 107
1.0E-04 M 2225 2055 199.0 209.0 209
Bacterial cytotoxicity (TA1535 - S9)
6.0E-07 M 894 96.4 94.0 93.3 93
1.2E-06 M 91.7 97.5 88.2 925 92
2.5E-06 M 92.9 91.7 97.5 94.0 94
5.0E-06 M 96.4 95.2 99.8 97.1 97
1.0E-05 M 96.4 98.7 108.0 101.0 101
2.5E-05 M 116.1 99.8 98.7 104.9 105
5.0E-05 M 175.3 168.3 163.7 169.1 169
1.0E-04 M 219.4 233.3 2159 2229 223
Bacterial cytotoxicity (TA1537 - S9)
6.0E-07 M 107.2 107.2 115.3 109.9 110
1.2E-06 M 109.9 108.6 101.9 106.8 107
2.5E-06 M 111.2 104.5 99.2 105.0 105
5.0E-06 M 116.6 111.2 100.5 109.4 109
1.0E-05 M 109.9 108.6 111.2 109.9 110
2.5E-05 M 128.7 115.3 112.6 118.8 119
5.0E-05 M 162.2 150.1 148.8 153.7 154
1.0E-04 M 2225 214.4 229.2 222.0 222
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Supp. Table 5: Ames-fluctuation assay of A4.1.

Test Count Positive
Concentration (# of wells) Significance
(- to +++)

5.0E-06 M -
1.0E-05 M
5.0E-05 M
1.0E-04 M
5.0E-06 M
1.0E-05 M
5.0E-05 M
1.0E-04 M
5.0E-06 M
1.0E-05 M
5.0E-05M
1.0E-04 M

w o o1 WO O Fk Wik O N O
'

Ames fluctuation test (TA100 + S9)
5.0E-06 M 6 -

1.0E-05 M 10 -
5.0E-05 M 9 -
1.0E-04 M 7 -
Ames fluctuation test (TA1535 - S9)
5.0E-06 M
1.0E-05 M
5.0E-05 M
1.0E-04 M
Ames fluctuation test (TA1535 + S9)
5.0E-06 M
1.0E-05 M
5.0E-05 M
1.0E-04 M
5.0E-06 M
1.0E-05 M
5.0E-05 M
1.0E-04 M
Ames fluctuation test (TA1537 + S9)
5.0E-06 M
1.0E-05 M
5.0E-05 M
1.0E-04 M

o O N O
'

r O O K|+ O O

= N O A
'
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Supp Table 6: Micronucleus assay of A4.1 on CHO cells.

Test Scored % Cytotoxicity % Cytotoxicity
Concentration Cells CBPI Cell
Index Numbers

Micronucleus (CHO + S9, HCA)
6.3E-05 M 2143 -04 54.3
1.3E-04 M 2168 3.0 63.7
2.5E-04 M 2114 33 715
5.0E-04 M 2130 46.8 72.1
1.0E-03 M 486 82.3 77.9

Micronucleus (CHO - S9, HCA)
7.8E-06 M 2034 -214 14.3
1.6E-05 M 2287 -23.9 26.4
3.1E-05 M 2155 8.1 42.0
6.3E-05 M 1868 65.8 52.5
1.3E-04 M 1018 72.8 64.6
2.5E-04 M 751 73.8 73.6

Supp Table 7: Pharmacokinetic parameters calculated of A4.1 in mice after a single

intraperitoneal injection at 25 mg/kg.

Plasma

ti/2 (min) 97.764

Co (1g/ml) 4.335

AUCo.6n (Lg*h/ml) 14.3
vd (ml) 5.767
Cl (ml/h) 1.748
Cmax (pg/ml) 15.056 + 0.5

Tmax (min) 5
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Supp Table 8: White blood cell counts in control and A4.1-treated mice (25mg/kg/d; 33d)

Control (N=5) A4l [N=5) p value

Mix1l.Lencocytes 0.33
Mean (5D 99.30 (0.62) 92.75 (11.92)
N 5 1
Mix1.Beells 0.14
Mean (5D 1411 (2.69)  11.62 [1.58)
N 3 3
Mix1.Tcells 0.22
Mean (5D 44.72 (8.28) 52.20(2.11)
N 5 1
Mix1. TCD4+ 0.46
Mean (5D BE.BO (3.82) 9033 (1.27)
N 5 1
Mix1.CD8+ 0.46
Mean (SD) 954(3.44) B35 (142)
N 3 3
Mix1.ImmNKCell 0.81
Mean (SD) 0.09 (0.03)  0.10(0.05)
N ] 4
Mix1.NKCell 0.81
Mean [(SD) 0.44 (0.14)  0.40(0.22)
N 2 4
MixZ.Leucocytes 0.77
Mean (5D) 99,93 (0.04) 99.85 (0.15)
N 4 4
Mix2.Macrophage 0.77
Mean (SD) 274 (1.85)  2.46(2.34)
N 4 4
Mix2.Monocytes 1.00
Mean (SD) 072 (0.15) 0.6 (0.57)
N ] 4
Mix2.Neutrophiles 1.00
Mean (SD) 488(5.16)  4.19(6.24)
N 4 4
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Supp Table 9: Clinicopathologic data of TNBC and Luminal B-like patients included in
the analyze of Racl activity.

TNBC (N=18) LL (N=20) TNBC
Histologic.subtype (N=18) LL (N=20)
qurly dlfferenC|ated 16/18 16/20 Radiotherapy.Breast.ChestWall
Micropapillary 0/18 1/20 NO 2/18 0/20
Colloidal 20% 0/18 1/20 YES 16/18 20/20
Non specified 2/18 2/20
Status Radiotherapy.LymphNodes.area
Remission 10/18 10/20 NO 15/18 9/20
Recurrence 8/18 10/20 YES 3/18 11/20
Age.Dg (years) Chemotherapy.Type
Median 63.000 60.500 NO 3/18 3/20
Q1, Q3 52.0,72.2 47.7,65.5 ANTHRACYCLINE 2/18 6/20
Laterality TAXANE 1/18 0/20
Left 12/18 9/20 ANTHRACYCLINE + TAXANE 11/18 11/20
Right 6/18 11/20 ANTHRACYCLINE + TAXANE +
Neoadjuvant.chemothe BEVACIZUMARB 11’18 0}'20
rT\ng 17/18 20/20 Hormonotherapy.Adjuvant
YES 1/18 0/20 NO 17/18 0/20
Breast.Surgery YES 1/18 20/20
Conservative 13/18 15/20 Tumoral emboli
Mastectomy 5/18 5/20 NO 13/18 6/20
LymphNode.Surgery YES 5/18 14/20
GAS 13/18 4/20
CURAGE 5/18 16/20
Stade.UICC
I 10/18 5/20
A 3/18 6/20
1B 1/18 2/20
A 2/18 5/20
B 1/18 1/20
nc 1/18 1/20
Histologic.Grade
-1 1/18 2/20
-2 5/18 5/20
-3 12/18 13/20
CIS
NO 8/18 8/20
YES 10/18 12/20
Embols
NO 13/18 6/20
YES 5/18 14/20
Lymphocytic.infiltration
NO 14/18 20/20
YES 4/18 0/20
RE.H
Negative 17/18 0/20
Positive 1/18 20/20
RP.H
Negative 18/18 1/20
Positive 0/18 19/20
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List of supplemental figures

Supp Figure 1

Supp. Figure 1: Example of one pharmacophore model used for virtual screening. The
pharmacophore model shown was created based on RAC1 (grey) and NSC23766 (orange)
interaction. The pharmacophore model is formed by two hydrogen bond accerptor (HBA)
features, one oriented towards the hydroxyl group of Ser71 (S71) and the other towards the
amine group of GIn74 (Q74), one hydrogen bond donor (HBD) feature pointed to the oxygen
atom of Leu70 (L70) and two hydrophobic features (HY) located on certain carbon atoms of
NSC23766 and facing residues Val36 (V36), Ala59 (A59), Tyr64 (Y64) and Leu67 (L67). The
spheres correspond to location constraint. The pharmacophore model was completed by thirteen

exclusion sphere centered on the main residues of RAC1 defining the binding site (not shown).
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Supp. Figure 2
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Supp. Figure 2: A4.1 inhibits RAC-dependent cell functions. (a) Representative records
with arrows indicating NIH-3T3 cells location at different times. Cells were incubated or not
with A4.1 or NSC23766 at 10° M (Left panel). Quantification of cell speed in each
experimental condition (Right panel). Results shown are representative of 3 independent
experiments. *P<0.05 vs controls (b) Representative kinetics of fibroblast adhesion pre-treated
or not with 10 uM A4.1 or NSC23766 (left panel). Quantification of cell adhesion (Right panel).

Results shown are representative of 3 independent experiments. *P<0.05 vs control.
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Supp. Figure 3

A—<: :Fx@
R,), R,),
Wherein :

- Alisin particular -N(R’,)-C(=0)-R, R’, being H or a (C,-Cg)alkyl group, and R being preferably a group having the

following formula :
o)

R,)

3°q

X is in particular chosen from the group consisting of: -50,-N(R’,)-, R’y being H or a (C,-Cs)alkyl group, -N(R”})-
S0,-, R, being H or a (C;-Cg)alkyl group, -CO-NH-, and -NH-CO-

Supp. Figure 3: Rac inhibitor chemical skeleton model.

Supp. Figure 4

16 30
w kK R Ko * * X X
Racl MQOAIRCVVVGDGAVGKTCLLISYTTNAFPGEYIPTVFDNY 40
Rac2 MQAIRCVVNVGDGAVGKTCLLISYT[TNAFPGEYIPTNVFDNY 40
CdC42 MOTIRCVVVGDGAVGKTCLLISYTITNKFPSEYVPTNVFDNY 40
RhoG MQSIKCVVVGDGAVGKTCLLICYTITNAFPKEYIPTVFDNY 40
RhoZA AIRKRLVI VGDGACGKTCLLIVE‘S[KDQFPEVYVP'I'JFENY 42

P-loop Switch I

Supp. Figure 4: Sequence alignment of Rho GTPases focus on P-loop and Switch | domain
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Supp. Figure 5
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Supp. Figure 5: Effect of A4.1 on Akt-dependent signalling pathway in triple negative
breast cancer cells in vitro. Immunoblot analysis and corresponding quantification of Akt and
P44/42 expression and phosphorylation in MDA-MB-468Luc cells treated with NSC23766 or
A4.1 during 1h at 10°M. Results shown are representative of 3 independent experiments.

**P<(0.01 vs untreated cells, ***P<0.001 vs NSC23766 treated cells.
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Supp. Figure 6: A4.1 toxicity in vivo. Effect of A4.1 chronic intraperitoneal administration at

the indicated concentrations by intraperitoneal injections was analyzed in mice on weight gain

(a), glycemia (b) and indicated plasmatic constants (c). n=6-7 mice.
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Supp. Figure 7: A4.1 pharmacokinetics. Molecule distribution in indicated organs after

intraperitoneal injection of A4.1 (25 mg/kg). AUC = Area Under the Concentration-time curve.

n=3 mice.
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Supp. Figure 8
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Supp. Figure 8: Effect of A4.1 on the experimental model of triple negative breast cancer.
(a) Time course of tumor growth in the two experimental groups after transplantation of MDA-
MB-468Luc cells. (b) Monitoring of the body weight of mice in the different groups after after
primary tumor resection. (c) In vivo quantification of bioluminescence in mice after primary

tumor resection.
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Supp. Figure 9: Racl activity as poor prognostic factor of aggressive cancer.

Survival analysis of patients with low (black line) or high (red line) Rac mRNA in the indicated

cancer types.
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DISCUSSION

L’objectif de ma thése était d’¢élucider le role de la GTPase Racl dans les CMLDb au
cours de I’asthme allergique sévére et de développer et caractériser un nouvel inhibiteur
specifique de cette protéine qui puisse étre utilisé en clinique.

Dans la premiére partie de ma these, nous nous sommes intéresses au réle de Racl dans
les CMLb dans le contexte de I’asthme allergique sévere. Pour cela, nous avons utilisé un
modele murin d’asthme allergique chronique reposant sur une sensibilisation et des challenges
aux acariens. Dans ce modeéle, les souris développent une HRB, une inflammation pulmonaire
mixte Th2/Th17 persistante ainsi qu’un remodelage des voies respiratoires caractérisé par une
hypertrophie de 1’épithélium, une inflammation péri-bronchique et une hyperplasie du muscle
lisse bronchique. De plus, la sensibilité de ces souris aux corticoides est fortement altérée.
L’ensemble de ces modifications fonctionnelles et histologiques se rapprochent du tableau
clinique observé chez les patients souffrant d’asthme allergique sévere. D’autres modeles
murins d’asthme existent, notamment ceux reposant sur I’utilisation de 1’ovalbumine comme
allergéne. Ces modeles se caractérisent par une inflammation de type Th2 avec un infiltrat
majoritairement éosinophilique (Daubeuf et Frossard 2013), une HRB et un remodelage des
voies aériennes uniquement pour les modéles chroniques (McMillan et Lloyd 2004; Nials et
Uddin 2008). Bien que 1’ovalbumine induise une inflammation des voies aériennes chez la
souris ce n’est pas le cas chez I’Homme contrairement aux acariens (Aun et al. 2017). De plus,
il a été mis en évidence que I'utilisation de 1I’ovalbumine a forte de dose ou durant une longue
période diminue I’inflammation chez les souris probablement a cause d’un phénomene de
tolérance (Hove et al. 2012).

Notre étude a permis de mettre en évidence le role clé de Racl dans le remodelage des
voies aériennes associé a I’asthme séveére. Par immunofluorescence, nous avons observe dans
les biopsies bronchiques une augmentation de 1’activité de Racl localisée principalement dans
les CMLD chez les patients souffrants d’asthme sévéres en comparaison aux patients controles.
Cette augmentation de 1’activité de Racl est associée a une prolifération accrue des CMLDb.
Nous avons constaté in vitro que la stimulation de Racl dans les CMLb active la voie de
signalisation dépendante de STAT3 permettant la prolifération et I’hyperplasie du muscle lisse
bronchique. Ces cellules chez les patients souffrants d’asthme sévére présentent effectivement
une hausse de leur capacité proliférative en comparaison aux patients souffrants d’asthme

modére, léger ou non asthmatiques (Johnson et al. 2001). Il existe de nombreux facteurs
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mitogénes induisant la prolifération des CMLb et nombre d’entre eux, dont le facteur de
croissance dérivé des plaquettes BB (PDGF-BB) et le facteur de croissance basique des
fibroblastes (bFGF), sont décrits pour étre exprimés et sécrétés de facon plus importante chez
les patients asthmatiques (ZOU et al. 2014). Nous avons observé une hausse de la prolifération
des CMLb en réponse a ces deux facteurs de croissance. Cette prolifération cellulaire est
dépendante de I’activité de Racl et de I’activation la voie de signalisation de STAT3.

Le niveau d’activité de Racl est donc un élément clé dans la prolifération des CMLD et
I’hyperplasic du muscle lisse bronchique. La suractivation de Racl peut étre due a une
augmentation de 1’activité de I’un de ses GEFs. Dans le contexte de 1’asthme, il a récemment
été observé une augmentation de I’expression de P-Rex1 dans les CMLb. Ce GEF est décrit
pour participer a la prolifération de ces cellules et donc a I’hyperplasie du muscle lisse
bronchique (Huang et al. 2019). Le niveau d’activité de P-Rex1 pourrait étre évalué dans les
biopsies bronchiques ainsi que dans les CMLb provenant de patients souffrant d’asthme sévére.
Cette hypothése pourrait également étre étudiée in vivo dans notre modéle murin d’asthme
allergique sévere grace a I’utilisation d’un inhibiteur du complexe Rac/P-rex]1 comme 1I’1A-
116.

Mes résultats démontrent que la protéine Racl joue un rdle essentiel dans les CMLD et
que I’augmentation de son activation participe au développement de I’HRB et au remodelage
des voies aériennes. Racl apparait donc aujourd’hui comme une cible thérapeutique d’intérét
dont I’inhibition permettrait d’induire une bronchodilatation tout en limitant I’augmentation de
la masse des cellules musculaires lisses. Afin de valider cette hypothese, nous avons traités des
souris asthmatiques sévéres avec un inhibiteur de Racl, le NSC23766, par nébulisation. Nous
avons €tabli que I’inhibition pharmacologique de Racl réduit le remodelage des voies
aériennes, notamment I’hyperplasie du muscle lisse bronchique, I’HRB ainsi que I’infiltration
¢osinophilique. De ce fait I’inhibition de Racl permet de moduler les trois composantes
principales de I’asthme sévere et est aujourd’hui la seule stratégie thérapeutique capable de
d’affecter ces trois composantes.

Racl est une protéine ubiquitaire, c’est pourquoi I’utilisation d’un inhibiteur pourrait
induire de nombreux effets secondaires. Cependant, I’administration d’un inhibiteur par voie
inhalée permet de limiter 1’exposition pharmacologique a la sphére pulmonaire et ainsi
restreindre les potentiels effets systémiques. Dans notre mod¢le, nous n’avons pas observé
d’effets secondaires induits par la nébulisation du NSC23766 bien que cet inhibiteur soit décrit
pour pouvoir affecter 1’agrégation plaquettaire (Dutting et al. 2015). L’absence d’effets
secondaires du NSC23766 dans notre étude peut s’expliquer également par la dose administrée
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(40 pg/kg). De plus, le NSC23766 est un inhibiteur ayant une faible efficacité (1Cso ~50 uM)
(Gao et al. 2004) ce qui peut induire une inhibition partielle de Racl localisée au niveau de la
sphére pulmonaire et limiter ’apparition d’effets secondaires. Bien que I’inhibition de Racl
puisse étre partielle, elle est cependant suffisante pour observer des effets thérapeutiques
bénéfiques. Dans notre étude, nous avons administré le NSC23766 avant chaque challenge ce
qui permet de prévenir le développement de la pathologie. Il serait maintenant pertinent
d’évaluer le potentiel curatif de I’inhibition de Rac1 dans le développement de 1’asthme sévére.
Toutefois, la persistance du phénotype asthmatique chez la souris pourrait étre une des limites
a cette étude. Effectivement, il a été démontré dans certains modéles que suite a 1’arrét des
challenges il y a regression ou disparition des symptémes caractéristiques de la pathologie tels
que I’HRB, le remodelage des voies aériennes et 1’inflammation au cours du temps (McMillan
et Lloyd 2004; Lloyd 2007; Nials et Uddin 2008). Il sera donc nécessaire d’évaluer la
réversibilité de notre modeéle expérimental pour étudier les effets curatifs de la nébulisation d’un
inhibiteur de Racl.

Dans la seconde partie de ma thése, nous avons identifié et caractérisé un nouvel
inhibiteur spécifique de la GTPase Racl. Comme décrit dans I’introduction de nombreuses
stratégies thérapeutiques visant a réguler I’activité de Racl ont été développées mais aucune
n’est aujourd’hui utilisable en clinique a cause notamment d’un défaut de spécificité et/ou
d’efficacité.

Grace a une approche de criblage virtuel et de docking nous avons identifié la structure
d’un pharmacophore. Nous avons basé ce screening sur la structure cristallographique de Racl
lié a un de ses inhibiteurs le NSC23766 et non sur la structure cristallographique de Racl seule
ou liée au nucléotide comme cela a été fait dans d’autres études (V- Stratégies thérapeutiques
régulant I’activité de la GTPase Racl). Le docking de la molécule identifiée sur Racl a permis
de prédire que cette molécule se fixe préférentiellement au niveau de la poche nucléotidique de
Racl selon deux poses possibles. La premiere montrant des interactions possibles avec les
acides aminés Leu67, Ser71, Trp56, Lys5 et Ala3 mettant en jeu majoritairement des
interactions de type hydrophobes et deux liaisons hydrogenes avec la Ser71. La seconde pose
quant a elle permet des interactions avec la Lys116, Glyl15, Cys18, Lys16 et 1le33 grace
majoritairement a des liaisons hydrogénes et quelques interactions de type hydrophobes.
L’¢énergie libre de liaison obtenue pour ces deux poses est en faveur de la seconde puisqu’elle
met en jeu un plus grand nombre de liaisons hydrogenes entrainant des interactions plus fortes

entre la molécule et la protéine.
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A partir de la structure de cette premic¢re molécule identifiée, I’ A4, une premicre librairie
chimique a été synthétisée afin de pouvoir évaluer 1’effet de ces molécules sur des fonctions
dépendantes de Racl. La molécule A4.1 présente une énergie libre de liaison plus faible que
1’A4 ce qui devrait favoriser sa fixation sur Racl. Ce nouvel inhibiteur de Rac, A4.1, présente
un mécanisme d’action unique car il agit comme un compétiteur réversible du nucléotide en se
liant a la poche nucléotidique et en limitant 1’incorporation du GTP. Cependant 1’affinité de
notre molécule pour Racl étant plus faible que celle du GTP, nous observons une inhibition
partielle de la GTPase. Une inhibition partielle de Racl est préférable au vu de son role dans
des fonctions cellulaires essentielles et son expression ubiquitaire.

La validation du site de fixation d’un ligand sur une protéine est une étape indispensable
suite a sa prédiction par le docking. La stratégie couramment employée est la cristallisation du
complexe ligand-protéine. Nous avons tenté d’obtenir la structure cristallographique de Racl
complexée a 1’A4.1 sans succes. C’est pourquoi nous avons utilisé une stratégie de
photomarquage par affinité afin d’identifier le ou les acides aminés impliqués dans la liaison
entre Racl et 1’A4.1. Nous avons mis en évidence que 1’acide aminé impliqué dans cette liaison
est la Lys16. Cet aminoacide est présent dans la poche nucléotidique de Racl au niveau de la
boucle G1 et a été prédit pour établir une liaison hydrogéne avec notre inhibiteur par docking.
Cependant la Lys16 est un acide aminé conservé entre les GTPases Racl, Cdc42 et RhoA, ainsi
la fixation de I’A4.1 sur cet acide aminé€ ne permet pas d’expliquer la spécificité de la molécule
pour Rac. En effet notre étude montre que I’A4.1 inhibe spécifiquement Racl, son isoforme
Raclb et également sa forme mutée Rac1"?® mais n’a pas d’effet sur RhoA et Cdc42
contrairement aux autres inhibiteurs de Racl (Tableau I). En réalisant des mutagenéses dirigées
des autres acides aminés identifiés comme pouvant interagir avec Racl (Lys116, Gly15, Cys18
et 11e33), nous pourrions identifier ’ensemble des acides aminés impliqués dans I’interaction
entre Racl et I’A4.1 et expliquer la spécificité d’action de cet inhibiteur. L obtention de ces
résultats pourrait permettre la création d’une nouvelle série chimique dérivée de 1’A4.1 ayant
des propriétes physico-chimiques optimiseées.

Différents tests de toxicité ont permis d’établir I’innocuité de notre molécule et une
étude pharmacocinétique par injection intrapéritonéale (25 mg/kg) a permis d’étudier ses
différents parameétres pharmacocinétiques. Les petites molécules inhibant Racl présentent des
demi-vie relativement courtes 1.65h pour ’EHT1864 (Hampsch et al. 2017), 2.17h pour le
MBQ-167 (Maldonado et al. 2019), environ 5h pour EHop-16 (Humphries-Bickley et al. 2015)
et 1.6h pour notre inhibiteur. L’ensemble des parametres pharmacocinétiques de ’A4.1 que

nous avons pu déterminer sont compatibles avec une utilisation de la molécule in vivo. Il serait
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intéressant maintenant d’identifier les métabolites de 1’A4.1. Cela permettrait d’étudier la
biotransformation de la molécule et de savoir si elle subit un métabolisme de phase | avec des
réactions de fonctionnalisation ou de phase Il avec des réactions de conjugaison ; ou les deux.

Il a été observé dans différents types de cancer, une hausse de 1’expression et/ou de
I’activation de Racl qui est corrélée au stade de la maladie (Ji et al. 2015; Tian et al. 2018;
Liang et al. 2021). De plus, les multiples réles de Racl aux différents stades de la tumorigenese
comme décrit précédemment (I11.2- Racl en oncologie) en font une cible thérapeutique
d’intérét en oncologie. Notre analyse de I’activit¢ de Racl dans des biopsies de tumeurs
primaires de patientes souffrant de cancer du sein montre pour la premiere fois que 1’activité de
Racl pourrait étre un facteur prédictif d’une rechute métastatique. Cet élément montre
qu’évaluer le niveau d’activité de Racl dans la tumeur primaire d’un patient pourrait permettre
de modifier sa prise en charge thérapeutique ainsi que son suivi clinique.

Au vu du réle de Racl en oncologie, nous avons étudié I’effet de I’A4.1 in vitro et in
vivo dans ce contexte pathologique. In vitro, nous avons évalue 1’effet de 1’A4.1 sur la capacité
des cellules cancéreuses a former des clones. Ces études de clonogénicité ont établi que 1’A4.1
est capable de diminuer 1’activité de Racl dans différentes lignées de cellules cancéreuses et
réduit leur capacité a former des clones de fagon dose-dépendante quelque soit 1’origine de ces
cellules cancéreuses ou leurs mutations. Le cancer du sein triple négatif étant hautement
métastatique nous avons centré notre étude sur ce type de cancer. L’A4.1 réduit la migration et
I’invasion des cellules MDA-MB-468. D’autres inhibiteurs de Racl sont décrits pour réduire la
migration des cellules cancéreuses sans que leur effet sur I’invasion n’ait été évalué, c’est
notamment le cas pour le MBQ-167 (Humphries-Bickley et al. 2017), le GYS32661 (Goka et
al. 2019; 2020; Goka, Mesa Lopez, et Lippman 2021) et EHop-016 (Montalvo-Ortiz et al.
2012). Ces ¢léments suggerent un effet potentiel de 1’A4.1 sur la formation de métastases.

Nous avons donc évalué I’effet de 1’ A4.1 in vivo dans un modele murin immunodéficient
de xénogreffe de cancer du sein triple négatif induit par injection orthotopique de cellules
MDA-MB-468 Luc. Ces cellules expriment la luciférine ce qui permet par imagerie
bioluminescente de pouvoir les localiser. Nous avons notamment utilisé cette capacité de
bioluminescence afin d’analyser la repousse tumorale et la présence de métastases chez les
souris. Le traitement chronique a 1’A4.1 a réduit la repousse tumorale et limité I’apparition des
métastases. Ces résultats sont concordants avec ceux obtenus dans une étude utilisant le
GYS32661 dans un modele murin de xénogreffe de cancer du cdlon (Goka et al. 2019). La
diminution de la repousse tumorale et de la formation de métastases par 1’A4.1 suggerent un

effet de notre inhibiteur sur le cycle cellulaire. Une étude de la prolifération et du cycle cellulaire
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des cellules cancéreuses en réponse a I’A4.1 a mis en évidence que cet inhibiteur n’a pas d’effet
direct sur le cycle cellulaire. Il est tout de méme possible que 1’A4.1 module la prolifération de
ces cellules de facon indirecte notamment via le microenvironnement tumoral et les cellules
immunitaires qui le composent.

Afin de prendre en compte ce facteur dans notre étude, nous avons utilisé un modele
murin d’allogreffe de cancer du sein par injection orthotopique de cellules 4T1 Luc.
L’inhibition de I’activité de Racl par I’A4.1 aprés résection de la tumeur primaire a limité la
repousse tumorale ainsi que la fréquence d’apparition des métastases tout en améliorant la
survie des souris. Concernant I’effet de 1’utilisation de 1’A4.1 sur le systéme immunitaire nous
n’avons pas observé de modification de la formulation leucocytaire bien que Racl soit active
dans les lymphocytes infiltrants la tumeur.

L’utilisation de I’A4.1 dans ces deux mod¢les murins de cancer du sein n’a pas entrainé
de perte de poids chez les animaux, de modifications comportementales et aucun effet
secondaire n’a été observé. Ainsi I’inhibition de Racl par I’A4.1 permet de réduire la repousse
tumorale, limiter I’apparition des métastases et améliorer la survie sans effet délétére sur le
systtme immunitaire ou autres effets secondaires. Nous avons étudié 1’effet de 1’A4.1 sur la
repousse tumorale et la formation de métastases suite a une résection tumorale. Il serait
pertinent d’étudier également son effet sur la pousse de la tumeur primaire a partir d’une taille
détectable afin de déterminer si I’utilisation d’un inhibiteur de Rac1 lors de la détection précoce
de la tumeur aurait un effet bénéfique sur le développement de la pathologie et ainsi limiter sa
progression. Il serait également intéressant d’¢élucider le role de Racl dans les lymphocytes
infiltrants la tumeur afin de savoir si ces cellules ont un impact sur la prolifération des cellules

cancéreuses et donc la pousse tumorale.

L’ensemble de mes travaux de thése mettent en évidence le role clé de Racl dans
plusieurs contextes pathologiques ainsi que 1’intérét thérapeutique de limiter I’activité de cette
GTPase. En effet mes résultats montrent que la protéine Racl dans les CMLb régulent leur
contraction ainsi que leur prolifération via 1’activation de voie de signalisation dépendante de
STAT3. Ainsi dans le contexte de I’asthme sévere, la suractivation de Racl participe a ’'HRB
et a I’hyperplasie du muscle lisses caractéristique du remodelage des voies aériennes. La
nébulisation d’un inhibiteur de Racl permet de limiter le développement de cette pathologie en
influant sur ’'HRB, le remodelage des voies aériennes mais également I’inflammation. Ce qui
met en lumicre I’intérét thérapeutique de développer de nouveaux inhibiteurs de Racl pouvant

étre utilisés en clinique.
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Mes travaux de thése ont également permis 1’identification in silico et la caractérisation
ex vivo, in vitro et in vivo d’un nouvel inhibiteur spécifique de Rac, 1’A4.1, ayant un mécanisme
d’action innovant. Dans le contexte oncologique, 1’A4.1 est aujourd’hui la premiere molécule
a potentiel anti-métastatique et ayant une spécificité pour Rac ainsi qu’une efficacité permettant

d’envisager son utilisation en clinique.
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ANNEXES

Au cours de ma thése j’ai également participé a d’autres études menées au laboratoire
et notamment une étude portant sur le role de la GTPase Racl dans les CMLs vasculaires au

cours de I’hypertension artérielle pulmonaire.

Annexe 1: Smooth muscle Racl contributes to pulmonary hypertension
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Background and Purpose: Pulmonary hypertension (PH) is a multifactorial chronic
disease characterized by an increase in pulmonary artery (PA) resistance leading to
right ventricle (RV) failure. Endothelial dysfunction and alteration of NO/cGMP
signalling in PA plays a major role in PH. We recently described the involvement of
the Rho protein Rac1 in the control of systemic blood pressure through its involve-
ment in NO-mediated relaxation of arterial smooth muscle cell (SMC). The aim of this
study was to analyse the role of SMC Rac1 in PH.

Experimental Approach: PH is induced by exposure of control and SMC
Rac1-deficient (SM-Rac1-KO) mice to chronic hypoxia (10% O,, 4 weeks). PH is
assessed by the measurement of RV systolic pressure and hypertrophy. PA reactivity
is analysed by isometric tension measurements. PA remodelling is quantified by
immunofluorescence in lung sections and ROS are detected using the
dihydroethidium probe and electronic paramagnetic resonance analysis. Rac1 activity
is determined by immunofluorescence.

Key Results: Racl activation in PA of hypoxic mice and patients with idiopathic
PH. Hypoxia-induced rise in RV systolic pressure, RV hypertrophy and loss of
endothelium-dependent relaxation were significantly decreased in SM-Rac1-KO mice
compared to control mice. SMC Racl deletion also limited hypoxia-induced PA
remodelling and ROS production in pulmonary artery smooth muscle cells (PASMCs).
Conclusion and Implications: Our results provide evidence for a protective effect of
SM Rac1 deletion against hypoxic PH. Rac1 activity in PASMCs plays a causal role in
PH by favouring ROS-dependent PA remodelling and endothelial dysfunction
induced by chronic hypoxia.

KEYWORDS
pulmonary hypertension, Rac1, smooth muscle

1 | INTRODUCTION

Pulmonary arterial hypertension (PH) is a multifactorial and chronic
disease characterized by a progressive increase in pulmonary vascular
resistance and pulmonary arterial pressure that leads to right ventricle

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. British Joumal of Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.
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(RV) failure and death (Simonneau et al, 2019; Thenappan
et al, 2018). The increase in pulmonary vascular resistance results
from both excessive vasoconstriction and vascular wall remodelling,
which together lead to a narrowing of pulmonary arterial lumen.
Pulmonary artery (PA) wall remodelling is a hallmark of PH and is
characterized by structural changes including intimal cell proliferation,
medial hypertrophy and hyperplasia, enhanced muscularity of small
PA, adventitial thickening, fibrosis and complex and/or thrombotic
lesions over time (Humbert et al, 2004, 2019). Current treatments
such as phosphodiesterase 5 inhibitors, soluble guanylate cyclase
stimulators, endothelin receptor antagonists and activators of the
prostacyclin pathway aim at promoting vasodilation of PA (Sitbon
et al, 2019; Thenappan et al, 2018). Although these treatments
improve the 6-min-walk distance, haemodynamic parameters and the
quality of life of PH patients, with the exception of prostacydin, they
do not prolong survival. This suggests that targeting only vasocon-
striction is not sufficient to stop disease progression (Galié et al.,
2008, 2009; McLaughlin et al., 2002, 2015; Sitbon et al., 2002, 2019).

Vascular SMCs are strongly involved in PH through their role
in PA vasoconstricion but also in remodelling (Humbert
et al, 2019; Lyle et al, 2017) (Thenappan et al., 2018). Small G
proteins of the Rho family (RhoA, Racl and CDC42) are recognized
as major regulators of vascular smooth muscle cell (SMC) functions
such as contraction, proliferation and migration, thus participating
in the physiological regulation of blood pressure and remodelling.
Accordingly, dysregulation or overactivation of Rho proteins plays a
causal role in cardiovascular diseases (Loirand et al., 2013). In this
way, we have shown that vascular SMC Racl is a regulator of sys-
temic blood pressure through its involvement in nitric oxide (NO)-
mediated relaxation of systemic arterial SMCs and that alteration
of Racl signalling pathway can lead to high blood pressure (Andre
et al, 2014; Sauzeau et al, 2010). Since abnormalities in NO
production and metabolism, and NO-induced
contribute to the pathophysiology of PH (Humbert et al, 2019;
Watanabe, 2018), the aim of the present study was to assess the
role of Racl in the SMCs of PA and its involvement in PH devel-

vasodilation

opment. Our data show that Racl is activated in pulmonary artery
smooth muscle cell (PASMC) in a mouse model of PH induced by
chronic hypoxia and in lung samples from PH patients. By using
mice harbouring specific deletion of Racl in SMCs, we provide
evidence that this activation has a causal role in the development
of hypoxia-induced PH. Deletion of Racl in PASMCs limits
hypoxia-induced PH in mice by impeding reactive oxygen species
(ROS)-dependent PASMC proliferation and PA remodelling, and
endothelium dysfunction.

2 | METHODS

21 | Mice

All experimental procedures and animal care were performed in accor-
dance with the Regional Ethical Committee for Animal Experiments of

ok BRITISH
PHARMACOLOGICAL I 3419
SOCIETY

What is already known

e Pulmonary hypertension (PH) is characterized by an
increase in pulmonary artery resistance and endothelial
dysfunction.

e Racl regulates the systemic blood pressure through its
involvement in NO-mediated relaxation of smooth
muscle cell.

What this study adds

e Racl activation is observed in pulmonary arteries of
hypoxic mice and patients with idiopathic PH.

e Smooth muscle Racl deletion limited hypoxia-induced
pulmonary artery remodelling and ROS production.

What is the clinical significance

e Our results provide evidence for a protective effect of
Rac1 inhibition against hypoxic PH.

the Pays de la Loire (Authorization number 00909.01). Animal studies
are reported in compliance with the ARRIVE guidelines (Percie du Sert
et al., 2020) and with the recommendations made by the British Joumal
of Pharmacology (Lilley et al., 2020). Mice were housed in transparent
open-top cages (29.5 x 16 x 13 cm; five mice per cage) under a 12-h
light/dark cycle in a temperature-controlled and humidity-controlled
room with food and water available ad libitum. All in vivo studies were
carried out during the light phase of the cycle. Animal experiments
were designed to have groups of equal size using randomized and
blinded analysis. In some instance, however, group sizes were unequal
due to unexpected loss of animals while conducting the procedures.

C57BI/6  Racllox/lox (Racllox/lox, RRID:IMSR_NM-CKO-
200212) and SMMHC-Cre (RRID:IMSR_JAX:019079) mice were
crossed to produce SMMHC-Racllox/lox mice as previously
described (Andre et al., 2014). Considering that the SMMHC-Cre con-
struct is carried on the Y chromosome, only male mice were analysed
in this study. Eight-week-old SMMHC-Rac1'®'°* males were treated
with tamoxifen (intraperitoneally, 1 mg'd’1 in sunflower oil) for five
consecutive days during 2 weeks to induce Racl deletion in smooth
muscle cells (SM-Rac1-KO). Tamoxifen-treated Rac1'*/'** mice were
used as control (SM-Rac1'9¥/%).

22 | Hypoxia-induced pulmonary hypertensive
(PH) mice

To induce PH, mice were exposed to chronic hypoxia in a gaseous
hypoxic chamber providing nitrogen injection to obtain 10% O, for
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28 days (five mice per cage). Mice exposed to normoxia (21% O,) for
28 days were used as normoxic controls (five mice per cage).

2.3 | Rightand left ventricular systolic pressure
(RVSP and LVSP)

As previously described (Dumas de la Roque et al., 2017), RVSP and
LVSP were measured in non-ventilated mice under isoflurane anaes-
thesia. To maintain the body temperature, mice were maintained on a
heated blanket. At the end of the experimemt, mice were killed by
exsanguination. Mice were thoracotomized and a heparin-filled hypo-
dermic needle coupled to a polyethylene catheter was inserted in
subdiaphragmatic directly into the right or the left ventricle. RVSP and
LVSP were measured with a fluid-filled pressure sensor connected to
the Powerlab recording unit (AD Instruments, RRID:SCR_018833)
and recorded with the LabChart software (AD Instruments, RRID:
SCR_001620).

24 | Rightventricular (RV) hypertrophy
measurements

After exsanguination, the right ventricle (RV) was separated from
the left ventricle plus septum (LV + S). The RV/(LV + S) ratio (Fulton
index) was then determined from the tissue weight.

2.5 | Exvivo pulmonary artery (PA) reactivity

Murine PA were cleaned, cut in rings and mounted on a multichannel
isometric myograph (Danish Myo Technology, Aarhus, Denmark) in
Krebs-Henseleit physiological solution (in mol-L % 118.4 NaCl, 4.7
KCl, 2 CaCly, 1.2 MgSO,, 1.2 KH,PO,, 25 NaHCO3, and 11 glucose)
bubbled with carbogen (5% CO2-95% O, at 37°C. A pretension of
10 mN was applied. The wire myograph was connected to a digital
data recorder (MacLab/4e, AD Instruments, RRID:SCR_018833), and
recordings were analysed using LabChart software (AD Instruments,
RRID:SCR_0017551, version #7). Concentration-response curves to
KCL and endothelin-1 (ET-1) were obtained by measuring the
amplitude of the contractile responses to increasing concentration of
KCl (30 mmolL? to 110molL?), ET-1 (107 molL! to
10 ¢ mol-L %) or 5-HT (10 & mol-L * to 10 * mol-L %). Endothelium/
NO-dependent and independent relaxations were tested by adding
increasing concentrations of acetylcholine (ACh; 108 molL ™ to
104 molL™Y) or (SNAP;
10 molL™? to 10% molL™Y to rings pre-contracted by

S-nitroso-N-acetyl-p,L.-penicillamine

phenylephrine (PhE, 1 pmol-L %) and were quantified as the percent-
age of the maximal PhE-induced contraction.

2.6 | Lung tissue preparation

Mice lungs were fixed in 4% paraformaldehyde (PFA) for 48 h and
embedded into paraffin. These samples were then sliced in 7-pum-thick

sections. For immunofluorescence analyses and ROS detection assay,
mice lungs were placed into Tissue-Tek O.C.T. Compound (Sakura
Finetek) and snap-frozen in liquid nitrogen before the realization of
10-pm-thick sections. Human lung biopsies were fixed in 4% PFA and
embedded in paraffin. The Immuno-related procedures used comply
with the recommendations made by the British Journal of Pharmacol-
ogy (Alexander et al., 2018).

27 | Measurement of PA remodelling

Lung sections were stained by immunohistochemistry with anti-
SM22a antibody (Abcam, RRID:AB_443021) on haematoxylin and
eosin-stained sections for visualization of SMC. Sections were then
observed (fluorescence microscope, Nikon) and analysed (Fiji/ImageJ
RRID:SCR_002285 and RRID:SCR_003070). PA
muscularization was then quantified as the percentage of SM22a
positive distal PA (intra-alveolar vessels <100 pm) within the section.
Five-um-thick sections were analysed to calculate a mean value in
each animal. The percentage of medial thickness of muscularized
thickness/external

software,

PA was determined as
diameter) x 100].

[(2 x medial wall

28 | Human lung specimens

Human lung specimens were obtained during lung transplantation in
patients with idiopathic pulmonary arterial hypertension (iPAH) and
during lobectomy or pneumonectomy for localized lung cancer in con-
trol subjects. Preoperative echocardiological evaluation, including
echocardiography, was performed in the control subjects to rule out
PH, and the lung specimens from the control subjects were collected
at a distance from the tumour foci. The absence of tumoral infiltration
was retrospectively established in all tissue sections by the histopath-
ological analysis. This study was approved by the local ethics commit-
tee (CPP lle-de-France VII, Le Kremlin-Bicétre, France). All enrolled
patients gave written approval. As these biopsies are not easy to
obtain and in order to maintain homogeneous groups, we included
three samples in each group. Thus, no statistical analysis was
performed on this study.

29 | Analysis of Racl activity

Human pulmonary biopsies and lungs paraffin-embedded sections
were deparaffinized and permeabilized (PBS + 0.1% Triton-X100)
before incubation with anti-Rac-GTP antibody (NewEast Biosciences,
RRID:AB_1961793) (1/1000) ovemight at room temperature. After
three washes in PBS, sections were incubated for 1 h at room temper-
ature with the secondary Alexa568-labelled anti-rabbit antibody
(RRID:AB_10563566) (1/1000). Anti-SM22a antibody (Abcam)
(1/500, overnight at room temperature) with a secondary
Alexad88-labelled anti-mouse antibody (RRID:AB_138404) (1/1000,

188



DILASSER et AL

1 h at room temperature) were used to localize smooth muscle. To
quantify Rac-GTP levels within SMC, Rac-GTP fluorescence intensi-
ties were measured with Fiji (Fiji, RRID:SCR_002285) inside a mask
delimited by SM22a positive cell areas and normalized to the control
condition. To emphasize the specificity of Rac-GTP signal within SMC,
an intensity profile was realized on Fiji along the designated line. To
allow the comparison between them, each channel intensities was
normalized individually as follow: - lowest intensity level = 0 A.U. and
highest intensity level = 1 A.U.

2.10 | Cell culture

Pulmonary artery smooth muscle cells (PASMCs) were isolated from
PA of SM-Racl'®'°* mice. Tissues were cleaned manually and
digested for 1 h with collagenase Il (1 mg:ml~%, Worthington Bio-
chemical) at 37°C under agitation. Cells were cultured in Dulbecco
modified Eagle medium (Gibco) containing 10% FBS, 1 gL * glucose,
100 units-ml~* penicillin, and 100 pg-ml~* streptomycin at 37°C and
5% CO,. All experiments were performed between passages 1 and 3.

2.11 | ROS detection assay

For tissue ROS detection, cryosection (10 pm) of unfixed snap-frozen
lungs were incubated in 10-uM dihydroethidium (DHE, Invitrogen) for
30 min incubation at 37°C. Sections were then mounted with
Prolong™ Gold antifade reagent containing DAPI (Invitrogen). For
in vitro ROS detection, 6000 PASMCs per well were seeded into
8-well ibidi p-Slide (IbiTreat) and allowed to adhere during 6 h and
then serum starved during 24 h. When indicated, cells were
pre-incubated with 10> M of EHT1864 (Tocris Bioscience) or
1.5 mmol-L™? of tempol (Sigma-Aldrich) during 30 min. Cells were
placed in normoxic or hypoxic (1% O) conditions in a Heracell
150 incubator (Kendro) during 6 h. Then cells were incubated with
10 pmol-L* at 37°C for 15 min and fixed with 4% PFA for 10 min.
After fixation, cells were incubated with Hoescht to stain nuclei.
Images were captured with an inverted microscope (Nikon) in
epifluorescence. DAPI and Hoescht staining were detected at
405 nm, and oxidized DHE was detected at 555 nm. A threshold mask
removing the background signal was applied to allow the detection of
dihydroethidium positive cells.

212 | Superoxide ion measurement by electronic
paramagnetic resonance (EPR)

Mice lungs were incubated in a Krebs-Hepes solution with 500 uM of
1-hydroxy-3methoxycarbonyl-2,2,5,5-tetramethylpyrrolidin ~ (CMH;
Noxygen), 25-uM deferoxamine (Sigma-Aldrich) and 5-uM DETC
(Sigma-Aldrich) and frozen in liquid nitrogen. The samples were
analysed using a table-top x-band spectrometer Miniscope
(Magnettech, MS5000). The instrument settings and the modality of
signal quantification were previously described (Tesse et al., 2021).
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213 | Xanthine oxidase activity assay

Mice lungs were homogenized in 100-mM Tris-HC, pH 7.5,
containing 1x protease inhibitors (Sigma-Aldrich). Xanthine oxidase
activity was measured in the lungs with a fluorometric assay kit
(Cayman Chemical) according to manufacturer's instructions.

214 | RNA extraction and real-time PCR

Total RNA was extracted from the pulmonary arteries with TRIZOL
reagent (Life Technologies) according to the manufacturer's
instructions. One microgram of RNA was used for reverse
transcription with High-Capacity cDNA Reverse Transcription Kit (Life
Technologies). Real-time PCR using TagMan probes was performed in
7900HT Fast Real-Time PCR System (Applied Biosystems). The
expression of Hifla (item number Mm00468869_m1, ThermoFisher),
NOS3 (eNOS) (item number Mm00435217_m1, ThermoFisher), Nox1
(item number MmO00549170_m1, ThermoFisher), Cybb (Nox2)
(item number Mm01287743_m1, ThermoFisher), GAPDH (item
number Mm99999915 g1, ThermoFisher) and HPRT (item number
Mm03024075_m1, ThermoFisher) was analysed. Natural product
studies are reported in compliance with the recommendations made
by the British Journal of Pharmacology (Izzo et al., 2020).

215 | Pulmonary artery smooth muscle cells
(PASMCs) proliferation

Ten thousand PASMCs per well were seeded in 24-well plate and
allowed to adhere during 6 h and then serum-starved during 24 h.
When indicated, cells were pre-incubated with 10-5 mol-L !
of EHT1864 (Tocris Bioscience) or 1.5 mmol-L ! of tempol
(Sigma-Aldrich) during 30 min. Cells were placed in normoxia or
hypoxia (1% Oz) in a Heracell 150 incubator (Kendro) during 96 h, and
time-lapse images were captured for 96 h (1 image/15 min) on a
JuliStage microscope (NanoEntek, Seoul, Korea). The number of
dividing cells during this time was then counted.

216 | Statistics

Data and statistical analysis complied with the recommendations of
the British Journal of Pharmacology on experimental design and
analysis (Curtis et al., 2018). Data analysis was performed in a blinded
manner wherever possible. For multiple comparisons, the one-way
ANOVA test was used followed by Tukey's post-test to specifically
compare indicated groups. For multiple comparison of contractility
studies, the two-way ANOVA test was used followed by a Bonferroni
post-test. For two group comparisons, the Mann-Whitney test was
performed. Post hoc tests were conducted only if F in ANOVA
achieved P < 0.05. Sample size subjected to statistical analysis was
at least five animals per group (n = 5, where n is the number of
independent values). Data analysis was performed using the GraphPad
Prism software (GraphPad Prism, RRID:SCR_002798). The threshold
for statistical significance was set at P < 0.05.
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217 | Materials

5-HT, ACh, phenylephrine, 1-hydroxy-3methoxycarbonyl-2,-

2,5,5-tetramethylpyrrolidin (CMH) deferoxamine, DETC from Sigma
Aldrich Chimie S.a.r. 80 Rue de Luzais L' Isle St. Quentin Fallavier
Cedex 38297 France.

Tissue Tek from Sakura Finetek, 18 rue Hergé Parc Scientifique
de la Haute Borne 59650 Villeneuve d'Ascq. SM22a antibody from
Abcam, 24 rue Louis Blanc75010 PARISFRANCE. Rac-GTP antibody
from NewEast Biosciences, 1150 First Avenue, Suite 501A King of
Prussia, PA 19406 USA. Collagenase from Worthington, Worthington
Biochemical Corporation, 730 Vassar Ave., Lakewood, NJ 08701,
USA. Cell culture medium, Tirol, DHE and DAPI from Thermo Fisher,

(@)

SM22a

Rac-GTP

Life Technologies SAS16 Avenue du QuébecBP 30210, F - 91941
Courtaboeuf Cedex (Villebon-sur-Yvette). EHT1864 from Tocris, 19
Rue Louis Delourmel 35230 Noyal Chatillon sur SeicheFrance. CMH
from Noxygen, Lindenmatte 42,79215 Elzach, Germany.

218 | Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,
Christopoulos, et al., 2021; Alexander, Fabbro, et al., 2021).
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3 | RESULTS
3.1 | Racl contributes to pulmonary hypertension

(PH) development

We first assessed the level of Rac1 activation by immunofluorescence
with a conformational sensitive anti-Rac1-GTP antibody in lung
sections from normoxic and hypoxic mice. Rac1-GTP staining was
significantly increased in PA walls of hypoxic SM-Rac1®*'°% mice
compared to normoxic SM-Rac1'®/** mice, while in contrast,
Rac1-GTP fluorescence remained as weak as that of normoxic
SM-Rac1-KO mice in hypoxic SM-Rac1-KO mice (Figure 1a,b).
Rac1-GTP labelling co-localized with SM22« staining indicating that
the increased Rac1 activity observed in PA of hypoxic SM-Rac1'o¥/lex
mice occurred in PASMC (Figure 1a).

As expected, SM-Rac1'®1°% mice exposed to hypoxic condition
developed PH characterized by a strong elevation of RVSP and a right
ventricular remodelling attested by the increase in the Fulton index
(Figure 1c). Deletion of Racl in SMC reduced PH as shown by the
30% decrease in RVSP and the 60% decrease in right ventricular

hypertrophy in hypoxic SM-Rac1-KO mice compared to hypoxic
SM-Rac1'™/'** mice (Figure 1c). As previously described, SM-Rac1-KO
mice develop a systemic hypertension associated with an increase of
LVSP (Andre et al., 2014). Under hypoxic condition, the deletion of
Racl in SMC has no effect on LVSP. These results show that Rac1 is
activated in PASMC of hypoxic mice and contributes to the pathogen-
esis of PH.

3.2 | SM-Racl deletion has no effect on the
contractile properties of PA

To determine whether the involvement of Racl in PH was due to
its role in the modulation of the vascular tone (Andre et al., 2014),
we measured ex vivo contractile properties of PA from normoxic
and hypoxic SM-Rac1'®/'"* and SM-Rac1-KO mice. Contractile
responses of PA to KCl and ET-1 were similar in SM-Rac1'®¥/!o%
and SM-Rac1-KO mice both in normoxic and hypoxic conditions
(Figure 2). Contractile responses to 5-HT were increased in hypoxic
conditions compared to normoxia but were similar in SM-Rac1'®¥/!o%

and SM-Rac1-KO mice (Figure 2). Regarding vasodilation,
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ACh-induced NO-dependent relaxation was similar in PA from
normoxic SM-Rac1'®'®* and SM-Rac1-KO mice, suggesting that
Rac1l is not involved in NO-mediated relaxation of PASMC in basal
conditions (Figure 2). Chronic exposure of SM-Rac1'9¥/'** mice to
hypoxia decreased ACh-mediated relaxation of PA, attesting the
endothelium dysfunction known to be associated with hypoxic
PH. This defect in endothelium-derived NO-dependent relaxation is
not observed in PA from hypoxic SM-Rac1-KO mice, suggesting
that Racl in PASMC is involved in hypoxia-induced loss of NO-
induced PA dilation (Figure 2). To directly assess the role of Racl
in NO-signalling pathway in PASMC, we then used the NO donor
SNAP, which directly triggers guanylate cyclase activation, cyclic
GMP (cGMP) production and relaxation, independently of the
endothelium (Figure 2). Concentration-relaxation response curves to
SNAP were similar in PA from normoxic SM-Rac1'®'°* and
SM-Rac1-KO mice, confirming that Racl is not involved in cGMP
signalling-mediated relaxation of PASMC in basal
Chronic exposure to hypoxia did not modify the endothelium-
independent vasodilator effect of SNAP, both in SM-Rac1'9/!°* and
SM-Rac1-KO mice (Figure 2). These results indicate that Racl in
PASMC intracellular signalling
mechanisms inducing contraction nor in ¢cGMP signalling mediating
NO-dependent relaxation. However, they show that PASMC Racl
in endothelium/NO-

conditions.

is neither involved neither in

deletion prevents hypoxia-induced defect

(a)

Normoxia

Hypoxia

SM-Rac1lox/1ox

dependent relaxation suggesting a role of PASMC Racl upstream
in the effect of NO on PASMC.

3.3 | Raclis required for hypoxia-induced PA
remodelling

To assess the role of Racl in hypoxia-induced PA remodelling,
muscularization of small PA has been analysed on lung sections by
immunohistochemical labelling with an antibody that recognizes the
SMC phenotypic marker SM22a. SM22a staining was weak in lung
sections from normoxic SM-Rac1'®®* and SM-Rac1-KO mice
(Figure 3). Exposure to chronic hypoxia increased the number and the
thickness of muscularized distal PA in SM-Rac1'“'°¢ mice but only
had very limited effect on PA wall structure in SM-Rac1-KO mice
(Figure 3). These observations suggest an essential role of SM Racl in
PA remodelling associated with hypoxia-induced PH.

34 | Raclis essential for hypoxia-induced ROS
production in the lung

Rac1l is well known for its essential role in ROS production through
the regulation of NADPH oxidase activity (Hordijk, 2006) and ROS
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stimulate SMC proliferation (Li et al., 2014; Wang et al., 2014; Wang
& Sun, 2010). In addition, lung ROS levels are increased in chronically
hypoxic mice (Fresquet et al., 2006; Liu et al., 2006). We thus hypoth-
esize that the role of Racl in PA remodelling in hypoxic PH can be
related to ROS production. To address this hypothesis, we measured
ROS production by dihydroethidium staining in lung cryosections from
normoxic and hypoxic SM-Rac1'®/'** and SM-Rac1-KO mice.
Dihydroethidium labelling was similarly weak in both normoxic
SM-Rac1'9'** and SM-Rac1-KO mice indicating a low ROS produc-
tion (Figure 4). The strong rise in dihydroethidium staining in hypoxic
SM-Rac1'™/'* mice demonstrated an increase in ROS production
detection in both PA and lung parenchyma (Figure 4a,b). This hypoxia-
induced stimulation of ROS production was significantly reduced in
PA and marginally decreased in the lung parenchyma of hypoxic
SM-Rac1-KO mice (Figure 4a,b). These observations were confirmed
by electronic paramagnetic resonance, demonstrating that Racl

P
)

Normoxia

FIGURE 4 Smooth muscle Racl
deletion prevents hypoxia-induced ROS
production in pulmonary artery (PA) and
pulmonary artery smooth muscle cell
(PASMC) proliferation. (a) Representative
images of dihydroethidium (DHE) staining
of lung sections from SM-Rac1'®/'** and
SM-Rac1-KO mice exposed for 4 weeks
to normoxia or hypoxia. Scale

bar = 20 pm. L, lumen; P, parenchyma; *

SM-Rac1-KO SM-Rac1/o¥/10x

B ) o _| 2425
deletion in SMC prevents hypoxia-induced superoxide ion (O,)
overproduction in lungs (Figure 4c). This result is not related to a
significant modification in xanthine oxidase activity (Figure 4c) or
expression of major drivers of ROS production such as NOX1, NOX2,
eNOS (NOS3) and HIFla (Figure 4d). These results suggest that
PASMC Rac1 plays a critical and a direct role in hypoxia-induced ROS
production in the lungs.

3.5 | Raclis required for hypoxia induced PASMC
proliferation

We next wanted to investigate the role of Racl in ROS production
and PASMC proliferation by a pharmacological approach in vitro. As
shown in Figure 4e, hypoxia induced increased ROS production and
PASMC proliferation, both of which were suppressed by Racl
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(e) Representative images of DHE (red)
and DAPI (blue) staining of PASMCs
cultured in normoxic or hypoxic condition,
and quantification of DHE positive cells
and PASMCs proliferation. When
indicated, cells were treated with
EHT1864 (10 > M) or 1.5-mM tempol.
Scale bar = 10 pm. Data are expressed as
mean + SEM. *P < 0.05
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inhibition of by EHT1864 or the antioxidant tempol. These results
revealed that hypoxia-induced ROS production and the resulting
ROS-mediated PASMC proliferation depend on Rac1.

3.6 | Raclisoveractivated in PA of idiopathic
pulmonary arterial hypertension (iPAH) patients

In order to assess whether SMC Rac1 may play a role similar to that
observed in mice in the pathogenesis of PH in humans, we performed
Rac1-GTP immunostaining in lungs specimens from PH patients
(Figure 5). As expected, immunostaining of PASMC by the anti-
SM22« antibody shows the thickening of the medial layers of the PA
in explanted lungs from iPAH patients compared to control samples
(Figure 5a). The weak Racl-GTP immunostaining in control lung
samples indicated a low level of active Racl in these subjects.
In contrast, the strong fluorescence intensity of Rac1-GTP observed
in iPAH patient samples showed that PH is associated with a strong
Rac1 activity in the PA (Figure 5a,b). Analysis of the spatial profile of
fluorescence intensities revealed that active Racl is specifically
localized in PASMC, in agreement with our observation in the experi-
mental model of PH in mice (Figure 5c).

(a) Elastin SM22a

Control

iPAH

4 | DISCUSSION

Our study demonstrates an increase in Racl activity in human and
murine PASMCs during PH. The specific deletion of Racl in SMC
limits the rise in RSVP and PA remodelling induced by chronic
hypoxia, suggesting a causal role of SM Rac1 activity in the develop-
ment of PH. Our results thus show that, in contrast to systemic
circulation (Andre et al., 2014; Sauzeau et al., 2010), SM Rac1 is not
involved in the contraction or the relaxation of PASMCs, but that its
role in PH is mediated by an increase in ROS production and prolifera-
tion of PASMCs.

Studies on the identification of the role of Racl in SMCs have
produced conflicting results (Loirand & Pacaud, 2014). Indeed, in the
vascular system, Rac1 is described to promote relaxation by regulating
c¢GMP level in SMCs (Andre et al., 2014; Sauzeau et al., 2010) while it
is involved in the contraction of visceral and bronchial SMCs
(Andre-Gregoire et al., 2018; Rahman et al., 2014). These discrepan-
cies suggest that the role of Rac1 depends on the type or tissue/organ
location of SMCs and cannot be generalized to all SMCs. In the same
line, we show in the present study that the role of Rac1 in PASMC is
different from that in systemic arteries. In PA, SM Rac1 deletion has
no direct effect on vasoconstriction or vasodilation. However, SM
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FIGURE 5 Racl is overactivated in pulmonary artery (PA) of idiopathic pulmonary arterial hypertension (iPAH) patients. (a) Representative

confocal images of Rac-GTP immunofluorescence (blue) in cryosections of lung from control and iPAH patients. Arteries was detected by elastin
autofluorescence (red), smooth muscle by SM22a immunofluorescence (green), and Rac1 activity by Rac-GTP immunofluorescence (blue). Scale
bar = 80 pm. (b) Quantification of smooth muscle (SM) layer thickness and Rac1 activity (Rac-GTP labelling fluorescence intensity) in lung
sections from control and iPAH patients. (c) Magnification corresponding to the white square in (a) and spatial profile of fluorescence intensity for
indicated fluorescence channels for the white line positioned on the image. Data are expressed as mean + SEM
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Racl deletion improves endothelial-dependent PA vasodilation in
mice exposed to chronic hypoxia, without having an effect on the
dilation induced by a NO-donor (SNAP), suggesting a role of PASMC
Racl upstream to the effect of endothelial NO on PASMC.
Endothelial dysfunction in PA, characterized by impaired synthesis
and/or bioactivity of endothelium-derived NO and a decrease in
endothelium-dependent relaxation is recognized as a key event and a
common feature of all types of PH, including hypoxic PH (Budhiraja
et al., 2004; Hampl & Herget, 2000). This endothelial dysfunction has
been ascribed, at least in part, to elevated level of NOX-derived ROS
in experimental model of PH (Fresquet et al., 2006; Knock, 2019), in
agreement with the increase in plasma oxidative stress biomarkers in
PH patients (Reis et al., 2013). High levels of superoxide anion (O, )
favour its interaction with NO to produce peroxynitrite (ONOO "),
thus decreasing NO (Boota et al., 1996; Fresquet et al., 2006). Oxida-
tive stress has become recognized as a central player in the underlying
pathophysiology of PH and antioxidants or drugs that target specific
sources of ROS, such as NOX, have been suggested as potential
therapies for PH (Knock, 2019).

NOX1 and NOX2 are both expressed in PA, and NOX1- and
NOX2-derived ROS have been shown to participate to PH in
experimental animal models and in humans (Yan et al., 2020). NOX1
or NOX2 knockout in mice suppresses the increased right ventricular
systolic pressure and prevents the right ventricular hypertrophy and
vascular remodelling induced by chronic hypoxia (Hanna et al., 2004;
Liu et al., 2006; Nisbet et al., 2009). Full activation of NOX1 or NOX2
allowing sustained long-lasting increase in ROS production is depen-
dent on the recruitment of active Racl (or Rac2) that completes the
assembly of the holoenzyme (Knock, 2019). Our results showing that
chronic hypoxia-induced ROS production in the lungs is prevented in
SM-Rac1-KO mice. This supports a major role of PASMC NOX1 and
NOX2 in the generation of deleterious ROS in PH and demonstrate
in vivo the essential role of Rac1 in the production of ROS by NOX1
and NOX2 without modification of their expression. They also prove
the SMC origin of the ROS responsible for endothelial dysfunction,
PASMCs proliferation and PA wall remodelling in hypoxic PH.
As previously demonstrated in vitro (Diebold et al., 2008, 2010; Patil
et al., 2004), Racl-dependent ROS production in PASMCs is directly
stimulated by hypoxia suggesting that chronic hypoxia in mice may be
the trigger for Rac1 activation and Rac1-mediated stimulation of NOX
involved in vivo in pulmonary vascular remodelling associated to
hypoxic PH. However, besides hypoxia, vasoconstrictors and other
receptor ligands such as 5-HT, ET-1 or EGF involved in PH and known
to activate NOXs (Knock, 2019) are also described as Rac1 activators.
This suggests that the involvement of Rac1 in NOX/ROS signalling in
the pathogenesis of PH may not be limited to hypoxic PH but can be
common to all types of PH. This is supported by the increase in Racl
activity observed in PA of iPAH patients.

In conclusion, our study provides evidence that Rac1 activation in
PASMC participates in the pathophysiology of PH by causing
endothelial dysfunction and PASMC proliferation through increased
production of ROS. In addition, it has been demonstrated that Rac1 in
endothelial cells (Sun et al.,, 2020; Taraseviciene-Stewart et al., 2006;

LT BRITISH
& PHARMACOLOGICAL I 3427
ALY SocieTy

Yu et al., 2012), or in pulmonary artery fibroblasts (Zhang et al., 2020)
plays a role in the development of pulmonary hypertension,
supporting the idea that pharmacological inhibition of Racl may
restrict disease progression and improve clinical outcomes of PH
patients. To validate the therapeutic interest to inhibit Racl activity in
PH, it will be necessary to develop specific and potent Raclinhibitors
suitable for in vivo analyses.

ACKNOWLEDGEMENTS

The authors thank Morgane Rousselle (I'institut du thorax) for expert
technical assistance. We also value the support provided by the
animal facility units of the University of Nantes. We thank Therassay,
Micropicell and Cytocell core facilities (SFR Francois Bonamy,
University of Nantes) for the functional and cellular explorations.

This work was supported by grants from the Institut de Recherche
en Santé Respiratoire des Pays de la Loire (STARac and NARACAS
projects) and the Institut National de la Santé et de la Recherche
Médicale (INSERM). LR was supported by a grant from MRES. FD was
supported by a grant from Fondation pour la Recherche Médicale.

AUTHOR CONTRIBUTIONS

C.G, G.L. and VS. were responsible for the conception and design.
F.D., MR, LR, AT. and V.S. were responsible for the experimenta-
tion. G.L. and V.S. were responsible for the analysis and interpretation.
F.D. G.L. and V.S. were responsible for drafting the manuscript.

CONFLICT OF INTEREST
The authors have reported that they have no relationships with
industry relevant to the contents of this paper to disclose.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC
RIGOUR

This Declaration acknowledges that this paper adheres to the
principles for transparent reporting and scientific rigour of preclinical
research as stated in the British Journal of Pharmacology guidelines for
Design and Analysis, Immunoblotting and Immunochemistry and
Animal Experimentation, and as recommended by funding agencies,
publishers and other organizations engaged with supporting research.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the
corresponding author upon reasonable request. Some data may not
be made available because of privacy or ethical restrictions.

ORCID
Christophe Guignabert "= https://orcid.org/0000-0002-8545-4452

Vincent Sauzeau = https://orcid.org/0000-0002-6187-0312

REFERENCES

Alexander, S. P., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A.,
Peters, J. A, Veale, E. L., Armstrong, J. F., Faccenda, E., Harding, S. D.,
Pawson, A. J., Southan, C. Davies, J. A, Abbracchio, M. P,
Alexander, W., Al-hosaini, K., Back, M., Barnes, N. M., Bathgate, R, ...

195



FGr, BRITISH
3428 (CHEY) PHARMACOLOGICAL,
SOCIETY

DILASSER et AL.

Ye, R. D. (2021). The Concise Guide to PHARMACOLOGY 2021/22:
G protein-coupled receptors. British Journal of Pharmacology, 178(S1),
§27-5156. https://doi.org/10.1111/bph.15538

Alexander, S. P., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A, Veale, E. L.,
Armstrong, J. F, Faccenda, E, Harding, S. D. Pawson, A. J,
Southan, C., Davies, J. A.,, Boison, D., Burns, K. E., Dessauer, C.,
Gertsch, J., Helsby, N. A, lzzo, A. A, Koesling, D., ... Wong, S. S.
(2021). The Concise Guide to PHARMACOLOGY 2021/22: Enzymes.
British Journal of Pharmacology, 178(S1), S313-5411. https://doi.org/
10.1111/bph.15542

Alexander, S. P. H., Roberts, R. E., Broughton, B. R. S., Sobey, C. G,
George, C. H., Stanford, S. C., Cirino, G, Docherty, J. R,
Giembycz, M. A., Hoyer, D., Insel, P. A, lzzo, A. A, Ji, Y,
MacEwan, D. J., Mangum, J., Wonnacott, S., & Ahluwalia, A. (2018).
Goals and practicalities of immunoblotting and immunohistochemistry:
A guide for submission to the British Journal of Pharmacology. British
Journal of Pharmacology, 175, 407-411. https://doi.org/10.1111/bph.
14112

Andre, G., Sandoval, J. E., Retailleau, K., Loufrani, L., Toumaniantz, G.,
Offermanns, S., Rolli-Derkinderen, M., Loirand, G., & Sauzeau, V.
(2014). Smooth muscle specific Rac1 deficiency induces hypertension
by preventing p116RIP3-dependent RhoA inhibition. Journal of the
American Heart Association, 3, e€000852.

Andre-Gregoire, G., Dilasser, F., Chesne, J., Braza, F., Magnan, A,
Loirand, G., & Sauzeau, V. (2018). Targeting of Racl prevents
bronchoconstriction and airway hyperresponsiveness. The Journal of
Allergy and Clinical Immunology, 142(824-833), e823.

Boota, A, Zar, H., Kim, Y. M., Johnson, B., Pitt, B., & Davies, P. (1996). IL-1
beta stimulates superoxide and delayed peroxynitrite production by
pulmonary vascular smooth muscle cells. The American Journal of
Physiology, 271, L932-L938.

Budhiraja, R., Tuder, R. M, & Hassoun, P. M. (2004). Endothelial
dysfunction in pulmonary hypertension. Circulation, 109(2), 159-165.
https://doi.org/10.1161/01.CIR.0000102381.57477.50

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R, George, C. H.,
Giembycz, M. A,, Hoyer, D., Insel, P. A,, Izzo, A. A., Ji, Y., MacEwan, D.
J., Sobey, C. G, Stanford, S. C., Teixeira, M. M., Wonnacott, S., &
Ahluwalia, A. (2018). Experimental design and analysis and their
reporting |l: Updated and simplified guidance for authors and peer
reviewers. British Journal of Pharmacology, 175(7), 987-993. https://
doi.org/10.1111/bph.14153

Diebold, 1., Djordjevic, T., Hess, J., & Gorlach, A. (2008). Rac-1 promotes
pulmonary artery smooth muscle cell proliferation by upregulation of
plasminogen activator inhibitor-1: Role of NFkappaB-dependent
hypoxia-inducible factor-1alpha transcription. Thrombosis and
Haemostasis, 100, 1021-1028. https://doi.org/10.1160/TH08-07-
0473

Diebold, I, Petry, A, Djordjevic, T., Belaiba, R. S., Fineman, J., Black, S.,
Schreiber, C., Fratz, S., Hess, J., Kietzmann, T., & Goérlach, A. (2010).
Reciprocal regulation of Racl and PAK-1 by HIF-1alpha: A positive-
feedback loop promoting pulmonary vascular remodeling. Antioxidants
& Redox Signaling, 13, 399-412. https://doi.org/10.1089/ars.2009.
3013

Dumas de la Roque, E., Smeralda, G., Quignard, J. F., Freund-Michel, V.,
Courtois, A., Marthan, R, Muller, B., Guibert, C., & Dubois, M.
(2017). Altered vasoreactivity in neonatal rats with pulmonary
hypertension  associated with  bronchopulmonary  dysplasia:
Implication of both eNOS phosphorylation and calcium signaling.
PLoS ONE, 12, e0173044. https://doi.org/10.1371/journal.pone.
0173044

Fresquet, F., Pourageaud, F., Leblais, V., Brandes, R. P., Savineau, J. P.,
Marthan, R., & Muller, B. (2006). Role of reactive oxygen species and
gp91phox in endothelial dysfunction of pulmonary arteries induced by
chronic hypoxia. British Journal of Pharmacology, 148, 714-723.
https://doi.org/10.1038/sj.bjp.0706779

Galie, N., Brundage, B. H., Ghofrani, H. A., Oudiz, R. J., Simonneau, G.,
Safdar, Z., Shapiro, S., White, R. J., Chan, M., Beardsworth, A,
Frumkin, L., & Barst, R. J. (2009). Tadalafil therapy for pulmonary arte-
rial hypertension. Circulation, 119, 2894-2903. https://doi.org/10.
1161/CIRCULATIONAHA.108.839274

Galie, N., Rubin, L., Hoeper, M., Jansa, P., al-Hiti, H., Meyer, G., Chiossi, E.,
Kusic-Pajic, A, & Simonneau, G. (2008). Treatment of patients with
mildly symptomatic pulmonary arterial hypertension with bosentan
(EARLY study): A double-blind, randomised controlled trial. Lancet,
371, 2093-2100. https://doi.org/10.1016/50140-6736(08)60919-8

Hampl, V., & Herget, J. (2000). Role of nitric oxide in the pathogenesis
of chronic pulmonary hypertension. Physiological Reviews, 80(4),
1337-1372. https://doi.org/10.1152/physrev.2000.80.4.1337

Hanna, I. R., Hilenski, L. L., Dikalova, A., Taniyama, Y., Dikalov, S., Lyle, A.,
Quinn, M. T., Lasségue, B., & Griendling, K. K. (2004). Functional asso-
ciation of nox1 with p22phox in vascular smooth muscle cells. Free
Radical Biology & Medicine, 37, 1542-1549. https://doi.org/10.1016/j.
freeradbiomed.2004.08.011

Hordijk, P. L. (2006). Regulation of NADPH oxidases: The role of Rac
proteins. Circulation Research, 98, 453-462. https://doi.org/10.1161/
01.RES.0000204727.46710.5e

Humbert, M., Guignabert, C., Bonnet, S., Dorfmiiller, P., Klinger, J. R,
Nicolls, M. R, Olschewski, A. J., Pullamsetti, S. S., Schermuly, R. T.,
Stenmark, K. R., & Rabinovitch, M. (2019). Pathology and pathobiology
of pulmonary hypertension: State of the art and research perspectives.
The European Respiratory Journal, 53, 1801887. https://doi.org/10.
1183/13993003.01887-2018

Humbert, M., Morrell, N. W., Archer, S. L., Stenmark, K. R., MacLean, M. R,,
Lang, I. M., Christman, B. W., Weir, E. K., Eickelberg, O., Voelkel, N. F.,
& Rabinovitch, M. (2004). Cellular and molecular pathobiology of
pulmonary arterial hypertension. Journal of the American College of
Cardiology, 43, S13-524. https://doi.org/10.1016/j.jacc.2004.02.029

|zzo, A. A, Teixeira, M., Alexander, S. P., Cirino, G., Docherty, J. R,
George, C. H., Insel, P. A, Ji, Y., Kendall, D. A, Panattieri, R. A,
Sobey, C. G. Stanford, S. C., Stefanska, B. Stephens, G., &
Ahluwalia, A. (2020). A practical guide for transparent reporting of
research on natural products in the British Journal of Pharmacology:
Reproducibility of natural product research. British Journal of Pharma-
cology, 177(10), 2169-2178. https://doi.org/10.1111/bph.15054

Knock, G. A. (2019). NADPH oxidase in the vasculature: Expression,
regulation and signalling pathways; role in normal cardiovascular
physiology and its dysregulation in hypertension. Free Radical Biology
& Medicine, 145, 385-427. https://doi.org/10.1016/j.freeradbiomed.
2019.09.029

Li, Q. Qiu, Y., Mao, M., Lv, J,, Zhang, L., Li, S., Li, X, & Zheng, X. (2014).
Antioxidant mechanism of Rutin on hypoxia-induced pulmonary arte-
rial cell proliferation. Molecules, 19, 19036-19049. https://doi.org/10.
3390/molecules191119036

Lilley, E, Stanford, S. C., Kendall, D. E., Alexander, S. P., Cirino, G,
Docherty, J. R, George, C. H, Insel, P. A, lzzo, A. A, Ji, Y,
Panettieri, R. A., Sobey, C. G., Stefanska, B., Stephens, G., Teixeira, M.,
& Ahluwalia, A. (2020). ARRIVE 2.0 and the British Journal of Pharma-
cology: Updated guidance for 2020. British Journal of Pharmacology,
177(16), 3611-3616. https://doi.org/10.1111/bph.15178

Liu, J. Q., Zelko, . N., Erbynn, E. M., Sham, J. S., & Folz, R. J. (2006). Hyp-
oxic pulmonary hypertension: Role of superoxide and NADPH oxidase
(gp91phox). American Journal of Physiology. Lung Cellular and Molecular
Physiology, 290, L2-L10. https://doi.org/10.1152/ajplung.00135.2005

Loirand, G., & Pacaud, P. (2014). Involvement of Rho GTPases and their
regulators in the pathogenesis of hypertension. Small GTPases, 5,
1-10. https://doi.org/10.4161/sgtp.28846

Loirand, G., Sauzeau, V., & Pacaud, P. (2013). Small G proteins in the
cardiovascular system: Physiological and pathological aspects.
Physiological Reviews, 93, 1659-1720. https://doi.org/10.1152/
physrev.00021.2012

196



DILASSER et AL

Lyle, M. A,, Davis, J. P., & Brozovich, F. V. (2017). Regulation of pulmonary
vascular smooth muscle contractility in pulmonary arterial hyperten-
sion: Implications for therapy. Frontiers in Physiology, 8, 614. https://
doi.org/10.3389/fphys.2017.00614

Mclaughlin, V. V., Shah, S. J,, Souza, R,, & Humbert, M. (2015). Manage-
ment of pulmonary arterial hypertension. Journal of the American
College of Cardiology, 65, 1976-1997. https://doi.org/10.1016/jjacc.
2015.03.540

Mclaughlin, V. V., Shillington, A, & Rich, S. (2002). Survival in primary
pulmonary hypertension: The impact of epoprostenol therapy.
Circulation, 106, 1477-1482. https://doi.org/10.1161/01.CIR.
0000029100.82385.58

Nisbet, R. E., Graves, A. S., Kleinhenz, D. J., Rupnow, H. L, Reed, A. L.,
Fan, T. H,, Mitchell, P. O., Sutliff, R. L., & Hart, C. M. (2009). The role
of NADPH oxidase in chronic intermittent hypoxia-induced pulmonary
hypertension in mice. American Journal of Respiratory Cell and Molecu-
lar Biology, 40, 601-609. https://doi.org/10.1165/2008-01450C

Patil, S., Bunderson, M., Wilham, J., & Black, S. M. (2004). Important role
for Racl in regulating reactive oxygen species generation and
pulmonary arterial smooth muscle cell growth. American Journal of
Physiology. Lung Cellular and Molecular Physiology, 287, L1314-1L1322.
https://doi.org/10.1152/ajplung.00383.2003

Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M.,
Browne, W. J.,, Clark, A, Cuthill, I. C., Dimagl, U, Emerson, M.,
Garner, P., Holgate, S. T., Howells, D. W., Karp, N. A, Lazic, S. E,,
Lidster, K., MacCallum, C. J., Macleod, M., ... Wirbel, H. (2020). The
ARRIVE guidelines 2.0: updated guidelines for reporting animal
research. PLoS Biology, 18(7), e3000410. https://doi.org/10.1371/
journal.pbio.3000410

Rahman, A., Davis, B., Lovdahl, C., Hanumaiah, V. T., Feil, R,
Brakebusch, C., & Amer, A. (2014). The small GTPase Rac1 is required
for smooth muscle contraction. The Journal of Physiology, 592,
915-926. https://doi.org/10.1113/jphysiol.2013.262998

Reis, G. S. Augusto, V. S. Silveira, A. P., Jordao, A. A Jr,
Baddini-Martinez, J., Neto, O. P., Rodrigues, A. J., & Evora, P. R. B.
(2013). Oxidative-stress biomarkers in patients with pulmonary
hypertension. Pulmonary Circulation, 3, 856-861. https://doi.org/10.
1086/674764

Sauzeau, V., Sevilla, M. A, Montero, M. J., & Bustelo, X. R. (2010). The
Rho/Rac exchange factor Vav2 controls nitric oxide-dependent
responses in mouse vascular smooth muscle cells. The Joumnal of
Clinical Investigation, 120, 315-330. https://doi.org/10.1172/
JCI38356

Simonneau, G., Montani, D., Celermajer, D. S. Denton, C. P,
Gatzoulis, M. A, Krowka, M., Williams, P. G., & Souza, R. (2019).
Haemodynamic definitions and updated clinical classification of
pulmonary hypertension. The European Respiratory Joumal, 53,
1801913. https://doi.org/10.1183/13993003.01913-2018

Sitbon, O., Gomberg-Maitland, M., Granton, J., Lewis, M. ., Mathai, S. C.,
Rainisio, M., Stockbridge, N. L., Wilkins, M. R, Zamanian, R. T., &
Rubin, L. J. (2019). Clinical trial design and new therapies for pulmo-
nary arterial hypertension. The European Respiratory Joumal, 53,
1801908. https://doi.org/10.1183/13993003.01908-2018

Sitbon, O., Humbert, M., & Simonneau, G. (2002). Primary pulmonary
hypertension: Current therapy. Progress in Cardiovascular Diseases, 45,
115-128. https://doi.org/10.1053/pcad.2002.128449

LTk BRITISH
{ Prsmacowocica_ | 3429
SOCIETY

Sun, X, Lu, Q, Yegambaram, M. Kumar, S, Qu, N., Srivastava, A,
Wang, T., Fineman, J. R, & Black, S. M. (2020). TGF-betal attenuates
mitochondrial bioenergetics in pulmonary arterial endothelial cells via
the disruption of camitine homeostasis. Redox Biology, 36, 101593.
https://doi.org/10.1016/j.redox.2020.101593

Taraseviciene-Stewart, L., Scerbavicius, R., Choe, K. H., Cool, C., Wood, K.,
Tuder, R. M., Bums, N., Kasper, M., & Voelkel, N. F. (2006). Simvastatin
causes endothelial cell apoptosis and attenuates severe pulmonary
hypertension. American Journal of Physiology. Lung Cellular and Molecu-
lar Physiology, 291, L668-L676. https://doi.org/10.1152/ajplung.
00491.2005

Tesse, A., Gena, P., Rutzler, M., & Calamita, G. (2021). Ablation of
aquaporin-9 ameliorates the systemic inflammatory response of
LPS-induced endotoxic shock in mouse. Cell, 10(2), 435. https://doi.
org/10.3390/cells10020435

Thenappan, T., Ormiston, M. L., Ryan, J. J., & Archer, S. L. (2018). Pulmo-
nary arterial hypertension: Pathogenesis and clinical management.
BMJ, 360, j5492.

Wang, X., & Sun, Z. (2010). Thyroid hormone induces artery smooth
muscle cell proliferation: Discovery of a new TRalphal-Nox1 pathway.
Journal of Cellular and Molecular Medicine, 14, 368-380. https://doi.
org/10.1111/j.1582-4934.2008.00489.x

Wang, Y., Ji, L., Jiang, R, Zheng, L., & Liu, D. (2014). Oxidized high-density
lipoprotein induces the proliferation and migration of vascular smooth
muscle cells by promoting the production of ROS. Journal of Athero-
sclerosis and Thrombosis, 21, 204-216. https://doi.org/10.5551/jat.
19448

Watanabe, H. (2018). Treatment selection in pulmonary arterial hyperten-
sion: Phosphodiesterase type 5 inhibitors versus soluble guanylate
cyclase stimulator. European Cardiology, 13, 35-37. https://doi.org/10.
15420/ecr.2017:22:2

Yan, S., Resta, T. C., & Jernigan, N. L. (2020). Vasoconstrictor mechanisms
in chronic hypoxia-induced pulmonary hypertension: Role of oxidant
signaling. Antioxidants (Basel, Switzerland), 9(10), 999. https://doi.org/
10.3390/antiox9100999

Yu, M., Gong, D., Lim, M., Arutyunyan, A., Groffen, J., & Heisterkamp, N.
(2012). Lack of bcr and abr promotes hypoxia-induced pulmonary
hypertension in mice. PLoS ONE, 7, e49756. https://doi.org/10.1371/
journal.pone.0049756

Zhang, S., Yin, Z, Qin, W., Ma, X, Zhang, Y., Liu, E., & Chu, Y. (2020).
Pirfenidone inhibits hypoxic pulmonary hypertension through the
NADPH/ROS/p38 pathway in adventitial fibroblasts in the pulmonary
artery. Mediators of Inflammation, 2020, 2604967.

How to cite this article: Dilasser, F., Rio, M., Rose, L., Tesse,
A., Guignabert, C., Loirand, G., & Sauzeau, V. (2022). Smooth
muscle Rac1 contributes to pulmonary hypertension. British
Joumal of Pharmacology, 179(13), 3418-3429. https://doi.org/
10.1111/bph.15805

197



D
B
L

OCTORAT
RETAGNE
OIRE

INl Nantes
W Université

Identification et caractérisation d’'un nouvel inhibiteur de Rac1 a visée

thérapeutique : implication en physiopathologies bronchiques et oncologie

Mots clés : Racl, cellules musculaires lisses, asthme, cancer du sein, métastases, inhibiteur

Résumé : La GTPase Racl régule de hombreux
processus cellulaires essentiels tels que la
migration, la contraction et la prolifération. Une
modification de son expression et/ou de son
activité est associée a de nombreuses pathologies
notamment cardiovasculaires. La premiere partie
de ma thése a consisté a déterminer le role de
Racl dans les cellules musculaires lisses
bronchiques (CMLb) au cours de I'asthme sévére.
Par différentes approches in vivo et in vitro, j’ai mis
en évidence le rOle clé de Racl dans la contraction
et la prolifération des CMLb. Mes résultats
montrent une suractivation de Racl dans un
modéle murin d’asthme allergique sévére. Cette
hyperactivité de Rac1 contribue a I'hyperréactivité
bronchique et au remodelage des voies aériennes.
Ces résultats démontrent le réle de Racl dans
'asthme sévére.

La seconde partie de ma thése a consisté a
développer et a caractériser un nouvel inhibiteur
de Rac1. L'analyse de la structure dynamique de
Racl a permis de définir un pharmacophore
original. Une approche de screening in silico, de
tests in vitro et ex vivo ont permis d’identifier un
nouvel inhibiteur de Rac1, [I'A41. La
caractérisation de cette molécule a démontré que
'A41 est le premier inhibiteur spécifique de Rac,
réversible et compétitif du GTP. Racl étant un
acteur majeur dans la tumorigenése, lintérét
thérapeutique de I'A41 a été évalué dans un
modéle de cancer du sein triple négatif. Mes
résultats montrent qu’un traitement chronique a
'A41 permet de réduire la formation de
métastases et d’améliorer la survie des animaux.
Ces résultats démontrent I'efficacité
thérapeutique de ce nouvel inhibiteur de Racl.

Identification and characterization of a new Racl inhibitor for therapeutic purposes:

implication in bronchial physiopathologies and oncology

Keywords : Racl, smooth muscle cells, asthma, breast cancer, metastases, inhibitor

Abstract : The Racl GTPase regulates many
essential cellular processes such as migration,
contraction and proliferation. Modification of its
expression and/or activity is associated with many
pathologies notably cardiovascular. The first part
of my thesis consisted in determining the role of
Racl in bronchial smooth muscle cells (bSMC)
during severe asthma. Using different in vivo and
in vitro approaches, | demonstrated the key role of
Racl in the contraction and proliferation of
bSMCs. My results show an overactivation of
Racl in a mouse model of severe allergic asthma.
This Racl hyperactivity contributes to bronchial
hyperreactivity and airway remodelling. These
results demonstrate the role of Racl in severe
asthma.

The second part of my thesis consisted in
developing and characterising a new Racl
inhibitor. The analysis of the dynamic structure of
Racl allowed to define an original
pharmacophore. An in silico screening approach,
in vitro and ex vivo tests allowed the identification
of a new Racl inhibitor, A41l. The
characterisation of this molecule demonstrated
that A4l is the first Rac-specific, reversible and
competitive GTP inhibitor. As Racl is a major
player in tumorigenesis, the therapeutic value of
A4l was evaluated in a triple negative breast
cancer model. My results show that chronic
treatment with A41 reduces metastasis and
improves survival in mice. These results
demonstrate the therapeutic efficacy of this novel
Racl inhibitor.



