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Résumé

Les mégacaryocytes sont des cellules de la moelle osseuse qui par un processus complexe
et encore mal caractérisé, mégacaryopoiese/thrombopoiese, donnent naissance, in fine, aux
plaquettes sanguines. La différenciation mégacaryocytaire nécessite un intense remodelage
nucléaire et cytoplasmique, guidé a la fois par des facteurs intrinséques mais aussi par des
facteurs extrinséques provenant du microenvironnement médullaire. Les plaquettes sanguines
sont des acteurs essentiels du maintien de I’intégrité vasculaire. Elles sont les premiers
¢léments cellulaires a intervenir dans I’arrét du saignement lors d’une blessure vasculaire par
la formation d’un thrombus via des mécanismes d’adhésion, de sécrétion et d’agrégation, trois

étapes majeures de I’hémostase physiologique.

Dans un premier temps, mes travaux de thése ont pour but de caractériser le role inconnu
de I’isoforme a des PI3Ks de classe II (PI3KC2a), de la PI3K de classe III (Vps34) et de leur
produit, le phosphatidylinositol 3-monophosphate (PtdIns3P), dans la production et les
fonctions plaquettaires. Grace a un modele murin présentant une inactivation partielle de la
PI3KC2aq, j’ai mis en évidence son role clé dans la génération d’un « pool basal » de PtdIns3P
dans les plaquettes. En effet, I’inactivation de la PI3KC2a affecte la composition du cortex
sous-membranaire plaquettaire induisant une morphologie plaquettaire anormale, une
accumulation de plaquettes a deux corps appelées « barbell-shaped proplatelets », un défaut
de formation du thrombus ex vivo et un retard d’occlusion de la carotide apres 1ésion in vivo.
Ainsi, la PI3KC2a joue un rdéle majeur dans le maintien de Dlintégrité du squelette
membranaire contrdlant la structure et la dynamique membranaire, processus critique a la
production de plaquettes fonctionnelles. D’autre part, la délétion de Vps34 spécifiquement
dans la lignée mégacaryocyte/plaquette se traduit par une microthrombopénie modérée
associée a une migration anormale des mégacaryocytes liée a un défaut de trafic vésiculaire,
d’autophagie et une diminution du taux de PtdIns3P. De fagon intéressante, Vps34 joue aussi
un réle dans 1’activation plaquettaire en régulant la production de PtdIns3P sous stimulation,
la croissance du thrombus ex vivo et les capacités thrombotiques in vivo. Le role de Vps34
dans la plaquette indépendamment de son role dans le mégacaryocyte, a été confirmé via
I’utilisation de nouveaux inhibiteurs spécifiques de Vps34, SAR405 et INH1, ex vivo. Vps34
est donc critique pour la régulation de la production plaquettaire par les mégacaryocytes ainsi

que pour I’activation plaquettaire.



Dans un deuxiéme temps, je me suis intéress¢ a ’impact du microenvironnement
médullaire sur la mégacaryopoicse, et plus spécifiquement sur la communication entre
adipocytes médullaires et progéniteurs hématopoiétiques lors de leur différenciation en
mégacaryocytes. Grace a un systeme de co-culture in vitro, j’ai montré que les adipocytes
améliorent la différenciation mégacaryocytaire via un transfert direct de lipides, dans un but
non-énergétique. Dans un contexte d’obésité, nous observons in vivo, une macrothrombopénie
modérée associée a une adiposité médullaire augmentée, une maturation mégacaryocytaire
exacerbée, une production et une demi-vie plaquettaire défectueuses. Ainsi, le
microenvironnement médullaire et plus particuliérement 1’adipocyte impacte directement sur

la mégacaryopoicse et la production plaquettaire.

En conclusion, ces travaux de thése contribuent a caractériser les mécanismes de
production et de fonction plaquettaires régulés par des facteurs intrinséques tels que le

PI3KC2a et Vps34, ainsi que par des facteurs extrinseques tels que 1’adipocyte médullaire.
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Abstract

Megakaryopoiesis is a highly specialised and complex process occurring in the bone
marrow, by which megakaryocytes give rise to de novo circulating blood platelets.
Megakaryocyte differentiation and platelet production imply megakaryocyte cytoplasmic and
nuclear rearrangements regulated by intrinsic as well as extrinsic factors such as bone marrow
microenvironment. Platelets play a critical role in preventing blood loss after vascular injury
by orchestrating clot formation through mechanisms of both adhesion, secretion and
aggregation. These mechanisms are the three major steps of physiological haemostasis

leading to the maintenance of vascular integrity.

Firstly, my thesis work focused on characterizing the role of class II PI3K o isoform
(PI3KC2a), class III PI3K (Vps34) and their common product the phosphatidylinositol 3
monophosphate (PtdIns3P) in platelet production and function. Using a unique mouse model
partially inactivated for PI3KC2a, I highlighted its key role in the production of a basal
PtdIns3P housekeeping pool in platelets. PI3KC2a partial inactivation affects platelet
membrane skeleton composition leading to an abnormal platelet morphology, an enrichment
of platelet with two cell bodies recently called “barbell-shaped proplatelets”, an ex vivo
defective thrombus formation and an in vivo delayed carotid occlusion following injury. Thus,
PI3KC2a plays a major role in membrane structure and dynamics by maintaining membrane
skeleton integrity, which is crucial in the production of functional platelets. On the other hand,
Vps34 specific deletion in megakaryocyte/platelet lineage induced mild microthombopenia
correlated to an abnormal megakaryocyte migration linked to an affected PtdIns3P production
as well as vesicular trafficking and autophagy in megakaryocytes. In platelets, Vps34 plays a
role in their activation by regulating PtdIns3P production under stimulation, ex vivo thrombus
growth and in vivo thrombotic capacity. Vps34 role in platelet independently from its role in
megakaryocyte was confirmed using two recently developed inhibitors, SAR405 and INHI,
able to reproduce ex vivo thrombus growth defects. Therefore, Vps34 is critical for platelet

production by megakaryocytes as well as platelet activation.

Secondly, I studied the impact of bone marrow microenvironment on megakaryopoiesis
and more specifically the crosstalk between medullar adipocytes and hematopoietic
progenitors differentiating towards the megakaryocyte lineage. Using an in vitro co-culture
assay, | demonstrated that adipocytes enhanced megakaryocyte differentiation through a

direct lipid transfer, in a non-energetic aim. In the context of obesity, increased marrow
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adiposity is associated to enhanced megakaryocyte differentiation and defective platelet
production and lifespan leading to mild macrothrombopenia. Thus, bone marrow
microenvironment through adipocytes directly impacts on megakaryopoiesis and platelet

production.

Altogether my thesis work contributes to better understand platelet production and
function, mechanisms regulated by intrinsic factors such as PI3KC2a and Vps34 as well as

extrinsic factors like medullar adipocytes.
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Chapitre I : La Mégacaryopoiese

A) La moelle osseuse

1) Cellule souche hématopoiétique et microenvironnement médullaire
Chez l'adulte, I’hématopoic¢se se déroule principalement dans la moelle osseuse et permet
la production des cellules sanguines a partir d’une cellule précurseur, la cellule souche

hématopoiétique (HSC).
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Figure 1: Le systeme hématopoiétique: Les LT-HSC ont une forte capacité d’auto-renouvellement
tout au long de la vie de I’animal mais aussi la capacité de produire tous les types de cellules de la
moelle osseuse et du sang. Les progéniteurs hématopoiétiques multipotents (MPP ou HPC) sont
capables ensuite de se différencier en progéniteurs lymphoides (CLP) ou myéloides (CMP). Ces
progéniteurs sont a I’origine du large spectre de cellules sanguines matures incapables de s’auto-
renouveler et de durée de vie limitée (Lymphocytes T et B ; cellules NK ; neutrophile ; basophile ;
¢osinophile ; macrophage ; plaquette et érythrocyte). D apres (King and Goodell, 2011)

Les long-term HSC (LT-HSC) dont les propriétés d’auto-renouvellement sont importantes
produisent les short-term HSC (ST-HSC) qui sont a la fois capables de s’auto-renouveler mais

surtout de se différencier en cellules progénitrices hématopoiétiques multipotents (HPC ou
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MPP) dont les capacités d’auto-renouvellement sont limitées. Sous 1’influence de différents
facteurs de croissance, ces progéniteurs s’engageront soit vers la lignée myéloide soit vers la
lignée lymphoide (CMP et CLP respectivement) pour, in fine, produire les cellules sanguines.
A I’age adulte, la moelle osseuse est le siége de I"hématopoiése qui, par la production de 10"
a 10" cellules sanguines par jour, permet le renouvellement continu des cellules sanguines
dont la durée de vie est limitée. Les CLP donneront naissance aux lymphocytes T et B ainsi
qu’aux cellules «natural killers ». Les CMP produiront, soit les précurseurs granulocytes-
macrophages (GMP), soit des précurseurs mégacaryocytes-€rythrocytes (MEP) (Figure 1).
Lors d’un stress aigu ou chronique tel un saignement ou une infection, le systéme
hématopoiétique est capable d’augmenter significativement sa production de cellules
sanguines pour palier soit a un déficit soit a une attaque de 1’organisme (Cumano and Godin,

2007; Ho et al., 2015; King and Goodell, 2011; Manz and Boettcher, 2014).

La régulation de la différenciation d’une cellule HSC se fait sous le controle ordonné de
différents facteurs de croissance, chacun étant spécifique d’une voie de différenciation
amenant a une cellule sanguine mature (par exemples: 1L3, IL6, GM-CSF, G-CSF, M-CSF,
TPO, EPO, etc) (Cumano and Godin, 2007; Ho et al., 2015; Manz and Boettcher, 2014).
Cependant, les facteurs de croissance ne sont pas les seuls a contrdler I’hématopoicse: le
microenvironnement médullaire est lui aussi critique dans ce processus. Au sein de la moelle
osseuse, il existe différentes niches spécifiques de par leur localisation, les facteurs de
croissance présents localement et leur composition en matrice extracellulaire. La localisation
d’une cellule souche, au sein de la moelle osseuse, va déterminer son devenir. Ainsi, la niche
ostéoblastique, composée majoritairement de LT-HSC, permet de maintenir un « pool » de
cellules au fort potentiel d’auto-renouvellement. La niche périvasculaire, prés des sinusoides
sanguins médullaires, contient quant a elle des ST-HSC, prétes a se différencier en
progéniteurs, recrutées par 1’intermédiaire de la chimiokine CXCL12 (ou stromal cell-derived
factor 1 (SDF-1)) (Adams and Scadden, 2008; Ho et al., 2015; Morrison and Scadden, 2014)
(Figure 2).
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Figure 2: Représentation des différentes niches de HSC dans la moelle osseuse: Les HSC résident
dans des microenvironnements spécifiques de la moelle osseuse. Les LT-HSC au fort potentiel d’auto-
renouvellement se situent dans la niche ostéoblastique. Au contraire, les ST-HSC a faible potentiel
proliférateur se localisent prés des sinusoides sanguins. Cette niche périvasculaire est connue pour
favoriser la différenciation des HSC et donner les progéniteurs des cellules sanguines. D aprés (Ho et
al., 2015).

Endosteal niche

Au sein de I’environnement médullaire, il existe de plus en plus d’évidences que le tissu
adipeux médullaire (MAT) joue un réle important dans 1’hématopoiese. Cependant, le role du
MAT reste encore assez mal connu mais suscite un intérét grandissant et a été 'objet d'une

partie de ma these.

2) Le tissu adipeux médullaire

Le tissu adipeux médullaire représente environ 5% de la masse adipeuse chez 1’adulte et
50 a 70% du volume médullaire total. Son développement est dépendant du sexe et de 1’age.
Tout comme le tissu adipeux extra-médullaire, le MAT est une glande endocrine capable de
sécréter des adipokines, et plus particuliecrement la leptine et 1’adiponectine qui sont
impliquées dans la régulation de la masse osseuse (Kawai et al., 2012; Naot and Cornish,
2014). Scheller et al proposent de distinguer le tissu adipeux médullaire constitutif (cMAT)
du tissu adipeux médullaire régulé¢ (rMAT) dont la distribution spatio-temporelle, la
composition lipidique et I’expression génique différent (Scheller et al., 2015). En effet, le
cMAT, situé dans les zones distales des os, se développe rapidement aprés la naissance, est
compos¢ de grands adipocytes (38-39um de diametre) contenant des acides gras saturés et
exprime peu les facteurs de transcription adipogéniques, CEBPa et CEBPf. Contrairement au

cMAT, le rMAT, localis¢ dans la zone proximale de 1’os, se développe avec 1’age, est
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compos¢ de petits adipocytes (31-33um de diameétre) contenant des acides gras insaturés et
exprime largement les facteurs de transcription adipogéniques, CEBPa et CEBPf (Scheller et

al., 2015). Les roles spécifiques de ces deux types de MAT restent encore méconnus

(Hardouin et al., 2016; Scheller et al., 2016).

Le profil métabolique du MAT reste peu caractérisé. Cependant, les adipocytes
médullaires expriment le récepteur a I’insuline et sont sensibles aux antidiabétiques
augmentant la sensibilité a I’insuline (les thiazolidinediones). La question est de savoir si le
role du MAT, comme les autres tissus adipeux, est de stocker et/ou mobiliser de I’énergie
pour I’organisme selon les besoins. Il a ét¢ montré que, aussi bien lors d’une restriction
calorique que lors d’un régime riche en gras, le MAT augmentait significativement, remettant
ainsi en cause son potentiel role li¢é aux demandes énergétiques systémiques (Kim and

Schafer, 2016).

Dans un contexte pathologique d’obésité, de diabete ou de vieillissement, il a été observé
un accroissement du MAT et une corrélation positive avec la fragilité osseuse. De par le
manque d’études et le fait que ces observations soient plus marquées chez le rongeur que chez
I’humain, les points de vue de la littérature divergent. Malgré tout, la corrélation entre fragilité
osseuse et accroissement du MAT semble admise. En effet, ’activité paracrine ainsi que les
contraintes mécaniques imposées par une expansion du MAT diminuent significativement la

masse osseuse (Cawthorn et al., 2014; Lecka-Czernik, 2012; Scheller et al., 2016).

L’impact du MAT sur I’hématopoi¢se reste peu connu et controversé. Naveiras et al ont
montré in vivo que le MAT inhibait I’hématopoic¢se (Naveiras et al., 2009). L’irradiation de
souris lipoatrophiques A-ZIP/F1 (incapables de former des adipocytes ) (Moitra et al., 1998)
ou de souris sauvages traitées par un inhibiteur de peroxysome proliferator-activated receptor-
v (PPAR y) (Wright et al., 2000) (un facteur de transcription pro-adipogénique) a montré une
accélération de la reconstitution hématopoiétique de la moelle osseuse (Naveiras et al., 2009),
suggérant un role inhibiteur du MAT sur I’hématopoiese. De plus, certaines équipes ont décrit
que 1’obésité induite par régime gras chez la souris, induisait d’un coté une perturbation de la
lymphopoi¢se (Adler et al., 2014a; Karlsson et al., 2010) et d’un autre I’amélioration de la
myelopoiése et de la lymphopoiese (Adler et al., 2014b; Singer et al., 2014; Trottier et al.,
2012; Yang et al., 2009). Décrire I’'impact global du MAT reste une gageure de par le nombre

et la diversité des cellules contenues dans la moelle osseuse, la diversité des facteurs
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médullaires et extra-médullaires influengant le devenir des HSC ainsi que par les différentes

régulations localisées de I’hématopoicse au sein de la moelle osseuse.

B) Etapes précoces de la mégacaryopoiese

La mégacaryopoiese est un processus complexe et finement régulé de maturation du
mégacaryocyte (MK) qui a lieu dans la moelle osseuse et qui aboutit a la production de
plaquettes sanguines. Les MKs sont de grandes cellules de la moelle osseuse qui, lors de leur
différenciation, vont devenir polyploides, produire des granules spécifiques et développer un
large réseau de membranes interne appelé systeme de membrane de démarcation (DMS). Le
DMS est indispensable a 1’élongation des proplaquettes (PPT), étape finale de la production
des plaquettes (Figure 3).

Influence of the
bone marrow
Megakaryocyte

Endomitotic spindle

Bone marrow endothelial lmmg

Platelets Released proplatelets . /

Figure 3: Représentation schématique de la différenciation du MK et de la production
plaquettaire: Le MK se développe a partir d’'une HSC en plusieurs étapes. Le MK subit des
endomitoses, synthétise des organelles et forme son DMS. Le MK étend ensuite de longs
prolongements cytoplasmiques, les PPT. Les PPT traversent 1’endothélium avant de libérer les
plaquettes dans la circulation sanguine. D ‘aprés (Battinelli et al., 2007).
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1) Cytokines

La thrombopoiétine (TPO) est le principal régulateur de la différenciation des MKs a
partir des HSC. La TPO, glycoprotéine synthétisée constitutivement par le foie
principalement, mais aussi par le rein, se lie spécifiquement sur son récepteur c-Mpl
(Hitchcock and Kaushansky, 2014). c-Mpl est exprimé a la surface des MKs et des plaquettes.
La génération de souris déficientes en TPO ou pour son récepteur a permis de mettre en
¢vidence leur réle majeur dans le développement des MKs et la production de plaquettes
(Bartley et al., 1994; de Sauvage et al., 1994; Kaushansky et al., 1994; Lok et al., 1994;
Wendling et al., 1994). En effet, ces souris présentent un nombre de MKs et un compte
plaquettaire fortement réduits (Bunting et al., 1997; Gurney et al., 1994; Solar et al., 1998). 11
a ét¢ montré que le taux plasmatique de TPO est inversement proportionnel au compte
plaquettaire. En effet, c-Mpl plaquettaire fixe la TPO circulante, ce qui a pour conséquence de
réguler le taux plasmatique de TPO (Kaushansky, 2006). Dans ce contexte, si le compte
plaquettaire est ¢élevé, davantage de TPO se fixera au c-Mpl plaquettaire, le taux de TPO
plasmatique libre diminuera et inversement. Les plaquettes, via 1’expression de c-Mpl,

controlent ainsi elles-mémes leur propre production (Nichol et al., 1995).

c-Mpl est un homodimeére associé de fagon constitutive a la tyrosine kinase Janus kinase 2
(Jak2). Lors de sa liaison a la TPO, c-Mpl change de conformation, permettant ainsi
I’activation des Jak2 associées par trans-phosphorylation. Une fois Jak2 activée, celle-ci
active a son tour diverses voies de signalisation cellulaire telles que (i) la voie des protéines
de la famille STAT, qui stimule I’expression génique de p21, Bcl-xl et de la cycline D1 pour
induire la différenciation et la survie du MK; (ii) la voie phosphoinositide-3-kinase (PI3K)-
Akt qui induit la survie, la prolifération et la différenciation du MK et (iii) la voie des
mitogen-activated protein kinase (MAPK) qui stimule la différenciation du MK (Geddis,
2010) (Figure 4).
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DO

Modulation de I’expression des
génes: p21; Belxl, cycline D

Figure 4: Voie de signalisation de la thrombopoiétine (TPO): Le récepteur de la TPO, c-Mpl est un
homodimére associé a la tyrosine kinase Jak2. Lorsque la TPO active c-Mpl, celui-ci change de
conformation, active Jak?2 et in fine les voies de signalisation STAT, PI3K/Akt, Ras/MAPK.

Une autre chimiokine importante lors de la mégacaryopoiese est le SDF-1 ou
CXCLI12. Cette derni¢re est synthétisée par les CXCL12-abundant reticular cells (cellules
CAR), les ostéoblastes médullaires et les cellules endothéliales de la moelle osseuse
(Niswander et al., 2014). Son récepteur au niveau du MK, CXCR4, est un récepteur a 7
domaines transmembranaires, couplé a une protéine Gi, dont I’expression augmente au cours
de la différenciation du MK (Chatterjee and Gawaz, 2013; Riviere et al., 1999; Wang et al.,
1998). Dans la moelle osseuse, grace a un gradient de CXCLI12, le progéniteur

mégacaryocytaire en différenciation va migrer de la niche ostéoblastique vers la niche
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vasculaire. CXCL12, en stimulant CXCR4, active différentes voies de signalisation telles que
la voie PI3K-Akt et la voie des MAPK, comme montré dans la lignée mégacaryoblastique

MO7e (Berthebaud et al., 2005; Pozzobon et al., 2016).

Certains facteurs comme le granulocyte-macrophage colony stimulating factor (GM-CSF),
I’IL-3, I’IL-6, I’érythropoiétine (EPO) ou le stem cell factor (SCF) stimulent également la
différenciation des mégacaryocytes (Broudy and Kaushansky, 1995; Bruno et al., 2003;
Deutsch et al., 1995; Kaushansky, 1995). A I’inverse, certains inhibent le développement des
MK tels que le TGF-B1 (Kuter et al., 1992) ou IL-4 (Han et al., 1991; Zauli and Catani,
1995).

2) Facteurs de transcription

La maturation du MK se fait en plusieurs étapes, contrdlées par des facteurs de
transcription qui régulent I’expression de genes impliqués dans la différenciation en MK
mature. Globin transcription factor 1 (GATA-1) et Friend of GATA-1 (FOG) forment un
complexe qui va, a la fois activer des genes de la lignée mégacaryocytaire tels que GPIIb,
PF4, GPIba mais aussi réprimer la différenciation vers la lignée my¢loide dépendante de Pu.1
(Shivdasani et al., 1997; Tijssen and Ghevaert, 2013). Des mutations de GATA-1 ou de ses
sites de liaison aux promoteurs de genes cibles entrainent des dysfonctionnements
plaquettaires, aboutissant & des pathologies comme, par exemple, une forme du syndrome de
Bernard-Soulier induite par mutation du site de liaison de GATA-1 sur le promoteur de
GPIbpB (Ludlow et al., 1996; Tijssen and Ghevaert, 2013). Runt-related transcription factor 1
(RUNXT1) stimule lui aussi positivement la différenciation en MK en réprimant I’expression
de la chaine lourde de la myosine IIB non-musculaire (MYH10) et in fine en favorisant la
polyploidisation (Ichikawa et al., 2004; Tijssen and Ghevaert, 2013). RUNX1 et GATA-1
sont impliqués tout au long de la différenciation du MK. A D’inverse, certains facteurs ont
plut6t un réle lors de I’initiation ou de la terminaison de la mégacaryopoi€se. Par exemple,
Friend leukemia virus integration 1 (FLI1) stimule 1’expression de genes précoces de la
différenciation (tels que GPIIb et c-Mpl) alors que Nuclear factor erythroid 2 (NF-E2)
controle plutot I’expression de génes tardifs de la maturation des MKs (tels que 1-tubuline et
caspase 12) permettant la formation du DMS et des PPT (Schulze and Shivdasani, 2004;
Tijssen and Ghevaert, 2013) (Figure 5).
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Figure 5: Résumé des différents facteurs de transcription et de leurs cibles en aval lors des

différents stades de la mégacaryopoiese. D ‘apres (Tijssen and Ghevaert, 2013).

3) Endomitose

Une des caractéristiques du MK est sa polyploidie. Le MK devient polyploide par un
processus dépendant de la TPO : ’endomitose (Machlus et al., 2014). L’endomitose est une
succession de réplications de I’ADN sans aucune division cellulaire conduisant a la formation
d’un noyau polylobé pouvant aller jusqu’a 128N, in vitro (Machlus et al., 2014; Zimmet and
Ravid, 2000) (Figure 6). Ce phénomene, bien que mal caractérisé, est sous le contréle de
différents facteurs :

(i) L’absence de cycline B1, due a sa dégradation dépendante de 1’ubiquitine, entraine
I’incapacité de former le complexe cyclin dependant kinase 1 (cdkl)/cycline Bl. Sans ce
complexe, la kinase de cdkl est inactive, induisant une altération du cycle cellulaire lors de
I’anaphase ou a donc lieu une mitose abortive (Datta et al., 1996; Zhang et al., 1998; Zhang et
al., 1996).

(i) RUNX1, lors de la différenciation du MK, réprime I’expression de la chaine lourde de
la myosine 1IB non-musculaire (MYH10), localisée spécifiquement dans I’anneau contractile

compos¢ de F-actine et de myosine II, et empéche ainsi la cytocinése. La répression de
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I’expression MYH10 par RUNX1 est donc responsable de la polyploidisation du MK (Geddis
et al., 2007; Lordier et al., 2012).

(ii1) Les tyrosine phosphatases Shpl et Shp2, via leurs roles dans la signalisation en aval
de c-Mpl et des intégrines ainsi que dans la formation de 1’anneau contractile pour le passage

de 2N a 4N, controlent aussi la polyploidisation des MKs (Mazharian et al., 2013).

0B E D

G1 (2n)/S M (metaphase) M (anaphase) G1 (4n)

Figure 6: Endomitose: Le progéniteur mégacaryocytaire diploide va subir la phase S et entrer en
mitose. Bien que 1’anaphase soit initiée, avec séparation des paires de chromosomes et formation du
sillon de clivage, ce dernier régresse avant d’accomplir la cytocinése résultant ainsi en une cellule
tétraploide qui recommence a nouveau la phase G1. D aprés (Geddis, 2010).

Quel intérét a le MK a devenir polyploide? Il semblerait que cela lui permette de produire les
quantités d’ARNm et de protéines nécessaires a la production des granules et autres organites
plaquettaires tout en gardant la capacité de produire le DMS et de former les PPT (Machlus
and Italiano, 2013; Zimmet and Ravid, 2000).

4) Biogéneése des granules plaquettaires

La biogénése des granules (o, denses ou d) plaquettaires se produit dans le MK lors de sa
différenciation. La sécrétion du contenu de ces granules est indispensable au bon
fonctionnement plaquettaire (King and Reed, 2002). Le contenu et le role des granules dans la

plaquette sera développé dans le chapitre II de 1’introduction.

Les granules o proviennent a la fois du bourgeonnement de vésicules originaires du trans-
golgi (TGN) mais aussi de I’endocytose (Hegyi et al., 1990; King and Reed, 2002). Ces
vésicules vont, soit fusionner avec les granules o existants, soit étre acheminées vers les corps
multi-vésiculaires (MVB), qui sont des gares de triage primordiales dans la formation des
granules o (Heijnen et al., 1998). Les granules o continuent a évoluer dans les plaquettes ou
I’endocytose est importante et contribue au remplissage des granules (zucker-franklin 1981).
De facon trés schématique, la Neurobeachin-like 2 (NBEAL2) permet le controle du contenu

des granules (Gunay-Aygun et al., 2011) et les vacuolar protein sorting 33B (Vps33B) et 16B
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(Vps16B) controlent la biogénese des membranes des granules o (Lo et al., 2005; Urban et

al., 2012) (Figure 7).

Des défauts de formation des granules o conduisent a des syndromes hémorragiques
d’intensit¢ variable chez I’homme. Il s’agit du syndrome des plaquettes grises (SPQG)
provenant d’une mutation sur le géne de NBEAL2 (Albers et al., 2011) et de I’arthrogryposis,
renal dysfunction and cholestasis (ARC) syndrome venant d’une mutation sur le géne Vps33B
(Gissen et al., 2004). D’autres syndromes plaquettaires rares sont associés a des défauts de
formation des granules o, tels que le syndrome de Paris-Trousseau qui provient d’une
mutation de FLII et dont les plaquettes présentent de trés rares mais trés gros granules o

(Breton-Gorius et al., 1995; Veljkovic et al., 2009).
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Figure 7: Modéle proposé de formation des granules o dans le mégacaryocyte: Les granules o
proviennent de deux mécanismes dépendants de la clathrine: le bourgeonnement du TGN et
I’endocytose au niveau de la membrane plasmique. Ces vésicules peuvent &tre triées au niveau des
MVB ou directement fusionnées avec les granules a.. Les MVB sont aussi capables de maturer pour
produire des granules o.. D’aprées (Blair and Flaumenhaft, 2009).
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Les granules denses sont eux originaires des endosomes tardifs et des MVB du MK
(Ambrosio et al., 2012; Meng et al., 2012; Youssefian and Cramer, 2000). La biogénése des
granules denses met en jeu plusieurs protéines dont les roles sont encore mal caractérisés:
adaptator protein 3 (AP3), lysosomal trafficking regulator (LYST), biogenesis of lysosom-
related organelle complexes (BLOC) et le complexe Vps33A/Vps16A (Ambrosio et al., 2012;
Huizing et al., 2008; Suzuki et al., 2003). Le syndrome d’Hermansky-Pudlak (HPS),
provenant de mutations des génes de BLOC, HPS et AP3 (Feng et al., 1999; Huizing et al.,
2009; Muller et al., 2009) et le syndrome Chediak-Higashi (CHS), provenant d'une mutation
du géne LYST (Barbosa et al., 1996; Certain et al., 2000; Masliah-Planchon et al., 2013; Nagle
et al., 1996), sont des pathologies héréditaires présentant entre autres des défauts de biogénése

des granules denses plaquettaires.

5) Développement du DMS
Une autre composante de la différenciation du MK est la formation du DMS. Le DMS est
un réservoir de membranes, a I’intérieur méme du MK, nécessaire a 1’¢élongation des PPT et in

fine a la production des plaquettes (Behnke, 1968, 1969).

Focal Invagination pre-DMS
assembly
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Initiation at the pm i: RER
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Figure 8: Modele proposé de formation et de développement du DMS: L’initiation de la formation
du DMS s’effectue au niveau de zones focales a la surface de la cellule. Pendant la différenciation du
MK, un pré-DMS se forme dans la région péri-nucléaire, par invagination de la membrane plasmique
selon un procédé ressemblant a un sillon de clivage. La suite du développement nécessite la fusion de
vésicules, originaires des différentes structures du Golgi, avec le DMS en développement ainsi que
potentiellement un transfert direct de lipides depuis le réticulum endoplasmique. D aprés (Eckly et al.,
2014).

Eckly et collaborateurs ont montré, par microscopie confocale et électronique en 3

dimensions, les différents stades de formation du DMS au cours de la différenciation du MK.
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Dans un premier temps, un pré-DMS rattaché a la membrane plasmique se forme dans la
région péri-nucléaire du MK immature. Dans un deuxiéme et troisiéme temps, des vésicules
provenant du Golgi puis du réticulum endoplasmique fusionnent avec le DMS pour permettre

son expansion (Eckly et al., 2014) (Figure 8).

Afin de permettre I’invagination initiale nécessaire a la formation du DMS, la
phosphatidylinositol-5phosphate 4 kinase o par sa production de phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P;) dans le DMS permettrait 1’assemblage des fibres d’actine par la
voie Wiskott-Aldrich syndrom/Wiskott—Aldrich Syndrome protein family verprolin
homologous (WASp/WAVE) (Schulze et al., 2006). Le rdle des forces générées par le
cytosquelette dans la formation du DMS reste encore peu caractérisé. Cependant, une étude de
Chen et al montre que la Cdc42 interating protein 4 (CIP4), via son interaction avec le
domaine SRC homology 3 (SH3) de WASp, fait le lien entre le cytosquelette et la membrane
plasmique par son domaine F-bin-amphiphysin-rvs (F-BAR). Ceci permet la réorganisation
du cytosquelette d’actine contribuant a la formation du DMS. La délétion de CIP4 induit une
thrombopénie a cause d’une dynamique altérée de 1’actine, entrainant une rigidité
membranaire perturbée, ce qui affecte la formation du DMS et réduit le nombre de PPT
formées (Chen et al., 2013a; Chen et al., 2013b). Dans le méme sens, il a récemment été
montré, notamment par notre ¢€quipe, que la régulation du cytosquelette d’actine
spécifiquement par la GTPase Cdc42 et ses effecteurs PAK1/2/3 était indispensable a la
bonne formation du DMS et I’émission des PPT (Antkowiak et al., 2016; Kosoff et al., 2015).

C) Etapes tardives de la mégacaryopoiese

1) Migration vers la niche périvasculaire:

La différenciation du MK débute dans la niche ostéoblastique et se termine dans la niche
périvasculaire ou il va étendre de longs prolongements cytoplasmiques, les PPT, a travers les
vaisseaux sinusoides de la moelle osseuse pour libérer les plaquettes directement dans la
circulation sanguine. Pour cela, le MK va migrer en réponse a un gradient de CXCL12
(SDF1) mais aussi grace a ses interactions avec la matrice extracellulaire et les cellules de la
moelle osseuse. Hamada et collaborateurs ont montré qu’en bloquant CXCR4, la migration
des MKs était fortement affectée, montrant un réle majeur de I’axe CXCL12-CXCR4 dans la
migration mégakaryocytaire (Chatterjee and Gawaz, 2013; Hamada et al., 1998). L’axe
CXCL12-CXCR4 induit aussi une augmentation de I’adhésion et de la transmigration du MK
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au travers des cellules endothéliales des sinusoides médullaires pour permettre le relargage
des plaquettes dans la circulation sanguine (Chatterjee and Gawaz, 2013; Hamada et al., 1998;
Niswander et al., 2014; Wang et al., 1998). Au niveau moléculaire, plusieurs protéines sont
¢galement mises en jeu lors de la migration du MK, telles que la glycoprotéine platelet-
endothelial cell adhesion molecule 1 (PECAM-1), WASp ou encore la matrix métalloprotéase
9 (MMP9). L’absence de PECAM-1 dans les MKs est responsable d’une migration
défectueuse du MK envers un gradient de CXCL12, ceci potentiellement di a un défaut de
polarisation de CXCR4 a la surface du MK (Dhanjal et al., 2007). Ceci a pour conséquence un
retard du retour au compte plaquettaire normal suite a une thrombocytopénie immune induite
chez des souris déficientes pour PECAM. Une autre protéine mise en jeu lors de la migration
des MK est WASp. Les patients atteints du syndrome WAS présentent une
microthrombopénie. L’analyse du mod¢le murin déficient pour WASp a permis de montrer
que cette thrombopénie était due a (i) un défaut de migration des MKs vers un gradient de
CXCLI12 ainsi que (ii) une incapacit¢ a former des podosomes riches en actine, (iii) un
relargage ectopique par les MKs de plaquettes directement dans la moelle osseuse et (iv) une
durée de vie plaquettaire diminuée (Falet et al., 2009; Sabri et al., 2006). Enfin, Lane et
collaborateurs ont montré que la MMP9 sécrétée par le MK permettrait la migration de ce
dernier envers un gradient de CXCLI12 et que I’inhibition de MMP9 in vivo empéche
I’augmentation du compte plaquettaire induit par injection de CXCL12 (Lane et al., 2000).

2) Libération de plaquettes

Une fois arrivé a la niche périvasculaire, le MK va étendre de longs prolongements
cytoplasmiques, les PPT, dans les vaisseaux sinusoides de la moelle osseuse afin d’y libérer
les plaquettes dans le flux sanguin. Grace a la microscopie intravitale couplée a Ia
fluorescence, Junt et collégues ont pu visualiser pour la premiére fois in vivo la formation de
PPT, la traversée des PPT dans les microvaisseaux et la fragmentation des PPT sous
I’influence du flux sanguin dans la moelle osseuse de crane de souris vivantes (Junt et al.,
2007). Ce travail a été réalisé grace a un modele de souris (Zhang et al., 2007) exprimant
I’intégrine allb (ou CD41), spécifique de la lignée mégacaryocytaire, couplée a un
fluorophore (Junt et al., 2007). Le mécanisme moléculaire par lequel les PPT traversent la

paroi endothéliale des sinusoides restent encore a définir.

Le modele de production des plaquettes aujourd’hui proposé comporte 3 étapes : (i) le
MK forme des pseudopodes qui s’allongent en PPT grace aux microtubules; (ii) la totalité du

cytoplasme est convertie en PPT, ne laissant de coté que le noyau polylobé qui sera ensuite
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¢liminé par les macrophages (Gordge, 2005); (ii1) dans la circulation sanguine, des pré-
plaquettes allant de 2 a 10 wum de diamétre se transforment en plaquettes a 2 corps appelées
« barbell-shaped proplatelets » qui, grace a leur cortex sous-membranaire d’actine-spectrine-
myosine et leur réseau de microtubules, se diviseront en 2 plaquettes distinctes (Italiano,
2013; Patel-Hett et al., 2011; Schwertz et al., 2010; Spinler et al., 2015; Thon et al., 2012;
Thon et al., 2010). L'un des moteurs de la production des plaquettes est le cytosquelette du

MK composé de microtubules-actine-myosine-spectrine (figure 9).
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Figure 9: Modele de production plaquettaire: (A) La formation des PPT débute par la formation de
pseudopodes qui utilisent les microtubules pour s’étendre et former des PPT fines. (B) La totalité du
cytoplasme est converti en une masse de PPT. (C) Les préplaquettes allant de 2 & 10 um de diametre
relarguées par les PPT s’étirent pour former des plaquettes en forme d’altéres (appelées « barbell-
shaped proplatelets») qui, sous l'effet du flux sanguin et grace a la dynamique de leur cortex sous-
membranaire d’actine-spectrine-myosine finiront par donner deux plaquettes distinctes. D aprés
(Italiano, 2013).

- Etape 1 : Extension des PPT

La premicre étape est I’émission par le MK de pseudopodes a la base desquels des amas
de microtubules sont formés. Dés le début de 1’extension des pseudopodes, les microtubules
vont développer un réseau linéaire tout le long des pseudopodes pour permettre 1’extension de
ces structures et en faire des PPT (Italiano et al., 1999). Les PPT constituent des
prolongements cytoplasmiques contenant des bourgeons ressemblant a des plaquettes et reliés

par des ponts cytoplasmiques (figure 10).
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Figure 10: Architecture des PPT: Image en contraste de phase de PPT issues de MKs murins en
culture. On peut observer la région terminale des PPT et les branchements cytoplasmiques entre les
structures ressemblant aux plaquettes. Echelle : Sum. D apreés (Italiano, 2013).

Les microtubules servent aussi « d’autoroute » le long des PPT pour I’acheminement des
organelles plaquettaires (granules, mitochondries) aprés que la myosine IIA, via la
structuration de I’actine dans le MK, ait correctement positionné les granules (Pertuy et al.,
2014; Richardson et al., 2005). L’¢longation des PPT est associée a la sortie massive du DMS
qui sert de réservoir de membranes dans ce processus. A 1’extrémité des PPT seulement, les
microtubules forment une boucle sous la membrane plasmique. Cette structure est similaire au
cytosquelette retrouvé dans les plaquettes, suggérant ainsi que les plaquettes ne pourraient étre

générées que dans la région terminale des PPT (Italiano et al., 1999).
- Etape 2 : Ramification des PPT

La deuxiéme étape est la ramification de la région terminale des PPT permettant
d’augmenter la production plaquettaire. Pendant que les microtubules permettent
I’allongement des PPT, I’actine permet la ramification du bout de ces mémes PPT. En effet,
’utilisation d’inhibiteurs de la polymérisation de 1’actine a permis de montrer que cette
ramification est dépendante de 1’actine (Italiano et al., 1999). Cependant, le mécanisme
moléculaire exact n’a toujours pas ¢été caractérisé. Il est néanmoins suggéré qu’une forte
connexion entre I’actine et les microtubules permette la mise en place de forces nécessaires a
la formation des ramifications. Une hypothése propose que 1’association de 1’actine avec la
myosine soit le moteur suffisant pour permettre la ramification. Cette hypothése est appuyée

par une étude montrant que ’inactivation de myh9 (le géne codant pour la myosine IIA ;
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MYHO9A) spécifiquement dans la lignée mégacaryocytaire chez la souris induit une
morphologie anormale des MKs avec un DMS moins abondant et dilat¢ avec pour
conséquence une formation des PPT défectueuse (diminution du nombre de MK formant des
PPT et de I’aire des PPT). Les PPT provenant des MK MYHO9A ont des « platelet-like »
particules plus grosses, ce qui explique la macrothrombopénie des souris
MYHO9A. L’ensemble de ces données suggere un réle important de la myosine IIA dans le
phénomene de ramification des PPT et la production des plaquettes (Eckly et al., 2010; Eckly
et al., 2009; Leon et al., 2007).

La spectrine, quant a elle, a été trés peu étudiée dans ce phénoméne. Cependant, une
¢tude par Patel-hett et collaborateurs a montré que I’assemblage de tétrameres de spectrine est
indispensable a la formation du DMS mais aussi que la spectrine stabilise la morphologie des

PPT (Patel-Hett et al., 2011) (Figure 11).

Figure 11: Structure du squelette sous-membranaire des proplaquettes: (A-B) Image en
microscopie électronique a balayage du cytosquelette insoluble au détergent (permettant de préserver
le squelette sous-membranaire). L’observation des PPT réveéle un squelette sous-membranaire intact
qui s’étend tout le long des PPT. Echelle : 500nm. (C) Image en 3D de microscopie électronique
montrant un long réseau filamenteux ressemblant au réseau de spectrine des érythrocytes et des
plaquettes. Echelle : 200nm. D aprés (Patel-Hett et al., 2011).

Récemment, Bury et collaborateurs ont suggéré que la macrothrombopénie observée chez

les patients souffrant d’un variant de la Thrombasthénie de Glanzmann (mutation gain de
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fonction induisant une réduction de 1’expression de surface de 1’intégrine oypP; et aussi son
activation constitutive a la surface des MK et des plaquettes) était due a un défaut de
réorganisation de I’actine au niveau du MK avec un impact sur la ramification des PPT et la

libération de « barbell-shaped proplatelets asymétriques » (Bury et al., 2016).
- Etape 3 : « Division plaquettaire »

La libération des plaquettes a partir des PPT du MK n’est pas le seul stade final de la
production plaquettaire. En effet, plusieurs études ont montré la présence ou la libération dans
la circulation sanguine de fragments du MK de tailles plus importantes que les plaquettes,
suggérant l’existence d’une étape ultime de production plaquettaire pouvant se réaliser
directement dans la circulation sanguine (Behnke and Forer, 1998; Junt et al., 2007). Ce

concept étant nouveau, peu de choses sont connues a ce jour.

En 2010, Shwertz et collaborateurs ont « cultivé » (mise en rotation a 37°C) pendant 6 ou
24 heures, du plasma riche en plaquettes et ont observé une production de « corps cellulaires »
ressemblant a des plaquettes, contenant des organelles tels que des mitochondries ou des
granules o, exprimant a leur surface des récepteurs plaquettaires tels que la P-selectine et
capables d’adhérer et de s’étaler sur matrice extracellulaire (Schwertz et al., 2010). Cette

¢tude suggere donc une division des plaquettes dans le sang.

Resting
platelets

Circular
preplatelets

Barbell
proplatelets

Figure 12: Galerie d’images de plaquettes au repos, de préplaquettes et de « barbell-shaped
proplatelets ». D aprés (Thon et al., 2012).

En 2011, Thon et al ont réussi a isoler des PPT provenant de MKs de souris par une
succession de centrifugation et de gradients d’albumine bovine sérique (BSA). Ils ont pu
observer les différentes étapes amenant a la production de 2 ou plusieurs plaquettes a partir
d’une PPT. Cette étude a aussi mis en évidence un stade intermédiaire de production de

plaquettes directement dans la circulation, appelé préplaquette (grosse plaquette faisant 2 a 10
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um de large), capable de se transformer de fagon réversible en plaquette a deux corps appelée
« barbell-shaped proplatelet » (Figure 9). Cette transformation est possible grace aux forces
des microtubules qui, par torsion, permettront la formation de ces fragments a deux corps
cellulaires, puis d’un site de clivage et amenant in fine a la production de 2 plaquettes. Les
forces de cisaillement du flux sanguin participent aussi a ce phénomene en promouvant la
scission. Thon ef al ont aussi démontré la présence de MVB (plateforme de tri des granules
plaquettaires) dans les préplaquettes et « barbell-shaped proplatelets ». A I’aide de fibrinogene
couplé a un fluorophore, ils ont observé le trafic des granules, in vivo, pendant la conversion
des préplaquettes en « barbell-shaped proplatelets », démontrant ainsi que la biogénése des
granules se produit aussi pendant ce stade terminal de production plaquettaire (Thon et al.,

2010) (Figure 13).

Proplatelet Fission Model of Platelet Release Invaginated
Platelet Release from Proplatelets Ends Membrane Z
Accelerates as Proplatelets Undergo Successive System

Fissions. Shear Promotes Proplatelet Fission
and Drives Platelet Release.

Formation of Cleavage

9 Furrow prior to
7, \/-\Q Fission Event

v {\ v Tracking of Alpha  Microtubule Multivesicular
and Dense Granules  Twisting Body
U to Nascent Platelets
Proplatelet

Preplatelet
Dynamic and Bidirectional
Assembly/Reorganization

of Microtubule Coils

Barbell Proplatelets of ~30-50um Perimeter Reversibly
Convert into Preplatelets (Microtubule Driven Process)

Figure 13: Modéele proposé de relargage de plaquettes par scission de PPT: (A-B) Une PPT
libérée subit des scissions tour a tour a son niveau médian et terminal. Ce phénoméne est di a la
formation d’un sillon de clivage et aboutit a la libération d’une plaquette du bout de la PPT. Les forces
de cisaillement stimulent la scission et la libération de plaquettes. (C) Les « barbell-shaped
proplatelets » de 30 a 50 um de périmétre se transforment de maniére réversible en préplaquettes. Ce
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processus est emmené par les forces de torsion des microtubules et pourrait représenter un nouveau
mécanisme de réorganisation des microtubules et de la redistribution des granules aprés chaque
scission. Lors de la formation des « barbell-shaped proplatelets », la réorganisation du cytosquelette
est médiée par I’assemblage dynamique et bidirectionnel des microtubules ainsi que leur
réorganisation. En paralléle, les granules a et denses (en rouge) sont délivrés aux régions terminales
des « barbell-shaped proplatelets ». Les plaquettes sont en suite relarguées aprés chaque scission.
D’apreés (Thon et al., 2010).

En 2011, Patel-Hett et collegues se sont intéressés au role du squelette sous-membranaire
riche en spectrine et actine dans la production des « barbell-shaped proplatelets » et des
plaquettes. Ce squelette sous-membranaire maintient la structure et la dynamique des
plaquettes (Fox et al., 1988; Fox et al., 1987; Hartwig and DeSisto, 1991). La transfection
d’un rétrovirus exprimant une forme de dominant négatif de spectrine (inhibant la
tétramérisation de la spectrine) dans des « barbell-shaped proplatelets », provoque leur
réversion en préplaquettes et leur incapacité a se diviser en plaquettes. Cette ¢tude révele donc

le role primordial du squelette sous-membranaire riche en spectrine dans la formation des

plaquettes a partir des « barbell-shaped proplatelets » (Patel-Hett et al., 2011) (Figure 14).
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Figure 14: Modele proposé de formation des « barbell-shaped proplatelets »: (a) Schéma
représentatif de 1’équilibre des forces. (b) Simulation des formes lors des différentes étapes de
conversion de préplaquette en «barbell-shaped proplatelet ». En jaune la force de
torsion/compression des microtubules. D apres (Thon et al., 2012).

En 2012, Thon et al ont tout d’abord quantifi¢ la proportion de plaquettes (96,31%),
préplaquettes (3,63%) et « barbell-shaped proplatelets » (0.05%) dans le sang humain. Cette
étude vient compléter celle de 2011 qui démontre que la conversion des préplaquettes en
« barbell-shaped proplatelets » puis en plaquettes est régulée (i) par le diametre et I’épaisseur
des boucles de microtubules (ce qui permet 1’augmentation des forces de torsion au niveau du
pont entre les deux futures plaquettes mais aussi [’augmentation des forces permettant la
courbure des « barbell-shaped proplatelets » par les microtubules périphériques) et (ii) par le

squelette sous-membranaire actine-spectrine-myosine (Thon et al., 2012).
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Enfin, en 2015, Spinler ef al ont montré que 1’inhibition pharmacologique ou la mutation
myh9 inhibe la mécano-activation de la myosine IIA entrainant la libération de larges
fragments CD41 positifs ressemblants a des préplaquettes. De plus, les patients portant la
mutation du geéne myh9 ont une macrothrombopénie suggérant une accumulation de ces

préplaquettes dans la circulation sanguine (Spinler et al., 2015).

En résumé, il semble que la formation de « barbell-shaped proplatelets » provienne d’une
perte de cet équilibre entre les forces des microtubules plutdt favorables a la scission et les
forces du cortex actine-spectrine-myosine, plutoét favorables au maintien de la structure
discoide de la plaquette. Dans un modéle si dynamique et mettant en jeu autant de facteurs,
les 0,05% de «barbell-shaped proplatelets » quantifiées dans la circulation sanguine
suggerent une imperfection du systeme global (Italiano, 2013; Patel-Hett et al., 2011;
Schwertz et al., 2010; Spinler et al., 2015; Thon et al., 2012; Thon et al., 2010).
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Chapitre II : Les plaquettes sanguines

Les plaquettes sanguines sont des cellules anucléées de forme discoide, de 2 a 3 um de
diametre, libérées dans la circulation sanguine par le MK. Chez l'adulte, on trouve entre
150 000 a 400 000 plaquettes par pl de sang. Les plaquettes ont une durée de vie d’une

dizaine de jours puis sont phagocytées et ¢liminées par les macrophages de la rate et du foie.

Le role majeur des plaquettes est le maintien de 1’intégrité vasculaire. En effet, lors d’une
Iésion vasculaire, les plaquettes vont interagir avec le sous-endothélium mis a nu, s’activer et

s’agréger pour former un thrombus qui va arréter le saignement.

A) Morphologie des plaquettes sanguines
Une plaquette est constituée de trois zones principales qui ont chacune des spécificités

fonctionnelles et biochimiques : le systéme membranaire, les organelles et le cytosquelette.
1) Le systeme membranaire

a) La membrane plasmique

La membrane plasmique plaquettaire est une bicouche de phospholipides distribués de
facon asymétrique et dont les charges négatives sont présentes dans le feuillet interne
(phosphatidylsérine ou PS et phosphatidylinositol ou PtdIns) des plaquettes au repos. Lors de
I’activation des plaquettes, les PS sont transloqués vers le feuillet externe de la membrane
plasmique dans le but de fournir une surface propice a I’interaction avec des protéines de la
coagulation (Chap et al., 1979; Lhermusier et al., 2011; Shattil and Bennett, 1981). Sont aussi
retrouvés des microdomaines riches en sphingomyéline et en cholestérol, appelés « rafts », qui
constituent des plateformes de signalisation contribuant a 1’activation plaquettaire (Bodin et

al., 2005; Bodin et al., 2003).

Une autre composante essentielle de la membrane plasmique plaquettaire sont les
glycoprotéines (GP) de surface. Celles-ci sont ancrées dans la bicouche phospholipidique et la
traverse grace a leurs domaines transmembranaires hydrophobes. Leur partie cytoplasmique
se lie avec le cytosquelette plaquettaire en interagissant soit directement avec 1’actine soit
avec des protéines liant I’actine: les actin binding proteins (ABP). Cette interaction assure la
liaison entre les molécules adhésives de la matrice extracellulaire et le systéme contractile
plaquettaire sous-membranaire. Ceci est indispensable pour promouvoir les modifications

morphologiques plaquettaires inhérentes a leur activation (Fox, 1985; Painter et al., 1985).
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Grace aux GPs, véritables récepteurs de molécules extracellulaires, les plaquettes adheérent au
sous-endothélium vasculaire: le complexe GPIb-IX-V lie le Facteur de von Willebrand
(VWF) ; la GPIc-1la (ou intégrine asP;) lie la fibronectine ; GPla-Ila (ou intégrine a,f3,),
GPIV et GPVI lient le collagene ; la GPIIb-IIla (ou intégrine oypP3) se lie au fibrinogene, au

vWF et a la fibronectine.

b) Le systéme canaliculaire ouvert

Le systéme canaliculaire ouvert (SCO) est un réservoir de membranes provenant
d’invaginations de la membrane plasmique plaquettaire dans le cytoplasme (van Nispen tot
Pannerden et al., 2010). Le SCO est impliqué dans 1’endocytose de molécules plasmatiques et
dans la sécrétion du contenu des granules plaquettaires par fusion du SCO avec les granules
pendant 1’activation plaquettaire. Ce réservoir de membranes est également mis a profit lors
du changement de forme des plaquettes, de la formation des filopodes, de 1’étalement et de
I’agrégation plaquettaire via I’augmentation de la surface membranaire et de 1’exposition des

GPs d’adhésion a la surface plaquettaire.

¢) Le systeme tubulaire dense
Le systeme tubulaire dense (STD) est en réalité ce qu’il reste du réticulum endoplasmique
du MK. Ce STD contient du calcium intracellulaire ainsi que des enzymes du métabolisme
lipidique telles que les cyclooxygénases, responsables de la production de thromboxane A2
(TXA2) a partir d’acide arachidonique, mécanisme indispensable a 1’amplification de

I’activation plaquettaire.

2) Les organelles plaquettaires
Le cytoplasme plaquettaire contient des granules (granules o et granules denses) et des
lysosomes sécrétés lors de 1’activation plaquettaire, des mitochondries et des grains de

glycogeéne.

a) Les granules a et denses
Les plaquettes contiennent 3 a 9 petits granules sécrétoires d’environ 150nm de diamétre,
les granules denses (ou granules d). Dans ces granules sont retrouvés de fortes concentrations
d’adénosine 5’-diphosphate (ADP), d’adénosine 5’-triphosphate (ATP), de pyrophosphate, de

sérotonine et de calcium (Golebiewska and Poole, 2015).
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Les granules o quant a eux mesurent entre 300 et 500 nm de diamétre et sont abondants
dans les plaquettes (entre 50 et 80 par plaquette) (Golebiewska and Poole, 2015). Les granules

o contiennent:
- des protéines d’adhésion: fibrinogene, vWF, fibronectine, vitronectine, thrombospondine.

- des facteurs de croissance: platelet derived growth factor (PDGF), endothelial growth factor
(EGF), endothelial cell growth factor (ECGF), vascular epidermal growth factor (VEGF),
insulin growth factor 1 (IGF1), transforming growth factor B (TGF B).

- des protéines impliquées dans la cascade de la coagulation et la régulation de la fibrinolyse:
facteurs V, XI, XIII, VIII, kininogéne de haut poids moléculaire, plasminogeéne, protéinase S,

plasminogen activator inhibitor-1 (PAI-1), a2-antiplasmine.

- des cytokines comme interleukine 13 (IL-1p) et des chimiokines comme RANTES.
- des GPs de surface: GPIb-IX-V, oauP3, PECAM, P-selectine, CD40L.

- des protéines spécifiques des plaquettes: platelet factor 4 (PF4), B-thromboglobuline.

b) Les lysosomes
Les lysosomes (ou granules A) sont connus pour leur fonction de dégradation
intracellulaire. Pour cela, ils contiennent des enzymes digestives actives a pH acide telles que
des hydrolases acides, les cathepsines D et E, des proélastases et des collagénases
(Dangelmaier and Holmsen, 1980; Golebiewska and Poole, 2015). Les lysosomes ne sont
sécrétés que lors d’une activation maximale de la plaquette ou les hydrolases jouent un role

dans la destruction et 1’élimination des agrégats plaquettaires.

¢) Les mitochondries

Les plaquettes au repos sont des cellules métaboliquement actives, qui ont une production
d’ATP plus élevée que des cellules musculaires au repos par exemple. Le réle principal des
mitochondries plaquettaires est la production d’énergie sous forme d’ATP indispensable au
bon fonctionnement des plaquettes (Detwiler, 1972; Garcia-Souza and Oliveira, 2014). Les
mitochondries plaquettaires jouent aussi un role lors de I’activation plaquettaire. En effet, lors
d’une activation forte, les taux de calcium intra-mitochondriaux augmentent ce qui induit la
production d’especes réactives de I’oxygene (ROS) et contribue a I’exposition des PS a la

surface des plaquettes (Choo et al., 2012; Garcia-Souza and Oliveira, 2014).
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Figure 15: Représentation schématique de la structure de la plaquette et des principaux
récepteurs membranaires: GP : glycoprotéine; FcRy: chaine y des récepteurs aux fragments
constants des immunoglobulines ; RCPGs : récepteurs couplés aux protéines G hétérotrimériques ;
vWF : facteur de von Willebrand ; ADP : adénosine 5’-disphosphate ; TXA, : thromboxane A, ; STD :
syteme tubulaire dense ; SCO : systéme canaliculaire ouvert.

3) Le cytosquelette plaquettaire

Le cytosquelette plaquettaire (trés riche) est composé d’un microtubule, d’un systeme de
filaments d’actine, de complexes d’acto-myosine important pour la contraction plaquettaire et
de filaments intermédiaires au role mal connu. Le cytosquelette plaquettaire permet le
maintien de la forme discoide des plaquettes au repos mais aussi leur changement de forme
lors de l'activation ou les plaquettes deviennent sphériques, émettent des filopodes et adhérent

au sous-endothélium.

a) Le microtubule
Le microtubule est généré a I’extrémité des PPT lors de la production plaquettaire. Ce
microtubule est un polymére compos¢ d’hétérodimeres de tubuline o et § enroulé sur lui-
méme 7-8 fois en forme d’anneau appelé¢ bande marginale. Il est localisé sous la membrane
plasmique et permet le maintien de la forme discoide des plaquettes au repos (Diagouraga et

al., 2014; White and Rao, 1998). Lors de I’activation plaquettaire, la dynéine liée a 1’actine
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corticale va étendre cette bande marginale en faisant glisser I’anneau de microtubule le long
de la membrane plasmique. Cet allongement de la bande marginale suivi de son enroulement
associée a ’action de 1’acto-myosine va permettre la contraction des plaquettes qui les rendra

sphériques (Diagouraga et al., 2014; Sadoul, 2015) (figure 16).
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Figure 16: Représentation schématique de I’organisation du microtubule dans la plaquette au
repos et activée: (A) Organisation du microtubule dans la plaquette au repos: microtubule enroulé sur
lui-méme forme la bande marginale qui maintient la forme discoide de la plaquette (photo du haut:
image par transmission ; photo du milieu: marquage de la tubuline ; schéma du bas: représentation de
I’organisation du microtubule). (B) Organisation du microtubule dans la plaquette activée: le
microtubule enroulé induit la forme sphérique de la plaquette (photo du haut: image par transmission ;
photo du milieu: marquage de la tubuline ; schéma du bas: représentation de 1’organisation du
microtubule). D apres (Sadoul, 2015).
b) Le cytosquelette d’actine

L’actine, protéine la plus abondante dans les plaquettes, représente 20% des protéines
totales (Burkhart et al., 2012). Dans les plaquettes au repos, le role du cytosquelette d’actine
est de servir de support structural. Pendant I’activation des plaquettes, ce dernier va permettre

le rapide changement de forme des plaquettes inhérent a leur fonction.

Au repos, ’actine est, soit sous forme de monomeéres (G-actine), soit sous forme de
filaments (F-actine). Ces monomeres d’actine, forme majoritaire dans la plaquette, permettent
I’assemblage et le désassemblage en filaments. Les filaments d’actine s’organisent en deux

structures distinctes dans les plaquettes au repos:
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- Le squelette sous-membranaire: est constitué de courts filaments paralléles reliés entre eux
par la spectrine et recouvre la face interne de la membrane plasmique (Hartwig and DeSisto,
1991). 11 est lié & la membrane plasmique par des ABPs (telles que filamine, taline, vinculine)
et des GPs (tels que le complexe GPIb-IX-V, les intégrines aupP3 et aufi). Le maintien de la
forme discoide des plaquettes est en partie du a I’interaction entre la filamine et la GPIba du
complexe GPIb-IX-V qui stabilise la membrane plasmique (Berrou et al., 2013; Jurak
Begonja et al., 2011) (Figure 17).

- Le squelette cytoplasmique: est constitué¢ de filaments d’actine plus ou moins longs formant
un réseau a travers le cytoplasme et est associ¢ a trois ABPs: la filamine, I’a-actinine et la

tropomyosine.
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Figure 17: Représentation schématique du squelette sous-membranaire plaquettaire. D apres
(Fox, 2001).

Lors de leur activation, les plaquettes vont changer de forme et devenir sphérique avant
d’émettre des filopodes. Pour cela, le cytosquelette d’actine va se réorganiser de facon tres
dynamique. En effet, les filaments d’actine existant vont étre fragmentés en néo-filaments
grace a [Dactivation de la gelsoline par augmentation des concentrations calciques
intracellulaires (Barkalow et al., 1996; Fujita et al., 1997). Ensuite, les protéines de coiffage

telles que la gelsoline et CapZ, par leur intéraction avec le PtdIns(4,5)P,, vont libérer les
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extrémités des néofilaments, permettant ainsi leur élongation avec des monomeres d’actine
non séquestrés par la thymosine 4 et la profiline (Barkalow et al., 1996; Goldschmidt-
Clermont et al., 1992; Schafer et al., 1996). Le complexe actin related protein 2/3 (Arp2/3) va
lui servir de site de nucléation des nouveaux filaments d’actine (Falet et al., 2002). Enfin,
I’association des filaments d’actine a la myosine permettra la formation de filaments
contractiles d’acto-myosine (ou « fibres de stress ») indispensables pour la contraction des
plaquettes (Hartwig et al., 1999; Stossel et al., 2006) mise en jeu lors de 1’agrégation forte et

la rétraction du clou plaquettaire.

¢) Filopodes, lamellipodes et zones d’adhésion focale

Lors de leur adhésion, les plaquettes changent de forme, s'arrondissent, émettent des
filopodes, des lamellipodes, forment des zones d’adhésion focales et s’étalent fermement sur
la matrice extracellulaire. L’activation de I’intégrine o3 va favoriser 1’association du
squelette sous-membranaire avec les filaments d’actine cytoplasmiques et induire le
regroupement des intégrines dans des structures spécifiques appelées complexes focaux. Ces
complexes focaux, grace aux intégrines, aux protéines du cytosquelette et aux protéines de la
signalisation, vont permettre 1’extension (i) de filopodes par polymérisation de nouveaux
filaments d’actine, (ii) de lamellipodes par incorporation de filaments d’actine au squelette
sous-membranaire (de Mali et al 2003 ; Johnson et al 2015) et (ii1) de zones d’adhésion
focales formées par liaison de filaments contractiles d’acto-myosine (« fibres de stress ») avec

les intégrines.

Les GTPases de la famille Rho contribuent fortement a la dynamique du cytosquelette

plaquettaire (figure 18) :

- Cdc42 controle la formation de protrusions riches en actine, les filopodes, via les voies de
signalisation PAK, WASp et PI3K mais ses fonctions dans les plaquettes restent
controversées (Goggs et al., 2015).

- Racl stimule la formation des lamellipodes via son interaction avec WASp. Le complexe
Racl/WASp active Arp2/3 qui entraine la nucléation et la polymérisation de 1’actine en
nouveaux filaments et ainsi la formation de lamellipodes (Goggs et al., 2015; Nobes and Hall,

1995; Price et al., 1998).

- RhoA induit la formation des fibres de stress. RhoA active la Rho-kinase du squelette sous-

membranaire qui va alors inhiber, en la phosphorylant, la phosphatase de la chaine 1égere de
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myosine (MLC). Ceci entraine 1’augmentation de la phosphorylation de la MLC (qui est aussi
phosphorylée directement par la MLC kinase). Une fois phosphorylée, la MLC s’associe avec
’actine et permet la formation de filaments contractiles d’acto-myosine ou fibres de stress.
Ces fibres de stress génerent les forces de tension nécessaires pour la contraction plaquettaire

(Amano et al., 1997; Burridge and Chrzanowska-Wodnicka, 1996; Goggs et al., 2015).
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Figure 18: Représentation schématique des roles connus de Cdc42, Racl et RhoA dans la
formation des filopodes, lamellipodes et fibres de stress. Cdc42 controle la sécrétion des granules
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denses et est en partie responsable de la formation des filopodes plaquettaires. Rac est impliquée dans
la formation de lamellipodes. RhoA est aussi impliquée dans la formation de fibres de stress,

I’activation de I’intégrine o35 et contrdlerait la formation de lamellipodes. D’aprés (Goggs et al.,
2015).

B) L’activation plaquettaire

La paroi vasculaire est recouverte de cellules endothéliales qui forment une surface non-
thrombogéne notamment grace a la synthése de molécules comme la prostaglandine I, (PGL,)
et le monoxyde d’azote (NO). Suite a une Iésion vasculaire dévoilant le sous-endothélium, les
plaquettes vont s’activer dans le but de former un thrombus plaquettaire afin d’obturer la
bréche vasculaire et d’arréter le saignement. Aussi, un dysfonctionnement des cellules

endothéliales provoqué par la modification du débit sanguin ou I’apparition de molécules
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bioactives dans la circulation sanguine peut étre a 1’origine d’une activation intempestive des

plaquettes.

La formation du thrombus est un processus trés dynamique qui se réalise en plusieurs

¢étapes (Figure 19) :
- Recrutement et adhésion transitoire des plaquettes
- Adhésion ferme des plaquettes
- Amplification de ’activation plaquettaire

- Activation de I’intégrine oypP3 et agrégation plaquettaire

VWF Fibrinogen Fibronectin Collagen o granule d granule
oo 00 AN Py

Figure 19: Schéma représentatif de I’activation plaquettaire suite a une lésion vasculaire. Les
plaquettes se lient au vWF fixé au collagéne grace au complexe GPIb-IX-V, induisant I’adhésion
transitoire des plaquettes (translocation) au niveau de la lésion vasculaire. La liaison du récepteur
GPVI et de I’intégrine o,[3; plaquettaires au collagéne ainsi que I’engagement de 1’intégrine asp3; avec
la fibronectine permettent ensuite une adhésion plaquettaire stable. L’adhésion ferme des plaquettes
permet 1’activation de 1’intégrine oypP; induisant sa liaison de haute affinité avec des protéines
adhésives: le vWF, le fibrinogéne et la fibronectine. Ces interactions adhésives sont indispensables a la
formation d’agrégats plaquettaires stables et a la croissance du thrombus. D aprés (Jackson, 2011).

1) Recrutement et adhésion transitoire des plaquettes

Lorsque le sous-endothélium est mis a nu consécutivement a une lésion vasculaire, le
collagene, la fibrine, les laminines et la fibronectine exposés vont lier rapidement le vVWF
circulant. Le vWF est une protéine plasmatique synthétisée par les MK et les cellules
endothéliales et libérée dans le sang majoritairement (80%) des corps de Weibel-Palade des

cellules endothéliales et de fagon minoritaire (20%) des granules a plaquettaires (Schmugge
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et al., 2003; Sporn et al., 1989). Une fois immobilisé, le vWF change de conformation et

devient capable de se lier a son récepteur plaquettaire: le complexe GPIb-I1X-V.

Le complexe GPIb-IX-V est un récepteur d’adhésion unique, exclusivement exprimé a la
surface des MKs et des plaquettes, composé de deux GPIba, deux GPIbf3, deux GPIX et un
GPV associé selon la stoechiométrie 2:2:2:1. 11 est exprimé de fagon constitutive a la surface
des plaquettes a hauteur de 25 000 copies par plaquette. La liaison du vWF a la sous-unité
GPIba du complexe GPIb-IX-V permet les premiers contacts entre les plaquettes et la paroi
vasculaire 1ésée et va permettre le ralentissement des plaquettes ou adhésion transitoire des
plaquettes (phénoméne de «rolling »). Il est considéré comme un mécano-récepteur
permettant la premiére liaison des plaquettes a la paroi vasculaire 1ésée. Malgré une activation
faible et transitoire, il met en jeu des cascades de signalisation permettant la sécrétion des
granules, la production de thromboxane A, (TXA;), la mobilisation calcique, ’activation de
I’intégrine oypPs et la réorganisation du cytosquelette plaquettaire pour le changement de

forme et la formation de filopodes et lamellipodes (Bryckaert et al., 2015) (Figure 20).
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Figure 20: Représentation schématique de ’activation du complexe GPIb-IX-V par le vWF. La
liaison du vWF au complexe GPIb-V-IX déclenche plusieurs voies de signalisation, la voie PI3K/Akt
et la voie de la PLCy2, permettant I’adhésion stable des plaquettes via notamment 1’activation de
I’intégrine oupP; mais aussi la production de TXA2 et la sécrétion d’ADP. La voie de la PLCy2 induit
I’activation de la petite protéine G, Rapl, ce qui permet le recrutement de la taline a 1’intégrine f3;. Ce
recrutement est essentiel & I’activation de I'intégrine oyP3;. Alors que I'implication de la PLCy2 est
bien décrite, la voie de signalisation impliquant le NO et I’activation de la PKG en aval de la voie
PI3K/Akt est controversée. D ‘apres (Bryckaert et al., 2015).

La maladie de vWF est la plus fréquente des pathologies hémorragiques constitutionelles.
Elle est due soit a une quantité insuffisante de vVWF soit a une altération de sa fonctionnalité.
Il en existe 3 catégories : la maladie de vWF de type 1, la plus fréquente, et de type 3, plus
rare, sont dues a des déficiences quantitatives. La maladie de vVWF de type 2 est causée par un
défaut qualitatif du vWF provenant d’altérations de sa structure (Nurden, 2007). D’autre part,
le syndrome de Bernard-Soulier se caractérise par une macrothrombopénie et des troubles
hémorragiques provenant de mutations des différentes sous-unités du récepteur GPIb-IX-V,

ce qui affecte son expression dans les plaquettes (Kunishima et al., 2002).

2) Adhésion ferme des plaquettes

Le collagene est un élément thrombogeéne du sous-endothélium permettant 1’adhésion et
I’activation des plaquettes sur le site de la lésion vasculaire. Suite au ralentissement des
plaquettes par ’interaction vVWF-GPIb-I1X-V, les plaquettes vont pouvoir se fixer au collagéne

par I’intermédiaire du récepteur GPVI et de ’intégrine a,f3; (Nieswandt and Watson, 2003).

GPVI est un récepteur transmembranaire exprimé exclusivement a la surface des MKs et
des plaquettes (Berlanga et al., 2000). Il est exprimé a la surface des plaquettes a hauteur de
1000 a 5000 copies par plaquette sous forme d’un complexe constitutif et non-covalent avec
la chaine y des récepteurs aux fragments constants des immunoglobulines (FcRy). Par ses

deux domaines IgG extracellulaires, il est capable de lier le collagene fibrillaire de type I et 111

(Moroi and Jung, 2004).
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Figure 21: Représentation schématique des voies de signalisation apres activation de GPVI par
le collagéne. GPVI est composée de deux domaines immunoglobuline extracellulaires avec un site N-
glycosylation 1ié¢ a une région riche en mucine qui présente des sites d’ O-glycosylation. Le domaine
transmembranaire contient un résidu arginine (R) requis pour 1’association avec la chaine FcRy. La
queue cytosolique de GPVI contient un site de liaison a la calmoduline et une région riche en proline
qui recrute constitutivement les kinases de la famille de Src, Lyn et Fyn, a la membrane plasmique. La
chaine FcRy est un homodimére qui a deux tyrosines dans une séquence conservée: un
immunoreceptor tyrosine-based activation motif (ITAM). La liaison de GPVI aux motifs répétés
glycine-proline-hydroxyproline du collagéne permet la phosphorylation de la chaine FcRy-ITAMs par
Fyn/Lyn. Ceci induit une cascade de signalisation dépendante de Syk amenant a la formation de
signalosome qui comprend plusieurs protéines adaptatrices telle que linker of activated T cells (LAT)
et signalisantes telles que la PI3K qui in fine résulte en 1’activation de la PLCy2 et déclenche

I’activation de l’intégrine ouyP;, la mobilisation calcique, I’agrégation et la dégranulation. D apreés
(Dutting et al., 2012).

Suite a sa liaison au collagene, le regroupement des complexes GPVI-FcRy va permettre
la mise en place des voies de signalisation intra-plaquettaires (figure 21). Ces voies de
signalisation entrainent la synthése de TXA,, la mobilisation calcique intracellulaire,

I’activation de I’intégrine aypPs et la sécrétion des granules plaquettaires (Watson et al.,

2005).

o, premier récepteur au collageéne identifié, est un hétérodimere constitué d’une sous-

unité o, et d’une sous-unité B; (Saelman et al., 1994). Elle est présente a la surface des

42



plaquettes a une densité d’environ 900 a 3500 par plaquette. Il a été montré que I’affinité
d’a3; pour le collagéne était augmentée par des agonistes plaquettaires comme I’ADP, le
TXA; et la stimulation spécifique de GPVI (Jung and Moroi, 2000, 2001). La signalisation
découlant de la liaison du collagéne a of; induit une mobilisation calcique intracellulaire,
I’activation de I’intégrine ouypf; et la formation de filopodes et lamellipodes indispensables a

I’¢étalement des plaquettes (Inoue et al., 2003).

Ainsi, la mise en place des voies de signalisation en aval des récepteurs d’adhésion (le
complexe GPIb-IX-V, GPVI et a,f;) permet a la fois 1’amplification de 1’activation
plaquettaire via la synthése du TXA, et la sécrétion des granules mais aussi 1’activation de
I’intégrine aupP3 qui permet, avec o, I’adhésion ferme et 1’arrét des plaquettes sur le sous-

endothélium ainsi que la formation des contacts stables entre plaquettes.

3) Amplification de I’activation plaquettaire

L’amplification de D’activation plaquettaire se traduit par le recrutement de plaquettes
circulantes au niveau de celles déja fermement adhérées au sous-endothélium exposé ou au
niveau du thrombus permettant la croissance et la stabilisation de ce dernier. Ce processus

nécessite, entre autres, les agonistes solubles plaquettaires: I’ADP, le TXA; et la thrombine.

L’ADP est stockée dans les granules denses des plaquettes au repos. Comme mentionné
ci-dessus, lors de I’activation plaquettaire, les granules sont sécrétés. L’ADP ainsi libéré, va
pouvoir activer deux récepteurs purinergiques : P2Y1 et P2Y12. Ces récepteurs, exprimés
dans la membrane plasmique des plaquettes (presque exclusivement pour le P2Y 12), sont des
récepteurs a sept domaines transmembranaires. P2Y1, couplé a la protéine Goy, va induire le
changement de forme des plaquettes et initier I’agrégation. P2Y12, couplé a la protéine Gay,
va amplifier 1’agrégation initiée par P2Y1 ainsi que 1’agrégation et la sécrétion induites par
d’autres agonistes tels que la thrombine, le TXA; ou le collagene (Gachet, 2008, 2012;
Offermanns, 2006). La coactivation des deux récepteurs est indispensable pour une agrégation
induite par I’ADP. Les patients ayant une anomalie de P2Y12 souffrent d’hémorragies
(Cattaneo, 2011). Les inhibiteurs de P2Y12 (Clopidogrel, Prasugrel, Ticagrelor) sont
largement utilisés en clinique pour prévenir et traiter la thrombose artérielle. Cependant ces

traitements augmentent le risque de saignement (Yousuf and Bhatt, 2011) (Figure 22).

Le TXA; est un prostanoide produit par la cyclooxygénase-1 (COX-1) a partir de I’acide

arachidonique. Il est synthétis¢é pendant I’activation plaquettaire, aprés activation de la
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phospholipase A, (PLA;), avant d’étre libéré par diffusion a travers la membrane plasmique.
Son action reste trés localisée car il est rapidement hydrolysé en thromboxane B2 qui est un
métabolite inactif. Néanmoins, le TXA, stimule ses deux récepteurs couplés aux protéines
Gag et Giyiz: TPa et TPP et induit le changement de forme des plaquettes et 1’agrégation
(Offermanns, 2006). Les rares patients atteints d’une mutation du géne codant pour le

récepteur du TXA, souffrent de saignements modérés (Okuma et al., 1996) (Figure 22).
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Figure 22: Représentation schématique des voies de signalisation activées par les protéines G
hétérotrimériques dans les plaquettes. Sont représentées les voies de signalisation en aval des
récepteurs couplés aux protéines G de I’ADP, du TXA, et de la thrombine. L’activation des protéines
Gi3, Gq et G; induit le changement de forme plaquettaire, la signalisation « inside-out » d’activation
des intégrines et la dégranulation. D apres (Offermanns, 2006 ).

Issue de la cascade de la coagulation, la thrombine est 1’activateur le plus puissant des
plaquettes. C’est une sérine protéase capable d’induire le changement de forme, la sécrétion et
I’agrégation des plaquettes. Elle active les plaquettes en agissant sur ses récepteurs couplés a
des protéines Gog et Giy13: PARI et PAR4 chez I’humain et PAR3 et PAR4 chez la souris
(Kahn et al., 1999; Kahn et al., 1998; Offermanns, 2006). En parall¢le, la thrombine est un
¢lément clef de la cascade de la coagulation. Grace a son activité enzymatique, elle va cliver
le fibrinogéne induisant sa polymérisation en fibrine et permettre la consolidation du

thrombus (Crawley et al., 2007) (Figure 22).
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4) Activation de I’intégrine oyp,P3 et agrégation plaquettaire

Toutes les voies de signalisation décrites ci-dessus amenent a 1’activation de 1’intégrine
ompPs. Une fois activée, elle permet la formation de contacts stables entre les plaquettes
favorisant ainsi la croissance et la stabilisation du thrombus ainsi que la rétraction du clou

plaquettaire.

L’intégrine oupfB3 n'est exprimée que dans les plaquettes et les MKs. A la surface des
plaquettes au repos elle est retrouvée a hauteur de 80 000 copies par plaquette et son
expression augmente sous activation par translocation a partir des membranes du SCO et des
granules de sécrétion. C’est un hétérodimere constitué¢ d’une sous-unité oy et d’une sous-
unité B3 associées de facon non-covalente. Dans les plaquettes au repos, I’intégrine o3 est
dans une conformation ne lui permettant de se lier ni au fibrinogéne ni a ces autres ligands
solubles avec une bonne affinité. Lors de I’activation plaquettaire, se mettent en place des
voies d’amplification de signalisations intra-plaquettaires en aval des récepteurs couplés a
des protéines G (récepteurs de I’ADP, du TXA et de la thrombine) ou des récepteurs
d’adhésion (GPIb, GPVI et o). Ces voies de signalisation aboutissent a 1’activation de
I’intégrine oupBs grace a sa liaison a la taline ou la kindline (Calderwood et al., 2013;
Nieswandt et al., 2009; Tadokoro et al., 2003). Cette voie d’activation de ’intégrine o3
constitue la signalisation « inside-out ». La finalité de cette signalisation « inside-out » est le
changement de conformation de I’intégrine o33 lui conférant ainsi une haute affinité pour le
fibrinogene et le vWF (Coller, 2015). L’intégrine oypP3 activée joue un réle primordial dans
I’agrégation et la formation du thrombus : (i) en connectant 2 plaquettes adjacentes grace au
fibrinogeéne en condition de faibles forces de cisaillement et au vWF circulants en condition
de hautes forces de cisaillement, qui forment des « ponts » entre les plaquettes (ii) en liant la
fibronectine ou la vitronectine de la matrice du sous-endothélium permettant ainsi 1’adhésion
ferme et 1’étalement des plaquettes. La liaison de I’intégrine o3 avec le fibrinogeéne, le
vWF ou la fibronectine va induire la signalisation « outside-in ». Cette signalisation va
entrainer le remodelage du cytosquelette d’actine et la formation de filaments d’acto-myosine
générant des forces de tension et des zones d’adhésion focales nécessaires a I’é¢talement et la

rétraction du clou plaquettaire (Gruner et al., 2003; Nieswandt et al., 2011) (Figure 23).
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Figure 23: Représentation schématique de I’activation de I’intégrine oum,P3. Dans les plaquettes
au repos, l'intégrine oupP; est dans une conformation inactive. La signalisation « inside-out » induite
par la liaison d’un agoniste plaquettaire a son récepteur permet 1’activation de 1’intégrine oup,P;. Est
représenté ici un exemple de 1’activation du récepteur PAR via la thrombine qui déclenche une
augmentation de Ca>" cytosolique. Cette libération de Ca** cytosolique permet la liaison de la taline a
la queue cytoplasmique de la chaine B;. Ceci induit le changement conformationnel de I’intégrine
opP; dans un état activé. Ainsi la liaison de I’intégrine oy,B; activée a son ligand soluble, le
fibrinogene, induit la signalisation « outside-in » et permet la formation du clou plaquettaire. D ‘apres
(Sorrentino et al., 2015).

La thrombasthénie de Glanzmann est une maladie autosomique récessive rare due a une
mutation sur les geénes codant pour I’intégrine aypBs et induisant un déficit qualitatif ou
quantitatif de cette derniére. Les symptomes sont variables allant de quelques ecchymoses a

des hémorragies fréquentes pouvant étre fatales (Nurden et al., 2013).

C) Un role de ’autophagie dans la production et la fonction plaquettaire

L’autophagie est un processus biologique indispensable aux fonctions cellulaires, dont le
but est la dégradation d’une partie des constituants du cytoplasme (protéines et organelles) en

acides aminés, lipides ou sucres. Un des roles de 1’autophagie est de protéger la cellule, dans
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un contexte de stress, en dégradant des agrégats protéiques ou des organelles et en les
recyclant a des fins énergétiques. L’autophagie intervient donc dans I’homéostasie, la survie
et le développement cellulaire ainsi que dans certaines pathologies telles que le cancer, le
diabete et les maladies neurodégénératives (Lamb et al., 2013; White et al., 2015). Pendant
I’autophagie, les constituants cytoplasmiques vont étre séquestrés dans une vésicule a double
membrane, I’autophagosome. Cet autophagosome fusionne ensuite avec un lysosome ou a

lieu la dégradation de ces constituants (Kobayashi, 2015) (Figure 24).
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Figure 24: Schéma représentatif de I’autophagie dans une cellule de mammifere: Une partie du
cytoplasme est englobée par la membrane d’isolation avant de former un autophagosome. La
membrane externe de 1’autophagosome fusionne avec un lysosome dans le but de dégrader le contenu
de I’autophagosome. Cette voie peut aussi dégrader des organelles tel qu’une mitochondrie. D apreés
(Mizushima et al., 2002).

L’autophagie est un procédé¢ dynamique comportant plusieurs étapes contrdlées
principalement par les 37 protéines « autophagy related-genes » (Atg). Le développement de
souris déficientes pour ces protéines a permis de révéler leurs réles (Mizushima et al., 2011)
et récemment de mettre en avant l'implication de I’autophagie dans la mégacaryopoiése et la

thrombose.

En 2014, Feng et al ont mis en évidence que les plaquettes au repos expriment les
protéines de 1’autophagie Atg5, Atg7, LC3 et Beclinl et que I’autophagie pouvait y étre
induite. Les souris hétérozygotes déficientes pour la Beclinl, une protéine majeure de
I’autophagie, présentent un défaut d’agrégation in vitro en réponse a des agonistes
plaquettaires et ont un temps de saignement a la queue allongé (Feng et al., 2014), montrant
un role de I’autophagie dans I’activation plaquettaire. L utilisation du 3-methyladenine (3MA)

comme inhibiteur de la PI 3-kinase de classe III (Vps34), bien que remis en cause par
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différents experts du domaine, laisse suggérer que 1’autophagie dans les plaquettes est

dépendante de Vps34.

En 2015, Ouseph et collégues ont montré une augmentation de 1’autophagie lors de
I’activation plaquettaire. Les souris déficientes pour Atg7 spécifiquement dans les
mégacaryocytes et les plaquettes (Atg7f/f; PF4-Cre/+) ont un temps de saignement apres
section de I’extrémité de la queue et un temps d’occlusion apres lésion au chlorure ferrique
(FeCly) in vivo significativement augmentés (Ouseph et al., 2015). Cao et al ont montré que
les souris déficientes pour Atg7 spécifiquement dans le systéme hématopoiétique
(Atg7"";Vav-Cre) ont aussi un temps de saignement aprés section de I’extrémité de la queue
significativement augmenté. Les plaquettes de ces souris ont une agrégation diminuée in vitro
en réponse a la thrombine. Contrairement a ce qu’a pu montrer Ouseph et al avec le modé¢le
Atg7f/f; PF4-Cre/+, les souris (Atg7f/f;VaV-Cre) de I’étude de Cao et al présentent une
diminution significative du compte plaquettaire et un volume plaquettaire augmenté associés a
une diminution du nombre de MKs matures dans la moelle osseuse ainsi qu’une capacité
réduite de différenciation des progéniteurs hématopoiétiques en MKs matures (Cao et al.,

2015).

Ces données montrent le role important de 1’autophagie dans les mécanismes de
thrombose et d’hémostase. L’autophagie semble requise pour la mégacaryopoiése et la
production de plaquettes ainsi que pour leur bon fonctionnement. Cependant, la fagon dont

I’autophagie régule ces processus reste encore méconnue.
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Chapitre III : Les phosphoinositide 3-kinases

A) Le métabolisme des phosphoinositides

Les phosphoinositides (PI) sont des glycérophospholipides anioniques membranaires
composés d’un squelette sn-1,2-diacylglycérol couplé au groupement hydroxyl D1 d’un myo-
inositol par une liaison phosphodiester. Les deux acides gras qui les constituent sont
majoritairement 1’acide stéarique (C18:0) en position 1 et I’acide arachidonique (C20 :4) en

position 2 du squelette glycérol (Mauco et al., 1984; Viaud et al., 2016) (cf. Annexe 1)
(Figure 25).
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Figure 25: Structure du phosphatidylinositol: Le phosphatidylinositol, précurseur des autres PI,
est composé d’un squelette sn-1,2-diacyllglycérol couplé & un myo-inositol par une liaison
phosphodiester et de deux acides gras : ’acide stéarique et 1’acide arachidonique en majorité. D apres
(Viaud et al., 2016).

Le noyau inositol du phosphatidylinositol (PtdIns) est phosphorylable en position 3, 4 et 5

par des lipide kinases spécifiques permettant ainsi la génération de 7 PI différents :

- Les phosphatidylinositol-monophosphates : phosphatidylinositol 3-
monophosphate (PtdIns3P), phosphatidylinositol 4-monophosphate (PtdIns4P) et le
phosphatidylinositol 5-monophosphate (PtdIns5P)
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- Les phosphatidylinositol-bisphosphates : phosphatidylinositol 3,4-
bisphosphate (PtdIns(3,4)P,), le phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P,)
et le phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,)

- Le phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3)

Dans la cellule, le PtdIns est 1'inositol lipide le plus abondant (80% des PI totaux et 5 a 8%
des phospholipides totaux) devant le PtdIns4P et le PtdIns(4,5)P, qui n’atteignent que 1 a 3%
des phospholipides totaux. Les autres PI comptent pour 2% des phospholipides totaux.

Les premiéres bases du « cycle des phosphoinositides » proviennent de la découverte par
Hokin en 1964 montrant que les phosphoinositides pouvaient étre hydrolysés (Hokin and
Hokin, 1964). A partir de 1a, 'implication des PI dans la signalisation cellulaire a pu étre mise
en évidence, permettant de découvrir la voie « canonique » conduisant a la production des
seconds messagers, inositol 1,4,5-trisphosphate (InsP3) et diacylglycerol (DAG) (Berridge,
1984; Michell, 1975). Enfin, la découverte des D3-phosphoinositides (D3-PI) et des PI 3-
kinases (PI3K), a ouvert un domaine trés important de la signalisation cellulaire avec des

retombées récentes dans le traitement de certaines pathologies (Balla, 2013; Viaud et al.,

2016).
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Figure 26: Métabolisme des phosphoinositides: Le PtdIns et les sept PI produits par les kinases et
les phosphatases sont représentés schématiquement. La production d’InsP; et de DAG a partir de
PtdIns(4,5)P, par la PLC est également indiquée. L’action des trois classes de PI3K, des 3-
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phosphatases (PTEN et les myotubularines) et de la 4-phosphatase bactérienne IpgD est également
présentée. D apres (Viaud et al., 2016).

Le métabolisme des PI est trés actif et met en jeu différentes PI-kinases et phosphatases
spécifiques (Figure 26). Ce métabolisme peut €tre présenté sous la forme de 3 voies (Balla,

2013):

La voie « canonique »: a partir du PtdIns, l'action d'une PtdIns 4-kinase (PI4K) puis
d'une 5-kinase (PISK) conduit a la production du PtdIns(4,5)P,, le substrat de la
phospholipase C (PLC) qui va l'hydrolyser en InsP; et DAG. Ces deux seconds
messagers sont des intervenants essentiels de la mobilisation du calcium et de
l'activation des PKC.

Les voies de génération du PtdIns5P: (i) soit directement par phosphorylation du
PtdIns par la 5-kinase (PIKfyve), (ii) soit par I’action concertée de PIKfyve et des 3-
phosphatases de la famille des myotubularines (MTM) sur la voie
PtdIns3P/PtdIns(3,5)P,/PtdIns5P, (iii) soit enfin par la déphosphorylation du
PtdIns(4,5)P, par une 4-phosphatase. Le PtdIns5P intervient dans différents processus
intracellulaires tels que le remodelage du cytosquelette, le trafic intracellulaire ou
encore l'expression des genes.

La voie des D3-PI: le PtdIns, le PtdIns4P et le PtdIns(4,5)P, peuvent étre phosphorylés
en position 3 du noyau inositol par une activité PI3K spécifique pour produire le
PtdIns3P, le PtdIns(3,4)P, et le PtdIns(3,4,5)P;. Leur synthése par les PI3Ks est
contrebalancée par différentes 3-phosphatases (MTM et phosphatase and tensin
homologue deleted on chromosome 10 (PTEN)). Le PtdIns(3,4,5)P; est également
hydrolysé par les 5-phosphatases SH2-containing inostol-5’-phosphate 1 et 2 (SHIP1
et SHIP2). Les D3-PI sont considérés comme des seconds messagers importants qui
controlent de nombreux processus cellulaires notamment lors de [’activation

plaquettaire (Jackson et al., 2004; Payrastre et al., 2001; Toker and Cantley, 1997).

B) Les D3-phosphoinositides (D3-PI)

Les D3-PI sont capables d’interagir directement avec des domaines protéiques

fonctionnels tels que les domaines pleckstrin homology (PH), Fab-1-YGL023-Vps27-EEAL1

(FYVE) et phox (PX). La localisation spécifique de chacun de ces D3-PI et la nature

réversible de leur phosphorylation les positionnent en tant qu’éléments clés des processus liés

aux membranes intracellulaires allant de 1’activation de voies de signalisation en aval de
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récepteurs spécifiques a la régulation du trafic vésiculaire (Balla, 2013; Raiborg et al., 2013;

Viaud et al., 2016) (Figure 27).
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Figure 27: Localisation cellulaire des D3-PI et des kinases et phosphatases mises en jeu dans
leur métabolisme: A la membrane plasmique, 1’activation d’un récepteur a activité tyrosine kinase
résulte en la production de PtdIns(3,4,5)P; par les PI3Ks de classe I (isoformes a., B3, y et 8). Ce second
messager lipidique est un substrat de la 3-phosphatase PTEN et des 5-phosphatases SHIP1/2.
L’isoforme o des PI3Ks de classe II est capable de produire du PtdIns(3,4)P, & la membrane
plasmique permettant la maturation des puits couverts de clathrine et la formation des vésicules
couvertes de clathrine lors de I’endocytose. Le PtdIns3P est essentiel a la fonction des endosomes
précoces et est produit par la PI3K de classe III (Vps34), par les PI3Ks de classe II, par la 4-
phosphatase INPP4A/B qui déphosphoryle le PtdIns(3,4)P, et par la 5-phosphatase FIG4. PIKfyve
produit du PtdIns(3,5)P, a partir de PtdIns3P lors de la maturation des endosomes précoces en
endosomes tardifs/corps multivésiculaires (MVB). Vps34 produit aussi du PtdIns3P lors de Ia
formation de D’autophagosome. Le recyclage endosomal a la membrane plasmique nécessite
I’hydrolyse du PtdIns3P par les MTM ainsi que la génération de PtdIns4P pour I’exocytose. D ‘apreés
(Marat and Haucke, 2016).

1) Le PtdIns3P
Le PtdIns3P, présent en faible quantité dans les cellules eucaryotes, est généré soit par les

PI3Ks de classe II et la PI3K de classe III a partir du PtdIns, soit par une 4-phosphatase de
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type low a partir du PtdIns(3,4)P,, soit enfin par une 5-phosphatase (FIG4) a partir du
PtdIns(3,5)P,.

Le role du PtdIns3P est dépendant de sa localisation dans la cellule (Figure 28). Le
maintien de son taux de base est indispensable pour I’homéostasie cellulaire car il joue, entre
autre, un role majeur dans la régulation du trafic intracellulaire, en recrutant des effecteurs
protéiques ayant des domaines d’interaction FYVE ou PX. En effet, le PtdIns3P régule la voie
de I’endocytose par interaction avec le domaine FYVE des protéines early endosomes antigen
1 (EEA1) ou Rab5 (Simonsen et al., 1998). Le PtdIns3P recrute également la protéine HRS
par son domaine FYVE qui, par interaction avec des protéines séquestrant les protéines
membranaires ubiquitinylées (endosomal sorting complex required for transport (ESCRT)),
guide les protéines membranaires vers la dégradation par les lysosomes (Schink et al., 2013;
Viaud et al., 2016). En interagissant avec le domaine PX des protéines sorting nexin (SNX), le
PtdIns3P controle le recyclage a la membrane plasmique ainsi que le transport rétrograde
d’endosomes vers le trans-Golgi (Schink et al., 2013; Viaud et al., 2016). Lors d'une
déprivation en nutriments, la PI3K de classe III (Vps34), produit du PtdIns3P au niveau de
I’autophagosome naissant, le phagophore, permettant le recrutement de protéines telles que
double-FY VE-domain-containing-protein-1 (DFCP1) ou encore WD40 repeat protein
interactions with phosphoinositides 1 and 2 (WIPI-1 et 2) qui sont indispensables a 1’initiation
de I’autophagie (Proikas-Cezanne et al., 2015; Schink et al., 2013; Viaud et al., 2016). Il a été
montré que PtdIns3P joue aussi un role dans I’exocytose des granules d’insuline (Dominguez
et al., 2011), dans I’activation d’un domaine de la NADPH oxydase (p40°™*) (Ellson et al.,
2006) et dans la cytocinése au niveau du pont intracellulaire en recrutant la protéine
centrosomale FYCE-CENT (FYVE domain-containing centrosomal protein) indispensable a

la division cellulaire (Sagona et al., 2010).
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Figure 28: Représentation schématique des processus cellulaires controlés par le PtdIns3P: Les
processus cellulaires contrdlés par le PtdIns3P sont illustrés sur le schéma. En rouge sont représentées
les localisations membranaires suggérées du PtdIns3P. D aprés (Schink et al., 2013).

2) Le PtdIns(3,4)P,

Le PtdIns(3,4)P, est synthétisé par I’isoforme o des PI3K de classe II, a partir de
PtdIns4P, pour controler I’endocytose dépendante de la clathrine via le recrutement de la
SNX9 par son domaine PX (Posor et al., 2013). Le PtdIns(3,4)P, provient aussi de la
déphosphorylation du PtdIns(3,4,5)P; par les 5-phosphatases SHIP1 et 2 et skeletal muscle
and kidney enriched inositol phosphatase (SKIP). Les roles du PtdIns(3,4)P; sont encore peu
connus. Cependant, il est capable d’interagir avec des domaines PH de certaines protéines
comme la lamellipodine et serait ainsi impliqué dans la formation de lamellipodes et de
podosomes (Bae et al., 2010; Li and Marshall, 2015). Dans les plaquettes, une part importante
du PtdIns(3,4)P, est produit en aval de D’intégrine oypP; par déphosphorylation du
PtdIns(3,4,5)P; par SHIP1 lors de 1’agrégation plaquettaire (Giuriato et al., 2000).

3) Le PtdIns(3,5)P;

Le PtdIns(3,5)P,, généré majoritairement par la 5-kinase PIKfyve a partir de PtdIns3P, est
peu abondant dans les cellules eucaryotes. PIKfyve fonctionne au sein d’un complexe de
kinases/phosphatases, PIKfyve/ArPIKfyve/SAC3 (PAS), localisé au niveau des endosomes
grace a son domaine FYVE liant le PtdIns3P. Ce complexe PAS est capable de produire du
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PtdIns(3,5)P, mais aussi du PtdIns3P. Le PtdIns(3,5)P; et les enzymes du PAS contrdleraient
I’homéostasie du trafic endosomal en régulant la fission et la fusion endosomale, le transport
rétrograde des endosomes vers le trans-Golgi et le tri vésiculaire vers I’endosome tardif.
Cependant, le manque d’outils permettant la localisation et le dosage précis du PtdIns(3,5)P,

limite son étude (McCartney et al., 2014; Viaud et al., 2016).

4) Le PtdIns(3.,4,5)P3

Le PtdIns(3,4,5)P; est présent en trés faible quantité dans des cellules au repos, notamment
dans les plaquettes. Il est produit de fagon rapide et transitoire par phosphorylation du
PtdIns(4,5)P, par les PI3K de classe I et est indispensable a l'organisation de plusieurs voies
de signalisation. On le retrouve majoritairement dans le feuillet interne de la membrane
plasmique ou il recrute des protéines via leur domaine PH comme par exemple la protéine
kinase Akt, des facteurs d’échange (GEF) des GTPases Arf ou Rac, des tyrosines kinases
(Bruton tyrosine kinase (BTK)) et des protéines adaptatrices comme GRB2-associated-
binding-protein 1 (GABI1). Ainsi, le PtdIns(3,4,5)P; participe au controle de différents
processus tels que la prolifération et la survie cellulaire, ’homéostasie glucidique ou encore
les processus de mobilité cellulaire (Salamon and Backer, 2013; Viaud et al., 2016). Dans les
plaquettes, il est produit de fagon rapide lors de l'activation par la plupart des agonistes

physiologiques et également lors de I'engagement de I’intégrine o3 (Gratacap et al., 2011).

C) Généralités sur les PI3Ks

Les PI3Ks sont une famille d’enzyme catalysant 1’ajout d’un phosphate en position 3 du
noyau inositol des PI. A ce jour, huit isoformes de PI3K, divisées en trois classes, ont été
caractérisées en fonction de leur substrat lipidique, leur mode de régulation et leur structure

protéique (Vanhaesebroeck et al., 2010).

1) Les PI3Ks de classe I
Les PI3Ks de classe I sont divisées en deux sous-classes. Les isoformes o, 3 et & forment
la classe IA et sont composées d’une sous-unité catalytique p110, dont il existe trois
isoformes (p110a, pl110B et pl110d) et d’une sous-unité régulatrice composée de cinq
isoformes (p85a, p85P, pSSy, p55a et pS0a). La classe IB ne contient qu’un seul isoforme
compos¢ de la sous-unité catalytique p110y et d’une sous-unité régulatrice (p101 ou p87). Les
isoformes pl110a et B sont exprimés de fagon ubiquiste, 1’isoforme & est retrouvé dans les

leucocytes et les plaquettes et enfin 1'isoforme y est exprimé dans les cellules
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hématopoiétiques mais aussi les cellules endothéliales, les cardiomyocytes, les ilots

pancréatiques et les cellules musculaires lisses (Vanhaesebroeck et al., 2010).

Les sous-unités catalytiques pl10 contiennent un domaine N-terminal de liaison a la
sous-unité régulatrice (p85-BD pour pl110a, B, 8), un domaine de liaison a Ras (RBD), un
domaine C2 de liaison a la membrane plasmique, un domaine lipide kinase en C-terminal et
un domaine en super-hélice au réle non caractérisé. Les sous-unités régulatrices de classe 1A
contiennent un domaine iSH2 (flanqué de part et d’autre d’un domaine SH2) de liaison a
pl10, de domaines riches en proline, d’un domaine SH3 (pour p85a et B) et d’'un domaine
« breakpoint-cluster-region homology » (BH ; pour p85a et ). Les sous-unités régulatrices
de classe IB, quant a elles, n’ont aucune homologie de séquences avec les sous-unités
régulatrices de classe IA mais possedent un domaine de liaison aux sous-unités 3 et y des

protéines G hétérotrimériques (Thorpe et al., 2015) (Figure 29).

In vivo substrate and product Subunit isoforms |
= Catalytic | p1100, p110B and p1105 —p85-8DH RBD HC2 Hii i R T,
« ® ® - . TP
I A0 — g —\® ~EEH P HEH P HSHE—{iSHZHSHE - p8seand pssp
o @ P '{B'E‘@—LS_H}_—E' pS5and p55Y | Regulatory
e Pidins(.4.90, {PHERZ—iSHZHEHE- P50
L P P Catalytic | p110y —————— RBD HCZ HE L B o iy
o ¢ P Gy, 8D p101
Ptdinsd,5)P, Prdins(3.4.5)P, osy |Regulatory

Figure 29: Isoformes de classe I des PI3Ks: Les PI3Ks de classe I phosphorylent le PtdIns(4,5)P, en
position 3 du noyau inositol pour donner du PtdIns(3,4,5)P;. La classe IA est composée
d’hétérodimeres contenant une sous-unité catalytique p110 (a,  ou 8) et d’une sous-unité régulatrice
« p85-like » (p85a et B, pSSa et 6 et pSOa). La classe IB est composée d’hétérodimeres avec une
sous-unité catalytique p110y et une sous-unité régulatrice p101 ou p87. D apres (Thorpe et al., 2015).
Suite a I’activation d’un récepteur a activité tyrosine kinase ou couplé aux protéines G,
les PI3Ks de classe I sont recrutées a proximité de leur substrat lipidique dans la membrane
plasmique. S’en suit la phosphorylation du PtdIns(4,5)P, en PtdIns(3,4,5)P; qui organise de

facon spatio-temporelle certaines voies de signalisation comme évoqué précédemment

(Thorpe et al., 2015; Vanhaesebroeck et al., 2010) (Figure 30) .
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Figure 30: Voies de signalisation contrélées par les PI3Ks de classe I: Aprés activation d’un
récepteur a activité tyrosine kinase ou couplé a une protéine G, les PI3Ks de classe I sont recrutées a la
membrane plasmique par interaction avec les motifs YXXM phosphorylés des récepteurs a activité
tyrosine kinase ou par interaction avec les protéines Gg, . Ensuite, elles phosphorylent le PtdIns(4,5)P,
en PtdIns(3,4,5)P;, un second messager lipidique qui active des voies de signalisation notamment les
voies dépendantes d’Akt pour contrdler différents processus cellulaires : transcription, croissance,
métabolisme glucidique, dynamique du cytosquelette, survie cellulaire et traduction. D apreés (Thorpe
etal.,2015).

2) Les PI3KSs de classe II (PI3KC2)

11 existe trois isoformes de PI3KC2: a, B et y. Les isoformes a et B sont exprimés de fagon
ubiquiste alors que 1’isoforme y a une expression restreinte (foie, prostate, glandes salivaires
et mammaires). Les PI3KC2 sont des lipide kinases monomériques qui ne possédent pas de

\

sous-unité régulatrice connue a ce jour. Ces monomeéres sont composés d’un domaine
catalytique, d’un domaine en super-hélice au réle non caractérisé, d’un domaine RBD, d’un
domaine PX et deux domaines C2 de liaison a la membrane plasmique. Les trois isoformes
divergent par le nombre de séquences riche en prolines en N-terminal. Les PI3KC2 sont
capables de phosphoryler le PtdIns et le PtdIns4P en position 3 du noyau inositol pour générer
du PtdIns3P et du PtdIns(3,4)P;, respectivement (Falasca et al., 2016; Thorpe et al., 2015;

Vanhaesebroeck et al., 2010) (Figure 31).
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Figure 31: Isoformes de classe II des PI3Ks: La classe II des PI3Ks est composée de 3 isoformes,
o, B et y. Ce sont des monomeres contenant un domaine catalytique mais sans sous-unité régulatrice
identifiée a ce jour. D apres (Thorpe et al., 2015).

a) La PI3K de classe II a (PI3KC2a)

In vitro, il a été montré que la PI3KC2a est activée par des cytokines, des chimiokines,
I’insuline et certains facteurs de croissance (Falasca et al., 2016; Ktori et al., 2003; Turner et
al., 1998). Sa particularité par rapport aux autres PI3KC2 est de posséder en sa région N-
terminale un domaine de liaison a la clathrine. Son interaction avec la clathrine entraine son
activation et la production de PtdIns(3,4)P, ce qui permet la scission des puits a clathrine lors
de ’endocytose grace au recrutement de la SNX9 (Falasca et al., 2016; Gaidarov et al., 2001;
Posor et al., 2013). La PI3KC2a est aussi impliquée dans le transport de vésicules vers la
membrane plasmique tel que la translocation de Glut4 en réponse a I’insuline (Maffucci et al.,
2003) et I’exocytose. En effet, la PI3KC2a est impliquée dans la sécrétion d’insuline, la
libération de granules neurosécrétoires et la dégranulation des basophiles (Dominguez et al.,
2011; Meunier et al., 2005; Nigorikawa et al., 2014). Il a ét¢ montré dans des expériences in
vitro que la PI3KC2a régule d’autres voies, en particulier la survie cellulaire par régulation de
la voie caspase 9/poly-ADP-ribose-polymerase (PARP) ou encore la contraction des cellules
musculaire lisses induite par la noradrénaline, la ionomycine ou le KCI en régulant la voie
RhoA/MLC (Elis et al., 2008; Eun et al., 2010; Falasca et al., 2016; Wang et al., 2006)
(Figure 32).
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Figure 32: Roles de la PI3KC2a dans les différents compartiments cellulaires: La PI3KC2a est
localisée dans différents compartiments cellulaires et son activité controle a la fois la voie de
I’endocytose (fléche rouge) et la voie de I’exocytose (fléche bleue). Aprés activation de récepteurs tels
que celui du transforming growth factor B (TGFBR) ou de la transferrine (Tfr), la PI3KC2a est
recrutée a la membrane plasmique (PM) au niveau de puits a clathrine (CCP) nouvellement formés
pour y produire du PtdIns(3,4)P, (en vert) qui est essentiel au recrutement de SNX9 pour la scission
des CCPs. La PI3KC2a est nécessaire a la maturation des vésicules endocytés en endosomes précoces.
La PI3KC2a produit du PtdIns3P (en jaune) dans les endosomes et permet 1’activation de GTPases
impliquées dans le réarrangement de 1’actine et le trafic vésiculaire. RhoA est indispensable pour le
transport des VE-cadherines (VE-cadh) des endosomes de recyclage (RE) et du trans-Golgi (TGN)
vers la membrane plasmique. De plus, la PI3KC2a produit du PtdIns3P a la base du cil primaire (PC)
indispensable pour son élongation. D ‘aprés (Campa et al., 2015).

Le développement de modeles animaux déficients ou inactivés pour la PI3KC2a a permis
de mieux caractériser son role dans différents processus cellulaires (Tableau 1). La délétion
ou I’inactivation totale de la PI3KC2a dans I’animal entier est 1étale au stade embryonnaire
(Alliouachene et al., 2016; Franco et al., 2014; Mountford et al., 2015; Yoshioka et al., 2012).
En effet, la délétion totale de la PI3KC2a est 1étale pour différentes raisons comme des

défauts de vasculogénése (Yoshioka et al., 2012) et de formation du cil primaire (Franco et

al., 2014).
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Modéele murin Phénotype Références

PI3KC2a tronquée Défaillances rénales, survie (Harris et al., 2011)
diminuée, retard de
croissance
Délétion totale Létalité embryonnaire (Yoshioka et al., 2012)

(Franco et al., 2014)

(Mountford et al., 2015)
Délétion spécifique cellules Létalité embryonnaire (Yoshioka et al., 2012)
endothéliales
Mutation inactivatrice Létalité embryonnaire (Alliouachene et al., 2016)
homozygote
Délétion spécifique cellules Défaut revascularisation (Yoshioka et al., 2012)
endothéliales inductible apres ischémie, diminution de
I’angiogénese de la rétine
Délétion hétérozygote Défaut des fonctions (Mountford et al., 2015)
) ] ] plaquettaires
Délétion totale inductible
Mutation inactivatrice Défaut des fonctions (Valet et al., 2015)
hétérozygote plaquettaires

(Alliouachene et al., 2016)
Résistance a la leptine
dépendante du sexe

Tableau 1: Modeles murins déficients pour PI3KC2q et leurs phénotypes. D aprés (Falasca et
al., 2016).

En 2013, Yoshioka et al, en délétant spécifiquement 1’expression de la PI3KC2a dans les
cellules endothéliales, ont mis en évidence une diminution du nombre d’endosomes riches en
PtdIns3P et un transport des VE-cadherines aux jonctions entre cellules endothéliales
défectueux. Ceci a pour conséquence un défaut d’assemblage des jonctions entre cellules
endothéliales responsable d’une perméabilité¢ vasculaire accrue et d’une angiogénese altérée.
En effet, en réponse au vascular endothelial growth factor (VEGF), la PI3KC2a produit du
PtdIns3P, au niveau des endosomes et du TGN, permettant I’activation de la GTPase RhoA et
le transport des VE-cadherines aux jonctions cellulaires. La PI3KC2a est donc indispensable

pour la migration, la prolifération, la tubulogénese et I’intégrité de la barriere endothéliale.
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Apres greffe de tumeur solide sur les souris déficientes pour la PI3KC2a spécifiquement dans
les cellules endothéliales, Yoshioka et al ont observé une diminution de la densité de micro-
vaisseaux et du volume global de la tumeur, faisant de la PI3KC2a une potentielle cible

thérapeutique dans le cancer (Yoshioka et al., 2012).

En 2014, Franco et collaborateurs ont montré que la PI3KC2a générait un pool de
PtdIns3P a la base du cil primaire dans les endosomes de recyclage péricentriolaires. Ce pool
de PtdIns3P permet la relocalisation de Rabl11 a la base du cil primaire, et son activation ainsi
que celle de Rab8. Ceci est indispensable a 1’¢longation du cil primaire et a 1’activation de la

voie Sonic Hedgehog (Shh) et in fine au développement embryonnaire (Franco et al., 2014).

En 2016, Alliouachéne et al ont montré, grace a un modele hétérozygote d’inactivation de
la PI3KC2a (par mutation ponctuelle dans un exon codant pour son site catalytique), un role
de la PI3KC2a dans la sensibilité a la leptine et dans I’homéostasie glucidique dépendant du
sexe. En effet, les souris males inactivées partiellement pour la PI3KC2a développent une
résistance a la leptine au niveau hypothalamique corrélée a une obésité dépendante de 1’age,

une insulino-résistance et une intolérance au glucose (Alliouachene et al., 2016).

Nous verrons dans la partie "résultats" que la PI3KC2a est également impliquée dans la

structuration des membranes, notamment au cours de la production plaquettaire.

b) La PI3K de classe II B (PI3KC2p3)

Le role de la PI3KC2[ a été moins étudié que celui de la PI3KC2a. In vitro, des études
ont montré son réle dans la régulation de la migration cellulaire. En effet, en réponse a I’acide
lysophosphatidique et a la sphingosine-1-phosphate ou suite a I’activation du récepteur a
I’EGF, la PI3KC2p produit du PtdIns3P a la membrane plasmique et contribue a la migration
cellulaire (Domin et al., 2005; Katso et al., 2006; Maffucci et al., 2005; Tibolla et al., 2013).
La PI3KC2p est aussi impliquée dans la régulation de la morphologie et la survie cellulaire.
En effet, lors d’une surexpression de la PI3KC2f3 dans des fibroblastes, la PI3KC2[3 forme, en
réponse au PDGF, un complexe avec un RhoGef, Dbl, qui va activer RhoA et Racl induisant

la formation de fibres de stress et 1’étalement des cellules (Blajecka et al., 2012).

In vivo, ’inactivation ou la délétion totale de la PI3KC2[ dans I’animal entier n’est pas
1étale et n'entraine pas de phénotype évident (Harada et al., 2005; Mountford et al., 2015). La

surexpression ainsi que la délétion totale de la PI3KC2[ n’a aucun effet sur la différenciation
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de I’épiderme. Afin de savoir si la PI3KC2o compensait la perte de la PI3KC2f3, Harada et al
ont délété la PI3KC2a avec des ARN interférents dans le modéle de délétion totale de la
PI3KC2p. Ceci n’impacte pas la différenciation de 1’épiderme suggérant que PI3KC2a ne
compense pas la perte de la PI3KC2[ (Harada et al., 2005).

En 2015, Alliouachene et al ont montré, grace a un modele homozygote d’inactivation de
la PI3KC2p (par mutation ponctuelle dans un exon codant pour son site catalytique), une
meilleure sensibilit¢ a I’insuline et tolérance au glucose de ces souris. En effet, les
hépatocytes primaires de ces souris ont un taux basal de PtdIns3P significativement diminué
ainsi qu’une accumulation d’endosomes trés précoces APPLI positifs associée a une
diminution des endosomes précoces EEA1 positifs. Le trafic endosomal du récepteur a
I’insuline est affect¢ et ces mémes hépatocytes stimulés a I’insuline, présentent une
augmentation de la signalisation Akt. Il semble que le récepteur a I’insuline dans les
endosomes trés précoces APPL1 positifs soit encore actif ce qui explique la meilleure
sensibilité a I’insuline de ces souris (Figure 33). Ces souris inactivées pour la PI3KC2[ sont
aussi protégées contre la stéatose hépatique suite a un régime gras, ce qui confirme que la
PI3KC2p pourrait étre une cible potentielle dans le diabéte de type 2 (Alliouachene et al.,

2015) (travaux auxquels j’ai participé au cours de mon Master 2 ; cf. Annexe 2).
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Figure 33: Modele proposé du role de la PI3KC2f en aval du récepteur a I’insuline dans les
hépatocytes. D ‘apres (Alliouachene et al., 2015).
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Lors du séquengage du génome de différents échantillons de cancer du poumon, le géne
de la PI3KC2p a été retrouvé muté, suggérant I’implication potentielle de la PI3KC2[3 dans le
cancer. (Falasca et al., 2016; Falasca and Maffucci, 2012; Maffucci and Falasca, 2014).

¢) LaPI3K de classe II y (PI3KC2y)

La PI3KC2y est exprimée de fagon restreinte dans le foie, la prostate et les glandes
salivaires et mammaires (Rozycka et al., 1998). Son rdle a trés peu été étudié mais il a été
montré qu’in vitro, elle produit du PtdIns3P et du PtdIns(3,4)P, (Misawa et al., 1998).
Récemment, le premier modele murin de délétion totale de la PI3KC2y a été caractérisé par
Braccini et al. (Braccini et al., 2015). Ces souris, a I’inverse du modele inactivé pour la
PI3KC2pB, présentent une diminution du taux de glycogéne hépatique, deviennent
hyperlipidémiques et insulino-résistantes en réponse a un régime gras. En effet, en réponse a
I’insuline, la PI3KC2y s’associe avec Rab5-GTP et est recrutée sur les endosomes précoces
Rab5 positifs. Dans ces compartiments, elle génére du PtdIns(3,4)P, qui retarde 1’avancée du
trafic endosomal et ainsi augmente 1’activation de la voie Akt2, spécifiquement, amenant a la
synthese de glycogeéne. La PI3KC2y semble donc importante pour I’amplification du signal
Akt2 en réponse a ’insuline qui permet le stockage de glucose sous forme de glycogene et

protége de la mise en place de la résistance a 1’insuline (Braccini et al., 2015).

3) La PI3K de classe III (Vps34)

La classe IIT des PI3Ks est composée d’un seul isoforme: Vps34. Celle-ci est composée
d’un domaine catalytique, un domaine en super-hélice et un domaine C2. Elle forme un
hétérodimere avec VpslS, sa sous-unité régulatrice. Son expression est ubiquiste et elle
produit du PtdIns3P a partir de PtdIns. Sa sous-unité régulatrice Vps15 est myristoylée ce qui

lui permet d’étre localisée aux membranes intracellulaires (Backer, 2016) (Figure 34).

3 P P SE7) c [ - VPS34 | Catalytic

§ T —a ) ] _
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Figure 34: Vps34, isoforme de classe III des PI3Ks: Vps34 forme un hétérodimere avec Vpsl5, sa
sous-unité régulatrice. Vps34 est constituée d’un domaine catalytique, un domaine en super-hélice et
un domaine C2. D apres (Thorpe et al., 2015).

Vps34 intervient dans divers processus cellulaires en fonction des protéines auxquelles

elle est associée. Il existe plusieurs complexes dans lesquels Vps34 intervient:
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- Le premier complexe est composé de Vps34 et sa sous-unité régulatrice Vpsl15 et peut
étre associé a Beclinl.

- Le complexe I est constitué de Vps34, Vpsl5, Beclinl et Atgl4.

- Le complexe II est composé de Vps34, VpslS, Beclinl et UVRAG (UV-radiation

resistance-associated gene).

L’activité de Vps34 peut étre régulée par des modifications post-traductionnelles touchant
directement Vps34 ou ses partenaires de complexes. Parmi ses modifications, nous retrouvons
la phosphorylation, 1’ubiquitination, la sumoylation ou encore 1’acétylation. Par exemple, lors
de I’induction de I’autophagie par déprivation en acide aminés, la Beclinl des complexes I et
IT est phosphorylée sur sa sérine 14 par Unc-51 like autophagy activating kinase 1 (ULK1) ce
qui va entrainer 1’activation de 1’activité lipide kinase de Vps34 (Backer, 2016; Russell et al.,
2013). L’activité de Vps34 peut aussi étre contrdlée par des modifications de 1’assemblage
des complexes I et I ou par la liaison a d’autres protéines ou inhibiteurs. En effet, la protéine
Rubicon est capable de lier Vps34 par son domaine RPIP8-UNC14-NESCA (RUN) ou de lier
UVRAG par son domaine FYVE et d’inhiber D’activité¢ lipide kinase de Vps34 dans
I’autophagie (Backer, 2016; Zhong et al., 2009). Vps34 est aussi controlée par régulation de
sa localisation intracellulaire et par dégradation sélective des constituants de ses complexes.
Par exemple, la localisation de Vps34 au pré-autophagosome requiert Atgl4 et permet ainsi
son activation (Backer, 2016; Obara et al., 2006). Lors d’une déprivation en acide aminés
prolongée, 1’'ubiquitine-ligase Cul3-KLHL20 va ubiquitinyler Beclinl, Vps34 et ULK1 par
association directe et induire leur dégradation (Backer, 2016; Liu et al., 2016). Enfin, le
dernier mode de régulation de Vps34 est une régulation transcriptionnelle sur le long terme

(Backer, 2016; Sandri et al., 2004; Yamada et al., 2012).

Par sa production de PtdIns3P au niveau de membranes intracellulaires, Vps34 est
fortement impliquée dans la gestion du trafic vésiculaire. Vpsl5 recrute Vps34, par son
domaine WD40, a proximité de Rab5 activé ou elle va générer du PtdIns3P ce qui permettra
le recrutement d’EEAT1 et la formation des endosomes précoces. De méme, Vps34-VpslS
vont se lier a Rab7 lors de la maturation des endosomes tardifs. Vps34 intervient aussi au
niveau des corps multivésiculaires (MVB) ou sa production de PtdIns3P permet le
recrutement des protéines ESCRT (Henne et al., 2011). Ces protéines ESCRT, qui possédent
un domaine FYVE de liaison au PtdIns3P, se lient aux protéines membranaires ubiquitinylées
et permet leur internalisation dans les MVB (Henne et al., 2011). Vps34 régule aussi le

transport rétrograde de cargos endocytés vers le Golgi grace au complexe rétromeére formé de
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quatre protéines SNX (1, 2, 5 et 6) par leur domaine PX de liaison au PtdIns3P (Bonifacino
and Hurley, 2008). Vps34 intervient également lors de la formation et de la maturation des
phagosomes (Figure 35). Vps34 du complexe II intervient dans la cytocinése ou, par la
production de PtdIns3P, il recruterait des protéines nécessaires a la scission (Backer, 2016;
Boularan et al., 2014). Vps34 est impliquée dans 1’autophagie induite par déprivation en
nutriments. Cette déprivation entraine la production de PtdIns3P, par le complexe I, qui va
recruter DFCP1, via son domaine FYVE, au niveau de la membrane du réticulum
endoplasmique et permettre la formation du précurseur de I’autophagosome, 1’omégasome.
Vps34 dans le complexe II est également indispensable a 1’étape finale de I’autophagie pour
la fusion de I’autophagosome avec le lysosome. Ainsi, le complexe I intervient lors du
processus d’initiation de I’autophagie alors que le complexe II intervient a I’étape finale de
I’autophagie ainsi que dans la régulation du trafic endosomal (Backer, 2016; Kihara et al.,
2001; Lamb et al., 2013; McKnight et al., 2014; Thoresen et al., 2010) (figure 35). En effet, la
présence d’Atgl4 dans le complexe I permet son recrutement (et activation) au niveau de
I’omégasome alors que la présence d’UVRAG dans le complexe II permet son recrutement (et
activation) au niveau des endosomes via Rab5 et Rab7 permettant leur maturation et la fusion
des endosomes ou des autophagosomes avec les lysosomes (Backer, 2016; Liang et al.,

2008).

De fagon intéressante, la déprivation en nutriments stimule I’activité de Vps34 dans les
complexes I et IT (comme décrit précédemment) mais inhibe aussi ’activité de Vps34 dans les
complexes avec Vpsl5 et avec Vpsl5S-Beclinl. En effet, la déprivation en nutriments va
entrainer la phosphorylation inhibitrice de Vps34 des complexes Vps34-Vpsl5 et Vps34-
Vps15-Beclinl par ’AMPK et par mTORC1 (Backer, 2016; Yuan et al., 2013). A I’inverse,
I’apport de nutriments va activer le complexe Vps34-Vpsl5 qui va a son tour stimuler le
complexe 1 de mTOR (mTORC1) et permettre la synthése protéique, via la S6 kinase 1
(S6K1) augmentant ainsi la croissance, la prolifération et la survie cellulaire. De plus,
I’activation de mTORCI1 inhibe Vps34 du complexe I par phosphorylation d’Atgl4 (Backer,
2016; Yuan et al., 2013). En fin de compte, Vps34, selon le complexe, joue des roles qui
semblent contradictoires mais cette régulation fine permet 1’adaptation de la cellule aux

modifications de son environnement.

A ce jour, on ne connait pas de pathologies humaines issues de mutations du géne codant
pour Vps34. Cependant, chez un patient atteint de déficit mental et un patient atteint de déficit

d’apprentissage ont été trouvées une microdélétion du geéne PIK3C3 (de Vps34) et une
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délétion dans I’exons 5-23 de PIK3C3 respectivement (Inaguma et al., 2016; Vulto-van
Silfhout et al., 2013). Il semblerait aussi que Vps34 soit impliqué dans des troubles
psychiatriques tels que la schizophrénie et la bipolarité (Stopkova et al., 2004; Tang et al.,
2008).

Phagosomal
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° Complex Il
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SCRT
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Figure 35: Les fonctions cellulaires de Vps34: Vps34 agit dans des complexes tétramériques en
formant du PtdIns3P. Elle régule la maturation des endosomes précoces Rab5-positifs (EE) et des
endosomes tardifs Rab7-positifs (LE). Le PtdIns3P produit recrute le complexe rétromére dans le
cadre du transport rétrograde vers le Golgi et le complexe ESCRT dans la maturation des MVBs.
Enfin, Vps34 est indispensable a I’initiation de I’omégasome au niveau du réticulum endoplasmique
(ER) et aussi pour la fusion de I’autophagosome avec le lysosome. D ‘aprés (Backer, 2016).

La délétion totale dans 1’animal entier de Vps34 est 1étale au niveau embryonnaire et
s'accompagne d'une inhibition de « mammalian target of rapamycin » (mTOR) ainsi que de la
prolifération cellulaire (Zhou et al., 2011). Pour éviter cette létalité, ont ét€¢ générées des
souris délétées pour Vps34 spécifiquement dans certains tissus grace au systeme Cre
recombinase placé derriere des promoteurs tissus-spécifiques. Les souris délétées pour Vps34

dans le foie ont un renouvellement protéique pauvre et développent une hépatomégalie et une
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stéatose hépatique. Les souris délétées spécifiquement dans le cceur ont des défauts de
contractilité¢ cardiaque et développent une cardiomégalie. De plus, 1’ablation de Vps34 dans
des « mouse embryonic fibroblastes » (MEFs) entraine un défaut de flux autophagique, de
production de PtdIns3P et de signalisation de mTOR. Cela a pour conséquence une
accumulation de protéines, phénomene aussi observé dans le foie et le ceeur délétés pour
Vps34 et pouvant étre a ’origine des défaillances de ces organes lorsque Vps34 est absent

(Jaber et al., 2012).

La délétion spécifique de Vps34 dans les lymphocytes T, grace au systéme Cre
recombinase placé en aval du promoteur CD4 ou Lck, a mis en évidence le role primordial de
Vps34 dans I’homéostasie des lymphocytes T. En effet, les lymphocytes T délétés pour Vps34
ont des défauts de flux autophagiques entrainant une augmentation significative de 1’apoptose
ainsi qu’un défaut de transport du récepteur a de I’interleukine 7 a la surface cellulaire,
récepteur indispensable a la survie des lymphocytes (McLeod et al., 2011; Parekh et al., 2013;
Willinger and Flavell, 2012).

Vps34 joue aussi un réle dans le développement du muscle squelettique. Les souris
délétées pour Vps34 spécifiquement dans le muscle, meurent de cardiomyopathie en moyenne
deux mois apres la naissance. Ceci est du a un défaut du systéme lysosomal provoquant
I’accumulation de protéines dans les fibres musculaires induisant une dystrophie musculaire
(Reifler et al.,, 2014). De maniere intéressante, la délétion spécifique de VpslS dans les

muscles entraine un phénotype similaire (Nemazanyy et al., 2013).

Au niveau du systéme nerveux central, il semble que Vps34 soit impliquée dans le trafic
endosomal. En effet, la délétion de Vps34 spécifiquement dans les neurones hippocampiques
ou sensoriels ou du systeme pyramidal engendre une dégénérescence progressive des
neurones a cause d’un trafic endosomal défectueux (Backer, 2016; Wang et al., 2011; Zhou et

al., 2010).

Enfin, la génération de souris déficientes pour Vps34 spécifiquement dans les podocytes
a mis en évidence son rdle au niveau rénal. Ces souris décédent 3 a 9 semaines apres leur
naissance a cause d’une protéinurie, d’'une dégénérescence rapide des podocytes et de la mise
en place d’une sclérose glomérulaire. La voie endocytique est indispensable au bon
fonctionnement des podocytes car elle permettrait la régulation de la réabsorption de protéines
ou d’urine. Les podocytes déficients pour Vps34 ont un trafic endosomal perturbé avec une

inhibition du captage de la phase-fluide, de I’endocyose médiée par les récepteurs et de la
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maturation des endosomes précoces en endosomes tardifs (Backer, 2016; Bechtel et al.,

2013).

ICsp in vitro (uM)

Inhibiteur pl10a | p110B | p1108 | pl10y | PI3KC2a | PI3KC2a | PI3KC20 | Vps34
Vps34-IN1 >10 >10 >10 >10 >10 >10 >10 0.025
SAR405 >10 >10 >10 >10 >10 >10 >10 0.0012
Compound31 | 2.7 4.5 25 >10 >10 >10 >10 0.002
3-MA 0.039 | 0.590 |0.120 |0.004 | ND ND ND 0.036
PI-103 0.026 | 0.045 |0.048 |0.560 |>10 0.490 0.250 0.488
GDC0941 0.003 | 0.033 |0.003 |0.075 |ND 0.670 ND >10
PIK-III 396 |>9 1.2 3.04 ND ND ND 0.018

Tableau 2: Tableau comparatif des IC50 des inhibiteurs de Vps34 récemment développés.
D’apres (Backer, 2016).

Récemment, des inhibiteurs spécifiques de Vps34 actifs in vitro ont été développés
(SAR405 par Sanofi et Vps34-IN1 par Novartis par Sanofi) et in vivo (Compound 31) dont les
IC50 sont tres faibles comparés a celle du 3-MA précédemment utilis€ comme inhibiteur de
Vps34 et dont la spécificité est trés controversée (tableau 2). Grace a I’utilisation de Vps34-
IN1, Bago et al ont montré que Vps34, par sa production de PtdIns3P, entraine ’activation de
la SGK3 (grace a son domaine PX se liant au PtdIns3P) et induit la survie et la prolifération
cellulaire. Ce phénoméne serait mis en place par les cellules cancéreuses dans le but de
contourner 1’inhibition prolongée de la voie PI3K-Akt par des inhibiteurs de PI3K de classe I
afin de continuer a proliférer (Bago et al., 2014; Bago et al., 2016; Bilanges and
Vanhaesebroeck, 2014). Ronan et al ont décrit I’effet du deuxiéme inhibiteur de Vps34, le
SAR405, sur la fusion endosome-lyososome et le flux autophagique. De plus, ils ont montré
qu’en traitant des cellules tumorales de rein avec SAR405 en combinaison de I’inhibiteur de
mTOR (everolimus), la prolifération cellulaire est significativement diminuée (Ronan et al.,
2014). Enfin, le développement récent par le méme groupe d’un inhibiteur de Vps34 actif in
vivo (Compound 31) permettra de tester son efficacité directement sur le modele animal

(Pasquier et al., 2015).
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D) Roles des PI3Ks dans les plaquettes
Au cours de ma thése j’ai eu I’opportunité de rédiger une revue générale qui résume la

place des PI3Ks dans les plaquettes (Valet et al., 2016).
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iology, platelets represent a valuable model to investigate, both in vitro and in vivo, the
biological roles of different branches of the phosphoinositide metabolism, which is highly
active in platelets. While the phospholipase C (PLC) pathway has a crucial role in platelet
activation, it is now well established that at least one class I phosphoinositide 3-kinase

Key Wo.rds" . (PI3K) is also mandatory for proper platelet functions. Except class II PI3Ky, all other
PI 3-kinase isoforms N K
Platelets isoforms of PI3Ks (class I a, B, v, 9; class Il o, B and class IIl) are expressed in platelets. Class
Thrombosis PI3Ks have been extensively studied in different models over the past few decades and
Signal transduction several isoforms are promising drug targets to treat cancer and immune diseases. In
platelet activation, it has been shown that while class I PI3K3 plays a minor role, class |
PI3KB has an important function particularly in thrombus growth and stability under high
shear stress conditions found in stenotic arteries. This class I PI3K is a potentially inter-
esting target for antithrombotic strategies. The role of class I PI3Ka. remains ill defined in
platelets. Herein, we will discuss our recent data showing the potential impact of inhibitors
of this kinase on thrombus formation.
The role of class II PI3Ka, and B as well as class III PI3K (Vps34) in platelet production and
function is just emerging. Based on our data and those very recently published in the
literature, we will discuss the impact of these three PI3K isoforms in platelet production
and functions and in thrombosis.
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1. Introduction

Platelet plug formation at sites of vascular damage is essential to prevent bleeding. However, formation of a platelet
thrombus can be detrimental following atherosclerotic plaque rupture leading to atherothrombosis and eventually to
ischemic complications, a major cause of death and disability worldwide (Jackson, 2011). Besides their critical role in hae-
mostasis and thrombosis platelets have long been used as a model to investigate the different aspects of the phosphoinositide
(PIs) metabolism in the regulation of various primary cell functions. Accumulating evidence indicates that PIs are crucial
molecules in platelet signaling (Min and Abrams, 2013). Several data also suggest that these bioactive lipids are strongly
involved in the production of normal platelets by megakaryocytes (Mountford et al., 2015; Valet et al., 2015; Wang et al.,
2008).

Platelet plug formation is a highly regulated process involving multistep adhesion mechanisms and the coordination of
complex intracellular signaling mechanisms (Furie and Furie, 2008; Jackson et al., 2009). Briefly, following a vascular injury,
platelets tether to von Willebrand factor (VWF) and collagen leading to integrin-dependent stable adhesion to the sub-
endothelial matrix. The soluble agonists secreted by activated platelets, including adenosine diphosphate (ADP) and
thromboxane A, (TXA>), or agonist generated by the coagulation cascade such as thrombin, will amplify platelet activation
leading to aggregation between platelets and stabilization of the thrombus (Ruggeri, 2007; Ruggeri and Mendolicchio, 2007,
Smyth et al., 2009; Varga-Szabo et al., 2008).

It is well established that phospholipases C (PLC) activation, leading to the production of the second messengers inositol
trisphosphate (IP3) and diacylglycerol (DAG), is crucial for platelet activation (Harper and Poole, 2010; Varga-Szabo et al.,
2009). Accumulating evidence indicates that phosphoinositide 3-kinases (PI3Ks) are also strongly involved in different as-
pects of platelet production and activation. All class I PI3K isoforms, class Il PI3Ka and B as well as class III PI3K are expressed
in platelets. Class I PI3Ks generate the lipid second messenger phosphatidylinositol 3,4,5 trisphosphate (PtdIns(3,4,5)P3) at
the plasma membrane upon cell stimulation. This lipid has the remarkable property to interact with several proteins to
organize, in a spatio-temporal manner, functional intracellular signaling complexes. One of the best characterized
PtdIns(3,4,5)P3-dependent signaling pathway involves the activation of the protein kinase Akt (or protein kinase B, PKB).
Using biochemical and genetic approaches, several groups have shown that class I PI3Kf is an important player in platelet
signaling (Bodin et al., 2003; Canobbio et al., 2009; Jackson et al., 2005; Martin et al., 2010). Since its inhibition prevents
occlusive thrombus formation in mouse, rat and dog with a limited increase in bleeding risk and acceptable safety in humans,
this lipid kinase is proposed as a potential target for antithrombotic therapy (Jackson et al., 2005; Nylander et al., 2012, 2015).
However, the implication of class I PI3Kf in thrombus stability at high shear rate raises the question of potential secondary
ischemic events in the microcirculation due to possible formation of platelet emboli following inhibition of this kinase
(Laurent et al., 2015). Class I PI3Kd is minimally implicated in platelet activation processes. Class I PI3Ky is mainly activated
downstream the ADP receptor and contributes to platelet activation (Hirsch et al., 2006). The role of class I PI3Ka remains
poorly characterized although recent data suggest an implication of this kinase in platelet priming and activation by collagen.

Class II and III PI3Ks do not produce PtdIns(3,4,5)P3 but are thought to synthesize PtdIns3P and, in addition for class II,
PtdIns(3,4)P;. PtdIns3P is implicated in the regulation of vesicular trafficking, especially in the endosomal system and in
autophagy. Presently, these kinases are the subject of intense studies but their role in megakaryocytes and platelets remains
poorly understood. However, two very recent studies have revealed an unexpected role of class II PI3Ka in the control of the
membrane structure of megakaryocytes and platelets (Mountford et al., 2015, Valet et al., 2015). Moreover, a recent publi-
cation suggests that, through the regulation of autophagy, class Ill PI3K plays an important role in platelets (Feng et al., 2014).

In this review, we will briefly discuss the contribution of the different class I PI3K isoforms in platelet activation, thrombus
growth and stability and will comment the recent findings demonstrating an important biochemical and physiological role of
class Il PI3Ka in platelet production and functions. The potential contribution of class IIl PI3K in these processes will also be
discussed.

2. Class I PI3Ks in platelets

Class I enzymes are best characterized and further subdivided into class IA (p110a, p110p and p1103) and class IB (p110y).
Class I PI3K subunits have a relatively broad tissue distribution with however an enrichment of p110y and p1109 in leukocytes.
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At the cellular level, class I PI3K contribute to many processes ranging from cell proliferation and survival to immunity, cancer,
metabolism and cardiovascular control through their activation by cell surface receptors, inducing synthesis of the phos-
phoinositide lipid signal, PIP3. PIP3 influences the function of numerous direct PIP3-binding proteins such as Akt and PDK1
kinases, GTPase exchange factors such as P-REX and cytohesin family of ARF-GAP proteins. Both p110a. and p110f play
important and distinct roles in angiogenesis and thrombosis and in insulin metabolism, growth and development whereas
p110y and p1103 are implicated in immune functions (Kriplani et al., 2015).

Class IA PI3Ks are composed of a catalytic subunit (p110a, B or d) associated with a SH2-containing regulatory subunit
(p85, p50 or p55). Following cell stimulation, the regulatory subunit binds to phosphorylated tyrosine residues with a
preference for a Y(P)xxM motifs (where x is any amino acid) leading to activation of the catalytic subunit downstream of
receptor tyrosine-kinase (Fruman, 2010). In contrast, the catalytic subunit of class IB PI3K (p110y) associates with p101 or p84
regulatory subunits which bind GBy subunits allowing activation of p110y by G-protein coupled receptors (Hawkins et al.,
2006; Vanhaesebroeck et al., 2010). It is noteworthy that class IA p110B can directly bind GBy subunits (Dbouk et al., 2012)
and by doing so be activated by G-protein coupled receptors including in platelets (Martin et al., 2010). Moreover, the catalytic
subunits of class I PI3K isoforms have a Ras-binding domain (RBD) and the Ras GTPase has been shown to activate several of
these isoforms (Vanhaesebroeck et al., 2010).

All class 1 PI3Ks are expressed in platelets (Jackson et al., 2004) and form the lipid second messenger PtdIns(3,4,5)P3 at the
plasma membrane upon cell stimulation (Anderson and Jackson, 2003). This lipid recruits signaling proteins, mainly through
their PH domain, to generate a steric environment favorable for protein interactions and activation. Hence, classes I PI3Ks are
key spatio-temporal organizers of specific signalosomes at the plasma membrane in response to cell activation. This critical
role of class I PI3Ks is downregulated by the action of specific PtdIns(3,4,5)P3 phosphatases such as PTEN and SHIP1. It is
important to note that class I PI3Ks have also protein scaffolding properties that may contribute to their signaling function
(Ciraolo et al., 2008; Hirsch et al., 2009; Jia et al., 2008; Patrucco et al., 2004).

Since this review focuses on summarize the role of the different isoforms of class I PI3K in platelet activation and
thrombosis, more detailed description can be found in recent reviews (Gratacap et al., 2011; Guidetti et al., 2015; Jackson and
Schoenwaelder, 2010; Laurent et al., 2014).

2.1. PI3Ko

P110d-deficient mice are viable, have a normal platelet count and do not exhibit a bleeding disorder. PI3K3 is highly
expressed in leucocytes but much less in platelets. Mouse platelets expressing a catalytically inactive form of the enzyme or
deficient for this enzyme have only a slight spreading defect in static conditions on fibrinogen or vWF (Senis et al., 2005;
Zhang et al., 2002). Thus, PI3K3 is thought to have a very weak implication in the regulation of platelet functions. Consis-
tent with this conclusion, no side effect related to bleeding has been so far reported in patients with B-cell malignancies
treated with a selective inhibitor of this enzyme (idelalisib).

2.2. PI3Ky

Mice deficient for PI3Ky or expressing an inactive form of p110y have a normal platelet count and no bleeding phenotype
but are protected against ADP-induced platelet-dependent thromboembolic vascular occlusion (Hirsch et al., 2001). In
platelets, PI3Ky appears mainly involved downstream of the P2Y, receptor for ADP, a G-protein coupled receptor also able to
activate PI3Kp (Canobbio et al., 2009; Cosemans et al., 2006; Martin et al., 2010; Schoenwaelder et al., 2007; van der Meijden
et al., 2008; Woulfe et al., 2002). PI3Ky may regulate the adhesive function of the integrin allbf3 downstream of P2Y;,
through a catalytic and a non-catalytic mechanism (Schoenwaelder et al., 2007). A combined catalytic function of PI3Kp and
non-catalytic function of PI3Ky may contribute to ADP receptor P2Y,/Gi signaling (Schoenwaelder et al., 2007).

2.3. PI3KB

As shown by the development of different mouse models and the use of selective inhibitors, the catalytic activity of PI3Kf
is critical for platelet function (Canobbio et al., 2009; Jackson et al., 2005; Martin et al., 2010; Nylander et al., 2012). PI3Kp is
essential downstream of the collagen receptor GPVI as it allows an efficient activation of PLCy2 and Ca?* mobilization. An
optimal mode of activation of p110f in platelets appears to involve By subunits from Gi (mainly downstream of P2Y1,) and
tyrosine kinases (through the ITAM-signaling). Different groups have shown that PI3Kp is essential for the sustained acti-
vation of the integrin allbB3 and for the allbf3 outside-in signaling through complex mechanisms involving Rap1b and other
signaling actors that remain to be fully characterized (Canobbio et al., 2009; Guidetti and Torti, 2012). Recent studies have
reported an important role for a PI3K in the Rasa3/Rap1b signaling which is important for megakaryocyte development and
platelet activation downstream of P2Y1, (Schurmans et al., 2015; Stefanini et al., 2015). PI3Kp is also important downstream of
other integrins such as «2f1 where its activation requires the tyrosine kinase PYK2 (Consonni et al., 2012). The implication of
PI3Kp in the outside-in signaling of platelet integrins is particularly important under the high shear stress situation that is
found in stenotic arteries. Indeed, we recently demonstrated that invalidation or pharmacological inhibition of PI3Kf leads to
a high instability of the thrombus formed at high shear rate (Laurent et al., 2015). Interestingly, in the absence of PI3Kp,
inhibition of GSK3 can restore thrombus stability suggesting that the control of platelet thrombus stability at high shear rate
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requires the PI3KB/Akt/GSK3 signaling axis. These observations are important since PI3Kf is proposed as an antithrombotic
drug target having modest effect on bleeding but significantly decreasing the risk of occlusive arterial thrombosis (Jackson
et al., 2005; Martin et al., 2010; Nylander et al., 2012). A phase I clinical trial with the selective PI3Kf inhibitor AZD6482
has shown a reduction in shear-induced human platelet activation ex vivo without increasing skin bleeding time and no
major drug-induced adverse events (Nylander et al., 2012). A second study has recently shown the advantage of combining
AZD6482 and aspirin compared with the current classical antithrombotic treatment associating clopidogrel with aspirin
(Nylander et al., 2015). Indeed, this combination provides a potential for greater overall antiplatelet effect with significantly
less bleeding potential. However, our data concerning the role of PI3Kf in thrombus stability point to a potential risk of distal
embolization of thrombotic material on treatment with PI3K inhibitors (Laurent et al., 2015). Whether a combination with
aspirin will reduce platelet emboli shedding at high shear rate or dissolve released platelet emboli preventing potential
occlusion of downstream microvessels remains to be investigated. Thus, while a series of convergent studies suggest that
inhibition of PI3Kp represents an interesting new potential antithrombotic strategy, the benefit-risk ratio remains to be
further evaluated.

24. PI3Ka

A role for PI3Ka in the potentiating effect of IGF-1 on platelet aggregation induced by low doses of agonists including ADP,
thrombin or collagen has been suggested (Blair et al., 2014; Hers, 2007; Kim et al., 2007; Motani et al., 1996). Inhibition of
PI3Ka also partly affects Akt phosphorylation downstream of GPVI (Kim et al., 2009). It appears that PI3Ka and PI3Kf are
involved downstream of GPVI in a non-redundant way since both isoforms are required for full PLCy2 activation, IP3 for-
mation, Ca>" mobilization and Rap1b activation (Gilio et al., 2009; Kim et al., 2009; Larson et al., 2003). Recently, we have
generated a mouse model in which PI3Ka (p110a.) is selectively deleted in the megakaryocyte lineage (Laurent et al., 2015) and
obtained data suggesting that the absence of PI3Ka in platelets does not increase the tail bleeding time of the animals but
leads to a consistent decrease in thrombus formation in vivo, possibly due to a reduced adhesion of platelets on collagen and
VWEF. However, in contrast to PI3Kf, our data clearly show that PI3Ka is not required for thrombus stability even at very high
pathological shear rate.

PI3Ka is an important target in cancer therapy and several selective inhibitors are under development as anticancer drugs
(Sabbah et al., 2015). The results of our experimental studies suggest that such inhibitors, used alone, should have moderated
effects on haemostasis and on the bleeding risk.

3. Class II PI3Ks and their role in platelets

The class II PI3Ks (PI3KC2) is composed of three isoforms called a, B and y. While the o and f isoforms are ubiquitously
expressed, the y isoform has a more restrictive tissue expression (mainly liver, prostate, breast, salivary glands) (El Sheikh
et al., 2003). Class II PI3Ks are unique monomers and so far no regulatory subunit able to modulate their activity has been
identified. Class Il PI3Ks phosphorylate the position 3 of the inositol ring of phosphatidylinositol (PtdIns) and/or PtdIns4P to
produce PtdIns3P and PtdIns(3,4)P,, respectively (Maffucci and Falasca, 2014). Because of the lack of selective pharmaco-
logical inhibitors and the recent development of relevant mouse models, the organismal role of class I PI3Ks remains unclear.
The majority of the studies on PI3KC2 have been performed in vitro, revealing a role for this kinase in a variety of processes,
depending on the cellular context.

3.1. PBKCa

In vitro studies have shown that PI3KC2a is involved in many different aspects of cell biology. Its activity is enhanced by
clathrin and plays a major role in endocytosis by regulating clathrin-coated pits maturation and scission through PtdIns(3,4)
P, production (Gaidarov et al., 2001; Posor et al., 2013). In addition, PI3KC2a. has been shown to contribute to exocytosis,
particularly to insulin secretion, neurosecretory granule release and antigen-induced degranulation (Dominguez et al., 2011;
Meunier et al., 2005; Nigorikawa et al., 2014). PI3KC2aq, via PtdIns3P production and subsequent activation of the small GTPase
TC10, is also involved in glucose transport by regulating GLUT4 translocation to the plasma membrane upon insulin stim-
ulation (Maffucci et al., 2003). PI3KC2a« mRNA level have been found decreased in islets from type 2 diabetic patients
(Dominguez et al., 2011) suggesting a potential role of this kinase in type 2 diabetes development. In vascular smooth muscle
cells, PI3KC2a regulates the KCI, noradrenaline and ionomycin induced contraction by regulating the RhoA/Myosin Light
Chain pathway (Wang et al., 2006). An increased PI3KC2a activity has been described in aorta and mesenteric arteries
following KCl stimulation, associated to increased RhoA activation and MYPT1 phosphorylation (Seok et al., 2010). A role of
PI3KC2«. in cell survival, through caspase 9 and PARP (poly-ADP-ribose-polymerase) regulation and independently of the Akt/
GSK3 pathway, has also been proposed (Elis et al., 2008; Eun et al., 2010) suggesting a potential implication of this kinase in
cancer.

The recent generation of mouse models, genetically modified on the endogenous PI3KC2a gene, has shed some light on the
in vivo physiological role of PI3KC2a. The first mouse model was generated by gene-trapping strategy targeting PI3KC2a PX
and C2 domains inducing significant reduction of PI3KC2a protein expression and activity with a residual truncated form still
detectable in brain and liver (Harris et al., 2011). These mice have a decreased survival curves along with a reduced body
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weight at 6 weeks. Blood and urine parameters of these mice demonstrated a chronic renal failure associated to histological
lesions revealing a glomerulonephropathy (Harris et al., 2011). Following this study, three laboratories have generated
different mouse models with total deletions of PI3KC24. They all found that total deletion of PI3KC24a. leads to an embryonic
lethality between E10.5 and 12.5 (Franco et al., 2014; Mountford et al., 2015, Yoshioka et al., 2012). Franco et al. have reported
that the role of PI3KC2a in embryonic development is related to the production of PtdIns3P at the base of the primary cilium.
This PtdIns3P pool appears essential for Rab11 relocation at the pericentriolar recycling compartment and the subsequent
Rab11 and Rab8 activation, leading to primary cilium elongation, Smo ciliary translocation and Sonic Hedgehog signaling.
Yoshioka et al. have shown a key role for PI3KC2a. in endothelial cells in the context of normal angiogenesis and vascular
barrier integrity, which are crucial during embryonic development. Loss of PI3KC2a-derived PtdIns3P leads to a defective
endosomal trafficking inducing the loss of vascular endothelial-cadherine recruitment at the endothelial cell junctions. Thus,
these reports highlight a crucial role for PtdIns3P produced by PI3KC2a in embryogenesis through its role in the spatio-
temporal control of protein trafficking. Overall, in vitro and in vivo data point to a crucial role of this kinase in the regula-
tion of critical cell functions but they are still incomplete and a clear idea of the role of PI3KC2« is lacking.

What can be the role of PI3KC2« in platelet production and functions?

Until very recently, the only report suggesting a potential role of class II PI3Ks in platelets was published 17 years ago by
the group of S. Rittenhouse (Zhang et al., 1998). However, two independent laboratories have just published data describing
the in vivo role of PI3KC2a in megakaryocytes and platelets (Mountford et al., 2015; Valet et al., 2015). To override the
embryonic lethality of PI3KC2a deletion, two different mouse models were developed in these studies. Mountford et al.
(Mountford et al., 2015) developed an inducible PI3KC2a. global deletion by shRNA gene targeting, while our group used a
model of partial inactivation of PI3KC2a kinase activity by point mutation in the endogenous PI3KC2a gene (Valet et al., 2015).
Overall, the data obtained with theses mouse models point to a novel role for PI3KC2a in membrane structure and remodeling
with consequences on platelet production and functions. Mountford et al. have reported that PI3KC2a-deficient platelets have
an enlarged open canalicular system leading to an enhanced membrane tether formation when platelets are perfused over a
VWF matrix. Moreover, using the model of partial inactivation of PI3KC2a kinase activity, our group has also observed the
enlarged open canalicular system and a significant percentage of platelets with tortuous and invaginated plasma membrane.
This major defect in membrane ultrastructure is associated with changes in the biophysical properties of platelet membranes
including reduced platelet elasticity, as shown by atomic force microscopy, and membrane dynamics, as highlighted by a
deficiency in filopodia formation. This platelet membrane phenotype was associated with a significant enrichment of the so-
called barbell-shaped proplatelets in the bloodstream (Valet et al., 2015). This recently discovered intermediate stage of
platelet formation is normally hardly detectable in the circulation (<1% of total platelets). In the two studies, platelet
membrane alterations were correlated to abnormal demarcation membrane system in megakaryocytes, showing that
membrane defects in platelets are inherited from megakaryocytes and are not only intrinsic to platelets. Interestingly, these
membrane defects were associated with a reduced recruitment of several membrane skeleton proteins including spectrin and
myosin and a defective link between plasma membrane and cytoskeleton (Valet et al., 2015). Thus, these two studies reveal a
novel role for PI3KC2¢. in membrane structure and dynamics. They also show that PI3KC2a. is not responsible for the agonist-
inducible pools of PtdIns3P and PtdIns(3,4)P,. However, while Mountford et al. concluded that PI3KC2a was acting on
membrane structure by a mechanism independent of phosphoinositides, our group could show, by using a specific mass assay
(Chicanne et al., 2012), that PI3KC2a was necessary for the production of a housekeeping pool of PtdIns3P in platelets. How
this housekeeping pool of PtdIns3P can regulate membrane skeleton integrity remains an open question. A PtdIns3P inter-
actome study on colorectal cancer cell line has revealed that spectrin, myosin and filamin can interact with PtdIns3P (Catimel
et al,, 2013). It is thus tempting to speculate that the housekeeping pool of PtdIns3P produced by PI3KC2u. is involved in the
recruitment of important proteins of the membrane skeleton. PtdIns3P is known to regulate early endosome maturation and
vesicular trafficking, which may indirectly contribute to the adequate localization of membrane skeleton proteins.

What are the consequences of this defect of platelet membrane structure and dynamics on platelet functions? Mountford
et al. (Mountford et al., 2015) have shown the formation of large and unstable thrombi in the absence of platelet PI3KC2a
in vivo. The tail bleeding time of their mouse model was normal but following hirudin treatment, to prevent the effect of
thrombin produced through the coagulation cascade, the tail bleeding time increased as PI3KC2a protein expression
decreased. In contrast, in our mouse model, where PI3KC2q. is expressed but 50% of it is inactive, we observed a decreased
thrombus formation with smaller but stable thrombi in ex vivo flow assays. Moreover, a delayed arterial thrombus formation
was observed in vivo, without affecting the tail bleeding time. These discrepancies may be explained by the use of two quite
different mouse models. In contrast to the model used by Mountford et al. where the protein is not or minimally expressed,
the kinase-inactivated PI3KC2a mouse model, which mimics a treatment with low doses of an inhibitor, may limit the
emergence of compensatory mechanisms by other PI3Ks that could happen in deficient mouse models. Importantly, this
model prevents the loss of a potential scaffolding role of the PI3KC2a.

Thus, overall, these two recent studies show that PI3KC2¢, plays a critical role in the production of platelets and impacts on
their prothrombotic functions. PI3KC2a appears to control the production of a housekeeping pool of PtdIns3P, the regulation
of membrane skeleton organization and in turn the membrane structure and dynamics. These studies shed new light on the
role of this class Il PI3K and will stimulate further studies to better understand the molecular mechanisms involving PIs in the
production of mature platelets.
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3.2. PI3KC28

PI3KC2 has been less studied than PI3KC2a and its organismal role remains unknown. The knock-out of PI3KC2f in mouse
has no impact on viability and fertility and these mice have normal epidermal growth, differentiation and wound healing
(Harada et al., 2005). However, evidence is accumulating that PI3KC2f plays a role in cell migration. Down-regulation of
PI3KC2pB decreases LPA-dependent migration of ovarian and cervical cancer line (Maffucci et al., 2005), while its over-
expression enhances cell motility, lamellipodia and filopodia formation and decreases cell adhesion (Domin et al., 2005).
These studies have pointed to a role of PI3KC2B-derived PtdIns3P production in cell migration (Domin et al., 2005; Maffucci
et al.,, 2005). Overexpression of PI3KC2f also increases proliferation of epidermoid carcinoma cell line cells and inhibits
apoptosis in neuroblastoma cells (Das et al., 2007; Katso et al., 2006). Amplification of PI3KC23 mRNA has been observed in
glioblastomas (Knobbe and Reifenberger, 2003) suggesting a potential implication of PI3KC2f in cancer.

In platelets, the study from S. Rittenhouse laboratory indirectly suggested that PI3KC2B could act downstream of a3
integrin (Zhang et al., 1998). Recently, Mountford et al. (Mountford et al., 2015) have shown that the global deletion of PI3KC2
has no impact on platelet count and size and on platelet morphology and functions. Accordingly, PI3KC2p-depleted mice have
a normal tail bleeding time. Biochemical analysis did not reveal an implication of PI3KC2j in basal or agonist-induced pools of
PtdIns3P or PtdIns(3,4)P,. The question of a potential redundancy between the o and 3 isoform of PI3KC2 in platelets remains
open since some data obtained by Mountford and al (Mountford et al., 2015) suggest that the role of the 3 isoform may only be
revealed when the a isoform is absent. Although this isoforms appears less important than PI3KC2aq, further investigations are
needed to fully understand its role in platelets and megakaryocytes.

4. Class III PI3K (Vps34) and its role in platelets

Class III PI3K, also known as Vps34, is the most ancient form of PI3Ks and the only PI3K found in yeast where it plays an
essential role in vacuolar trafficking (Herman and Emr, 1990). It is thought that Vps34 phosphorylates PtdIns to generate
PtdIns3P, a central phospholipid for the regulation of membrane trafficking. In mammalian cells, Vps34 has been found to
regulate endocytic trafficking, autophagosome formation and mTOR activation (Backer, 2008; Vanhaesebroeck et al., 2010).
The organismal role of mammalian Vps34 has been investigated recently by the development of mouse gene targeting
studies. Loss of Vps34 expression in mouse causes early embryonic lethality (between E7.5 and E8.5) (Zhou et al., 2011). Using
the cre-lox system an important role for Vps34 was revealed in heart and liver functions (Jaber et al., 2012), in T cells
(Willinger and Flavell, 2012), in podocytes (Bechtel et al., 2013), in skeletal muscle homeostasis (Reifler et al., 2014) and in
sensory, cortical and hippocampal neurons integrity (Wang et al., 2011; Zhou et al., 2010). In most cases, dysregulation of
multiples aspects of the endocytic/endosomal and/or the autophagic pathways were proposed.

As shown these last years, intra-cellular vesicular trafficking and autophagy are important processes in megakaryocytes
and platelets (Feng et al., 2014; Ouseph et al., 2015; Zucker-Franklin, 1981). Using the poorly specific Vps34 inhibitor, 3-
methyladenine (3-MA), Feng et al. have recently suggested that autophagy is Vps34 activity-dependent in platelets and
that this inhibitor can inhibit collagen and thrombin-induced platelet aggregation (Feng et al., 2014). These data should
stimulate further research to decipher the still elusive role of Vps34 in megakaryocyte and platelet biology. The use of highly
potent and specific Vps34 inhibitors that have been recently developed (Bago et al., 2014; Ronan et al., 2014) and/or mice
models targeting Vps34 specifically in megakaryocyte/platelet lineage will be essential in this quest.

5. Concluding remarks

The class I PI3Ks, particularly the B, « and y isoforms, plays an important role in the regulation of platelet signaling
downstream of various receptors and integrins. PI3Kp is especially involved in the complex mechanisms of thrombus for-
mation and stability under high shear stress. Targeting this lipid kinase may be relevant to develop a new antithrombotic
strategy since class I PI3Kf inhibitors reduce the risk of occlusive thrombosis in the arterial circulation without increasing the
bleeding risk. Further work should tell us if this strategy might be more efficient and safer than the currently used antith-
rombotic agents. A particularly important point will be to show that the risk of distal embolization, due to platelet emboli
shedding at high shear rate, is not a potential consequence of such a treatment. A combination of class I PI3Kf inhibitors with
other antithrombotic agents such as aspirin may be of interest to reduce this potential risk and reach an efficient antith-
rombotic effect. This strategy may be helpful in certain pathological or surgical situations. The role of class I PI3K. in platelets
remains to be fully understood, particularly since this isoforms is a major target in cancer therapy. The effects of drugs tar-
geting signaling enzymes on platelet activation have to be considered in clinical practice. This is exemplified by dasatinib
(Gratacap et al., 2009) or more recently by ibrutinib, the inhibitor of the tyrosine kinase Btk (one of the class I PI3K down-
stream effector), which affects platelet activation and induces bleeding in patients (Levade et al., 2014). The bleeding risk is
particularly important when these drugs are used in combination with commonly used antithrombotic agents such as aspirin
and P2Yq, antagonists. The role of class II and III PI3K in platelets is just emerging and further work will be necessary to
understand the mechanisms they regulate. These kinases are thought to be less specialized in signaling compared to class I
PI3Ks but they contribute to membrane dynamics, vesicular trafficking and autophagy, which are very important processes
during megakaryocyte differentiation and platelet maturation. The results of recent studies on class II and class III PI3K
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isoforms in megakaryocytes/platelets open a new field for platelet biology research with many exciting questions that will
help understanding the complex mechanisms regulating platelet production, maturation and functions.
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*kokosk

L’objectif de ma these a été d’étudier les roles de facteurs intrinséques et extrinseques au MK
sur la production et I’activation plaquettaire. Dans un premier temps, je me suis intéress¢ au
role de la PI3KC2a grace a un modele original de souris muté ponctuellement, de facon
hétérozygote, sur un exon codant pour son activité kinase et résultant en son inactivation
partielle. En parallele, j’ai étudié le role de la classe III des PI3Ks, Vps34, en générant un
modele de souris délété pour Vps34 spécifiquement dans la lignée mégacaryocytaire et les
plaquettes. Ces deux isoformes de PI3Ks représentent les facteurs intrinseques au MK sur
lesquels j’ai travaillé et dont le role reste méconnu. Enfin, je me suis intéressé a 1’influence,
non caractérisée, de I’adipocyte, facteur extrinséque au MK mais trés présent dans la moelle
osseuse, sur la mégacaryopoicse et la production plaquettaire in vitro ainsi que in vivo grace a
des souris obeses. Les résultats obtenus seront décrits dans le chapitre « Résultats

expérimentaux » de cette these.
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A) PI3KC2a et Vps34 : roles de deux facteurs intrinseques au MK dans
la régulation de la mégacaryopoiese, la production et I’activation

plaquettaire
Une caractérisation moléculaire détaillée de la biologie du MK et des mécanismes de
production et d’activation des plaquettes apparait nécessaire pour une meilleure
compréhension de ces processus complexes et la mise a jour de nouvelles cibles
pharmacologiques potentielles afin de lutter contre les complications cardiovasculaires liées a

des défauts de production et / ou d’activation plaquettaire.

Dans les plaquettes, le role des PI3Ks de classe I a largement été étudi€ ces dernicres
années, en particulier par notre équipe. Dans ce contexte, 1'équipe a contribué a montrer que
I’isoforme B des PI3Ks de classe I contrdle les étapes clés de I’activation plaquettaire et la
stabilité¢ du thrombus a haute force de cisaillement, ce qui en fait une potentielle cible anti-

thrombotique d’intérét (Laurent et al., 2014; Laurent et al., 2015; Martin et al., 2010).

Contrairement aux PI3Ks de classe I, le role des PI3KC2 et de la PI3K de classe III
(Vps34) est encore tres peu caractérisé. Les PI3KC2 et Vps34 sont plutdt spécialisées dans la
production du PtdIns3P. Ce lipide est particulicrement enrichi dans les membranes des
endosomes et des autophagosomes et ainsi joue un role critique dans les processus de trafic
vésiculaire. Nous avons émis [’hypothese que les PI3KC2, Vps34 et leur produit commun, le
PtdIns3P, pourraient jouer un role important dans la production et ’activation plaquettaire
pour plusieurs raisons: (i) la mégacaryopoiese et la production plaquettaire font appel a un
intense remodelage du cytosquelette et des membranes et un trafic vésiculaire trés actif, qui
sont des processus régulés par les PI3KC2, Vps34 et le PtdIns3P, (ii) les travaux anciens de
I’équipe de S. Rittenhouse ont suggéré un role pour les PI3KC2 dans ’activation plaquettaire
et (iii)) nos données récentes montrent une production de PtdIns3P lors de D’activation

plaquettaire (Chicanne et al., 2012).
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1) Role essentiel de la PI3KC2a dans le controle de la morphologie membranaire
des plaquettes

Pour ce travail, nous avons étudi¢ le réle de la PI3KC2a dans la production et les

fonctions plaquettaires en utilisant un mod¢le de souris original muté de fagon ponctuelle sur

un exon codant pour I’activité kinase de la PI3KC2a (Alliouachene et al., 2016). Alors que la

mutation homozygote dans 1’animal entier est létale, les souris portant une mutation

hétérozygote (PI3KC2a™ "P'***4) qui entraine une inactivation partielle de la PI3KC2a sont

viables et fertiles.
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Key Points

* PI3K-C2a controls platelet
membrane structure and
remodeling.

* PIBK-C2« is a key regulator of
a basal housekeeping PI3P
pool in platelets.

The physiologic roles of the class Il phosphoinositide 3-kinases (PI3Ks) and their contri-
butions to phosphatidylinositol 3-monophosphate (PI3P) and PI(3,4)P, production remain
elusive. Here we report that mice heterozygous for a constitutively kinase-dead PI3K-C2«
display aberrant platelet morphology with an elevated number of barbell-shaped proplate-
lets, a recently discovered intermediate stage in the final process of platelet production.
Platelets with heterozygous PI3K-C2« inactivation have critical defects in a-granules and
membrane structure that are associated with modifications in megakaryocytes. These
platelets are more rigid and unable to form filopodia after stimulation. Heterozygous
PI3K-C2« inactivation in platelets led to a significant reduction in the basal pool of PI3P

and a mislocalization of several membrane skeleton proteins known to control the interactions between the plasma membrane and
cytoskeleton. These alterations had repercussions on the performance of platelet responses with delay in the time of arterial occlusion in an
in vivo model of thrombosis and defect in thrombus formation in an ex vivo blood flow system. These data uncover a key role for PI3K-C2«
activity in the generation of a basal housekeeping PI3P pool and in the control of membrane remodeling, critical for megakaryocytopoiesis
and normal platelet production and function. (Blood. 2015;126(9):1128-1137)

Introduction

Phosphoinositide 3-kinases (PI3Ks) are lipid kinases that produce
D3-phosphorylated phosphoinositides, which are able to interact with
proteins to organize functional complexes regulating various biological
processes including signal transduction, cytoskeletal organization, and
vesicular trafficking."? After stimulation, class I PI3Ks produce phos-
phatidylinositol 3,4,5 trisphosphate [P1(3,4,5)Ps], a short-lived second
messenger involved in signal transduction. In contrast, class II and IIT
PI3Ks are thought to generate phosphatidylinositol 3-monophosphate
(PI3P), a lipid that is present at relatively low amounts in cells and that
controls vesicular trafficking. Whether class II and III PI3Ks produce
both basal and inducible pools of PI3P remain unclear. In addition
to PI3P, class II PI3Ks can also produce phosphatidylinositol 3,4
bisphosphate [PI(3,4)P,].3 Class Il o PI3K (PI3K-C2a), 1 of the 3
members of the class II PI3K subfamily, has become the focus of recent
studies, but its exact physiological role still remains enigmatic.>® In
vitro studies have implicated PI3K-C2a in intracellular membrane
trafficking, endocytosis, exocytosis, and autophagy.®> Recently, loss
of the Pik3c2a gene in mouse was shown to cause early embryonic
lethality (between embryonic day 10.5 and embryonic day 11.5) as
aresult of severe defects in angiogenesis and vascular barrier function,
together with primary cilium organization.®®

More than 15 years ago, the group of Susan Rittenhouse suggested
that a class IT PI3K could be implicated in blood platelet activation,” but
to our knowledge, no work has followed since then. Platelets are small,

anucleated blood cells that play a vital role in hemostasis and throm-
bosis. After vascular injury and exposure of the subendothelial matrix,
platelets adhere and form an hemostatic plug to prevent excessive blood
loss.'®!" Platelets are produced by megakaryocytes after a highly reg-
ulated process of maturation of hematopoietic stem cells into giant
polyploid cells, characterized by intense membrane and cytoskeleton
remodeling.'? Mature megakaryocytes extend long, branched struc-
tures designated as proplatelets, which cross the endothelial barrier and,
under hemodynamic flow, split into young “reticulated” platelets in the
bloodstream. Platelet shaping and sizing resulting from reversible
conversion of round-shaped platelets into barbell-shaped proplatelets
also occurs in the bloodstream, where they undergo successive rounds
of fission via membrane and cytoskeleton remodeling to produce
mature platelets.'>°

To gain insight into the physiological role of PI3K-C2« in platelet
production and function, we used a mouse line heterozygous for a
germ-line kinase-inactive knock-in (KI) mutation (D1268A) in the en-
dogenous Pik3c2a gene. These mice with a heterozygous inactivation
of PI3K-C2a were viable and fertile but showed aberrant platelet
formation with critical defect in platelet membrane morphology and
dynamics and an enrichment of barbell-shaped proplatelets in the blood-
stream. Our data demonstrate that PI3K-C2a regulates an agonist-
independent pool of PI3P and is important for organizing the membrane
skeleton to allow normal platelet production and functions.
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Methods

Animals

Wild-type (WT) and heterozygous mutant mice with inactive PI3K-C2a (WT/
D1268A) were of C57BL/6 genetic background and housed in the Anexplo
(Toulouse) vivarium according to institutional guidelines. For all experiments,
8- to 14-week-old mice were used. Ethical approval for animal experiments was
obtained from the French Ministry of Research in agreement with European
Union guidelines.

Preparation of murine platelets, flow assay on collagen, carotid artery
thrombosis, and tail bleeding time are described in detail in the supplemental
Methods.

In vitro Pl 3-kinase assay

Platelets (4 X 10%) were lysed at4°C in 20 mM Tris-HCI (pH 7.7), 150 mM NaCl,
4 mM EDTA, 1 mM Naz;VOy,, 10 pg/mL leupeptin and aprotinin, 1 mM phe-
nylmethylsulfonyl fluoride, and 0.5% Triton X-100. Lysates were centrifuged
at 16 000g, and the supernatants were incubated for 2 hours with anti-PI3K-C2a
antibody and protein A-Sepharose beads. Immunoprecipitate was resuspended in
kinase assay buffer (20 mM Tris-HCl at pH 7.4, 100 mM NaCl, 0.5 mM EGTA,
10 mM MgCl,, and 100 wuM ATP). Then, 10 g phosphatidylinositol vesicles
and 10 p.Ciy-[**P] ATP were added, and after 20 minutes at 37°C, under gentle
shaking, reaction was terminated and lipids were extracted using the Bligh and
Dyer procedure.

Electron microscopy

Platelets were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer at 4°C overnight. After 2 washes in the same buffer, platelets were
allowed to adhere on poly-lysine-coated cover glasses and then dehydrated in
a graded ethanol series (scanning electron microscopy) or embedded in resin
and sectioned (transmission electron microscopy) according to standard pro-
cedures for electron microscopy imaging. Tibia bone marrow was flushed and
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C
overnight, embedded in resin, and sectioned (transmission electron micros-
copy) according to standard procedures for electron microscopy imaging.
Samples were analyzed with HT 7700 Hitachi transmission electron micro-
scope or FEG FEI Quanta 250 scanning electron microscope.

Platelet morphology

Freshly isolated platelets were fixed with formalin (2% final), either im-
mediately to assess baseline morphology or after 24 hours of suspen-
sion culture in M199 medium (Gibco, Invitrogen). Fixed platelets were
subsequently layered onto poly-L-Lysine-coated microscope slides, using
a cytospin centrifuge (Shandon Cytospin; Thermo Fisher Scientific). To
determine the number of platelets with extensions and distinct cell bodies,
fixed cells were counterstained with an anti-a-tubulin antibody and an
AlexaFluor488 secondary antibody. Ten random fields were captured,
using Zeiss LSM780 confocal and Zen Zeiss software, from each inde-
pendent experiment, and platelets with two or more distinct cell bodies
on the total platelet count were counted. Round platelet diameter was
evaluated by line-scan analysis, using Zen Zeiss software, as previously
described.?!

Lipid analysis

PI3P mass assay and phosphoinositide labeling were performed on washed
platelets, as previously described.”*** To analyze phospholipid and cholesterol,
washed platelets were homogenized in 2 mL of a mixture of methanol:5 mM
EGTA (2:1, volume to volume ratio [v/v]) and were extracted according to Bligh
and Dyer in a chloroform/methanol/water mixture (2.5:2.5:2.1, v/v/v) in the
presence of the internal standard (15 g stigmasterol, phosphatidylethanolamine,
12:0/12:0; phosphatidylcholine, 13:0/13:0; phosphatidylinositol (PI), 16:0/17:0;
and phosphatidylserine, 12:0/12:0). Cholesterol quantification was obtained after
gas chromatography analysis. To simultaneously separate phospholipids liquid
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chromatography-tandem mass spectrometry, the previous extract was analyzed
on an ultrahigh-performance liquid chromatography system (Agilent LC1290
Infinity) HYLIC column coupled to Agilent 6460 triple quadrupole MS (Agilent
Technologies) equipped with electrospray ionization operating in negative and
positive mode.

Flow assay on von Willebrand factor

Murine von Willebrand factor (vWF; 10 wg/mL) was immobilized over-
night on a surface precoated for 4 hours with a polyclonal anti-human
vWF antibody (31 png/mL; Dako). Washed platelets were perfused in
vWE-coated microcapillaries at a shear rate of 18 dynes/cm?. Real-time
adhesion was observed in 3 microscopic fields at X40 magnification during
a 35-minute period, starting 4 minutes after the onset of perfusion (1 frame
every 5 seconds).

Atomic force microscopy

A NanoWizard II atomic force microscope (JPK Instruments) mounted on an
inverted optical microscope (Axiovert 200; Carl Zeiss Microlmaging) was used
to localize platelets, image them, and measure their membrane mechanical forces
(Young Modulus). Silicon Nitride cantilevers (MLCT, Bruker) with nominal
spring constant of 0.1 N/m, a pyramidal shaped tip, and a half cone angle
a=17.5°

The thermal tune method** was systematically used to measure the
cantilevers spring constants, which were all found in the range from 0.14 to
0.16 N/m.

Elasticity measurements. All experiments were conducted in N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid liquid media and maintained
at 37°C, using a temperature-controlled sample holder (BioCell; JPK Instru-
ments). Washed platelets were placed on a fibrinogen-coated surface and left
to adhere for 45 minutes in the presence of thrombin (0.5 IU/mL) before any
experiments. Force (F) vs displacement curves were recorded according to a
16 X 16 matrixovera 1.5 X 1.5 pmz area for each platelet, with a maximum load
of 4 nN to preserve membrane integrity. These curves were then converted into
indentation () curves and fitted using JPK Instruments data processing software

with the conical hertz model® of Equation 1 with a Poisson ratio (v) arbitrary
fixed to 0.5:
2Etan a _,
F=——— 1
(1l —v?) M

For each force curve, the Young’s modulus (E) is calculated and plotted on
histograms.

Atomic force microscopy imaging. After adhesion, platelets were
fixed in 1.5% formalin solution for 30 minutes and then washed and imaged in
air at room temperature. The atomic force microscopy (AFM) scanner has
a maximum range of 100 pm in XY directions and 15 pm in the vertical
direction. Images were acquired at 512 X 512 pixel resolution at a line rate of
1 to 2 Hz with a maximum applied force of 4 nN. All images were analyzed
using JPK data processing software. Linear plan fit was used to remove sample
tilt from height images, using the glass slide as the zero reference plan.

Isolation of membrane skeleton

Platelets were lysed by the addition of ice-cold cytoskeleton buffer (100 mM
Tris-HClatpH 7.4,20 mM EGTA, 2 mM Na3VOy, 4 p.g/mL each of aprotinin
and leupeptin, 2 mM phenylmethylsulfonyl fluoride, and 2% Triton X-100)
for 10 minutes at 4°C. Platelet membrane skeleton (Triton X-100 insoluble
fraction) was isolated from the 16 000g supernatant by centrifugation at
100 000g overnight and then solubilized and prepared for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

Statistical analysis

Data are expressed as mean = standard error of the mean. Significance of
differences was determined using 2-tailed Student ¢ test or 2-way analysis of
variance or 1-sample 7 test. P values < .05 were considered significant (*P < .05,
P <01, ¥EP < .001).
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Results

PI3K-C20VT/P1268A mice display defects in platelet formation
and membrane morphology

To investigate the role of PI3K-C2« in platelets, we used a mouse line
with a germline kinase-inactivating KI mutation in the PI3K-C2a pro-
tein, further referred to as PI3K-C2a®"?%®** Whereas homozygous KI
mice are embryonic lethal, heterozygous mice (hereafter called PI3K-
C2oVTPI268A mhice) are born at the expected Mendelian ratio, are viable
and fertile, and develop normally, with no apparent morphological
abnormalities (B.V., manuscript in preparation). PI3K-C2¢ " 7/P12684
mice showed no signs of spontaneous bleeding compared with littermate
WT mice and had comparable levels of Pik3c2a mRNA level in
megakaryocytes and unaltered protein expression of PI3K-C2a and
other class I, II, and III PI3K isoforms in platelets (Figure 1A-B).
PI3K-C2a immunoprecipitates from PI3K-C2a"VTP1284 platelets
displayed a 50% reduction in lipid kinase activity (Figure 1B), in line
with heterozygous inactivation of PI3K-C2a.

Except for hematocrit, which was slightly enhanced, basic blood
parameters such as red/white blood cell count, hemoglobin concen-
tration, and mean globular volume, as well as immune cell populations
(B cells, T cells, granulocytes), were unaltered in PI3K-C2q WT/P1268A
mice (Table 1). PI3K-C20 W TP12684 mjice displayed a normal platelet
count (Figure 1C). However, although the mean volume of platelet
population was not significantly different (7.70 wm® + 0.27 pm® for
PI3K-C20 W TP1268A ys 7 16 um? + 0.25 pm? for WT; n = 30 mice),
platelets were heterogeneous in size, as reflected by increased plate-
let distribution width in PI3K-C2a™ 7?1268 mice compared with
in WT mice (3.76% = 0.41% vs 2.82% *+ 0.22%; n = 30 mice;
P < .05) and confirmed by tubulin ring diameter measurement
(Figure 1C; supplemental Figure 1, available on the Blood Web site).
Expression levels of major platelet surface receptors were comparable
in PI3K-C2a. ™V P12684 and WT platelets (Figure 1C). Transmission
electron microscopy analysis revealed an abnormal ultrastructure of
resting PI3K-C2aVT/P12684 platelets, with major defects in mem-
brane morphology including an aberrant invaginated and tortuous
shape of the plasma membrane as compared with the smooth plasma
membrane from WT platelets (Figure 1D). The open canalicular
system, which represents invaginations of the plasma membrane and
constitutes a reservoir of membranes necessary for platelet shape
change during activation, appeared altered in PI3K-C20 W T/P12684
platelets (Figure 1D). Quantification indicated that 31% * 5.4%
of PI3K-C20™VT/P1268A platelets have an invaginated and rough
morphology compared with 4.2% * 2.2% of WT platelets. The
winding plasma membrane shape of PI3K-C2a™ P!2%84 platelets
was confirmed by scanning electron microscopy (Figure 1D). Strikingly,
an enrichment of platelets with 2 cell bodies, recently named barbell-
shaped proplatelets,'® which are normally very rare, was observed in
PI3K-C20. W TP1288A platelet suspension (Figure 1D). In addition,
PI3K-C2aVT/P12084 platelets displayed an abnormal a-granule dis-
tribution characterized by 46.0% = 1.2% reduction in number
and 60.5% = 3.7% increase in size compared with WT platelets
(Figure 1E). Global platelet a-granule content such as vVWF and
fibrinogen was, however, not altered. Transmission electron micros-
copy, mepacrine uptake, and serotonin quantification showed no
substantial difference in the number, size, and content of dense
granules between WT and PI3K-C2¢ W T/P12684A platelets (supple-
mental Figure 2). Despite membrane and a-granule defects, but
consistent with a normal platelet count, the in vivo life span of
PI3K-C20 W TP2684 platelets and their count recovery after immune-
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induced thrombocytopenia was similar to that of WT platelets (sup-
plemental Figure 3).

The defects in membrane and a-granules were already observed
in PI3K-C2a VP28 meoakaryocytes, as shown by transmission
electron microscopy analysis of the native bone marrow. The de-
marcation membrane system was less developed and delineated
compared with WT megakaryocytes (Figure 1F). Fewer a-granules,
heterogeneous in shape and bigger than in WT, were also observed
in PI3K-C2aVT"P12684 megakaryocytes (Figure 1F).

Altogether, these data point to a critical role for PI3K-C2a in the
organization of membrane structure and platelet morphology, already
detectable in megakaryocytes.

PI3K-C20VT/P1268A platelets have a reduction in the basal,
agonist-insensitive, pool of PI3P

‘Whether class II PI3Ks control a basal or a stimulation-sensitive pool of
PI3P, or both, remains unclear. Emerging evidence suggests class 1l
PI3Ks can also generate PI(3,4)P, under certain conditions.> We used
3 complementary methods to analyze phosphoinositide levels in
PI3K-C20.W7P1268A platelets: high-performance liquid chromatogra-
phy analysis after short-term (45 minutes) >*P-labeling of platelets,
efficient in determining the fast turnover of phosphoinositides and their
acute changing after stimulation®®; a PI3P-specific mass assay to
measure the total amount of PI3P*?; and imaging using the PI3P-
binding FYVE"®S domain as a probe. High-performance liquid
chromatography analysis of the short-lived phosphoinositide pools
did not show any significant differences in the basal or agonist-
stimulated levels of PI3P or other phosphoinositides, including
PI(3,4)P, and PI(3,4,5)P; (Figure 2A; supplemental Figure 4).
However, as PI3P also exists in a pool with slow turnover time, we
next used a PI3P-specific mass assay and found a 29.7% * 3.3%
decrease in PI3P in resting PI3K-C2a V7P 12684 platelets compared
with WT (Figure 2B). This decrease was highly significant,
given that only 50% of the PI3K-C2a was inactivated, suggesting
PI3K-C2a contributes to about half of the basal PI3P level in WT
platelets. The decrease in basal PI3P pool in resting PI3K-C2o VTP 12684
platelets was confirmed by immunofluorescence staining with the
FYVE™®S probe (40.3% * 3.3% decrease in PI3K-C20 W 1/P12684
platelets compared with WT platelets; Figure 2C). In platelets
stimulated with collagen-related peptide (CRP) or thrombin, the
amount of PI3P was found to increase and reach comparable
levels in WT and PI3K-C20WVT/P12684 platelets (Figure 2A-B).
Overall, these data show that PI3K-C2a does not significantly
contribute to the agonist-inducible pool of PI3P in platelets, but
interestingly, it produces a major fraction (~50%) of the basal,
housekeeping, pool of PI3P. This pool of PI3P likely has a slow
turnover, as short-term (45 minutes) > 2P-labeling did not re-
veal significant differences between WT and PI3K-C2qVT/P12684
platelets.

PI3K-C2oWT/P1268A mjce display an enrichment of barbell
proplatelets in the bloodstream and a decrease in platelet
filopodia formation

To further investigate the enrichment of barbell-shaped proplatelets
observed in PI3K-C2a ™ "P12%84 mice by transmission electron mi-
croscopy (Figure 1D), we analyzed freshly obtained washed platelets
or washed platelets cultured in suspension for 24 hours, which is
known to increase the level of barbell-shaped proplatelets.'” The
percentage of platelets with 2 cell bodies was dramatically increased
in PI3K-C2a™"P12684 samples compared with in WT samples
(Figure 3A). A similar increase was observed after perfusion
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Figure 1. PI3K-C2a regulates platelet biogenesis. (A) Megakaryocyte relative Pik3c2a mRNA expression normalized to 3-actin cDNA (mean = standard error of the mean
[SEM]; n = 4). Western blot analysis for PI3BK-C2a, p85, PI3K-C2p3, and vps34 in platelet lysates. (B) In vitro platelet PIBK-C2« lipid kinase activity (mean = SEM; n = 4;
*P < .05 vs WT according to 1 sample t test). (C) Whole-blood platelet count (mean = SEM; n = 30 mice), measured using Micros60 (Horiba ABX Diagnostics). Platelet
diameter measured using line-scan analysis after a-tubulin staining on fixed resting platelets (mean = SEM; n = 150 platelets). Surface glycoprotein expression on resting
platelets (MFI, mean fluorescence intensity; mean = SEM; n = 4). (D) Transmission and scanning electron microscopy on resting platelets. Images are representative of
5 mice of each genotype. Scale bar: 1 um. Enlarged pictures of OCS from WT and PI3K-C2a"VT/P12684 piatelets are shown. Scale bar: 200 nm. |, invaginated platelet;
B, barbell shaped-proplatelets; G, a-granule; OCS, open canalicular system. Quantification on transmission electron microscopy images of normal platelets, aberrant platelets
(A), and barbell shaped-proplatelets (B) (mean = SEM; n > 400 platelets; *P < .05 and **P < .01 vs WT, according to 2-tailed Student t test. (E) a-granule number and mean
area quantified on transmission electron microscopy images using ImageJ software (mean = SEM; n = 100 platelets; ***P < .001 vs WT, according to 2-tailed Student ttest).
Quantification of VWF by enzyme-linked immunosorbent assay test and fibrinogen by western blotting on resting platelets (mean = SEM; n = 3). (F) Transmission electron
microscopy of mice bone marrow section (n = 3). Scale bar: 2 um. G; a-granule. a-granule number and mean area quantified as (E) (mean = SEM, n = 20 megakaryocytes,
***P < .001 vs WT, according to 2-tailed Student ¢ test).

of platelets over a vWF-coated microcapillary for 30 minutes at To further analyze the membrane abnormalities of PI3K-
18 dynes/cm2, which is another mean to increase the percentage of C2aWVT/PI268A platelets, we investigated the platelet shape change
barbell-shaped proplatelets'® (Figure 3B; supplemental Videos 1 and2).  mechanism by scanning electron microscopy. Although PI3K-
These data reveal a significant increase in the amount of platelets  C2a" "P12684 platelets were able to exhibit shape change after
with 2 cell bodies upon heterozygous inactivation of PI3K-C2a,
suggesting a defect in the scission required to produce mature

. Table 1. Blood parameters
platelets, possibly related to the abnormal membrane structure P

observed in PI3K-C2a™ TP12684 meoakaryocytes and platelets. To WT (n = 28) WT/D1628A (n = 31)
make sure the observed phenotype was not a result of defects of the ~ WBC, 10%mm° 38x03 4404
. N . . . . 6 3
vascular endothelium during delivery of platelets into vessel sinusoids, ~ RBC. 10" /mm 7.2 £ 02 7.6 £ 0.2
: . . HGB, g/dL 9.1+ 03 9.6 = 0.2
we performed bone marrow transplantation experiments. As shown in
. o . . . HCT, % 31.8 £ 0.9 34.2 = 0.5
Figure 3C, a similar accumulation of platelets with 2 cell bodies was 5
MGV, pm 47 = 0.2 47.8 = 0.3

observed when hematopoietic cells carrying the PI3K-C20 W /P!2684

mutation were grafted into a WT or a PI3K-C2¢ WT/D1268A recipient, Whole-blood parameters were analyzed with an automated blood analyzer

and conversely. Thus, the enrichment in barbell-shaped proplatelets MiCI:OSGO (Horiba ABX diagnostics). Mean + SEM; *P < .05 vs WT according to
. WT/DI268A __: - 2-tailed Student ¢ test.

observed in PI3K-C2a mice is a result of a defect of hema- HCT, hematocrit; HGB, hemoglobin; MGV, mean globular volume; RBC, red

topoietic cells. blood cells; WBC, white blood cells.
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described.?? Briefly, platelet phosphatidylinositol monophosphate (PIP) fraction purified
by lipid extraction and thin-layer chromatography was submitted to specific phosphor-
ylation by recombinant PIKfyve, in the presence of [y->?PJATP. PIKfyve only phos-
phorylates PI3P to produce [*2P]-PI(3,5)P,, which reflects the amount of PI3P present in
the sample. (mean = SEM; n = 4; ***P < .001 vs WT, according to 1 sample ¢ test). (C)
Resting platelets were fixed and stained with simple FYVE"™RS probe coupled to 647-
AlexaFluor. Representative confocal images of FYVE"RS.647 AlexaFluor labeled

platelets are shown. Scale bar: 1 um. Staining intensity in platelets were quantified by
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stimulation by CRP or thrombin in suspension, they showed a
dramatic defect in filopodia extension (Figure 4A). The decrease in
scission highlighted by the elevated percentage of barbell-shaped
proplatelets, the defect in filopodia extension, and the winding
plasma membrane shape of resting PI3K-C2a"V /P24 platelets
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suggested a reduction in platelet elasticity. Therefore, we used AFM
operating in force distance mode to measure platelet compliance by
quantifying the Young’s modulus. WT and PI3K-C2a "V 7P12684 plate-
lets were stimulated by thrombin and allowed to adhere and to spread on
fibrinogen to similar extent (supplemental Figure 5). AFM height
images revealed numerous membrane invaginations (Figure 4B, see
arrows), leading to a tortuous and rough aspect of PI3K-C2q V1/P1268A
platelets compared with the homogeneous smooth WT platelet
surface (Figure 4B). In line with the electron microscopy analysis,
these data indicated an inhomogeneity in PI3 K-C2qVT/P1268A
platelet membrane. Interestingly, PI3K-C2aVT/P12684 platelets
displayed a significantly higher Young’s modulus (40.7 kPa * 3.7 kPa
for WT platelets and 62.2 kPa *+ 5.4 kPa for PI3K-C20 W TP1268A
platelets) showing an increased rigidity of the latter (Figure 4B). Al-
together, these results demonstrate an important role of PI3K-C2a in
the control of membrane morphology and biophysical properties.

PI3K-C20VT/P1268A platelets have normal major lipid
composition but aberrant membrane skeleton with
repercussion for thrombosis

To gain insight into the mechanisms leading to the observed platelet
phenotype, we analyzed potential modifications in the membrane major
lipid composition and the spectrin-based membrane skeleton that can
affect both membrane structure and dynamics. We first performed
a targeted mass-spectrometry-based lipidomic analysis of WT and
PI3K-C20 W P12684A platelets. No difference in cholesterol, phospho-
lipid, and fatty acid content was observed (Figure 5A), indicating that
heterozygous inactivation of PI3K-C2a had no effect on the compo-
sition of major membrane lipids. The spectrin-based membrane
skeleton is critical for biophysical membrane properties, both in platelets
and megakaryocytes,””® and is essential for the conversion from pre-
platelets to barbell-shaped proplatelets and to mature platelets.'>!'® The
membrane skeleton of WT and PI3K-C20 VTP12684 platelets was iso-
lated, and its composition analyzed by immunoblotting. Although the
level of cortical polymerized actin was normal, a significant decrease of
cortical spectrin and myosin was observed in PI3K-C2oVTP12684
platelets compared with in WT platelets (Figure SB). The presence of
proteins known to link plasma membrane to the cytoskeleton such as
moesin, filamin, GPIba, and GPIIb was also decreased in the membrane
skeleton of PI3K-C2aVT/P12684 platelets, whereas vinculin levels
were not affected (Figure 5SB). These differences were not a result of
a decrease in the whole-cell lysates expression level of these proteins
(Figure 5B; supplemental Figure 6), nor a decrease in the surface
expression of GPIb and GPIIb (Figure 1C). Therefore, PI3K-C2a
activity appears to be critical for the recruitment and/or stabiliza-
tion of several membrane skeleton proteins that are required for
normal membrane shape and dynamics in platelets.

We next tested whether the morphological defects observed in
PI3K-C20 W TP12684 platelets affected platelet functions in vitro, ex vivo,
and in vivo. The in vitro platelet aggregation in response to thrombin,
thromboxane A2 analog, or adenosine diphosphate was normal. A
decreased aggregation response to low doses of collagen or CRP was
observed, but increasing the doses of agonists restored a normal re-
sponse (supplemental Figure 7). Analysis of acute signaling through
Akt or myosin light chain phosphorylation did not point to a role for
PI3K-C2a in these events, even in response to low doses of GPVI
agonists (supplemental Figure 7), suggesting the platelet aggregation
defect was related to changes in membrane structure, rather than sig-
naling defect. In vivo, no significant effect on tail bleeding was ob-
served of PI3K-C20WP12684 mice, suggesting primary hemostasis
was spared (Figure 6A). To investigate the potential effect of the
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Figure 3. Barbell-shaped proplatelet enrichment in PI3K-C2¢VT/P1268A

mice. (A) Washed platelets were immediately fixed (baseline) or cultured in suspension for

24 hours (cultured). Panels display a representative example where the platelets were stained for a-tubulin. Scale bar: 5 wm. The bar graph indicates the number of platelets
with at least 2 cell bodies per microliter (mean = SEM; n = 4; ***P < .001 vs WT according to 2-tailed Student t test). (B) Washed platelets were perfused on murine vWF-
coated microcapillaries at 18 dynes/cm?. 2 cell bodies platelets and discoid platelets were visualized by real-time videomicroscopy. The percentage of 2 cell bodies platelets
on total platelets was calculated (mean = SEM; n = 3; *P < .05 and **P < .01 vs WT according to 2-tailed Student ¢ test). Schematic representation of dynamic platelet
release from preplatelets through barbell-shaped proplatelets. (C) Washed platelets from WT mice transplanted with WT bone marrow (WT > WT), PI3K-C2«V/P12684 mice
transplanted with WT bone marrow (WT > WT/D1268A), WT mice transplanted with PI3K-C2aVT/P12%84 pone marrow (WT/D1268A > WT), and PI3K-C2aVT/P1268A mjce
transplanted with PI3K-C2aVT'P1268A hone marrow (WT/D1268A > WT/D1268A) mice were treated as described in A (mean + SEM; n = 3; *P < .05, **P < .01, and ***P < .001,

according to 2-way ANOVA).

PI3K-C2a inactivation on the prothrombotic function of platelets, we
analyzed arterial thrombus formation after injury of the mouse carotid
with ferric chloride. A significant delay in artery occlusion was
observed in PI3K-C20™TP1284 mice compared with WT mice
(Figure 6B). Ex vivo thrombus formation assay performed on a col-
lagen matrix at arterial shear rate also showed a significant reduc-
tion in the prothrombotic capacity of PI3K-C20 ™ 7P12%84 platelets
(Figure 6C). These data indicate that the membrane defects arising
from PI3K-C2a inactivation have little effect on platelet aggrega-
tion in vitro but affect the prothrombotic platelet function observed
under arterial shear stress.

Discussion

Using amouse model of partial inactivation of PI3K-C2a, we show that
the kinase activity of this class Il isoform of PI3K is essential for normal
platelet formation. The most striking phenotype is a defect in membrane
morphology and dynamics in platelets and megakaryocytes. PI3K-
C2aVTPI1268A blatelets are heterogeneous in size with a winding and
wrinkled aspect plasma membrane, altered open canalicular system,
and defects in a-granules. We show, for the first time, a role for a
lipid kinase in the mechanism of terminal platelet production in
the bloodstream, with an effect on the generation of barbell-shaped
proplatelets. Megakaryocytes release into the sinusoid blood vessels

large preplatelet intermediates that convert into barbell-shaped pro-
platelets and further fragment into platelets in the circulation.'>!7--3
Barbell-shaped proplatelet conversion, as well as platelet shape and
size, are determined by the balance of microtubule bundling, elastic
bending forces linked to membrane biophysical properties, and
compressive pressure of the membrane skeleton.'® In agreement with
the profound defect on membrane morphology, PI3K-C20 W /P!2684
platelets are more rigid than normal platelets, as determined by atomic
force microscopy. As a consequence, partial inactivation of PI3K-C2a
decreases the performance of barbell-shaped proplatelets when under-
going scission, which leads to an accumulation of 2 cell bodies’
platelets in the circulation. The membrane dynamics are also affected,
as PI3K-C2a "V P12684 platelets hardly form filopodia after stimula-
tion, despite a normal phosphorylation of myosin light chain. The less
developed and structured demarcation membrane system observed in
PI3K-C2aVTP12684 megakaryocytes suggests the membrane defects
come from megakaryocytes and are not intrinsic to platelets.
Depending on the cell context, PI3K-C2a has been shown to
produce PI3P and PI(3,4)P,,>"%>! but whether this enzyme controls
a housekeeping pool of these lipids or a pool generated after acute
signaling is unknown. We show that in platelets, PI3K-C2a controls
a basal PI3P pool that has a slow turnover but is not involved in the
agonist-induced pool of PI3P. We did not find an implication of
PI3K-C2a« in the increased production of other phosphoinositides,
including D3-phosphoinositides, after platelet activation. For in-
stance, when PI3K-C2a is half inactivated, the production of P1(3,4)P,
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was not affected in platelets, which is in agreement with previous
reports showing that a large part of PI(3,4)P; in platelets comes from
the dephosphorylation of PI(3,4,5)P5 by the 5-phosphatase SHIP1.>
Thus, our results show that PI3K-C2a regulates a housekeeping pool of
PI3P in platelets.

How can a defect in a particular pool of PI3P explain the membrane
defect observed in PI3K-C2aVTP12%84 platelets? Our data show no
differences in the major lipid composition and in microtubule thickness
in these platelets but, rather, a deficiency in the membrane skeleton. The
composition of the spectrin-based-membrane skeleton appears affected
as spectrin itself, myosin, and filamin, moesin, GPIbe, and GPIIb are
less abundant in this compartment. Spectrin-based membrane skeleton
controls plasma membrane organization, stability, and shape and pro-
vides mechanical forces for the increment of elasticity and rigidity,
which are needed to withstand the turbulence of blood circulation.
Discontinuities in the skeleton may favor local inhomogeneities,
creating specialized plasma membrane microdomains that may affect
curvature and shape variation.*> The spectrin-based membrane skeleton
is critical for platelet membrane properties and has a strong effect
on membrane shape and regulates the lateral distribution of the
membrane glycoproteins to which it is attached.?’ It has recently been
shown that the cortical actin-myosin-spectrin system brings external
compressive forces during barbell-shaped proplatelet formation and
determines platelet size.'>'*** This is important in the context of
nonmuscle myosin MYH9-related diseases affecting platelets,®® and
possibly Bernard-Soulier syndrome, and may explain the large size and
decreased number of platelets of these patients. Interestingly, mem-
brane skeleton proteins such as (3-spectrin and filamin, as well as
myosin IIA and moesin, were identified in a screen of proteins able to
interact with PI3P.>*% Conversely, vinculin that localizes to the

Young's modulus (kPa)
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Figure 4. PI3K-C2a controls membrane dynamics
and mechanical forces. (A) Washed platelets stimu-
lated in suspension with CRP (10 pg/mL) and thrombin
(0.5 1U/mL) were visualized by scanning electron mi-
croscopy. Images of 2 WT and PI3K-C2aVTP1268A pjate-
lets are representative of 5 mice. Scale bar: 1 um. Arrows
show filopodia. Filopodia mean number was quantified per
platelet (mean = SEM; n = 3; *P < .05 and **P < .01 vs
WT according to 2-tailed Student t test). (B) Schematic
representation of AFM technique “force mapping mode,”
using a cantilever with tip to record platelet topography
and measure the Young’s modulus, inverse reflection of
platelet elasticity. Washed platelets were placed on a
fibrinogen-coated surface for 45 minutes in the pres-
ence of thrombin (0.5 1U/mL). Representative AFM
images are shown and arrows indicate membrane
invaginations. Scale bar: 1 um. Quantitative determi-
nation of the local mechanical properties of live platelets
was carried out by atomic force microscopy (JPK NWII),
operating in force distance mode in liquid buffer solution
at 37°C. The bar graph represents the platelet mean
Young’s modulus (mean * SEM; n = 3; **P < .01,
according to 2-tailed Student t test).

WT  WT/D1268A

membrane skeleton is normal in PI3K-C2a ™ "P12684 platelets and

was found not to bind PI3P.*® Thus, loss of a PI3K-C2a-derived
pool of PI3P with low turnover may induce a mislocalization/
stabilization of proteins at the membrane skeleton, leading to
modifications in membrane biophysical properties. PI3K-C2a has
been shown to regulate clathrin-dependent endocytosis® and to play
an important role in cargo delivery to the primary cilium.” In
endothelial cells, deletion of PI3K-C2a leads to defective delivery
of VE-cadherin to cell junctions, leading to impaired assembly of
endothelial junctions.® The class II PI3K homolog in flies regulates
endosomal sorting from the endocytic compartment to the plasma
membrane.>”* Thus, PI3K-C2a is a central spatiotemporal player
of membrane dynamics by acting at several levels, including
membrane skeleton organization, clathrin-dependent endocytosis,
and endocytic recycling.

In megakaryocytes and platelets, which require intense mem-
brane plasticity and remodeling, partial inactivation of the kinase
activity of PI3K-C2a has profound consequences. In addition to
a disorganization of the membrane skeleton, defects in vesicular
trafficking may also take place as suggested by a-granule defects.
Although these structural defects have a minor effect on primary
hemostasis, they are associated with a marked alteration in the func-
tion of platelets in arterial thrombosis. Interestingly, a very recent
study by Mountford et al,> using knock-down mice models of
PI3K-C2a, also highlights the key role of PI3K-C2a« in the regulation
of membrane structure and dynamics in platelets. In addition to
similarities in the phenotypes of our KI and their knock-down models,
several differences exist, including a-granule defects and thrombus
stability, that may come from the putative scaffolding role of PI3K-C2a.
In addition, by using a sensitive method to measure PI3P pools, we
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provide evidence that defects in platelet biogenesis are linked to
PI3K-C2a regulation of a PI3P housekeeping pool that was not ob-

served by Mountford et al.
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In conclusion, our study points to a new function of PI3K-C2a
as a critical regulator of normal platelet ultrastructure through the
control of membrane morphology and association with the cortical
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Figure 6. PI3K-C2a'T/P128A mjce exhibit defective platelet activation and prothrombotic capacity. (A) Tail bleeding time of WT (n = 17) and PI3K-C2aVT/P1268A (n = 18)
mice was measured as described in Methods. (B) Thrombotic response of mice to ferric chloride injury of the carotid artery. Time to occlude (blood flow arrest) was measured
in the carotid artery after exposure to 7.5% FeCl; for 3 minutes (mean = SEM; n = 14 mice; P < .005 according to 2-tailed Student ttest). (C) DiOCe¢-labeled platelets in whole
blood were perfused through a collagen-coated microcapillary at a shear rate of 20 dynes/cm? during 3 minutes. Thrombus formation was visualized in real time. Scale bar:
20 pm. Area covered by platelet thrombi and thrombus volume were measured using Image J software (mean + SEM; n = 3; *P < .05, **P < .01 vs WT according to 2-tailed

Student t test and 2-way ANOVA).

skeleton, with consequences on the level of circulating barbell-
shaped proplatelets and on the arterial thrombosis function of
platelets.
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SUPPLEMENTAL DATA

SUPPLEMENTAL METHODS

Materials: Anti—-GPIba, a2-FITC, GPVI-FITC and GPIb-FITC antibodies were from Emfret
Analytics. Anti-GPIIb and anti-p-MLC®'’ antibodies were obtained from Santa Cruz

Technologies. Anti-moesin, anti-vps34 and anti-p-Akt>*”>

antibodies were purchased from
Cell Signaling Technology. AlexaFluor secondary antibodies and streptavidin-PE were
obtained from Invitrogen. Biochips with microcapillaries (Vena8Fluoro+) were obtained from
Cellix. Anti-human von Willebrand factor, anti-human von Willebrand factor HRP and anti-
human fibrinogen antibodies were purchased from Dako. Mouse von Willebrand factor was a
gift from Dr. Cécile Denis (Inserm U770, Le Kremlin-Bicétre, Paris, France). Anti- GPIIb-
FITC, anti-PI3K-C2a and anti-PI3K-C2f antibodies were from BD Pharmingen. Anti-p85
and anti-filamin antibodies were from Merck Millipore and anti-spectrin antibody was from
Abcam. Lipids were from Avanti Polar Lipids (Coger, Paris, France). CRP was from Pr.
Richard Farndale laboratory (Cambridge, UK). Collagen Reagent HORM® (equine)

suspension was purchased from Takeda, DIOC, from Life Technologies. All other reagents

were purchased from Sigma-Aldrich.

Quantitative real-time polymerase chain reaction (PCR) determination of transcript
levels: Total RNA was isolated from megakaryocytes using GeneJet RNA purification kit
(Thermo Scientific) according to the manufacturer's instructions. Reverse transcription and
cDNA pre-amplification were performed with Single Cell-to-CT Kit (Ambion, Life
Technologies) according to manufacturer's instructions. Quantitative PCR were performed
with MESA BLUE qPCR MasterMix (Eurogentec) in a ViiA 7 Real-Time PCR System (Life

Technologies) according to manufacturer's instructions.



Preparation of murine platelets: Whole blood was drawn from the inferior vena cava of
anesthetized mice into a syringe containing acid citrate dextrose (1 volume anticoagulant / 9
volumes blood). Platelet-rich plasma was obtained by mixing blood with 1 volume of
modified HEPES-Tyrode’s buffer (140 mM NaCl, 2 mM KCl, 12 mM NaHCOs;, 0.3 mM
NaH,PO4, 1 mM MgCl,, 5.5 mM glucose, 5 mM HEPES, pH 6.7) containing 0.35 % BSA
followed by a 300 x g centrifugation for 4 min. After PGI, addition at a final concentration of
500 nM to the PRP, platelets were pelleted by centrifugation at 1,000 x g for 6 min,
resuspended in modified HEPES-Tyrode’s buffer (pH 7.38) in the presence of 0.02 IU/ml of
the ADP scavenger apyrase (adenosine-5'-triphosphate diphosphohydrolase), and rested for

45 min at 37°C.

Bone marrow transplantation: Recipient mice were lethally irradiated (9.2 Gy, y source)
and then reconstituted with an intravenous injection of freshly isolated mice bone marrow
cells. Chimera mice were used 6 weeks after injection. The genotype of reconstituted bone

marrow cells was assessed by PCR.

Flow cytometry: Platelets were stained with FITC-conjugated anti-mouse o2, anti—-mouse
GPVI, anti-mouse GPIIb, anti-mouse GPIb antibodies for 30 min and analyzed using an
LSRFortessa™ Cell analyser flow cytometer and Diva software (Becton Dickinson). For
mepacrine uptake, washed platelets were incubated with 100 nM mepacrine in the dark at
37°C. After 30 min, stained platelets were analyzed using an LSRFortessa™ Cell analyser

flow cytometer and Diva software (Becton Dickinson).

ELISA assays: Serotonin quantification of washed platelets was performed using the IBL
Serotonin ELISA test (RE59121, IBL) according to manufacturer’s instructions. Washed
platelet VWF levels were quantified by a previously described immunosorbent assay using -

human von Willebrand factor, anti-human von Willebrand factor HRP antibodies (1).



Gel electrophoresis and immunoblotting: Proteins were resuspended in electrophoresis
sample buffer containing 100 mM Tris-HCI (pH 6.8), 15% (v/v) glycerol, 25 mM DTT, and
3% SDS, boiled for 5 min, separated on SDS-PAGE, transferred onto a nitrocellulose

membrane (Gelman Sciences), and analyzed using the relevant antibody.

Flow assay on collagen: Biochips microcapillaries (Vena8Fluoro+, Cellix) were coated with
a collagen fibril suspension (50 pg/ml) for 1 h and saturated with a solution of 0.5 % BSA.
Blood was drawn into heparin (10 IU/ml), and platelets were labeled with DIOC¢ (2 uM) in
whole blood. Using a syringe pump (PHD-2000, Harvard Apparatus) labelled blood was then
perfused through a microcapillary for 3 min at a wall shear rate of 20 dynes/cm®. Platelet
adhesion and thrombus formation was visualized with a 40x oil immersion objective for both
fluorescent and transmitted light microscopy and recorded in real time (1 frame every 5 sec)
with ORCA Camera (Zeiss). Image sequences of the time lapse recording and analysis of
surface coverage were performed offline on single frame by quantification of pixel surface
after manual thresholding using ImageJ. Thrombi volumes are calculated by thresholding of
surface covered by thrombi on slice of Z-stack images and addition of voxel (automatically

converted into pm’ by Zen® Zeiss software).

Carotid artery thrombosis: Right and left carotids were dissected from surrounding tissues.
A 1 x 4-mm strip of paper saturated with 7.5 % FeCls solution (Mallinckrodt Chemical) was
applied to the adventitial surface of the right carotid for 3 min. Left carotid was used as an
internal control. Flow probes connected to a Transonic model T403 flow meter (Transonic
System; Emka Technologies) were used to record carotid blood flow (milliliters per min)
continuously throughout the procedure (I0OX software). The time for total occlusion (no more

blood flow) was recorded.



Tail bleeding time: Bleeding was measured by 3-mm tail-tip transection mice anesthetized
by an i.p. injection of a mixture of ketamine (25 mg/kg) and xylazine (10 mg/kg). A
stopwatch was started immediately upon transection to determine the time required for the
bleeding to stop. Blood drops were removed every 15 sec with the use of a paper filter. If

bleeding did not recur within 30 sec of cessation, it was considered stopped.

REFERENCE

1. Romijn RA, et al. (2003) Mapping the collagen-binding site in the von Willebrand

factor-A3 domain. The Journal of biological chemistry 278(17):15035-15039.



WT/D1268A

) ] ] -
&Y i |'[
a0 |'I wh Y j)'l I:t_ B " ‘II\. | /\1
| 1 ] | |
L f L I 1 £ I | \
3 ' b b 3 | L |
0 | = |
."I '\I ] IlII \I".
|l /d=18um i /d=25um" _
o 1 2 3 + & 1 2 3 4 B
Distariee | Dist [0
1 ] | ,"!l\"l 60 l."rlr R ; )
| ' P /
2 { Pl ey ||I Il ! b 2 ,-\‘H # \
b | ' ] i l
f 7 'l 2 z / Il:k
| 1 / |
¢ = L i —_ L
L Jd=24pym N . d=1.5um
o 1 s 3 a 6 a 1 2 a L3
I ricrons ) Distar 5]
[ f
[ II i 'J.Ir\..‘l i rp\ll
1 |I \\\-c"\ lrl ! fl |
] { i Z" T l
3 J ! 3 & f = A'\ - ; l'.
||' ) ..' b NN W o h
/ —_ \ FA
L/ d=21pum |/ d=29pum \
o 1 2 2 1 a 1 2 3 1
Distance [m Dislance (mitrars)
W T
n fr IiI |[ ! :'r.‘!
s Fil l { I|
et ! I
2 i'l | il | / '|II | H
> |
| w | Vi
in ':/I L 4 ? { "\ .r"/ II|
] v \
Y
/ _ \ ! N - \
: d=1.9um\ L Sd=21pum
o 2 X 1 a 1 2 a L3
Distance [m Distar 5]
i e 1
an i \ ,—'":r lll'. ! | a lll'
7 N / 1
. I| Y /-' | |[ I 7 1'I
o ! - i | v
| \ 5 fo| | "5
k2 / \\ )Ir l
fd=1.5um-__ [/ d=43pum N
] 1 2 E 1 5 8 o 1 2 a ‘ & ]
Distance [microns) Distants (micm sl

Supplemental Figure 1: PI3K-C2¢W1/P1268A mice display platelet size heterogeneity.
Resting washed platelets were fixed and labelled with an anti-a-tubulin and AlexaFluor
secondary antibodies. Tubulin ring diameter (d = distance between the two peaks and
reflect of platelet diameter) was measured by linescan analysis using a Carl Zeiss LSM
780 confocal microscope and Image J software.?! Five exemples of WT and PI3K-
C2aWT/D1268A  platelet linescan analysis are shown, barbell-shaped proplatelets were
excluded for the analysis of platelet size.

Valet et al, supplemental figures
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Supplemental Figure 2: Platelet dense granule content. Dense granule number were
quantified on transmission electron microscopy images by ImageJ software (mean + SEM,
n=100 platelets). Dense granule content (mepacrine uptake and serotonin) was quantified
on resting platelets as described in methods (mean £ SEM; n=3)

Valet et al, supplemental figures
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Supplemental Figure 3: PIBK-C20WT/P1268A mice exhibit a normal platelet life span and platelet count
recovery after immune induced thrombocytopenia. (A) Mice were injected intravenously with 150 pl of 4
mg/ml biotin-NHS on day 0. At various time points after injection, the percentage of biotinylated platelets
(GPIlIb*biotin*) was determined by flow cytometry by staining whole blood with anti-mouse GPIIb-FITC and
streptavidin-PE for 30 min. Platelet survival was estimated from the decay curve of the percentage of
biotinylated platelets over time. (B) Thrombocytopenia was induced in 8- to 12-week-old mice by
intraperitoneal injection of anti-mouse GPlba antibody (2 ug/g body weight). Blood samples were collected
before injection (time=0) and then at 6, 54, 78, 150, 190, 230, and 280 h after injection by tail bleeding.
Platelet counts were measured using a Micros60 (Horiba ABX Diagnostics).

Valet et al, supplemental figures



§125- - 5125-
on o
2 100+ £ 100 T
» @
o 75 - 754
- o
Restin M o
9 2 501 S 50-
~ o
% 25 in 254
0 >
o 0- E‘ 0-
WT WT/D1268A WT WT/D1268A
E e g EWT
o CWT/D1268A o
£ 60~ 2 CIWT/D1268A
S 501 4 .
w W
> L >
% 40+ % 44 l
Stimulated § 30- S 4
o g
= —
= 204 = 24
£ 10 € 4
gl < AL
:’_; Resting CRP Thrombin = Resting CRP Thrombin
S ﬂ
Q. o

Supplemental Figure 4: Normal basal and inducible PI(3,4)P, and PI(3,4,5)P; levels in PI3K-
C2g\WT/D1268A platelets. HPLC analysis of PI(3,4)P,and PI(3,4,5)P; of resting and stimulated (10
ug/ml CRP and 0.5 IU/ml thrombin) 32Pi-labelled platelets (mean + SEM; n=3).

Valet et al, supplemental figures
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Supplemental Figure 5: WT and PI3K-C2aWT/D1268A p|atelets
spread to similar extent onto fibrinogen. Washed platelets
were placed on a fibrinogen-coated surface (100 pg/mL) in the
presence of thrombin (0.5 IU/ml) during 45 min, fixed and labeled
with phalloidin. Platelet area per condition were measured using
ImageJ software (mean + SEM; n>1000 platelets).

Valet et al, supplemental figures
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Supplemental Figure 6: Normal expression of spectrin and
myosin in WT and PI3K-C2qWT/D1268A platelets. Western blot
analysis of spectrin and myosin from whole cell lysates of resting
platelets (mean + SEM; n=6 and n=4 respectively).

Valet et al, supplemental figures
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Supplemental Figure 7: PI3K-C20WT/P1268A platelet aggregation and signalling. (A) Washed platelets were
stimulated at indicated concentration of CRP, collagen, thromboxane A, analogue (U46619) and thrombin. (B)
Whole blood was stimulated at indicated concentration of ADP. Aggregation was assessed with a Chrono-log
dual-channel aggregometer under stirring at 1000 rpm for 5 minutes. Representative aggregation curves of 4
independent experiments are shown. (C) Washed platelets were stimulated with CRP (1 pug/ml) or thrombin (0.05
IlU/ml) for the indicated times. Lysates were then immunoblotted with the indicated antibody. Data are
representatives from 3 independent experiments.
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- Conclusions

Grace a un modele original d’inactivation partielle de la PI3KC2a, nous avons mis en
¢vidence le role majeur de la PI3KC2a dans la production plaquettaire. Tout d’abord, nous
montrons que la PI3KC2a est un régulateur de la production basale du PtdIns3P plaquettaire
et n'est pas impliquée dans la synthése du pool de PtdIns3P induit par stimulation avec des
agonistes plaquettaires. De plus, nous observons que la PI3KC2a controle la morphologie
membranaire des MKs et des plaquettes. En effet, les plaquettes partiellement inactivées pour
la PI3KC2a présentent des membranes tortueuses et invaginées, un SCO altéré et un défaut
de biogénéese des granules a. L’inactivation de la PI3KC2a entraine aussi une augmentation
nette de « barbell-shaped proplatelets » dans la population plaquettaire. L.’augmentation de la
rigidit¢ des plaquettes inactivées pour la PI3KC2a, mesurée par microscopie a force
atomique, associée a leur incapacité d’étendre des filopodes démontre que la PI3KC2a
controle la dynamique et les forces mécaniques membranaires des plaquettes. Le squelette
sous-membranaire d’actine-spectrine-myosine joue un role important dans le maintien de la
structure et de la dynamique membranaire des plaquettes ainsi que dans la scission des
« barbell-shaped proplatelets » en deux plaquettes matures (Italiano, 2013). Or, nous avons
mis en évidence un défaut de relocalisation de différentes protéines telles que la spectrine et la
myosine au squelette sous-membranaire des plaquettes inactivées pour la PI3KC2a, ce
qui montre un défaut d'intégrité¢ du squelette sous-membranaire plaquettaire. Enfin, les défauts
de structure et de dynamique membranaire des plaquettes inactivées pour la PI3KC2a ont des
répercussions sur leur potentiel prothrombotique. Celles-ci forment des thrombi plus petits ex
vivo et le temps d’occlusion de la carotide apres 1ésion au chlorure ferrique des souris
inactivées pour la PI3KC2a in vivo est augmenté sans pour autant altérer le temps de

saignement a la queue.

En conclusion, les travaux de Mountford er al (Mountford et al., 2015) et I’ensemble de
nos résultats montrent que la PI3KC2a joue un rdle clé dans la structuration des membranes
plaquettaires. Nos travaux montrent, en outre, que la PI3KC2a régule : (i) la production d'un
« pool » basal de PtdIns3P plaquettaire et (i1) I’intégrité du squelette sous-membranaire et de
fait la structure et la dynamique membranaire nécessaire a la production de plaquettes

fonctionnelles.

Ces travaux ont fait I’objet d’un commentaire dans le journal Blood en 2015 (cf. Annexe
3).
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2) Le double jeu de la PI3K de classe III, Vps34, dans la production plaquettaire et

la croissance du thrombus
Afin d’¢étudier le role de Vps34 dans la production et les fonctions plaquettaires, nous
avons généré un modele de souris original présentant une délétion de Vps34 spécifiquement

lox/lox

dans la lignée mégacaryocytaire et les plaquettes (Pf4-Cre-Pik3c3 ). Nous avons
¢galement utilis¢ deux inhibiteurs spécifiques de Vps34, SAR405 et Vps34-IN1, récemment

développés (Bago et al., 2014; Ronan et al., 2014).
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ABSTRACT

To uncover the physiological role of the class III phosphoinositide 3-kinase, Vps34, in MKs
and platelets, which remains enigmatic, we have generated a mouse model with Vps34
deletion specifically in the megakaryocyte (MK)/platelet lineage (PF4-Cre/Vps34'¥'%%),
Absence of Vps34 leads to a microthrombocytopenia associated to granule defects. Vps34
deficiency had no effect on MK polyploidisation or proplatelet formation but affected
directional cues for MK migration toward SDF1a gradient linked to a significant reduction of
PI3P associated to trafficking and autophagy defects. Surprisingly, in platelets, we show that
Vps34 weakly contributes to the production of the basal pool of PI3P but is rather involved in
the synthesis of the stimulation-dependent pool of PI3P. Absence of Vps34 has no effect on
platelet lifespan but affects ex vivo thrombus growth at arterial shear rate. Ex vivo treatment of
platelets with the recently developed Vps34 specific inhibitors, SAR405 or INH1, reproduced
these defects, highlighting the role of Vps34 kinase activity in platelet activation,
independently from its role in MKs. In vivo, Vps34 deletion has no impact on the tail bleeding
time but significantly reduced the thrombotic capacity of platelets following carotid injury.
This study shows for the first time a dual role for Vps34 as an important regulator of platelet

production by MKs and as an unexpected player in the dynamics of platelet activation and

arterial thrombus formation.



INTRODUCTION

Phosphoinositide 3-kinases (PI3Ks) are important lipid kinases producing D3-phosphorylated
phosphoinositides that organize functional protein complexes regulating various biological
processes * 2. Class III PI3K, Vps34, represents the most ancient form of PI3Ks and was
initially identified in yeast with an essential role in vacuolar trafficking *. Vps34 specifically
catalyzes the phosphorylation of phosphatidylinositol to generate phosphatidylinositol 3-
monophosphate (PI3P), a lipid present at relatively low amounts in cells which plays a central
role in vesicular trafficking. In mammals, Vps34 has first been studied in cell lines where it
regulates endocytic trafficking, autophagosome formation and mTOR activation *°. Recently,
the organismal role of mammalian Vps34 has been investigated using mouse gene targeting
strategies. Loss of the Pik3c3 gene in mouse causes early embryonic lethality (between E7.5
and E8.5) due to severe decreased cell proliferation capacity °. In vivo studies using the tissue-
specific cre-lox system have shown an important role for Vps34 in heart and liver functions ’
as well as in T cells ¥, podocytes * '° and skeletal muscles homeostasis and in sensory, cortical

and hippocampal neuron integrity ' '

by regulating multiples aspects of
endocytic/endosomal and/or autophagic pathways.

Nowadays, the role of Vps34 and its product, PI3P, in megakaryocytes (MKs) and platelets
remains unknown. Platelets are small anucleate blood cells that play a vital role in preventing
excessive blood loss in response to vascular injury by adhering to exposed extracellular
matrix and forming an hemostatic plug. To efficiently produce around 10! platelets each days
into the circulation, MKs strategically locate close to bone marrow (BM) sinusoids and
protrude long cytoplasmic extensions called proplatelets through the endothelium into the
sinusoidal lumen to release de novo circulating platelets °. In MKs and platelets, intra-cellular

trafficking is crucial in several processes such as platelet secretory granule biogenesis,

receptor and organelles trafficking '*'>'® for normal platelet production and responses.



Defining the role of Vps34 in these highly dynamic processes is important not only to gain
insights into these complex mechanisms but also to bring new informations about this still
poorly characterized kinase. Moreover, as inhibitors of Vps34 have been recently developed

17, 18, it will be critical to characterize the effects of

to increase the efficiency of chemotherapy
these new molecules on platelet production and functions. In this study, we have created a
new mouse line with specific deletion of Vps34 in the MK/platelet lineage by Pik3c3 gene
targeting through tissue-specific expression of Pf4-Cre recombinase. We report that Vps34 is
critical for platelet production as well as platelet granule biogenesis in MKs through the
regulation of endosomal trafficking- and autophagy-related mechanisms including MK
migration. Interestingly, we show that Vps34 has also a role in platelet activation where it
controls the production of a stimulation-dependent pool of PI3P as well as thrombus growth

under arterial shear stress. Our study provides new insights into the importance of Vps34 as a

regulator of both platelet production by MKs and platelet activation/arterial thrombus growth.



METHODS

Animals: Mice were of C57BL/6 genetic background and housed in the Anexplo (Toulouse)
vivarium according to institutional guidelines. For all experiments, 8 to 14 week-old mice were
used. Ethical approval for animal experiments was obtained from the French Ministry of

Research in agreement with European Union guidelines.

MK purification and culture: Bone marrow cells were obtained from femora and tibiae of
C57BL/6 mice by flushing, and cells expressing one or more of the following surface
proteins, CD16/CD32", Grl’, B220", CD11b", were depleted using immunomagnetic beads
(sheep anti-rat IgG Dynabeads; Invitrogen, Paisley, UK). The remaining population was
cultured in 2.6% serum-supplemented Stempro medium with 2 mM Il-glutamine,
penicillin/streptomycin, 20 ng/mL murine stem cell factor (SCF) and 50 ng/mL murine TPO

at 37°C under 5% CO, for 3 days.

Immunofluorescence: MKs were allowed to adhere on a fibronectin-coated coverslip
(20pg/mL) for 1 h. For EEA1 and LC3 staining, MKs were fixed and permeabilized in one
step for 45 min in PBS (phosphate buffered saline) with 3.7% formaldehyde and 0.05% Triton
X100. Samples were saturated in 3% fatty acid free BSA in PBS for 20 min and incubated
with primary antibody, relevant Alexa Fluor®*®® secondary antibody and DAPI for 2 h at
room temperature. PI3P labeling using specific anti-PI3P antibody was performed as
previously described '°. For lysosome content analysis, MKs were stained with LysoTracker®
Deep Red (100nM) for 30 min, washed and fixed with 3.7% formaldehyde for 30 min. For
endocytosis assay, MKs were incubated for 20 min at 4°C with 20 pg/mL transferrin-Alexa
Fluor®*®, washed and incubated for the indicated time periods at 37°C before being fixed
with 3.7% formaldehyde for 30 min. Confocal images were captured with a LSM780 operated

with Zen software (Carl Zeiss). Image analysis was performed using ImageJ software.



Platelet lifespan: Circulating platelets were labelled in vivo by intravenous injection of
Dylight***-anti-GPIbp Ig derivative (0.1ug/g body weight). 2 h after antibody injection and
every 24 h for 4 days, the percentage of the Dylight**-positive platelet population in whole
blood was determined using an LSRFortessa’™ Cell analyser flow cytometer (BD

Biosciences).

Immune induced thrombocytopenia: Thrombocytopenia was induced in 8- to 12-week-old
mice by intraperitoneal injection of anti-mouse GPIba antibody (2 pg/g of mouse). Blood
samples were collected at indicated times. Platelet counts were measured using Micros60

(Horiba ABX Diagnostics).

MK migration assay: Chemotaxis was assessed using the Dunn chamber (Chemotaxis Dunn,
Hawksley). MKs were allowed to adhere on fibronectin-coated (20 pg/mL) coverslips in
complete medium at 37°C for 1h. The coverslip was then placed directly onto the Dunn
chamber where the inner well is filled with serum free medium and the outer well with serum
free medium containing 300 ng/mL SDFlo. The Dunn chamber was placed into a 5%
humidified CO, atmosphere at 37°C. Videomicroscopy was performed with an Axio
Observer.Z1 inverted microscope operated by the Zen software (Carl Zeiss), in controlled
atmosphere for 6h. Images were taken every 5 min with an ORCA R2 camera (Hamamatsu,
Japan) using a 10x, 0.30 EC Plan Neofluar objective lens (Carl Zeiss). Migration analysis

were performed using ImageJ software and Chemotaxis tool plug-in.

CXCR4 surface expression: MKs were fixed with 3.7% formaldehyde for 30 min and
stained with FITC-conjugated anti-CXCR4 for 45 min at room temperature. Samples were
analyzed using an LSRFortessa'™ Cell analyser flow cytometer and Diva software (Becton

Dickinson).



Scanning and Transmission electron microscopy were performed on washed platelets and

freshly isolated bone marrow from tibiae as previously described *°.

Platelet aggregation and a-granule (P-selectin) and dense granule secretion (ATP):
Aggregation and adenosine triphosphate (ATP) secretion were measured simultaneously
under continuous stirring at 1000 rpm at 37°C using a Born lumi-aggregometer (Chrono-Log).
Resting and stimulated washed platelets (1 x 10°) were incubated with 1 pug/ul FITC-labeled
anti—P-selectin antibody for 30 minutes, and fixed with 1% formalin for 10 minutes. Samples
were analyzed with LSRFortessa' ™ Cell analyser flow cytometer and Diva software (Becton

Dickinson).

alIbp3 integrin function assays: For integrin activation, washed platelets (1 x 10°) were
stimulated with agonists at 37°C for 15 min in presence of ImM Ca®" and incubated
subsequently with PE-conjugated JON/A antibody for 30 min at room temperature before
being analyzed using an LSRFortessa' " Cell analyser flow cytometer and Diva software
(Becton Dickinson). For spreading experiments under static condition, coverslips were coated
with 100pg/ml of human fibrinogen and blocked with 1% BSA. Washed platelets (1 x 10’
platelets) were allowed to adhere and spread on fibrinogen for 20 min at 37°C. Platelets were
either fixed with 1.5% formaldehyde for 30 min, permeabilsed with 0.1% Triton X100 for 10
min and labelled with phalloidin Alexa Fluor®"® for confocal analysis with a LSM780

operated with Zen software (Carl Zeiss) and with ImageJ software.

Flow assay on collagen, carotid artery thrombosis and tail bleeding time were performed

20 21 For assay of new platelets incorporation into an existing

as described previously
thrombus, unlabelled whole blood was perfused through a collagen-coated microcapillary at

60 dynes/cm®. After 1 min of flow, blood was replaced by DiOCg-labelled whole blood and



perfused for 1 min at 60 dynes/cm?. The surface covered (%) by fluorescent platelets was then

analyzed using ImageJ software.

Statistical analysis: Data are expressed as mean + SEM. Significance of differences was
determined using two-tailed Student’s test or two-way ANOVA or one sample ¢ test. P values

< 0.05 were considered significant. (*p<0.05, **p<0.01, ***p<0.001).



RESULTS

Conditional genetic deletion of Vps34 in the MK/platelet lineage

We generated a mouse model with a conditional specific deletion of Vps34 in the MK/platelet
lineage by Pik3c3 gene targeting. Exon 21 of the kinase domain of the Pik3c3 gene was
flanked by LoxP sites (Pik3c31°’d %) to enable its excision by Cre recombinase. Deletion of
exon 21 of the kinase domain of the Pik3c3 gene specifically in the MK/platelet lincage was

obtained by breeding Pik3c3"¥1°

mice with Pf4-Cre transgenic mice to generate Pf4-Cre-
Pik3¢3'° mice (referred as Vps34). Littermate Pik3¢3' "' (referred as WT) mice were
used as controls. Western blot analysis shows a severe deficiency of the full-length Vps34
protein in MKs and platelets from Pf4-Cre-Pik3c3"¥'™* mice (- 84.3% + 2.6% and - 87.8% =+
1.5% of WT for MKs and platelets respectively, Supplemental Figure 1A). The amount of
Vps34 regulatory protein kinase, Vpsl5, was also strongly decreased in MKs and platelets
from Pf4-Cre-Pik3¢3" ' mice when compared to WT mice (Supplemental Figure 1A).
Vps34 deletion has no impact on the expression of class I PI3K catalytic or regulatory
subunits or class II PI3Ks (Supplemental Figure 1A) and is, as expected, MK/platelet lineage
specific (Supplemental Figure 1B). Consistent with the low level of remaining Vps34 and
Vpsl5 protein expression (~15%), a residual lipid-kinase activity (17.1% + 4.1%) was
detected in Vps34 immunoprecipitated from Vps34-deficient platelets (Supplemental Figure

1C). Pf4-Cre-Pik3¢3'"' mice are viable and fertile, develop normally with no apparent

morphological abnormalities and showed no signs of spontaneous bleeding.

Mild microthrombopenia and platelet granule abnormalities in absence of Vps34
Platelets (150 to 400 x 10° platelets/pl in humans and 700 to 1500 x 10° platelets/pul in mice)
circulate in blood with a short lifespan (7 to 10 days in humans and 3 to 5 days in mice).

Deletion of Vps34 in the MK/platelet lineage resulted in a moderated microthrombocytopenia



as shown by a significant decreased in median platelet count (- 19.3 % + 0.5 %) and in mean
platelet size (Figure 1A). The decrease in size is outlined by a significant increased percentage
of Pf4-Cre-Pik3c3"*"™ mice with a mean platelet volume <7 pm’ compared to WT mice and
a mean platelet volume of 6.18 um’ £ 0.24 um’ for Pf4-Cre-Pik3c3'"** mice versus 7.39 pm’
+0.22 pm® for WT mice (n=30, p<0.05). Expression levels of major platelet surface receptors

31" and WT platelets (Supplemental Figure 1D).

were comparable in Pf4-Cre-Pik3c
Circulating platelet count and size are the net result of a balance between platelet clearance
and platelet production. To determine the cause of this microthrombocytopenia, we measured
in vivo platelet lifespan and platelet count recovery after immune-induced platelet depletion.

Platelet lifespan was normal in Pf4-Cre-Pik3(:5’1°"/1°X

mice (Figure 1B) whereas platelet
production was affected (Figure 1C). Indeed, despite a normal platelet recovery kinetic
following anti-GPIba antibody-induced thrombocytopenia, a reduced number of platelets was
produced in Pf4-Cre-Pik3¢3¥' mice (Figure 1C). Accordingly, serum TPO levels, which
are inversely proportional to platelet count, were significantly elevated in Pf4-Cre-Pik3¢3'/
(Figure 1C). Overall, these findings show that Pf4-Cre-Pik3¢3'"* mice thrombocytopenia is
due to a reduced rate of platelet production by MKs.

Morphological analysis by transmission electron microscopy (TEM) revealed an abnormal
granule distribution in Vps34-depleted platelets (Figure 1D). These platelets display a 33.2%
+ 3.1% reduction in the number and 44.5 % + 3.2% increase in the size of a-granules
compared to WT platelets (Figure 1D). Abnormality of dense granules in Vps34-depleted
platelets is also observed (Figure 1D). The global platelet a- or dense- granule content of von
Willebrand factor (VWF), fibrinogen and serotonin was however not affected (Supplemental
Figure 2A). Of note, mitochondria content and activity (investigated by TEM, MitoTracker®

labeling and mitoSOX® staining) (Supplemental Figure 2B) as well as lysosome content and

activity (investigated by levels of the lysosomal protein LAMP-1 (lysosomal-associated
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Figure 1: Defective platelet production and granule distribution in platelets in absence of Vps34. (A)
Whole blood platelet count (left graph) and volume (right graph) were measured using HORIBA ABX Micros
60 hematology analyser (median £+ SEM; n=47 WT and 54 Vps34 mice; **p<0.01, ***p<0.001 versus WT
according to two-tailed Student’s t test). Percentage of platelets with a volume range from 4 to 7um3 and
from 7 to 10um? were quantified (middle graph) (mean £ SEM; n=150 platelets). (B) Mice were injected
intravenously with a derivative anti-GPIbp (0.1 ug/g body weight) coupled to an AlexaFluor*8. At various
time points after injection, the percentage of labelled platelets was measured by flow cytometry. (C)
Thrombocytopenia in mice was induced by intraperitoneal injection of anti-mouse GPIba antibody (2 ug/g
body weight). Platelet count in blood samples collected 6h after injection (time=0) and at various time points
by tail bleeding was measured using HORIBA ABX Micros 60 hematology analyser (mean + SEM; n=50
blood samples; *p<0.05 versus WT according to two-tailed Student’s t test). Mice plasma TPO level was
quantified by immunoassay (mean + SEM, n=4, *p<0.05 versus WT according to two-tailed Student’s t test).
(D) Transmission electron microscopy on resting platelets. Images are representative of 5 mice of each
genotype. Scale bar: 1.5 um. Arrows indicate o granules. Platelet a-granule number and mean area were
measured on transmission electron microscopy images using ImagedJ software (mean £+ SEM; n=109 WT
and 142 Vps34-deficient platelets; ***p<0.001 versus WT according to two-tailed Student’s t test). Dense (0)
granule number was quantified on transmission electron microscopy images using ImagedJ software (mean
+ SEM; n= 260 WT and 310 Vps34-deficient platelets; *p<0.05, ***p<0.001 versus WT according to two-
tailed Student’s t test). (E) Transmission electron microscopy of bone marrow section (n=3). Scale bar: 1
um. a-granule number and mean area were quantified on transmission electron microscopy images using
ImagedJ software (mean + SEM; n=9 mice per genotype; **p<0.01, ***p<0.001 versus WT according to two-
tailed Student’s t test).
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membrane protein 1) and activity of the (-galactosidase lysosomal enzyme respectively)
(Supplemental Figure 2C) were normal in Vps34-deficient platelets, showing that Vps34
specifically acts on a- and dense- platelet granule homeostasis. TEM analysis of the native
bone marrow showed that Vps34-depleted MKs display less (21.4% + 3.7% reduction in
number) but bigger (26.5% + 2.4% increase in size) a-granules compared to WT MKs (Figure
1E) indicating that platelet granule defects originate from an abnormal granule biogenesis in

MKs.

Vps34 and PI3P are required for MK endosomal trafficking and autophagy

To gain insight into the molecular mechanisms explaining the defect of platelet production
and granule biogenesis by MKs, we first analyzed the contribution of Vps34 on PI3P levels in
MKSs using a specific mass assay >> and a specific anti-PI3P antibody analysed by confocal
microscopy. Both methods showed a significant reduction in the amount of PI3P in Vps34-
depleted MKs, from 30 to 40% compared to WT MKs (Figure 2A and 2B), indicating a
significant contribution of Vps34 in PI3P production in MKs. However, the degree of
reduction is not proportional to the loss of Vps34 protein (Supplemental Figure 1C)
suggesting that Vps34 is not the sole enzyme responsible for PI3P production in MKs.
Vps34/Vpsl5 complex and PI3P are known to interact with a growing list of proteins to form
distinct multiprotein complexes controlling endocytic/endosomal/lysosomal trafficking

processes and autophagy * >

. Firstly, we analyze endocytosis by examinating the ability of
MKs to internalise transferrin at early time point (20 min) and we show that Vps34-deficient
MKs display a significant decrease in transferrin labelling intensity compared to WT MKs,
despite a normal surface expression level of transferrin receptor (Figure 2C and Supplemental

Figure 3A). This finding indicates that the absence of Vps34 in MKs results in a defective

transferrin internalisation, a reflect of an altered endocytosis. Secondly, we observed that



Vps34-deficient MKs display a significant accumulation of large early endosomes as shown
by an increased number (+ 22.6% + 2.7%) and size (+ 24.8% + 4.5%) of EEAl-positive
structures (Figure 2D). One important function of early endosomes is sorting of internalized
receptor either for delivery to lysosomes for degradation or recycling to the plasma
membrane. The significant decreased number (- 36.8% = 0.1%) and size (- 27.8% + 1.3%) of
lysotracker labelled structures point to a defective endosome to lysosome pathway (Figure
2E). In addition, we observe a significant higher transferrin staining at late time point (60 and
120 min) in Vps34-deficient MKs compared to WT MKs, showing that Vps34 deficiency in
MKs delays the kinetics of transferrin recycling (Figure 2C). Normal expression of the
early/recycling endosomes GTPase Rab5 and late endosomal Rab7, which directly interacts
with Vpsl5, discard the hypothesis of an abnormal endosomal pathway due to defective
protein expression in MKs (Figure 2F). Altogether, these results highlight a requirement for
Vps34 and its product, PI3P, for a normal megakaryocytic endocytic/recycling/lysosomal
trafficking. Thirdly, we quantified the conversion of LC3-I to its lipidated form, LC3-II, a
specific marker for autophagosomes by western blot. LC3-positive structures corresponding
to autophagosomes ** were also analysed by confocal microscopy. Interestingly, mature MKs
produce LC3-II in steady-state conditions, accumulate LC3-II after chloroquine treatment
(Figure 2G) and present steady-state LC3B-positive structures corresponding to mature
autophagosomes (Figure 2H) indicating a constitutive autophagic flux in MKs. A significant
decrease in LC3-II (- 29.8% + 11.3% for steady-state and - 40.3% + 3.9% for chloroquine
treatment, Figure 2H) and in steady-state LC3-positive structure number (- 32.3% + 7.4%,
Figure 2H) were observed in Vps34-deficient MKs, showing a defective autophagy in absence
of Vps34 in MKs. Vps34-deficient MKs also expressed less beclin-1, a protein with a central

role in autophagy (Figure 2F). These results show that Vps34 is required for a normal beclin-1
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Figure 2: Vps34 and PI3P are required for MK endosomal trafficking and autophagy. (A) PI3P mass
assay was performed on MKs as previously described (mean £ SEM; n=5; **p<0.01 versus WT according
one sample t test). (B) MKs were stained with anti-PI3P and secondary Alexa Fluor®*88 antibodies,
observed by confocal microscopy and fluorescence intensity was quantified using Imaged software (mean %
SEM; n=40 MKs/genotype; ***p<0.001 versus WT according to two-tailed Student’s t test). (C) MKs were
incubated with transferrin-Alexa Fluor®3%4¢ and its internalisation was observed by confocal microscopy 20,
60 and 120 min after incubation and quantified using ImageJ software (mean + SEM; n=60 MKs; ***p<0.001
versus WT according to two-way ANOVA test). (D) Fixed MKs were stained with anti-EEA1 and secondary
Alexa Fluor®*88 antibodies and observed by confocal microscopy. Graphs represent EEA1 positive structure
number and area analysed with ImageJ software (mean + SEM; n=50 MKs; *p<0.05 versus WT according to
two-tailed Student’s t test). Scale: 5um. (E) MKs were stained with LysoTracker® Deep Red and observed
by confocal microscopy. Graphs represent lysotracker positive structure number and area analysed with
Imaged software (mean £+ SEM; n=50 MKs; ***p<0.001 versus WT according to two-tailed Student’s tf test).
Scale: 5pym (F) Western blot analysis of rab5, rab7 and beclin1 in MK lysates. Representative western blot
of 6 independent experiments are shown. Graph represents mean + SEM (n=6; **p<0.01 versus WT
according one sample t test). (G) Western blot analysis of LC3-l and LC3-Il of resting and chloroquine
treated MK lysates (mean + SEM; n=15 and 5 respectively; *p<0.05, **p<0.01 versus WT according
according to two-tailed Student’s t test). (H) Fixed MKs were stained with anti-LC3 and secondary Alexa
Fluor®*88 antibodies and observed by confocal microscopy. Graphs represent LC3-positive structure
number and area quantified using ImageJ software (mean £ SEM; n=50 MKs; *p<0.05 versus WT according

to two-tailed Student’s ttest). Scale: 5um. .
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protein expression in MKs and autophagic flux in MKs. Altogether, these results show a role

for Vps34 and its product, PI3P, for a normal autophagic flux in MKs.

Vps34 is critical for MK migration

What is the functional impact of Vps34-dependent defective endocytic/recycling/lysosomal
trafficking and autophagy on MK functions remains an open question. Pf4—Cre—Pik3c31°’mX
mice have normal MK number and size in the bone marrow (Supplemental Figure 3B) and
bone marrow-derived MKs exhibited normal ploidy levels (Supplemental Figure
3C)demarcation membrane system (Supplemental Figure 3D) and proplatelet-producing
capacity (Supplemental Figure 3E). A critical stage of megakaryopoiesis for platelet release is
MK migration from the proliferative osteoblastic niche to the capillary-rich vascular niche in
response to SDFla gradient *°. We found that MK migration toward SDFla gradient on

. . . . 2
fibronectin, a major extracellular matrix component in bone marrow *°

, 1s significantly
affected in the absence of Vps34. Interestingly, Vps34-depleted MKs are able to migrate
equal distance than WT MKSs but show a significant reduced directionality toward SDF1a
gradient (Figure 3A). The migration paths demonstrate that Vps34-depleted MKs move
relatively short distances before changing direction due to a lack of directional persistence
toward SDFla gradient (Figure 3A). This abnormal migration is associated to a significant
increase in the SDFla receptor, CXCR4, at the MK surface (Figure 3B). As the total
expression of CXCR4 was normal (Figure 3B), these data suggest that CXCR4 trafficking is

affected when Vps34 is invalidated in MKs. Altogether, these findings are consistent with a

critical role for Vps34 in regulating MK migration.
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Figure 3: Vps34 is critical for MK migration and granule biogenesis. (A) MKs were exposed to an
SDF1a gradient within the Dunn chamber. Migration paths over 6 hours of 5 representative MKs from 9
mice in each graph were traced. The intersection of the x- and y-axis was taken to be the starting point of
each cell path, whereas the source of the SDF1a was at the top. MKs accumulated distance and
directionality were analysed using Imaged manual tracking plug-in (mean + SEM; n=9; **p<0.01 versus WT
according to two-tailed Student’s t test). (B) Surface CXCR4 was labelled using an anti-CXCR4 antibody
coupled to an Alexa Fluor®*8® and analysed by flow cytometry (mean + SEM; n=6; *p<0.05 versus WT
according one sample t test). Western blot analysis of CXCR4 total expression in MK lysates was assessed
(mean £ SEM; n=3).
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Vps34 is involved in the stimulation-dependent PI3P pool in platelets

An important question was then to know whether Vps34-deficient platelets have a normal or
an altered function. We first analyzed the impact of Vps34 in the production of PI3P in
platelets by using a specific mass assay to quantify the total amount of PI3P ** and HPLC
analysis following short term *’Pi-labelling to determine the fast turnover of
phosphoinositides and their acute changes following platelet stimulation *’. The PI3P specific
mass assay demonstrated a weak but significant decrease in the basal level of PI3P (10.1% +
1.3%). Following CRP or thrombin stimulation the inducible pool of PI3P decreased by
41.1% + 5.8% and 40.2% + 7.9%, respectively (Figure 4A). HPLC analysis confirmed these
results and did not show any significant differences in the basal or agonist-stimulated levels of
P1(3,4)P,, PI(3,4,5)P; and phosphatidic acid (Figure 4B and Supplemental Figure 4).
Furthermore, we revealed that platelet stimulation resulted in 1.5-fold increase in Vps34 lipid
kinase activity (Figure 4C). Overall, these data indicate that Vps34 weakly contributes to the
production of the basal pool of PI3P but is important for the synthesis of the stimulation-
dependent pool of PI3P in platelets. These data provide the demonstration of a role for Vps34

activity in acute stimulation of platelets and suggest its involvement in their activation.

Vps34 plays an important role in arterial thrombosis via its kinase activity

In vitro platelet aggregation in response to low doses of CRP, collagen, thrombin or
thromboxane A2 analogue was normal (Supplemental Figure 5A) as well as shape change
(Supplemental Figure 5B). Similar results were obtained in human platelets treated with a
specific inhibitor of Vps34, INH1 17 (Supplemental Figure 5C).

We then examined platelet thrombus formation under physiological arterial or arteriolar wall
shear rate (500 and 1500 s respectively) over a collagen surface. As expected, blood from

WT mice exhibited robust formation of densely packed platelets on collagen (Figure 5A). In
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contrast, Vps34-depleted platelets attached along the collagen fibres (Supplemental Figure
5D) but formed significantly smaller thrombi as shown by a 50 % significant decrease in
surface covered by platelets and thrombus volume at all shear rates tested (Figure SA and B).
Interestingly, when labelled whole blood from Pf4-Cre-Pik3c3" ' was perfused over
preexisting WT thrombi under a physiological shear rate, we observed a significantly
decreased surface covered by fluorescent Vps34 lacking platelets, showing that Vps34 is
important for the recruitment and incorporation of new circulating platelets to the growing
thrombus (Figure 5C).

Importantly, in vivo, using the FeCl;-induced carotid injury model, we observed that 50% of
Pf4-Cre-Pik3¢3' " mice were protected against occlusive arterial thrombus formation
(Figure 5D). However, Pf4-Cre-Pik3¢3"** mice underwent normal primary haemostasis as
shown by tail bleeding times comparable to those of WT mice (Figure 5E).

To get further insights into the mechanisms regulated by Vps34 in platelets, we analysed
secretion and aypPs integrin activation. We showed that Vps34-deficient platelets displayed a
dysregulated release of granules upon in vitro stimulation. In the absence of Vps34, P-selectin
surface exposure (for a-granule release) significantly increased in response to CRP (Figure
6A) as well as ATP secretion (for dense-granule release) in response to all agonists tested
(Figure 6B). Reactive oxygen species production was unaffected in Vps34-depleted platelets,
showing that Vps34-dependent PI3P production in platelets is not mandatory for NADPH
oxydase activity in our experimental conditions (Supplemental Figure SE and 5F). Moreover,
thromboxane A2 production was not affected as its stable derivative, thromboxane B2, was
normally produced in CRP- and thrombin-stimulated Vps34-depleted platelets. Thrombin and
CRP-induced JON/A binding, reflecting allbB3 integrin activation, was not strongly affected
in Vps34-depleted platelets compared to WT platelets (Figure 6C). Vps34-depleted platelets

displayed an enhanced spreading on fibrinogen (Figure 6D). However, this was counteracted
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Figure 5: Vps34 plays an important role in thrombosis. DiOCg-labelled platelets in whole blood were
perfused through a collagen-coated microcapillary at a physiological arterial shear rate of 500 s' (A) or
1500 s (B). Scale bar: 20 um. Surface covered by fluorescent platelets and thrombus volume were
analysed using Imaged software (mean + SEM; n=8; *p<0.05; **p<0.01 versus WT according to two-tailed
Student’s t test). (C) Unlabelled whole blood from WT mice were perfused through a collagen-coated
microcapillary at 1500 s' during 1 minute. Control blood was then replaced by DiOCg-labelled platelets in
whole blood from WT or Vps34 mice perfused at the same shear rate. Surface covered by fluorescent
platelets was analysed using ImageJ software (mean + SEM; n=3 WT and 4 Vps34 mice; *p<0.05; **p<0.01
versus WT according to two-tailed Student’s t test). (D) Thrombotic response of mice to carotid injury after
exposure to 7.5 % FeCl; for 3 min was measured using a flow probe. Graph represents percentage of mice
without occlusion 30 minutes after injury (n=15 mice of each genotype; p=0.0002 according to one sample t
test). (E) Tail bleeding time (n=30 mice of each genotype) mice was measured as described in methods.
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Figure 6: Secretion dysregulation in Vps34 depleted platelets. (A) P-selectin exposure at the platelet
surface was analysed by flow cytometry under resting and stimulated conditions (CRP, 1 pug/ml; U46619,
0.25uM; thrombin, 0.05 Ul/ml) (mean + SEM; n=3; *p<0.05 versus resting WT according to two-way
ANOVA). (B) ATP secretion of washed platelets under stimulated conditions (CRP, 1 pg/ml; U46619,
0.5uM; thrombin, 0.1 Ul/ml) (mean + SEM; n=3) was recorded by measuring the luminescence from the
firefly luciferin-luciferase reaction by lumiaggregometry using the Chrono-log aggregometer (mean + SEM;
n=6-15 depending the agonist; *p<0.05, ***p<0.001 versus WT according to two-tailed Student’s t test). (C)
Flow cytometry analysis of JON/A-PE antibody binding to platelets at resting or stimulated state. Results are
cumulative data from 6 independent experiments and are presented as mean fluorescence intensity (MFI) £
SEM (*p<0.05 versus WT according to two-way ANOVA). (D) Washed platelets were spread on a
fibrinogen-coated surface for 20 minutes after pre-inbubation or not with apyrase (2 IU/ml) alone or in
combinaison with indomethacine (10uM) for 15 min (mean £ SEM; n=3 mice per genotype; **p<0.01 versus
WT according to two-way ANOVA).

Figure 6



by hydrolysis of released ATP/ADP with apyrase (Figure 6D), strongly suggesting that
increased secretion of platelets when Vps34 is absent impacts on allbf3 integrin-dependent
platelet adhesion capacity.

To know whether thrombus growth defects were due to the direct inhibition of Vps34 in

1 ' that we used to

platelets we took advantage of two specific inhibitors, SAR405 and INH
treat blood ex vivo. Interestingly, thrombus formation on collagen matrix under physiological
shear rate was affected to the same extent as Pf4-Cre—Pik3631°X/ X blood mice (Figure 7A and

B). These data demonstrate a direct role for Vps34 activity on thrombus growth,

independently of its impact on MKs.
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Figure 7: Role of Vps34 in
thrombosis via its kinase
activity. Whole blood from WT
mice (A) or healthy human donors
(B) were treated with Vps34
inhibitors (INH1; 1uM or SAR405;
1uM) or vehicle (DMSO) for 1 h.
Then, DiOCg-labelled platelets in
treated whole blood were perfused
through a collagen-coated
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pm. Surface covered by fluorescent
platelets and thrombus volume
were analysed using Imaged
software (mean * SEM; n=3-5
depending on the inhibitor and
support; *p<0.05; **p<0.01 versus
WT according to one sample ttest).
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DISCUSSION

In this study, we have generated a mouse model of MK/platelet lineage-specific deletion
allowing the first phenotypic description of Vps34 in MKs and platelets. Vps34 deficiency in
MKs and platelets results in three major outcomes: (i) moderated microthrombocytopenia
correlated to defective MK migration, (ii) abnormal platelet granule biogenesis and (iii)
decreased thrombotic responses with no impact on tail bleeding time.

Vps34 has been proposed as the major PI3P producing kinase in mammalian cells. Here, we
show that Vps34 contributes for 40% of PI3P level production in MKs. In platelets, the
contribution of Vps34 to the production of the basal pool of PI3P is weak (~10%). This is
consistent with our recent study showing a significant contribution of PI3KC2a to the basal
production of platelet PI3P pool 2 Contrariwise, we show a rapid increase in Vps34 kinase
activity in platelets following activation either by G-protein coupled receptors or ITAM
receptors. Consistent with this activation, we show that Vps34 regulates a significant part of
the stimulation-dependent PI3P production. Our data showing a rapid Vps34 activation and
PI3P production in activated platelets and a recent study in insulin-stimulated hepatocytes **
strongly suggest that this lipid kinase can be activated during acute cellular responses.
Our data indicate that the moderated microthrombocytopenia observed in Pf4-Cre-Pik3c3 lox/lox
mice derives from a defective platelet production rather than an abnormal platelet lifespan
pointing to a role for Vps34 in MK biology. While MK nuclear and membrane maturation as
well as proplatelet extension were normal in the absence of Vps34, MK migration and
directionality toward SDFla gradient were particularly affected. Such a defect in MK
migration toward SDF1a gradient has been reported in a case of thrombocytopenia due to
WASP defects and in a case of decreased platelet production after immune induced-

thrombopenia in PECAM knock-out mice > *°. SDFla drives MK movement from the

proliferative osteoblastic niche to the vascular niche where platelets are released. The



increased surface expression of its receptor, CXCR4 and the defective endosomal trafficking
due to the absence of Vps34 in MKs strongly suggest that CXCR4 trafficking dynamics are
altered. As CXCR4 polarization is important for MK migration toward SDF1o. gradient »°, the
lack of persistence of Vps34-deficient MK directionality might be the result of a defective
CXCR4 polarization. Likewise, a defective trafficking of the fibronectin receptor a5p1
integrin may also contribute as integrin trafficking is a polarized process in migrating cells to
ensure normal directionality *'. The defect in vesicular trafficking observed in Vps34-depleted
MKs might be at the origin of abnormalities in the number and size of secretory granules in
MKs. Indeed, o and dense granules originate in MKs from a multivesicular bodies
(MVBs)/late endosomes compartment where cargos derive from both regulated secretory and
endocytic pathways after a highly regulated molecular sorting ' '°. Thus, the present
observations support a model in which the defect in platelet production observed is due, at
least in part, to altered endosomal trafficking in Vps34-depleted MKs. Recent studies show
that autophagy is also essential for MK maturation and platelet production *** but the precise
mechanisms by which autophagy regulates these processes are still unclear. It has recently
been shown that autophagy facilitates focal adhesion turnover by promoting their dynamic
disassembly ** **. Focal adhesion turnover is important to direct cell migration. In particular
disassembly of focal adhesion enables efficient displacement of the advancing cell *°. Thus,
defective autophagy in Vps34-depleted MKs may contribute to the impaired directionality
during their migration due to impeded focal adhesion turnover.

This study reveals a role for Vps34 in platelet function by controlling ex vivo thrombus
growth under flow condition and in vivo after ferric chloride injury without any effects on
bleeding. The integrin allbB3 and granule secretion are two processes that are essential for

37, 38
h >

thrombus growt . We observed an increased platelet secretion in Vps34-depleted

platelets in response to several agonists. We also show normal alIbf3 integrin activation in



platelets when Vps34 is absent but exacerbated platelet spreading on fibrinogen surface.
When secretion was counteracted, Vps34-depleted platelets spread to the same extent than
WT platelets indicated that dysregulated secretion impacts on integrin allbB3 adhesive
capacity. In line with a recent study from Eckly et al demonstrating different mechanisms and
kinetics of secretion in platelets depending of activation rate *°, further investigation is needed
to better understand how platelet secretion dysregulation in absence of Vps34 impact on
thrombus growth. We can hypothesize that, when Vps34 is absent in platelets, at the site of
vascular lesion, massive and rapid platelet granule release allows local platelet activation but
might be insufficient for the recruitment of new platelets in a growing thrombus.

Interestingly, we demonstrate an important role for Vps34 in platelets via its kinase activity
by controlling thrombus growth. Two specific Vps34 inhibitors allowed us to conclude that
decreased thrombus growth in Pf4-Cre-Pik3¢3'"* blood mice is not a direct consequence of
Vps34 implication in MKs and platelet production but is due to a platelet specific role of
Vps34 via its kinase activity and thus its agonist inducible pool of PI3P.

In conclusion, our study points to a new function for Vps34 and its product, PI3P, in platelet
production by regulating MK migration and granule biogenesis but also in platelet activation

by controlling thrombus growth in response to vascular injury with no impact on haemostasis.
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SUPPLEMENTAL DATA

Supplemental Methods

Materials: Anti-mouse dylight-488-anti-GPIbp Ig derivative, GPIb-FITC, a2-FITC, JON/A-
PE and GPVI-FITC antibodies and anti-mouse GPIba antibody for platelet depletion were
from Emfret Analytics. Anti-pl10a, anti-pl110P, anti-hsp90, anti-LC3 and anti-vps34
antibodies for western blotting were purchased from Cell Signaling Technology. Anti-vps34
antibody for immunioprecipitation and anti-PI3P was from Echelon Biosciences Inc. Anti-
vpsl5 and anti-Beclin antibodies were from Bethyl Laboratories Inc. Anti-p85 antibody was
from Merck Millipore. Anti-mCXCR4-FITC and anti-mCXCR4 antibodies were from
RnDSystems. Serotonin ELISA test was from IBL International. Anti-human von Willebrand
factor, anti-human von Willebrand factor HRP and anti-human fibrinogen antibodies were
purchased from Dako. Lysotracker® Deep Red, MitoTracker® Deep Red FM, MitoSOX™
Red mitochoindrial superoxide indicator, transferrin-Alexa Fluor®>*® and Propidium iodide
were obtained from Molecular Probes™. Biochips with microcapillaries (Vena8Fluoro+)
were obtained from Cellix. Anti-GPIIb-FITC, anti-EEA1, anti-Rab5, anti-Rab7, anti-P
selectin-FITC, anti-LAMP1 and anti-PI3K-C2f antibodies were from BD Pharmingen. Lipids
were from Avanti Polar Lipids (Coger, Paris, France). CRP was from Pr. Richard Farndale
laboratory (Cambridge, UK). Collagen Reagent HORM® (equine) suspension was purchased
from Takeda, DIOCs and AlexaFluor secondary antibodies from Life Technologies.
Thrombopoietin and SDFla were obtained from Peprotech. All other reagents were

purchased from Sigma-Aldrich.

Washed murine platelets were prepared as previously described .



In vitro PI 3-kinase assay: Vps34 immunoprecipitation and in vitro kinase assay were

performed on washed platelets as previously described *.

Gel electrophoresis and immunoblotting: MKs or washed platelets were lysed in Laemmli
electrophoresis sample buffer containing 100 mM Tris-HCI (pH 6.8), 15% (v/v) glycerol, 25
mM DTT, and 3% SDS, boiled for 5 min, separated on SDS-PAGE, transferred onto a

nitrocellulose membrane (Gelman Sciences) and analyzed using the relevant antibody.

Flow cytometry on platelets: Platelets in whole blood were stained with FITC-conjugated
anti-mouse o2, anti-mouse GPVI, anti-mouse GPIIb or anti-mouse GPIb antibodies for 30
min at room temperature. For mitochondria content, washed platelets were incubated with a
specific mitochondria fluorescent-probe (MitoTracker® Deep Red™ and MitoSOX™ Red
mitochondrial superoxide indicator) for 30 min at 37°C. For ROS content, washed platelets
were incubated with Dichloro-dihydro-fluorescein diacetate (DCFH-DA) for 30 min at 37°C.
Samples were analyzed using an LSRFortessa'™ Cell analyser flow cytometer and Diva

software (Becton Dickinson).

Lipid analysis: PI3P mass assay and phosphoinositide labelling were performed as

previously described **.

ELISA assays: Washed platelet serotonin content was measured using IBL Serotonin ELISA
test (RE59121, IBL) according to manufacturer instructions. Plasma TPO quantification was
performed using RnDSystems Mouse Thrombopoietin Immunoassay (MTP00, RnDSystems)
according to manufacturer instructions. Washed platelet VWF levels were quantified by a
previously described immunosorbent assay using anti-human VWF and anti-human VWF

HRP antibodies °.

TXB2 were analyzed by mass spectrometry as described previously °.



Lysosomal B-galactosidase activity was quantified by spectrofluorometry using the

fluorogenic 4-methylumbelliferyl (Muf)-glycoside derivatives as substrate.

Polyploidy of mature MKs isolated by BSA gradient was analyzed after MK fixation with
0.5% formalin and subsequent DNA staining with propidium iodide. Samples were analyzed

using an LSRFortessa™ Cell analyser flow cytometer and Diva software (Becton Dickinson).

Proplatelet formation assay from bone marrow explants were performed as previously

described ’.
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Supplemental Figure 1: Conditional genetic deletion of Vps34 in the MK/platelet lineage. (A) Western
blot analysis for p110a, p110B, p85, PI3K-C2p, Vps34 and Vps15 in platelet and MK lysates (mean + SEM,;
n=3; ***p<0.001 versus WT according one sample ttest). (B) Western blot analysis for Vps34 in heart, liver,
spleen, kidney and lung lysates. (C) Vps34 was immunoprecipitated from resting washed platelets and
assayed for lipid kinase activity in vitro (mean + SEM; n=5; ***p<0.001 versus WT according to one sample t
test). (D) Surface glycoprotein expression was assessed on resting platelets (MFI: mean fluorescence

intensity;

Protein expression (% of WT)

mean + SEM; n=4) by flow cytometry.
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Supplemental Figure 2: Normal granule content and mitochondria / lysosome homoeostasis in
Vps34-deficient platelets. (A) Platelet VWF, fibrinogen and serotonin content were quantified by
immunoassay or western blot (mean £+ SEM; n=6). (B) Transmission electron microscopy images of MK
mitochondria representative from 3 mice of each genotype. Scale bar. 200 nm. Mitochondria area was
quantified using ImagedJ software (mean £ SEM; n=3 mice/genotype). Platelet mitochondrial content and
activity were assessed by flow cytometry using MitoTracker® Red FM and MitoSOX™ Red mitochondrial
superoxide indicator staining respectively (mean £ SEM; n=3). (C) Platelet lysosomal content and activity
were assessed by western blotting using anti-LAMP1 antibody and by B galactosidase activity using a
fluorogenic substrate (mean + SEM; n=5).
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Supplemental Figure 3: No role for Vps34 in MK nuclear and cytoplasmic maturation and in
proplatelet formation. (A) MKs were stained with transferrin-Alexa Fluor®%4€ and transferrin-Alexa
Fluor®%*6 MK surface labeling was analysed by flow cytometry (mean £ SEM; n=3). (B) Analysis of bone
marrow sections from WT and Vps34 mouse tibias. MK number, area and core area were quantified using
NDP view software (mean + SEM; n=6 mice/genotype and 50 MKs/mouse). (C) After three days of in vitro
maturation, MKs were stained with propidium iodide and ploidy degree was evaluated by flow cytometry
(mean £ SEM; n=4). (D) Transmission electron microscopy of MKs from bone marrow section. Images are
representative of 5 mice of each genotype. Scale bar: 5 um. (E) After bone marrow dissection, MKs were
imaged for 15 hours by videomicroscopy. Time to proplatelet formation and proplatelet area was quantified
using Zen software (mean + SEM; n=16 MKs).
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resting and stimulated (CRP, 10 ug/ml; thrombin, 0.5 Ul/ml) 32Pi-labelled platelets (mean * SD; n=2).
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Supplemental Figure 5: Normal in vitro platelet activation when Vps34 is deleted or inactivated. (A)
Representative curves of washed platelet aggregation in response to various agonists (2.108 platelets/ml,
n=6-15 mice) analysed by light transmission aggregometry. (B) Washed platelets stimulated in suspension
with CRP (1 pg/ml) were visualized by scanning electron microscopy. Two representative images of each
phenotype are representative of 5 mice. Scale bar: 1 ym. (C) Platelet-rich plasma from human healthy
donors was pre-incubated with DMSO or 1 pM INH1 during 1 hour at 37°C. Then, platelet aggregation in
response to agonists was assessed by light transmission aggregometry. Aggregation curves are
representative of 3 independent experiments. (D) Platelet adhesion on collagen-coated microcapillary after
allbp3 blockage. Mice whole blood were pre-incubated with Integrilin® (40 pg/ml) for 10 minutes. Then,
DiOCg-labelled platelets in treated whole blood were perfused through a collagen-coated microcapillary at a
physiological arterial shear rate of 1500 s-'. Surface covered by fluorescent platelets and thrombus volume
were analysed using ImagedJ software (mean £ SEM; n=3). (E) Reactive oxygen species (ROS) production
in resting or stimulated (CRP, 1 pg/ml; thrombin, 0.1 Ul/ml) platelets was analysed by flow cytometry using
DCFDA compound (mean + SEM; n=3). (F) TXB, production in resting or stimulated (CRP, 1 pg/ml;
thrombin, 0.1 Ul/ml) platelets was analysed by mass spectrometry (mean + SEM; n=3).
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- Conclusions

De facon intéressante, nous observons que la délétion de Vps34 dans la lignée
mégacaryocyte-plaquettes se traduit par une microthrombopénie modérée associée a une
production plaquettaire défectueuse suite a une thrombocytopénie immune induite. Ce résultat
ne s’explique pas par un défaut de polyploidisation, de formation/structure du DMS ou
d’extension des PPT des MKs mais semble étre dii a un défaut de directionnalité de migration
des MKs en réponse a un gradient de CXCL12. L’analyse morphologique des plaquettes et
des MKs déficients en Vps34 a aussi révélé des anomalies de granules plaquettaires. La
diminution du nombre de granules a et 1’augmentation de leur taille, a la fois dans les
plaquettes et les MKs, montrent un défaut de biogénése des granules. De plus, nous mettons
en évidence une diminution nette de la production de PtdIns3P dans les MKs délétés pour
Vps34 ainsi qu’'un trafic endosomal et une autophagie perturbés, ce qui pourrait expliquer le

défaut de migration et de biogénese des granules dans le MK.

Au niveau plaquettaire, de facon inattendue, nous montrons que Vps34 régule la
production de PtdIns3P en réponse a une stimulation plaquettaire. In vitro, nous ne mettons
pas en évidence de modification de 1’agrégation des plaquettes de souris déficientes en Vps34
ou des plaquettes humaines traitées avec l'inhibiteur Vps34-IN1. Par contre, ex vivo,
I’inhibition de Vps34 entraine un défaut de croissance du thrombus sur matrice de collagéne.
Ce défaut est reproduit par ’utilisation des inhibiteurs de Vps34 sur des plaquettes humaines
ou de souris sauvages, montrant que l’activité catalytique de Vps34 joue un rdle dans
I’activation plaquettaire, indépendamment des défauts hérités du MK. In vivo, malgré un
temps de saignement normal a la queue, un retard significatif d’occlusion de la carotide apres

Iésion au chlorure ferrique est observé.

L’ensemble de ces résultats met en évidence un role de Vps34 dans la production
plaquettaire au niveau du MK et dans la dynamique d’activation plaquettaire et de formation

du thrombus en condition de flux.
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B) L’adipocyte : role d’un facteur extrinséque au MK dans la régulation

de la mégacaryopoiese et la production plaquettaire

1) Contexte scientifique

Les adipocytes constituent un ¢élément essentiel du microenvironnement médullaire,
cependant leur role reste a ce jour peu étudié. Récemment, les adipocytes médullaires ont été
proposés comme régulateurs négatifs de 1’hématopoiese (Naveiras et al., 2009). Le nombre
d’adipocytes varie considérablement au cours du développement, ainsi que dans différentes
situations pathologiques au cours desquelles se produisent des modifications de
I’hématopoiese. En effet, dans un contexte d’obésité et de diabéte de type I, il a été décrit une
expansion de ’adiposité médullaire (Adler et al., 2014b) associée a une lymphopoicse et une
myelopoicse perturbées (Adler et al., 2014a; Karlsson et al., 2010; Singer et al., 2014; Trottier
et al., 2012; Yang et al., 2009). Par ailleurs, les patients atteints d’obésité et de diabéte de type
I présentent un renouvellement plaquettaire plus rapide, un volume moyen plaquettaire
augmenté et une hyperactivabilit¢ plaquettaire (Morange and Alessi, 2013; Santilli et al.,
2012). Ces modifications constituent des facteurs de risque importants dans la survenue

d’événements thrombotiques chez ces patients.

A ce jour, rien n’est connu concernant I’impact des adipocytes sur la mégacaryopoiése et
la production plaquettaire. Pour étudier cela, nous avons mis en place un systeme de co-
culture ou des adipocytes adhérents sont mis en présence de progéniteurs hématopoiétiques en
suspension, sans aucun contact physique possible entre les deux types cellulaires. Des souris
sauvages sous régime riche en lipides pendant douze semaines (contexte d’adiposité
médullaire augmentée) nous ont également permis d’étudier I’impact de 1’obésité et du

diabete de type II sur la mégacaryopoiése et la production plaquettaire.
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Key points

- Adipocytes directly influence megakaryocyte maturation through lipid transfer.
- High-fat diet induced obesity affects medullar megakaryocyte maturation and decreases

platelet production in mouse.



Abstract

Megakaryocytes (MKs) come from a highly complex and specialized hematopoietic
progenitor maturation process within the bone marrow (BM) and give rise to de novo
circulating platelets. BM microenvironment is composed of different cell types including a
large number of adipocytes which medullar role is still ill defined. Co-culture of freshly
isolated hematopoietic progenitors with differentiated adipocytes shows that adipocytes
directly impact MK maturation by enhancing their size and ploidy levels. Hematopoietic
progenitors induce adipocyte delipidation in order to uptake fatty acids / lipids to reinforce
their maturation into MKs in a non-energetic aim. In the context of obesity in mouse, marrow
adiposity increases and is associated to enhanced MK maturation but defective platelet
production and lifespan leading to moderate macrothrombopenia. Altogether, these data
uncover an unsuspected crosstalk between adipocytes and MKs via a fatty acid / lipid transfer
from adipocytes to MKs. Obesity has a direct impact on BM adipocyte content and influences

MK and platelet homeostasis.



Introduction

In adult, megakaryopoiesis and platelet production occur within the complex bone marrow
(BM) microenvironment. Megakaryocytes (MKs) are highly specialized BM cells releasing
up to 10" platelets every day with a turnover every 8-9 days in humans and 4-5 days in mice
to maintain an appropriate circulating platelet count. MK maturation is a multi-step process
where MKs increase in size, become polyploid, expand their cytoplasmic content and develop
a highly invaginated membrane system allowing proplatelet projections at the origin of de
novo circulating platelets."> Within the central cavities of axial and long bones, BM consists
of hematopoietic tissue islands and adipose cells surrounded by vascular sinuses.” Marrow
adipocytes have been firstly characterized as negative regulators of BM hematopoietic
microenvironment in vivo but their role appear more complex.” It has recently been shown
that high-fat diet (HFD) increases marrow adipocyte content and can modify BM
lymphopoiesis and myelopoiesis™™ suggesting a potential impact of diet-induced obesity on
the hematopoietic system.'® Considering the critical role of BM niche in hematopoiesis and
the vulnerability of BM microenvironment to obesity, we addressed the question whether
adipocytes and diet-induced obesity could impact on both megakaryopoiesis and platelet
production. Interestingly, co-cultivating hematopoietic progenitors with adipocytes improve
their maturation toward MK lineage directly through a fatty acid / lipid transfer from
adipocytes to MKs. Obese mice display an enhanced MK maturation within the BM
associated to increased adiposity. However this physiopathological context dampens platelet
production and increases platelet clearance leading to macrothrombopenia. Thus, these
findings demonstrate an unsuspected effect of adipocytes and obesity on MK and platelet

homeostasis.



Methods

Animals: C57B16/]J male mice (obtained from Harlan, Gannat, France) were fed with a
normal diet (ND) from weaning until 9 weeks aged and then either maintained on ND or fed
with a high-fat diet (HFD) containing 20% protein, 20% carbohydrate, 60% fat
(ResearchDiets, NJ, US) for 12 weeks. All procedures were performed in accordance with
institutional guidelines for animal research and were approved by the French Ministry of

Research in agreement with European Union guidelines.

Differentiation into adipocytes: Mouse 3T3-F442A pre-adipocyte cell line was grown to
confluence and differentiated in DMEM with 10% FBS in presence of 50 nM insulin for 10
days as previously described.!" OP9 mouse BM mesenchymal stem cells were grown to

confluence and differentiated for 7 days in MEM-a with 15% KnockOut™ SR (Invitrogen)."?

MK purification and co-culture with 3T3-F442A or OP9 differentiated adipocytes: BM
hematopoietic progenitor cells (2x10° cells) were obtained from femora and tibiae of
C57Bl/6] mice after CD16/CD32", Grl", B220" or CD11b" cell depletion. Cells were then
seeded for 3 days in the upper chamber of the 0.4 um Transwell system over adherent 3T3-
F442A or OP9 differentiated adipocytes (no direct contact) in 10% serum-supplemented
DMEM medium with 2 mM I-glutamine and penicillin/streptomycin at 37°C under 5% CO; in
the presence or absence of the megakaryocytic differentiation cytokine (thrombopoietin (TPO,

50ng/mL)) (Figure 1A).

Materials, ['*C] palmitate labeling, triglyceride measurement, flow cytometry, immune
thrombocytopenia, platelet lifespan, plasma TPO quantification, proplatelet formation

assay from bone marrow explants are described in details in the supplemental Methods.



Statistical analysis: Data are expressed as mean + SEM. Significance of differences was
determined using two-tailed Student’s test and two-way ANOVA. p values < 0.05 were

considered significant (*p<0.05, **p<0.01, ***p<0.001).

Results and Discussion

Adipocyte directly improves MK maturation

To investigate whether adipocytes can directly influence MK maturation, we set up an in
vitro adipocyte/hematopoietic progenitor co-culture assay (Figure 1A). Interestingly, co-
culture caused a decreased apoptotic level (supplemental Figure 1) and a significant increased
expression of MK lineage differentiation markers (CD41 and CD42) in the hematopoietic
progenitor cell/MK population (Figure 1B). Co-culture significantly enhanced MK size (+
62.5 % + 4.86 %, n= 60, p< 0.001) and polyploidisation in presence of TPO (Figure 1C).
Modal ploidy was significantly higher (26.52 + 2.5 for co-culture vs 16.07 + 2.2 for non-
coculture, n=8, p< 0.01) with a marked increase in cells with ploidy levels equal or higher
than 32n associated to a decrease in cells with lower polyploidy levels (Figure 1C). Even in
absence of TPO, co-culture induced a marked increase in MK polyploidisation (Figure 1D).
Co-culture with non-differentiated 3T3-F442A had no impact on MK differentiation (data not
shown). Altogether, these data show that adipocytes are able to dramatically enhance
hematopoietic progenitor differentiation toward MK lineage. The effect of adipocytes on MKs
occurs during the whole maturation process as polyploidisation enhancement was observed
either when hematopoietic progenitors were cultivated during one day with adipocytes at
early time (supplemental Figure 2A) or during two days at a later stage of differentiation

(supplemental Figure 2B).



Interestingly, either in presence or absence of TPO, enhanced MK maturation caused by
adipocytes was associated with adipocyte delipidation as shown by a significant decrease in
adipocyte triglyceride content and red oil labeling (Figure 1E). Thus, in vitro co-culture of
adipocytes/hematopoietic progenitors induced a net increase in the overall MK maturation
associated to adipocyte delipidation, highlighting a crosstalk between MKs and adipocytes.
When ["*C] palmitate-labeled adipocytes were co-cultivated with hematopoietic progenitors,
['*C] palmitate was detected in the MK population after 3 days of differentiation in presence
or absence of TPO (Figure 1F). This finding demonstrates a fatty acid / lipid transfer from
adipocytes to MKs. Importantly, this transfer has a direct impact on MK maturation since
interfering with the fatty acid / lipid transfer and uptake by adding albumin and free fatty acid
uptake inhibitor, phloretin, to co-culture medium, prevented adipocyte-induced MK
maturation enhancement (Figure 1G). Inhibiting B-oxydation using etomoxir, a selective
inhibitor of the carnitine palmitoyltransferase 1, had no consequences on the enhanced MK
polyploidization (supplemental Figure 3A), therefore excluding an energetic contribution of
this fatty acid / lipid uptake by MKs. Adding a blocking anti-TPO antibody during the co-
culture allowed to exclude that adipocyte-secreted TPO'® causes MK maturation enhancement
(supplemental Figure 3B). More investigation is needed to highlight the precise mechanism
and role of fatty-acid and lipids transferred from adipocytes to MKs. We can hypothesize that
this could be achieved via phospholipid-containing membrane vesicles called adiposomes'*
whose phospholipid and fatty acids might contribute to the development of the MK extensive
membrane demarcation system and whose cargo proteins such as transcriptional and
translational regulators'> might amplify MK polyploidy.

Adipocytes derived from BM mesenchymal stem cells (OP9) have the same effect on MK
maturation than 3T3-F442A-derived adipocytes (Figure 1H), showing that marrow adipocytes

influence MK maturation.
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Figure 1. Reciprocal communication between MKs and adipocytes. (A) Hematopoietic progenitor cells
isolated from murine BM were seeded for 3 days in the upper chamber of the 0.4 ym Transwell system over
adherent mouse 3T3-F442A pre-adipocyte cells or OP9 mesenchymal stem cells differentiated into
adipocytes in the presence or not of TPO (50ng/mL). (B) Surface glycoprotein expression was assessed by
flow cytometry on hematopoietic progenitor cell / MK population cultivated for 3 days in different conditions
(mean £ SEM; n=3 independent experiments; *p<0.05 versus non-cocultivated MKs according to two-tailed
Student’s t test). (C) Representative images of MKs co-cultivated or not with 3T3-F442A differentiated
adipocytes in presence of TPO for 3 days; scale bar: 100pm. MK DNA ploidy was analyzed after 3 days of
co-culture or not with 3T3-F442A differentiated adipocytes in presence of TPO by flow cytometry after
propidium iodide labeling. Quantification of the percentage of cells with different levels of ploidy equal or
greater to 8n was assessed (mean £+ SEM; n=7 independent experiments; *p<0.05, **p<0.01 and ***p<0.001
versus non-co-cultivated MKs according to two-tailed Student’s t test). (D) MK DNA ploidy was analyzed
after 3 days of co-culture or not with 3T3-F442A differentiated adipocytes in absence of TPO by flow
cytometry after propidium iodide labeling. Quantification of the percentage of cells with different levels of
ploidy equal or greater to 8n was assessed (mean + SEM; n=7 independent experiments; *p<0.05 and
**n<0.01 versus non-co-cultivated MKs according to two-tailed Student’s t test). (E) Representative Red-Oil
labeling images of 3T3-F442A differentiated adipocytes co-cultivated or not with MKs in presence of TPO
for 3 days; magnification: 100x. 3T3-F442A differentiated adipocyte triglyceride content were measured after
3 days of co-culture in the presence or not of hematopoietic progenitors and TPO (50ng/mL) (mean + SEM,;
n=3 independent experiments; *p<0.05 and ***p<0.001 versus non-co-cultivated 3T3-F442A with or without
TPO according to two-tailed Student’s t test). (F) ['“C] palmitate labeled 3T3-F442A differentiated
adipocytes were co-cultivated in presence or not of hematopoietic progenitors and TPO (50ng/mL) in a non-
containing ['*C] palmitate medium for 3 days. Radioactivity in 3T3-F442A differentiated adipocytes, MKs
and co-culture supernatant was quantified (mean £ SEM; n=3 independent experiments). (G) Hematopoietic
progenitor cells isolated from murine BM were cultivated with or without 3T3-F442A differentiated
adipocytes, TPO (50ng/mL), phloretin (400uM) and 2% BSA for 3 days. MK DNA ploidy was then analyzed
by flow cytometry after propidium iodide labeling. Quantification of the percentage of cells with different
levels of ploidy equal or greater to 8n was assessed (mean + SEM; n=3 independent experiments; *p<0.05
and **p<0.01 according to two-way ANOVA). MK: megakaryocyte; TPO: thrombopoietin; BSA: Bovine
Serum Albumin; Phlo: phloretin. (H) MK DNA ploidy was analyzed after 3 days of co-culture or not with OP9
differentiated adipocytes in presence (left) or absence (right) of TPO by flow cytometry after propidium
iodide labeling. Quantification of the percentage of cells with different levels of ploidy equal or greater to 8n
was assessed (mean £ SEM; n=5 independent experiments; *p<0.05, **p<0.01 and ***p<0.001 versus non-
cocultivated MKs according to two-tailed Student’s t test).
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Abnormal medullar MK maturation and platelet production in obese mice

Having shown that marrow adipocytes directly influence MK maturation, we investigated
megakaryopoiesis in a context of marrow adipocyte accumulation such as HFD-induced
obesity. As expected, HFD resulted in a significant increase in mouse body weight, fasted
glyceamia, marrow adipose tissue content and blood monocyte count (Figure 2A and
supplemental Figure 4A, 4B and 4C).”'® Alike our adipocyte/MK co-culture assay (Figure
1C), histomorphometric analysis of BM from HFD-fed mice revealed a significant increase in
MK total size (+ 26.1% + 2.6%) and in MK nucleus size (+ 33.6% =+ 4.0%), with a normal
medullar MK count (Figure 2B) and normal plasma TPO level (supplemental Figure 4D).
Thus, HFD-induced obesity has a direct impact on medullar MK maturation in vivo.
HFD-induced obesity also resulted in a significant decrease in the platelet count (- 17.6% +
2%, Figure 2C) associated to an increased platelet volume (+ 8.6% = 2%, Figure 2C). We also
observed that obesity altered platelet production (Figure 2D), accelerated MK proplatelet
formation (Figure 2E) and increased platelet clearance (Figure 2F). These data suggest that
decreased platelet count is associated to a quicker MK proplatelet formation and a potential
release of ectopic platelets in the BM. Likewise increased platelet volume is linked to the
youth of platelets, as previously suggested in obese patients'’, due to their decreased lifespan.
Overall, these data show that diet induced-obesity and increased marrow adiposity has a direct

impact on both marrow MK homeostasis and platelet production / turn-over.

These findings clearly demonstrate an interplay between adipocytes and MKs, with adipocyte
delipidation associated to improved MK maturation through a direct fatty acid / lipid transfer
from adipocytes to MKs in a non-energetic aim. In addition to the growing list of marrow
cellularity dysregulation known to be associated with obesity as lymphopoiesis and

myelopoiesis'®, we show that HFD-induced obesity and increased marrow adiposity directly
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Figure 2. Impact of diet-induced obesity on MK homeostasis and platelet production. (A) BM
triglyceride content of ND- and HFD- fed mice (mean + SEM; n=14 mice; **p<0.01 versus ND-fed mice
according to two-tailed Student’s t test). (B) BM hematoxylin/eosin staining of ND- and HFD-fed mice; scale
bar: 50um. Mean MK total area, nucleus area and number were quantified using NDPview software (mean *
SEM; n=350 MKs from 4 mice; ***p<0.001 versus ND-fed mice according to two-tailed Student’s t test). (C)
Whole blood platelet count and volume (mean £ SEM; n=25 mice; **p<0.01 and ***p<0.001 versus ND-fed
mice according to two-tailed Student’s f test) were measured using Micros60 (Horiba ABX Diagnostics). (D)
Thrombocytopenia was induced in 21 week-old mice by intraperitoneal injection of anti-mouse GPlba
antibody (1.5 pg/g body weight). Platelet counts were measured using a Micros60 (Horiba ABX Diagnostics)
from blood samples collected before injection (time=0) and then 6, 48, 96, 168, 230, 336 and 432 hours
after injection (mean + SEM; n=4 mice; *p<0.05, **p<0.01 and ***p<0.001 versus ND-fed mice according to
two-tailed Student’s t test). (E) After BM dissection, megakaryocytes were imaged for 15 hours by
videomicroscopy. Time to proplatelet formation was quantified using Zen software (mean + SEM; n=130
MKs from 4 mice; **p<0.01 versus ND-fed mice according to two-tailed Student’s t test). (F) Mice were
injected intravenously with a derivative anti-GPIbb (0.1 ug/g body weight) coupled to an AlexaFluor-488. At
various time points after injection, the percentage of labeled platelets was measured by flow cytometry
(mean £ SEM; n=4 mice; *p<0.05, **p<0.01 and ***p<0.001 versus ND-fed mice according to two-tailed
Student’s t test). ND: normal diet; HFD: high fat diet; MK: megakaryocyte.

Valet et al, figure 2



impact on megakaryopoieis by enhancing this process and altering platelet production / turn-
over. This study contributes to the ongoing discussion on the impact of obesity in the marrow

homeostasis and platelet biology.



Acknowledgements

We thank the personnel of Anexplo animal facilities (UMS US006/ Inserm) for animal
handling, of experimental histopathology (UMS US006/ Inserm), of Cytometry core facility
of Inserm UMR1048 (A. Zakaroff-Girard and C. Pecher), of imaging core facility of
INSERM UMR1048 (R. D'Angelo, M. Zanoun) and of MetaToul-Lipidomic core facility
(Inserm U1048), MetaboHUB-ANR-11-INBS-0010 (A. Dupuy and J. Bertrand-Michel). The
authors thank all members from the B.P. and P.V laboratories and A. Mairal for helpful
discussions. C.V. was supported by a Université Paul Sabatier scolarship. Work in B.P.
laboratory was supported by Inserm and Fondation de France (grant 00056850). B.P. is a
scholar of the Institut Universitaire de France. Work in P.V. laboratory was supported by

Inserm and the Fondation pour la Recherche Médicale (grant ING20121226373).

Authorship contributions

C.V. and S.S. designed and performed experiments, analyzed data and wrote the article; A.B.
and A.D performed experiments and analyzed data; B.P. and P.V. designed experiments and

wrote the article.

Disclosure of conflicts of interest

The authors declare no conflicts of interest.



REFERENCES

1. Machlus KR, Thon JN, Italiano JE, Jr. Interpreting the developmental dance of the
megakaryocyte: a review of the cellular and molecular processes mediating platelet formation.
Br J Haematol. 2014;165(2):227-236.

2. Machlus KR, Italiano JE, Jr. The incredible journey: From megakaryocyte
development to platelet formation. J Cell Biol. 2013;201(6):785-796.

3. Travlos GS. Normal structure, function, and histology of the bone marrow. Toxicol
Pathol. 2006;34(5):548-565.

4, Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley GQ. Bone-marrow
adipocytes as negative regulators of the haematopoietic microenvironment. Nature.
2009;460(7252):259-263.

5. Adler BJ, Green DE, Pagnotti GM, Chan ME, Rubin CT. High fat diet rapidly
suppresses B lymphopoiesis by disrupting the supportive capacity of the bone marrow niche.
PLoS One. 2014;9(3):€90639.

6. Karlsson EA, Sheridan PA, Beck MA. Diet-induced obesity in mice reduces the
maintenance of influenza-specific CD8+ memory T cells. J Nutr. 2010;140(9):1691-1697.

7. Singer K, DelProposto J, Morris DL, et al. Diet-induced obesity promotes
myelopoiesis in hematopoietic stem cells. Mol Metab. 2014;3(6):664-675.

8. Trottier MD, Naaz A, Li Y, Fraker PJ. Enhancement of hematopoiesis and
lymphopoiesis in diet-induced obese mice. Proc Natl Acad Sci U S A. 2012;109(20):7622-
7629.

9. Yang H, Youm YH, Vandanmagsar B, et al. Obesity accelerates thymic aging. Blood.
2009;114(18):3803-3812.

10.  Adler BJ, Kaushansky K, Rubin CT. Obesity-driven disruption of haematopoiesis and

the bone marrow niche. Nat Rev Endocrinol. 2014;10(12):737-748.



11. Boucher J, Masri B, Daviaud D, et al. Apelin, a newly identified adipokine up-
regulated by insulin and obesity. Endocrinology. 2005;146(4):1764-1771.

12.  Wolins NE, Quaynor BK, Skinner JR, et al. OP9 mouse stromal cells rapidly
differentiate into adipocytes: characterization of a useful new model of adipogenesis. J Lipid
Res. 2006;47(2):450-460.

13. Ge Q, Ryken L, Noel L, Maury E, Brichard SM. Adipokines identified as new
downstream targets for adiponectin: lessons from adiponectin-overexpressing or -deficient
mice. Am J Physiol Endocrinol Metab. 2011;301(2):E326-335.

14. Muller G, Jung C, Straub J, Wied S, Kramer W. Induced release of membrane vesicles
from rat adipocytes containing glycosylphosphatidylinositol-anchored microdomain and lipid
droplet signalling proteins. Cell Signal. 2009;21(2):324-338.

15. Ung TH, Madsen HJ, Hellwinkel JE, Lencioni AM, Graner MW. Exosome proteomics
reveals transcriptional regulator proteins with potential to mediate downstream pathways.
Cancer Sci. 2014;105(11):1384-1392.

16. Doucette CR, Horowitz MC, Berry R, et al. A High Fat Diet Increases Bone Marrow
Adipose Tissue (MAT) But Does Not Alter Trabecular or Cortical Bone Mass in C57BL/6J
Mice. J Cell Physiol. 2015;230(9):2032-2037.

17. Coban E, Ozdogan M, Yazicioglu G, Akcit F. The mean platelet volume in patients

with obesity. Int J Clin Pract. 2005;59(8):981-982.



SUPPLEMENTAL DATA

Supplemental Methods

Materials: Thrombopoietin was obtained from Peprotech. Anti-GPIba, PE-conjugated anti—
mouse CD42 and dylight-488-anti-GPIbp Ig derivative antibodies were obtained from
EMFRET analytics. FITC-conjugated anti—-mouse CD41 antibody or PE-conjugated Annexin
V were from BD Pharmingen. Transwell system was from Merck Millipore. Mouse TPO
Immunoassay and b locking anti-TPO antibody were from RnDSystems. DMEM, MEM-aq.,
Propidium iodide and KnockOut™ SR were from Invitrogen. All other reagents were

purchased from Sigma-Aldrich.

Flow cytometry: Cells were stained with FITC-conjugated anti-mouse CD41 and PE-
conjugated anti-mouse CD42 antibodies or PE-conjugated Annexin V for 30 min at room
temperature. Polyploidy of MKs isolated by BSA gradient was analyzed after DNA staining
with propidium iodide. Samples were analyzed using an LSRFortessa' ™ Cell analyser flow

cytometer and Diva software (Becton Dickinson).

Palmitate ['*C] labeling: Once 3T3-F442A preadipocytes reached confluence, they were
incubated in presence of 50 nM insulin and ['*C] palmitate acid (0.12 uCi/ml; PerkinElmer)
to label lipids. After 8 days of culture, radiolabeled 3T3-F442A adipocytes were washed and
freshly isolated hematopoietic progenitors were then seeded in the upper chamber of
Transwell system. After 3 days, radioactivity was counted in MKs, adipocytes and adipocyte

supernatant.

Triglyceride measurement: 3T3-F442A and BM triglyceride content were measured by
colorimetric technique using F6428 and T2449 kits according to manufacturer instructions

(Sigma, France).



Immune thrombocytopenia: Thrombocytopenia was induced in 21 weeks-old ND- and
HFD-fed mice by intraperitoneal injection of anti-mouse GPIba antibody (1.5 pg/g of mouse).
Platelet count was measured using Micros60 (Horiba ABX Diagnostics) from blood samples

collected at different times for 18 days.

Platelet lifespan: Circulating platelets were labelled in vivo by intravenous injection of
Dylight-488-anti-GPIb[3 Ig derivative antibody (0.1pug/g body weight). 2 h after antibody
injection and every 24 h for 5 days, the percentage of the Dylight-488-positive platelet
population in whole blood was determined using an LSRFortessa ™~ Cell analyser flow

cytometer and Diva software (Becton Dickinson).

Plasma TPO quantification was performed using RnDSystems Mouse Thrombopoietin

Immunoassay (MTP00, RnDSystems) according to manufacturer instructions.

Proplatelet formation assay from bone marrow explants was performed as previously

described.!
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Supplemental Figure 1. Decreased apoptotic level of hematopoietic progenitor cell / MK population
in co-culture condition. Hematopoietic progenitor cells isolated from murine BM were cultivated with or
without 3T3-F442A differentiated adipocytes and TPO (50ng/mL) for 3 days. Annexin V labeling was
assessed by flow cytometry on total cell population after 3 days of culture in different conditions (mean *
SEM; n=6 independent experiments; ***p<0.001 versus non-co-cultivated MKs with or without TPO
according to two-tailed Student’s t test).

Valet et al, supplemental figure 1
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Supplemental Figure 2. Adipocyte-enhanced polyploidization in early and late stages of MK
differentiation. (A) Hematopoietic progenitor cells isolated from murine BM were cultivated for one day with
3T3-F442A differentiated adipocytes and for the following two days with TPO (50ng/mL). MK DNA ploidy
was then analyzed in presence of TPO by flow cytometry after propidium iodide labeling. Quantification of
the percentage of cells with different levels of ploidy equal or greater to 8n was assessed (mean + SEM;
n=3 independent experiments, *p<0.05 versus non-co-cultivated MKs according to two-tailed Student’s t
test). (B) Hematopoietic progenitor cells isolated from murine BM were cultured for three day with TPO
(50ng/mL) and for the following two days with 3T3-F442A differentiated adipocytes. MK DNA ploidy was
then analyzed by flow cytometry after propidium iodide labeling. Quantification of the percentage of cells
with different levels of ploidy equal or greater to 8n was assessed (mean * SEM; n=3 independent
experiments, *p<0.05 versus MKs non-co-cultivated according to two-tailed Student’'s t test). MK:
megakaryocyte; TPO: thrombopoietin.

Valet et al, supplemental figure 2



 MK+TPO

— MK/3T3-F442A+TPO

=3 MK/3T3-F442A+TPO/etomoxir
*dkk

704
60+
50+
°
T 404
(£}
S 304 ek
EE = .
204
10-] —‘ *
0 | |
8n 16n 32n 64n 128n
Ploidy degree
. MK
1 MK/3T3-F442A
=3 MK/3T3-F442A+Blocking ab
goq _*
704 |
60 a8 E
£ 504 ¥
©
o 40- ‘
5]
2 304
204
104
i =16
8n 16n 32n 64n 128n

Ploidy degree

Supplemental Figure 3. Adipocyte-enhanced polyploidisation neither via an energetic transfer nor
TPO secretion. (A) Hematopoietic progenitor cells isolated from murine BM were cultivated with or without
3T3-F442A differentiated adipocytes, TPO (50ng/mL) and etomoxir (30uM) for 3 days. MK DNA ploidy was
then analyzed by flow cytometry after propidium iodide labeling. Quantification of the percentage of cells
with different levels of ploidy equal or greater to 8n was assessed (mean * SEM; n=7 independent
experiments; *p<0.05 and ***p<0.001 according to two-way ANOVA). (B) Hematopoietic progenitor cells
isolated from murine BM were cultured with or without 3T3-F442A differentiated adipocytes and blocking
anti-TPO antibody ( 0.3ug/mL) for 3 days. MK DNA ploidy was then analyzed by flow cytometry after
propidium iodide labeling. Quantification of the percentage of cells with different levels of ploidy equal or
greater to 8n was assessed (mean + SEM; n=3 independent experiments; *p<0.05 according to two-way
ANOVA). MK: megakaryocyte; TPO: thrombopoietin; Blocking ab: anti-TPO blocking antibody.

Valet et al, supplemental figure 3
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Supplemental Figure 4. HFD-induced obese mice characteristics. (A) Whole body weight and (B)
blood glucose were measured in 21 week-old mice after 12 weeks under normal diet (ND) or high fat diet
(HFD) (mean + SEM; n=25 mice; ***p<0.001 versus ND-fed mice according to two-tailed Student’s t test).
(C) Whole blood parameters were analysed using a Micros60 (Horiba ABX Diagnostics) (mean + SEM,;
***p<0.001 versus ND-fed mice according to two-tailed Student’s t test). Rbc, Red blood cells; Lym,
Lymphocytes; Mon, Monocytes; Gra, Granulocytes. (D) Mice plasma thrombopoietin (TPO) level was
quantified by immunoassay (mean + SEM, n=10 mice).

Valet et al, supplemental figure 4



2) Conclusions

Grace a la co-culture in vitro d’adipocytes avec des progéniteurs hématopoiétiques, nous
montrons que les adipocytes, qu’ils proviennent d’une lignée pré-adipocytaire (3T3-F442A)
ou de cellules souches médullaires (OP9), potentialisent la différenciation des mégacaryocytes
(augmentation de I’expression des marqueurs de différenciation mégacaryocytaire, de la taille
des MKs et de la proportion de MKs a haut niveau de ploidie). Nous mettons en évidence une
communication réciproque entre les deux types cellulaires. En effet, lors de la co-culture, les
adipocytes se délipident et les MKs captent ces acides gras / lipides. Ce transfert d’acides gras
/ lipides est indispensable a 1I’amélioration de la différenciation mégacaryocytaire mais ne

constitue pas un apport énergétique pour la différenciation en MKs.

Chez des souris rendues obéses-diabétiques par un régime riche en lipides, nous observons
une augmentation de 1’adiposit¢ médullaire associée a une augmentation de la taille des MKs
et de leur noyau in vivo. De plus, ces souris obéses-diabétiques présentent une thrombopénie
associée a une augmentation du volume moyen plaquettaire, un défaut de production
plaquettaire apres une thrombocytopénie immune induite in vivo, une demi-vie plaquettaire

diminuée et une extension de PPTs par les MKs ex vivo plus rapides.

Ces résultats démontrent une communication réciproque entre adipocytes et MKs qui
controle la mégacaryopoiese ainsi que I’influence de I’obésité sur la mégacaryopoicse et la

production plaquettaire.

177



Discussion - Perspectives
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Au cours de ma these, je me suis intéressé, dans un premier temps, a deux lipide kinases
intrinseéques au MK et a la plaquette, I’isoforme o des PI3Ks de classe II et la PI3K de classe
III, Vps34, et leurs roles sur la production et la fonction plaquettaires. Dans les plaquettes, les
PI3Ks de classe I ont été largement étudiées et jouent un rdle important dans les mécanismes
de signalisation mis en jeu en aval de différents récepteurs plaquettaires, en particulier,
I’isoforme B des PI3Ks de classe I (Laurent et al., 2014). Par contre, rien n’était connu,
lorsque j’ai commencé ma theése des roles des PI3Ks de classe II et III dans la production et la
fonction plaquettaire. Cependant, leur caractérisation comme régulateurs majeurs du trafic
intracellulaire grace a leur produit commun, le PtdIns3P, laissait a penser qu’elles pouvaient

jouer un role important dans ces phénomenes.

La moelle osseuse est formée de microenvironnements spécifiques définis par différents
types cellulaires, composants de la matrice extracellulaire et autres facteurs qui impactent
directement le devenir des cellules médullaires (Figure 36). Un de ces facteurs est le tissu
adipeux médullaire, dont le role reste encore peu décrit. Le tissu adipeux est connu pour étre
un lieu de stockage d’énergie mais aussi pour sécréter de multiples adipokines controlant
différents mécanismes tels que la satiété, le métabolisme lipidique, la sensibilité a 1’insuline,
I’inflammation ou encore I’angiogénése (Lafontan, 2012; Trayhurn and Wood, 2004). Le tissu
adipeux est une part importante de la composition de la moelle osseuse (Hardouin et al., 2016;
Scheller et al., 2016) et la différenciation du MK étant sujette a des régulations par des
facteurs solubles, je me suis intéressé, dans un deuxieme temps, a I’influence que pourrait
avoir sur la différenciation mégacaryocytaire et la production plaquettaire, un facteur

extrinseque au MK: le tissu adipeux médullaire.
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Figure 36: Représentation schématique des éléments influencant le microenvironnement
médullaire: Le mod¢le proposé montre un MK en différenciation migrant de la niche ostéoblastique
vers un sinusoide médullaire. La croissance, la polyploidisation et la formation du DMS sont
représentées ainsi que la libération des plaquettes, a 1’extrémité des PPT, dans la circulation sanguine.
Différents facteurs peuvent influencer les forces mécaniques au sein de la moelle osseuse (larges
fleches): le tissu adipeux médullaire, les composants de la matrice extracellulaire (collagéne,
fibronectine et vitronectine) et la pression hydrostatique des sinusoides qui est elle-méme controlée
par la pression sanguine, le débit sanguin, la viscosité du sang et la température. D aprés (Psaila,
2016).

A) PI3KC2a et son produit, le PtdIns3P: régulateur de la structuration des
membranes plaquettaires
Grace a un mode¢le original de souris présentant une inactivation partielle de la PI3KC2a,
nous avons mis en évidence le rdole primordial de cette kinase dans la production des
plaquettes. En effet, les plaquettes de ces souris présentent des défauts de morphologie
membranaire et une proportion significative de cette population plaquettaire est composée de
plaquettes a deux corps appelées « barbell-shaped proplatelets ». Naturellement, ces entités
représentent 0.05 % de la population plaquettaire, or dans notre modele d’inactivation
partielle de la PI3KC2a, nous comptabilisons ces entités a hauteur de 4,2 %. Dans le méme

sens, le volume moyen plaquettaire de ces souris est tres hétérogéne et 31 % des plaquettes
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présentent des membranes invaginées et tortueuses. Ces résultats corroborent une étude
récente du laboratoire de Shaun Jackson dans laquelle les auteurs observent des plaquettes
présentant une morphologie membranaire anormale (SCO dilaté) dans différents modéles de
souris de délétion de la PI3KC2a (Mountford et al.,, 2015). De plus, I’incapacité des
plaquettes partiellement inactivées pour la PI3KC2a a émettre des filopodes sous stimulation
par des agonistes plaquettaires montre un défaut de dynamique des membranes plaquettaires,

en plus de leur défaut de structure.

D'un point de vue moléculaire, I’isolement du squelette sous-membranaire des plaquettes
partiellement inactivées pour la PI3KC2a a mis en évidence un défaut de localisation de
protéines composant le squelette sous-membranaire (spectrine et myosine) et de protéines
faisant le lien avec la membrane plasmique (filamine, moesine, GPIb et GPIIb). Ainsi, la
PI3KC2a, en régulant I’intégrité du squelette sous-membranaire, contrdle la structure et la
dynamique membranaire des plaquettes et la scission des « barbell-shaped proplatelets » en
plaquettes matures (Patel-Hett et al., 2011; Spinler et al., 2015). Nous montrons aussi que le
DMS des MKs inactivés pour la PI3KC2a est fortement altéré, or il a été décrit que la
spectrine est essentielle a sa formation (Patel-Hett et al., 2011). Ces résultats suggerent que
ces protéines ont un défaut d’adressage au squelette sous-membranaire lors de 1’assemblage

de ce dernier dans les MKs.

Parallelement, grace a une technique de dosage en masse de PtdIns3P développée au sein
de I’équipe, nous avons mis en évidence, pour la premicre fois, que la PI3KC2a était
responsable de la production basale (pool a métabolisme lent) de PtdIns3P dans les plaquettes.
Une seule étude s’est intéressée a 1’interactome du PtdIns3P dans une lignée de cellules de
cancer de colon (LIM1215) en utilisant des billes recouvertes de PtdIns3P. Cette étude a
permis d’identifier, par spectrométrie de masse, 681 protéines capables de lier directement le
PtdIns3P. Parmi elles, ont été retrouvées : la spectrine, la myosine, la filamine et la moesine
(Catimel et al., 2013), des protéines du squelette sous-membranaire plaquettaire. Or, ces
mémes protéines sont significativement moins présentes dans le squelette sous-membranaire
des plaquettes partiellement inactivées pour la PI3KC2a. De fagon intéressante, la vinculine
qui n’est pas retrouvée dans cet interactome du PtdIns3P n'est pas non plus diminuée dans le
squelette sous-membranaire des plaquettes partiellement inactivées pour la PI3KC2a. Dans le
but de caractériser le role du PtdIns3P produit par la PI3KC2a dans la localisation des

protéines au squelette sous-membranaire des plaquettes, il serait donc intéressant d’identifier
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les protéines capables de lier le PtdIns3P dans les MKs et les plaquettes apres précipitation
grace a des billes recouvertes de PtdIns3P suivi d’analyses de spectrométrie de masse. Ceci
permettrait de savoir si, dans les MKs et les plaquettes, le PtdIns3P lie directement la

spectrine, la myosine, la filamine et la moesine.

En 2007, Falasca et al ont montré que la PI3KC2q était recrutée a la membrane plasmique
et activée grace a la GTPase TC10 sous stimulation a I’insuline. Cette localisation cellulaire
est indispensable & la translocation du transporteur de glucose, GLUT-4, a la membrane
plasmique (Falasca et al., 2007). Une autre étude, par Takuwa et al a montré que lors d’une
stimulation par le VEGF, la PI3KC2a était responsable de 1’activation de la GTPase RhoA au
niveau d’endosomes riches en PtdIns3P et que cette activation était indispensable a
I’adressage des VE-cadherines au niveau des jonctions entre cellules (Yoshioka et al., 2012).
Ces ¢tudes montrent donc que la PI3KC2a est impliquée dans la relocalisation a la membrane
plasmique de protéines transmembranaires. Il serait intéressant de localiser la PI3KC2a et le
PtdIns3P qu’elle produit par imagerie de haute résolution dans les MKs et les plaquettes afin
de définir si leurs localisations sont plutot a la membrane plasmique a proximité du squelette
sous-membranaire ou plutét a la membrane de vésicules intracellulaires. Cette étude
permettrait de révéler comment la PI3KC2a permet la relocalisation au squelette sous-
membranaire de ces protéines par liaison directe avec le PtdIns3P soit & la membrane
plasmique directement soit en régulant le trafic vésiculaire d’adressage au squelette sous-

membranaire.

Au niveau du MK des souris déficientes en PI3KC2a, nous avons observé des granules o
moins nombreux et plus gros. La biogénése des granules dans le MK, que ce soit a ou denses,
fait intervenir un intense trafic vésiculaire au niveau de l’endocytose, des MVB, des
endosomes précoces et tardifs ou encore du TGN (Blair and Flaumenhaft, 2009). Or, le
PtdIns3P, le PtdIns(3,4)P, et la PI3KC2a sont connus pour controler le trafic vésiculaire
(Campa et al., 2015). Dans le but de comprendre ce défaut de biogénése des granules, le suivi
par microscopie confocale de la formation des granules et la distribution du PtdIns3P et du
PtdIns(3,4)P, a différentes étapes de la différenciation du MK pourrait aider a comprendre le
role de la PI3KC2a dans ce phénomene. Dans le méme sens, doser le PtdIns3P et le
PtdIns(3,4)P, dans des MKs partiellement inactivés pour la PI3KC2a aidera a une meilleure

compréhension de ce défaut de granules. Ce défaut de biogénese des granules observé au
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niveau du MK est un argument dans notre hypotheése d’un trafic vésiculaire altéré qui serait

responsable du défaut d’adressage des protéines au squelette sous-membranaire.

Par marquage métabolique des plaquettes au **Pi, nous montrons que la PI3KC20a n’est
pas impliquée dans la production rapide de PtdIns3P, de PtdIns(3,4)P; ou de PtdIns(3,4,5)Ps
induite par des agonistes plaquettaires. De plus, in vitro, ex vivo et in vivo, les réponses
thrombotiques de nos souris partiellement inactivées pour la PI3KC2a sont affectées, sans
défaut majeur d’activation des voies de signalisation induite par des agonistes plaquettaires.
Ces données montrent que (i) contrairement aux PI3Ks de classe I, la PI3KC2a n’intervient
pas dans les voies de signalisation en aval de récepteurs plaquettaires et (ii) que les défauts de
structure et de dynamique membranaire sont vraisemblablement responsables des
perturbations d’efficacité des réponses thrombotiques. A I’inverse, les plaquettes du mod¢le
de souris de 1'équipe de Shaun Jackson (délétion hétérozygote) ont des réponses
thrombotiques ex vivo plus efficaces, cependant in vivo les thrombi formés sont instables et
créent des emboles (Mountford et al., 2015). Ces différences entre ces deux modeles de souris
peuvent s’expliquer par le fait que, dans notre modele, 1’inactivation de la PI3KC2a mime
I’effet d’un agent inhibiteur ou la protéine est toujours présente alors que, dans le modele de
délétion hétérozygote, la protéine n’est plus exprimée qu’a 50%. Ce défaut d’expression
pourrait, de fait, perturber la formation de complexes protéiques autour de la kinase et
entrainer la mise en place de phénomenes de compensations par d’autres PI3Ks. Ces mémes
auteurs ont également générés un modele de souris déficientes a la fois pour la PI3KC2a et
pour la PI3KC2B. Dans ce modele de double déficience, les auteurs ne révélent pas
d’aggravation du phénotype montrant ainsi que la PI3KC2[3 ne compense pas la perte de la
PI3KC2a. De fagon surprenante, une nouvelle étude venant du méme laboratoire rapporte une
augmentation de I’expression protéique de Vps34 et suggere une potentielle compensation de

la perte de PI3KC2a par Vps34 (Petitjean et al., 2016).

B) Production plaquettaire et croissance du thrombus: double role pour Vps34 et
son produit, le PtdIns3P

Notre modele de souris délété pour Vps34 présente une microthrombopénie modérée due

a un défaut de production plaquettaire mis en évidence apres thrombopénie immune induite.

Ce phénotype plaquettaire n’est pas la conséquence d’un défaut de maturation nucléaire ou

membranaire des MKs ni d’un défaut de formation des PPT. Par contre, la migration des
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MKs, mécanisme mis en jeu lors de la mégacaryopoiese, est affectée. En effet, les MKs
déficients pour Vps34 sont capables de migrer la méme distance que les MKs sauvages mais

leur directionnalité de migration envers le gradient de CXCL12 est altérée.

Des défauts de migration de MKs ont déja été associés a des thrombopénies ou des défauts
de production plaquettaire. Il s’agit entre autres des cas de délétion de PECAM ou de WASP
(Dhanjal et al., 2007; Sabri et al., 20006).

- La délétion de WASP est caractérisée entre autres par une thrombopénie due a un défaut
de migration des MKs envers le gradient de CXCL12, amenant a la libération ectopique de
plaquettes dans la moelle osseuse, et a une durée de vie plaquettaire diminuée (Falet et al.,
2009; Sabri et al., 2006). La durée de vie des plaquettes déficientes en Vps34 étant normale, il
sera donc intéressant, dans la suite de notre étude, de rechercher la présence de plaquettes
dans la moelle osseuse en dehors des sinusoides médullaires par immunohistochimie sur
coupe de moelle de fémur de souris déficientes en Vps34. Ceci permettrait de montrer
clairement que la thrombopénie induite par la délétion de Vps34 est la conséquence d’un
défaut de migration des MKs induisant le relarguage prématuré de plaquettes dans la moelle

0Ssscuse.

- La délétion de PECAM induit un défaut de polarisation de CXCR4 qui engendre un
défaut de migration des MKs (Dhanjal et al., 2007). A la surface des MKs délétés pour
Vps34, nous observons une expression augmentée du récepteur au CXCLI12, CXCRA4.
Parallélement a ¢a, nous montrons que la production de PtdIns3P, I’endocytose et le trafic
endosomal dans les MKs déficients pour Vps34 sont altérés. Nous observons des endosomes
précoces plus gros et plus nombreux impactant sur la voie de recyclage et de dégradation avec
des lysosomes plus petits et moins nombreux. Des études récentes ont décrit le role de Vps34
dans la régulation du trafic vésiculaire de récepteurs. En 2015, Nemazanyy et al ont montré
que, dans des hépatocytes primaires, I’insuline stimule 1’activité¢ de Vps34 dans le complexe II
(Vps34-Vps15-Beclinl-UVRAG) et induit son association avec le récepteur a I’insuline ce
qui permet de I’amener a travers la voie endosomale de dégradation et ainsi réguler la réponse
a I’insuline (Nemazanyy et al., 2013). En 2016, Jaber et al ont montré¢ que la délétion de
Vps34 dans des MEFs entraine I’accumulation d’endosomes tardifs et la diminution de la
dégradation du récepteur a ’EGF (Jaber et al., 2016). L’ensemble de ces données suggere
fortement que le trafic de CXCR4 est défectueux dans les MKs déficients en Vps34 ce qui

pourrait expliquer le manque de directionnalité des MKs envers CXCL12.
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Nous observons le défaut de migration des MKs délétés pour Vps34 sur matrice de
fibronectine, une composante majeure de la matrice extracellulaire de la moelle osseuse. Le
récepteur liant la fibronectine est 1’intégrine asfB; (Paul et al., 2015). Récemment, il a été mis
en évidence que 1I’Ankyrine-B se lie aux endosomes riches en PtdIns3P, y recrute la Rab
GTPase Activating Protein 1-like qui inactive Rab22A et permet le trafic endosomal polarisé
au front de migration de fibroblastes en migration. Dans ces endosomes spécifiques,
I’ Ankyrin-B coordonne le transport polarisé de I’intégrine as3; ce qui permet la migration des
fibroblastes (Qu et al., 2016). Nous pouvons donc penser que la diminution de PtdIns3P
observée dans les MKs déficients en Vps34 impacte sur le trafic endosomal polaris¢ de
I’intégrine asP; entrainant une migration anormale des MKs. L’autophagie est un autre mode
de régulation du recyclage d’intégrines a la membrane plasmique. En effet, I’inhibition de
I’autophagie ou la délétion de certains Atg (3 ou 5 ou 7) dans des cellules HeLa augmente le
potentiel de migration de ces cellules, diminue la dégradation de I’intégrine B1 et augmente
son recyclage a la surface cellulaire (Tuloup-Minguez et al., 2013). De plus, des études
récentes ont montré que 1’autophagie permet le désassemblage des adhésions focales afin de
permettre une migration dirigée (Kenific et al., 2016; Sharifi et al., 2016). Nous pouvons donc
penser que le flux autophagique altéré des MKs déficients en Vps34 pourrait directement
impacter sur leur potentiel migratoire en régulant le recyclage de I’intégrine Pl et la
dynamique des adhésions focales.

Au niveau des MKs, si I’on associe la diminution de PtdIns3P, le défaut d’endocytose, de
trafic endosomal et d’autophagie avec I’augmentation de CXCR4 a la membrane plasmique,
on peut proposer que la polarisation de I’intégrine asp; ou de CXCR4 au front de migration
des MKs délétés pour Vps34 ou la dynamique des adhésions focales est défectueuse et
entraine ce défaut de directionnalité envers le gradient de CXCLI12. Suivre le trafic de
I’intégrine asPB; et de CXCR4 dans les différents endosomes et analyser la dynamique en
conditions de migration par immunofluorescence nous permettraient de comprendre le défaut
de directionnalité¢ des MKs déficients en Vps34. Nous pourrons aussi étudier la dynamique

des adhésions focales par marquage en immunofluorescence de la paxilline.

Les MKs délétés pour Vps34 contiennent significativement moins de granules sécrétoires
mais ceux-ci sont plus gros, phénotype que 1’on retrouve aussi au niveau des plaquettes. Ces
données montrent que la biogénése des granules dans les MKs est défectueuse. La biogénese
des granules dans les MKs fait intervenir différents aspects du trafic vésiculaire tels que le

bourgeonnement de vésicules originaires du TGN, I’endocytose et les MVB (Ambrosio et al.,
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2012; Hegyi et al., 1990; King and Reed, 2002; Meng et al., 2012; Youssefian and Cramer,
2000). Or, le trafic vésiculaire dans les MKs délétés pour Vps34 est fortement perturbé. Afin
de caractériser précisément a quel niveau Vps34 intervient lors de la biogénése des granules,
il serait intéressant de suivre par vidéomicroscopie la dynamique des granules o et denses (par

marquage avec du fibrinogene et de la mépacrine respectivement) tout au long de la

différenciation du MK.

Grace au modéle de souris présentant une délétion de Vps34 spécifiquement dans les MKs
et les plaquettes et I’utilisation de deux inhibiteurs spécifiques de Vps34 récemment
développés, nous montrons que Vps34 contrdle 1’activation plaquettaire, indépendamment de
son role dans le MK. En effet, sur matrice de collageéne, les plaquettes déficientes en Vps34
ou traitées avec les inhibiteurs de Vps34 forment des thrombi plus petits en condition de flux
ex vivo. La perfusion de plaquettes déficientes en Vps34 sur des thrombi déja formés par des
plaquettes normales révele un role de Vps34 dans la croissance du thrombus. De méme, in
vivo, nous observons un défaut majeur de thrombose occlusive apres 1ésion de la carotide au
chlorure ferrique. Un défaut de croissance du thrombus peut s’expliquer par au moins deux
mécanismes moléculaires: (i) une signalisation défectueuse de I’intégrine oypPs entrainant
ainsi I’incapacité des plaquettes a adhérer fermement ou (ii) une sécrétion des granules
plaquettaires dérégulée empéchant ainsi 1’amplification de I’activation plaquettaire et le
recrutement de plaquettes circulantes. En réponse a différents agonistes, la signalisation
« inside-out » de I’intégrine oypP; est normale dans les plaquettes déficientes en Vps34 alors
que leur sécrétion est significativement augmentée. Sur matrice de fibrinogéne (reflet de la
signalisation « outside-in » de D’intégrine oypP3), nous observons une augmentation
significative de 1’aire moyenne d’adhésion des plaquettes déficientes en Vps34 par rapport
aux plaquettes sauvages. Cependant, en présence d’inhibiteurs de la sécrétion, 1’aire moyenne
des plaquettes déficientes en Vps34 est similaire a celle des plaquettes sauvages. L’ensemble
de ces données est en faveur d’une signalisation normale de I’intégrine oupPs et suggere
fortement que la dérégulation de la sécrétion plaquettaire impacte sur les capacités adhésives
des plaquettes, ce qui pourrait étre la cause d’une moindre croissance du thrombus en

condition de flux ex vivo ou in vivo.

Récemment, Eckly et al ont révélé deux mécanismes de sécrétion plaquettaire en réponse
a des agonistes: (i) les plaquettes sécretent le contenu de granules individuels ou (ii) les

granules fusionnent en une seule entité au sein de la plaquette avant d’étre sécrétés. Eckly et
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al ont mis en évidence le role majeur de la protéine vesicle associated membrane protein 8
(VAMPS) lors de la fusion et de la sécrétion de granules sous stimulation plaquettaire (Eckly
et al., 2016). De fagon intéressante, une étude par Dai et al a montré que I’infection d’une
cellule par la bactérie pathogene Salmonella enterica entraine la production de PtdIns3P au
niveau de la membrane plasmique qui a son tour recrute, par liaison directe, VAMPS afin
d’induire sa propre macropinocytose par la cellule hote (Dai et al., 2007). Nous pouvons donc
imaginer que lors d’une activation plaquettaire, le PtdIns3P produit par Vps34 permettrait le
recrutement de VAMPS et la fusion puis sécrétion normale des granules. Or, en cas de
délétion de Vps34, la perte de cette production de PtdIns3P sous activation pourrait expliquer
le phénotype observé de sécrétion dérégulée, probablement par défaut de recrutement de
VAMPS et de fusion homotypique des granules entre eux puis avec la membrane plasmique.
Ceci impacterait 1’activation fine, ex vivo et in vivo, des plaquettes déficientes en Vps34 car
comme le montre Eckly et al, la formation du thrombus in vivo met en jeu la sécrétion de
granules fusionnés. Cette hypothese est appuyée par le fait que lors d’une forte activation telle
que ’agrégation in vitro, nous n’observons pas de défaut car VAMPS8 n’intervient pas dans
des conditions de forte activation comme montré par Eckly et al. 1l serait donc intéressant
d’observer la dynamique de fusion et de sécrétion des granules des plaquettes déficientes en
Vps34 a fortes et faibles doses d’agonistes et selon différentes cinétiques par microscopie
¢lectronique a transmission. Parallelement, I’étude d’interactome du PtdIns3P avec les
protéines plaquettaires (proposée dans 1’étude sur la PI3KC2a) nous permettra de savoir si le
PtdIns3P est capable de lier directement VAMPS8 afin d’expliquer notre phénotype
plaquettaire observé en I’absence de Vps34. Ensuite, nous analyserons si le défaut de fusion /
sécrétion granulaire est propre a la plaquette ou si le défaut de biogénese des granules
plaquettaires hérit¢ du MK a un rdle dans la dérégulation de la fusion / sécrétion des granules
plaquettaires lorsque Vps34 est absent. Pour ce faire, il serait intéressant de caractériser cette
dynamique de fusion / sécrétion par I’utilisation d’inhibiteurs de Vps34 sur des plaquettes

sauvages.

C) Régulation de la production de PtdIns3P dans les plaquettes

La production de PtdIns3P dans les plaquettes au repos et lors de I’activation plaquettaire
reste encore mal caractérisée. Grace au modele d’inactivation partielle de la PI3KC2a, nous
avons montré que celle-ci était responsable d’une part du « pool » basal de PtdIns3P et qu'elle

n'est pas impliquée dans la production de ce lipide dépendante de la stimulation plaquettaire.
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Grace au modele de délétion totale de Vps34, nous montrons que Vps34 produit une partie du
PtdIns3P en réponse a I’activation plaquettaire par des agonistes. Ainsi, mon étude montre
que la PI3KC2a et Vps34 produisent différents pools de PtdIns3P contrdlant in fine différents
processus plaquettaires. Une étude de notre équipe en 2012 montre que la wortmaninne a des
doses inhibant les classes I et III des PI3Ks empéche la production de PtdIns3P dépendante de
la stimulation par des agonistes plaquettaires (Chicanne et al., 2012). Des données non
publiées de 1’équipe montrent que la PI3KC2[3 ne produit pas de PtdIns3P au repos ou lors
d'une stimulation par des agonistes plaquettaires. L’ensemble de ces résultats suggere
fortement une implication des PI3Ks de classe I dans la production de PtdIns3P sous
stimulation plaquettaire. A 1’aide des techniques biochimiques de dosage de PtdIns3P utilisées
en routine dans le laboratoire et 1’utilisation d’inhibiteurs et de modeles de souris déficientes
pour différents isoformes de PI3Ks de classe I disponibles au laboratoire, nous identifierons
quels isoformes de PI3Ks de classe I produit le PtdIns3P dans la plaquette que ce soit au repos
et sous stimulation. Cette ¢tude, en plus des résultats obtenus au cours de ma these, permettra

de définir avec précision la régulation de la production du PtdIns3P dans la plaquette.

D) Dialogues entre adipocytes et mégacaryocytes

Grace a la mise en place d’un systéme de co-culture sans contact physique entre
adipocytes (différenciés a partir de pré-adipocytes (3T3-F442A) ou de cellules souches
mésenchymateuses médullaires (OP9)) et progéniteurs hématopoiétiques, nous avons montré
que D’adipocyte potentialisait la différenciation mégacaryocytaire. En effet, en présence
d’adipocytes, les MKs sont plus gros, expriment davantage les marqueurs de différenciation et
le degré de polyploidisation des MKs augmente significativement. Parallélement a cette
potentialisation de la différenciation des MKs, les adipocytes perdent une partiec de leur
contenu lipidique. De facon intéressante, il existe un transfert direct d’acide gras des
adipocytes vers les MKs. Ces résultats montrent donc une communication réciproque entre les
deux types cellulaires. Lorsque le captage d’acide gras / lipides est bloqué
pharmacologiquement, la différenciation des MKs n’est plus améliorée. Par ailleurs, lorsque
le captage de la TPO par le MK est bloqué, la différenciation des MKs reste améliorée. Ces
données montrent que 1’adipocyte ne stimule pas la différenciation du MK par la TPO,
cytokine majeure de la différenciation mégacaryocytaire et pouvant étre sécrétée par
I’adipocyte (Ge et al., 2011) mais que le transfert de d’acide gras / lipides est le facteur

induisant I’amélioration de la différenciation mégacaryocytaire par les adipocytes.
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Plusieurs études ont montré que des adipocytes co-cultivés avec des cellules cancéreuses
sécretent des exosomes contenant des protéines impliquées dans 1’oxydation des acides gras et
que les cellules cancéreuses captent ces exosomes a des fins énergétiques. Ce captage
d’exosomes par les cellules cancéreuses augmente leur agressivité (Dirat et al., 2011; Laurent
et al., 2016; Lazar et al., 2016). La différenciation du MK est un processus trés dynamique et
trés consommateur d’énergie. Ainsi, nous avons cherché a savoir si le transfert de lipides des
adipocytes aux MKs ¢était a but énergétique afin de favoriser la différenciation
mégacaryocytaire. L’inhibition de 1’utilisation d’acides gras par la chaine respiratoire
permettant la production d’énergie sous forme d’ATP n’a pas empéché I’effet amplificateur
de la co-culture d’adipocytes sur la différenciation des MKs. Ces résultats ont permis de
conclure que le transfert direct d’acide gras / lipides de I’adipocyte vers le MK n’est pas a but
énergétique. Sachant que la différenciation mégacaryocytaire nécessite un apport lipidique
important afin de développer son systeme dense de membranes, le DMS, on peut suggérer que
ce transfert de lipides participe a ce processus. Il sera donc intéressant, dans un premier
temps, de mieux caractériser comment se réalise ce transfert de lipides (présence ou non
d’exosomes et / ou d’acides gras libres dans le surnageant de culture). Les exosomes
pourraient contenir des facteurs capables d’influencer la mégacaryopoiése (lipides, protéines,
facteurs de transcription, miRNA). Deux études récentes ont montré que des fibroblastes 3T3-
L1 ou des cellules souches médullaires OP9 expriment des genes codant pour des facteurs de
transcription capables d’induire la mégacaryopoiese tels que GATA2, RUNXI1 ou FLI1
(Matsubara et al., 2013; Ono et al., 2012). Parallé¢lement, une étude protéomique d’exosomes
dérivés de medulloblastome a révélé la présence de facteurs de transcription au sein de ces
exosomes (Ung et al.,, 2014). On peut imaginer que les adipocytes, par la sécrétion
d’exosomes contenant des facteurs de transcription de la mégacaryopoiése, pourraient
amplifier la différenciation des MKs. Il sera donc intéressant, dans un deuxiéme temps,
d’isoler les exosomes du surnageant de co-culture et d’analyser leur contenu protéique
(notamment des facteurs de transcription) afin d'identifier des molécules capables de controler
la différenciation en MK. Par ailleurs, il sera intéressant d’analyser le contenu global du
surnageant avant, pendant et aprés co-culture par analyse protéomique afin de caractériser

quel(s) facteur(s) sécrété(s) par les MKs influent sur I’adipocyte.

Je me suis ensuite intéress€ a la mégacaryopoiese dans un contexte pathologique
d’obésité et/ou de diabete, ou 1’adiposité médullaire est augmentée. Pour ce faire, des souris

ont été rendues obeses par un régime riche en lipides. Ces souris présentent une thrombopénie
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associée a une augmentation du volume moyen plaquettaire due a une production plaquettaire
défectueuse et une demi-vie plaquettaire diminuée. Les MKs des souris sous régime gras sont
significativement plus gros et les taux de triglycérides médullaires (qui reflétent 1’adiposité
médullaire) significativement augmentés. La mise en perspectives de ces résultats avec les
résultats de co-culture in vitro permet de penser que 1’accroissement de 1’adiposité médullaire
augmente le transfert de lipides (ou exosomes) des adipocytes vers les MKs. Cependant, de
fagon paradoxale, cette mégacaryopoiese augmentée in vivo est associée a une moins bonne
production plaquettaire, comme en attestent la thrombopénie et le retour au compte
plaquettaire altéré apres thrombocytopénie immune induite. Des expériences de formation de
PPT ex vivo sur explants de moelle osseuse de souris obeses montrent que les MKs de ces
souris ¢tendent leurs PPT plus rapidement que les MKs de souris non-obe¢ses, laissant penser
que la thrombopénie de ces souris pourrait provenir d’une libération précoce des plaquettes
dans la moelle osseuse et non dans les sinusoides sanguins. Il serait donc intéressant de
visualiser, sur coupes de moelle osseuse par immunohistochimie, la présence de plaquettes en
dehors des sinusoides médullaires ou la fragmentation précoce de MKs loin des sinusoides

dans la moelle osseuse de souris obéses.

Des données récentes et non publiées du laboratoire de Bart Vanhaesebroeck montrent
que l’inactivation partielle de Vps34 dans I’animal entier (stratégie similaire au modele
d’inactivation partielle de la PI3KC2a) entraine une amélioration de la sensibilité générale a
I’insuline et une meilleure tolérance au glucose chez des souris obeses-diabétiques. En effet,
au niveau hépatique, I’autophagie est significativement diminuée, réduisant 1’apport d’acides
aminés et donc inhibant la respiration mitochondriale ainsi que la néoglucogenése hépatique.
Au niveau musculaire, I’inactivation partielle de Vps34 a pour effet d’augmenter la glycolyse
et in fine le captage de glucose. Ces effets au niveau hépatique et musculaire permettent une
diminution générale de la glycémie. De plus, 1’utilisation de I’inhibiteur actif in vivo de
Vps34, Compound31, reproduit 1’amélioration de la sensibilité a I’insuline observée chez les
souris partiellement inactivées pour Vps34 (Bilanges B et al en préparation ; travail auquel
J’ai participé lors de mon Master 2). L’obésité est 1’élément clé¢ du syndrome métabolique qui
désigne I’ensemble des facteurs de risques pour le développement du diabete de type 2 et des
pathologies cardiovasculaires. Le syndrome métabolique est défini par plusieurs facteurs de
risque : obésité, diminution de la tolérance au glucose, dyslipidémie, hypertension, état pro-
inflammatoire et état pro-thrombotique. Il a été observé chez les patients présentant un

syndrome métabolique, une hyperactivité plaquettaire due a plusieurs phénomenes tels que

190



I’¢lévation des concentrations calciques cytosoliques, 1’augmentation de la production
d’isoprostane et de TXA,, la résistance aux effets anti-agrégants du NO et de la PGI, ou
encore 1I’augmentation de 1’expression de surface de la P-selectine et de I’intégrine oup3
(Grundy et al., 2004; Morange and Alessi, 2013). Nos données sur les plaquettes démontrent
que la délétion totale de Vps34 dans les plaquettes entraine un défaut de croissance du
thrombus ex vivo et in vivo sans pour autant induire de saignement. Il semble donc que
I’inhibition de Vps34 améliore la sensibilité a ’insuline d’un coté et retarde la formation de
thrombus de I’autre. Si I’on combine donc ces deux études et les données concernant la
résistance a I’insuline et I’hyperactivabilité plaquettaire observée chez les patients obeéses, il
sera donc trés intéressant d’étudier I’effet de 1’inhibition de Vps34 chez des souris obéses
diabétiques sur I’activité plaquettaire. Dans ce cas, Vps34 deviendrait une cible de choix dans
le traitement de la sensibilité a I’insuline et de 1’hyperactivité plaquettaire chez le patient
obese-diabétique, si les effets secondaires potentiels sont acceptables pour un traitement au

long cours (notamment 1’apparition de la microthrombopénie modérée).

A travers mon travail de thése, j’ai pu révéler une partie du contrdle intrinseque et
extrinseque au MK de la production et de I’activation plaquettaire a travers le role d’acteurs
tels que certaines PI3Ks et I’adipocyte médullaire. La poursuite de 1’étude du role de ces
facteurs dans un contexte pathologique d’obésité-diabeéte bien que peu connu apparait
important d’un point de vue a la fois physiopathologique mais aussi dans la perspective de

I’identification de nouvelles cibles thérapeutiques.
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1. Introduction

Phosphoinositides (PIs), also called inositol lipids, are glycer-
ophospholipids that account for about 10—15% of membrane

predominantly stearic acid (C18:0) in position 1 and arachidonic
acid (C20:4) in position 2, but other minor molecular species
coexist in most cells. These fatty acids are attached to a glycerol
backbone, which is connected to an inositol ring by a phospho-

phospholipids. They are composed of two fatty acids, diester bond (Fig. 1, top left). Despite the presence of five free
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Fig. 1. Phosphoinositides: structure, localization, metabolism and pathophysiology.
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hydroxyl groups in the inositol ring, only the positions 3,4 and 5 are
phosphorylated by specific kinases. Steric hindrance likely prevents
access to positions 1 and 6 by the kinases. Thus, in addition to
phosphatidylinositol (PtdIns) representing 80% of the total level of
PIs, 7 other PIs were identified, corresponding to the various
combinations of phosphorylation of the inositol ring (Fig. 1, top
right). PtdIns4P and PtdIns(4,5)P, represent ~10% of total PIs while
the remaining species do not represent more than 1%—2% (Fig. 1,
top right). PIs are characterized by an highly active metabolism
involving a set of tightly regulated specific kinases and phospha-
tases (Fig. 1, bottom), a reflection of their role as second messen-
gers. These lipids can directly interact with protein domains
including PH (Pleckstrin Homology), FYVE (Fab-1, YGL0O23, Vps27
and EEA1), PX (phox) or ENTH (Epsin N-Terminal Homology) do-
mains. Following various stimuli (hormones, growth factors,
adhesion molecules, chemoattractants, stresses, etc ...), PI-kinases
and -phosphatases are relocalized, activated or inhibited to allow
the spatio-temporal formation of membrane territories with spe-
cific PIs content. PIs can then coordinate the recruitment of specific
signaling proteins to control cellular events. The use of PI-
interacting domains to locate these lipids by imaging has gener-
ated much interest in recent years. Using these approaches, it has
been shown that PtdIns(4,5)P;, PtdIns(3,4)P, and PtdIns(3,4,5)P3
are predominantly localized at the plasma membrane [1,2] while
PtdIns3P is preferentially found on early endosomes [3] and
PtdIns4P is present both at the plasma membrane and at the Golgi
apparatus [4]. In some cells, the distribution of PIs is essential to
maintain cell polarity [5]. In this review we will discuss the role of
the different PIs and the implication of PI-metabolic enzymes in
pathologies such as cancer and arterial thrombosis. We will
emphasize on the role of class I PI3-kinases (PI3K) and their recent
therapeutic use in the treatment of cancer.

2. Phosphoinositides: different roles for different species
2.1. PtdIns3P [3]

This lipid is present in small amounts in eukaryotic cells and is
mainly generated from PtdIns by class I and class III PI3Ks (protein
domains are shown in Fig. 2). It is also produced by dephos-
phorylation of PtdIns(3,4)P, by a type la. 4-phosphatase, and of
PtdIns(3,5)P» by a 5-phosphatase called Fig4 (or Sac3). Class II
PI3Ks [6,7] and type la 4-phosphatase [8] may generate a pool of
PtdIns3P at the plasma membrane while the class III PI3K (also
called Vps34) and Fig4 could be responsible for the control of the
endosomal pool [9]. It is noteworthy that class III PI3K also plays a
major role in autophagy by producing PtdIns3P in autophago-
somes [10]. Except in cells infected by the pathogen Plasmodium
falciparum, which exhibit an important increase in PtdIns3P levels
[11], literature does not report example of major modifications of
PtdIns3P levels. However, a number of cellular stimuli can induce
modest increases in the amount of PtdIns3P. This the case in
platelets following thrombin or collagen-related peptide (CRP)
situlation [7,12]. However, the maintenance of a basal, house-
keeping, pool of PtdIns3P appears to be essential for cellular ho-
meostasis, particularly in the control of intracellular trafficking
and membrane dynamics and structuration [6,7]. PtdIns3P recruits
protein effectors through FYVE or PX domains (FYVE domains are
widely used to locate this lipid by imaging) and, according to its
location, regulates: i) intracellular trafficking (endosomal fusion,
vesicle recycling to the plasma membrane and to the trans-Golgi,
vesicular sorting to lysosomal compartments) [3]; ii) autophago-
some maturation by recruiting proteins from the Atg-18 family
(WIPI1 and 2) [13]; iii) exocytosis of insulin granules by an un-
known mechanism [ 14]; iv) activation of p40phox, a component of
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Catlytic Regulatory in vivo
Aweds subunit subunit substrate
a P110-a P110-a p85 or p55 Ptdins(4,5)P2
AlB P1O0-$ P110-f pB5 or pS5 Ptdins({4,5)P2
y P10~y P110+y pB5 or p55 Ptdins(4,5)P2
1 I
- (58 C2)ie) Gty domain)
B & P110-4 P110-5 p101 or p87 Ptdins(4,5)P2
(R (D) Gataiytic soman)
@ PI3K-C2a PI3K-C2a Pidins?
Classll P PI3K-C2p  PI3K-C2p PtdinsdP?
v PI3K-C2y  PI3K-C2y
[_Ras ) c2){Helix) catalytic domain J{px )Y c2)
Class lll VPS34 VPS34 p150 Ptdins
Pl4K and
name substrate
Pl4Klcx Ptdins
() —Gtaiytic & [cA D—(Ceataly -
PI4KIIB Ptdins
PHK catalytic d. catalytic domain
Pl4KIx Ptdins

-G/ )y comas-

PIKIIE Ptdins

2A Type Il PIPKa
PIPAK PIP4K |28 Type Il PIPKB s
2c Type Il PIPKy
PI5K and
PIPSK
alternative in vivo
Afses name substrate
PISK PlKfyve Type Il PIPK Ptdins and Ptdins3P
- (D) — -
PIP5Ka Type | PIPKa +++ Ptdins4P
+ Ptdins
PIP5K PIPSKR Type | PIPKp o
PIPSKy Type | PIPKy + Ptdins(3,4)P2

Fig. 2. Protein domain organization and in vivo substrates of phosphoinositide kinases.

the NADPH oxidase [15]; v) cytokinesis as it recruits the protein
FYVE-HUNDRED to cytokinetic bridges [16]. PtdIns3P is also an
important intermediate in the biosynthesis of PtdIns(3,5)P;
through phosphorylation by the 5-kinase PIKfyve. Thus, PtdIns3P
has many roles but its involvement in the regulation of intracel-
lular trafficking (endosomal pathway and autophagy) is the best
characterized.
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2.2. PtdIns4P [4]

This is one of the most abundant PI. It is mainly present at the
Golgi apparatus and at the plasma membrane, but it is also found in
endosomal compartments and in the trans-Golgi. Its production is
ensured in mammals by two class Il PI4K (PI4KII ¢ and B) and two
class Il PI4K (PI4KIII o and B) (protein domains are shown in Fig. 2).
PI4KIla. is predominantly found in the endosomal system, the trans-
Golgi and the plasma membrane [17] while PI4KIIf is mainly pre-
sent at the plasma membrane [18]. The regulation of these kinases
is still unclear. PI4KIlla. is present at the plasma membrane, at the
endoplasmic reticulum (ER) and at the Golgi apparatus. PI4KIIIf is
described as the enzyme responsible for the synthesis of PtdIns4P
at the Golgi apparatus following its interaction with the small G
protein Arfl and the NCS-1 (neuronal calcium sensor-1) protein
[19]. It is activated by phosphorylation and maintained active by
interactions with 14-3-3 proteins that prevent its dephosphoryla-
tion [20]. Another enzyme involved in the metabolism of PtdIns4P
is the 4-phosphatase Sac1 which is localized at the ER and at the
plasma membrane. Following nutrient deprivation, Sac1 relocates
at the Golgi apparatus to decrease the local pool of PtdIns4P [21].
Recently, it has been shown that proteins from the OSBP family are
able to transfer the PtdIns4P from the trans-Golgi or the plasma
membrane to the RE in a cholesterol-dependent way [22]. PtdIns4P
regulates vesicular transport from the Golgi apparatus to the
plasma membrane and the endosomal compartments. Thus, this
lipid ensures several functions including: i) location of enzymes
resident in the Golgi apparatus; ii) vesicle formation by inducing
membrane deformations [23]; iii) sorting of proteins to endosomes
(by interacting with the clathrin adapter protein, GGA2, which in
turn interacts with Arf1 for an efficient recruitment) [24] and iv)
proteins transport from the trans-Golgi to the plasma membrane
(which involves the recruitment and activation of Sec2, an ex-
change factor of Rab proteins) [25]. In addition, PtdIns4P is a key
intermediate in the biosynthesis of PtdIns(4,5)P, at the plasma
membrane.

2.3. PtdIns5P [26]

This is the last identified PI, which is present in low amounts in
quiescent cells. This lipid can be synthesized by phosphorylation of
PtdIns by the 5-kinase PIKfyve but also by dephosphorylation of
PtdIns(3,5)P; by 3-phosphatases of the myotubularins family.
Although it has never been clearly demonstrated, it can also be
generated by mammalian type II 4-phosphatases acting on
PtdIns(4,5)P,. Conversely, it has been shown that PtdIns5P is spe-
cifically phosphorylated by PIP4K A, B and C (also called type II
PIPKo, B and vy) to produce PtdIns(4,5)P, (protein domains are
shown in Fig. 2). The level of PtdIns5P increases following specific
stimuli (thrombin, insulin, FGF-1, some oncogenes, osmotic stress,
H,0,, UV, bacterial infection) [26]. It is located at the plasma
membrane and in intracellular compartments (including endo-
somes, ER and Golgi apparatus) [27]. The functions associated to
PtdIns5P increase are different regarding the location of this lipid.
The best characterized correspond to nuclear PtdIns5p which has
been described as a stress-response element. In the nucleus,
PtdIns5P modulates gene expression by interacting with proteins
involved in chromatin remodeling. PtdIns5P interacts especially
with the PHD domain of ING2, which is commonly used as a probe
to image this lipid [28]. Our team pioneered a body of work, starting
from 2002, that demonstrated that the virulence factor of Shigella
flexneri, IpgD (Invasion plasmid gene D), is a powerful PtdIns(4,5)P,
4-phosphatase producing significant amounts of PtdIns5P in the
host cell upon infection. Subsequently, PtdIns5P generated at the
entry sites of the bacteria, modulates membrane dynamics and

intracellular signals of the host cell [29]. It induces clustering,
ligand-free activation and stabilization of the EGF receptor by
impairing lysosomal trafficking, thereby activating survival
signaling of the host cell for the benefit of bacteria [30,31]. Inter-
estingly, this blockade of EGFR degradation seems to involve TOM1
[32]. Moreover, this increase in PtdIns5P at the plasma membrane
leads to the closure of connexin hemichannels, which normally
release ATP in the extracellular medium to activate the inflamma-
tory reaction against the pathogen [33]. Thus, the bacterial path-
ogen uses PtdIns5P to hijack host cell molecular machinery and
responses for its benefit. Besides this pathological situation, the role
of PtdIns5P in physiology remains largely unknown. It has been
shown that the engagement of the T receptor (TCR) in T cells in-
duces an increase in PtdIns5P, which in turns recruits DOK
(Downstream of Tyrosine Kinases) family proteins to promote their
phosphorylation and to activate a negative feedback loop [34].
Stimulation of adipocytes with insulin also induces a peak pro-
duction of PtdIns5P resulting in the loss of actin stress fibers and
the acceleration of the translocation of the glucose transporter
GLUTA4 to the plasma membrane [35]. Recently, we have shown that
PtdIns5P was coordinating membrane dynamics and actin cyto-
skeleton reorganization. Indeed, an increase in PtdIns5P levels
resulting from either ectopic expression of the bacterial phospha-
tase IpgD, stimulation of cells with FGF-1 or expression of the NPM-
ALK oncogene, leads to the recruitment and the activation of the
guanine nucleotide factor exchange (GEF) Tiam1 by direct inter-
action of the lipid with its C-terminal PH domain. This interaction
leads to Rac1 activation and induces a strong membrane dynamics
associated with the loss of actin fibers promoting cell motility and
invasion [36]. Recruitment and local activation of the Tiam1/Rac1
module happens to be restricted to endosomes and dorsal ruffles,
and to regulate recycling of receptors and secretion of metal-
loproteinases involved in PtdIns5P-dependent invasion. Recent
work demonstrated that PtdIns5P regulates autophagy indepen-
dently of the canonical pathway involving Vps34 and PtdIns3P,
strongly suggesting that non-nuclear PtdIns5P could be a central
regulator of vesicular trafficking with different outcomes depend-
ing on the way of production [37].

2.4. PtdIns(3,4)P, [38]

This PI is produced at the plasma membrane upon cell stimu-
lation by dephosphorylation of PtdIns(3,4,5)P3 by the 5 phospha-
tase SHIP1, SHIP2 and SKIP whose expression varies according to
tissues. Class Il PI3Ks have been reported to produce a pool of
PtdIns(3,4)P, that controls clathrin-dependent endocytosis from
PtdIns4P [39] (protein domains are shown in Fig. 2). Specific
functions of PtdIns(3,4)P; are still poorly understood and only few
effectors have been identified [40]. However, some publications
ascribe important functions to this lipid in diverse cellular pro-
cesses in addition to its role in endocytosis. Those include: i)
downregulation of insulin signaling by direct interaction with the
PH domain of TAPP1 and 2 [41]; ii) ligand-dependent G protein-
coupled receptors endocytosis through a process involving SHIP1,
SHIP2, the recruitment of Lamellipodin via its PH domain, and the
subsequent recruitment of Endophilin to mediate endocytosis [42];
iii) formation of lamellipodia, possibly throught its interaction with
Lamellipodin [43]; and iv) formation of podosomes [44].

2.5. PtdIns(3,5)P, [45]

This scarce PI is synthesized mainly through phosphorylation of
PtdIns3P by the 5-kinase PIKfyve (protein domains are shown in
Fig. 2). PIKfyve operates within a protein complex called PAS (for
PIKfyve/ArPIKfyve/Sac3). PAS has the capacity to reversibly produce
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PtdIns(3,5)P, because of the presence of the 5-phosphatase Sac3
(or Figd4 in mammals), which hydrolyses PtdIns(3,5)P, into PtdIns3P
[45]. This kinase/phosphatase complex is localized to endosomes,
due to the interaction of the FYVE domain of PIKfyve with PtdIns3P
[46]. Another important route of PtdIns(3,5)P» metabolism impli-
cates the 3-phosphatases of the myotubularins family, which pro-
duce PtdIns5P by dephosphorylating PtdIns(3,5)P» [47]. RNA
silencing and/or inhibition of the enzymes of the PAS complex has
shown that these enzymes and PtdIns(3,5)P; is involved in ho-
meostasis of endosomal trafficking. PtdIns(3,5)P, may regulate
endosomal fission and fusion, the retrograde transport of endo-
somes to the trans-Golgi and vesicle sorting to the late endosome
[48—50]. These effects are mediated through effectors having for
the majority a B-propeller domain capable to bind this lipid [51,52].
However, the lack of tools to precisely locate PtdIns(3,5)P; and
specifically block its downstream signaling are major limitations to
get a better knowledge of its functions. Current data suggest that
PtdIns3P, PtdIns5P and PtdIns(3,5)P; are highly connected and that
the interconversion between these lipids could be at the basis of
the tight regulation and coordination of vesicular trafficking and
cytoskeleton dynamics.

2.6. PtdIns(4,5)P; [1]

As abundant as PtdIns4P, this lipid is predominantly present in
the inner leaflet of the plasma membrane. PtdIns(4,5)P, has also
been found in the Golgi apparatus, in endosomes, in the endo-
plasmic reticulum and in the nucleus. Six different kinases control
its biosynthesis in a spatiotemporal manner. PIP5Ks «, 3 and v (also
called type I PIPK (a, B, and 7)) use PtdIns4P as a substrate and
produce the majority of PtdIns(4,5)P, (protein domains are shown
in Fig. 2). PIP4K2 A, B and C (also called type II PIP4K a, § and v)
phosphorylate PtdIns5P at the position 4 to produce a quantita-
tively minor (but probably very localized) pool of Ptdins(4,5)P;
(protein domains are shown in Fig. 2).

Historically, the first reports concerning this lipid highlighted
the fact that it is the preferred substrate of phospholipase C (PLC)
which, upon cellular activation, produce the second messengers
inositol trisphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG). Few
years later, it was shown that Class I PI3Ks also use PtdIns(4,5)P; as
a substrate to produce the second messenger PtdIns(3,4,5)Ps. Thus,
PtdIns(4,5)P; is at the origin of three fundamental intracellular
second messengers. Moreover, it is now well established that
PtdIns(4,5)P, directly interacts with proteins through specific
domain (PH, ENTH, FERM (Four-point-one, Ezrin, Radixin, Moesin)).
Through these interactions, it modulates several regulators of the
actin cytoskeleton, but also some ion channels. PtdIns(4,5)P; is thus
a very important lipid directly or indirectly involved in various
biological functions.

2.7. PtdIns(3,4,5)P3 [2]

This Pl is a typical lipid second messenger. It is present in trace
amounts in quiescent cells and is rapidly and transiently produced
by Class I PI3K activation following membrane receptors triggering
(protein domains are shown in Fig. 2). PtdIns(3,4,5)P3 is produced
mainly in the inner leaflet of the plasma membrane where it re-
cruits and activates PH domain-containing proteins including the
well known protein kinase Akt [53]. Among the different PH
domain-containing proteins recruited by this lipid one can note
exchange factors of Arf (ARNO and GRP1) or Rac (PREX1 and Vav)
[54], tyrosine kinases such as Btk and adapter proteins like GAB1.
Some of these PH domains are used to localize PtdIns(3,4,5)P3 by
imaging. In summary, this lipid is highly involved in the formation
and the organization of intracellular signaling complexes and thus

regulates cell proliferation and survival but also glucose homeo-
stasis, and other processes such as cell polarization [55] and
motility [56].

3. How to quantify and localize phosphoinositides?
3.1. Quantification

Different approaches have been developed to quantify Pls
including [3?Pi] or [>H]-myo-inositol metabolic labeling followed by
HPLC analysis, mass assay using specific recombinant kinases and
more recently mass spectrometry-based measurements.

3.1.1. [??Pi] or [’H]-myo-inositol metabolic labeling

The general procedure of this approach is as follows: i) extract
PIs from [>2Pi] or [>H]-myo-inositol-labeled cells (after stimulation
with an agonist for example); ii) separate the different families of
PIs by thin layer chromatography (this step is optional) and iii)
deacetylate them and separate the resulting glycero-inositol
phosphates by anion-exchange HPLC [57]. Separations between
each species can be easily performed using a single column except
for PtdIns5P, which efficient separation from PtdIns4P requires two
anion-exchange HPLC columns mounted in series [27]. One major
drawback of this assay is that it does not allow quantification of Pls
from biological samples such as tissues biopsies. Furthermore, to
detect an increase in mass rather than a change in the turn-over, it
is essential to reach the isotopic equilibrium, which is not always
possible, for example when primary cells are used. Moreover, this
assay requires relatively high amounts of radioactivity and large
number of cells.

3.1.2. Mass assay

These assays are based on the phosphorylation of the PI to be
quantified by a recombinant specific lipid kinase in the presence of
[v-3%P]ATP to generate a new radioactive polyphosphorylated PI.
For example, PtdIns5P can be transformed into PtdIns(4,5)P;, using
recombinant PIP4K2a. [58] and PtdIns3P into PtdIns(3,5)P; by using
recombinant PIKfyve [12]. It is important to note that, in vitro, an
enzyme may not be strictly specific for one lipid and the nature of
the radioactive product of the kinase reaction must be clearly
identified (using HPLC) to define the best experimental conditions.
It is noteworthy that these assays require less radioactivity than the
metabolic labeling described above, but generally a large number of
cells is needed.

3.1.3. Mass spectrometry

Recently, a mass spectrometry method has been developed to
quantify PtdIns(3,4,5)P3 [59]. It is based on the methylation of the
phosphate groups of PIs with TMS-diazomethane coupled to HPLC-
mass spectrometry analysis. This very efficient and sensitive
method allows the quantification of the different molecular species
of PtdIns(3,4,5)P3 (i.e. the different composition in fatty acyl chains)
extracted from any biological samples. It is also possible to quantify
PtdIns, PtdInsP and PtdInsP, by this method but, unfortunately, it is
still impossible to distinguish between the PtdInsP and the PtdInsP,
isomers because of similar molecular weights and charges.

3.2. Localization

It is possible to localize PIs by imaging using PI-binding domains
(Fig. 1, top right). These domains can either be used as recombinant
proteins or be overexpressed as fluorescent-tag fusions. Recombi-
nant proteins (generally GST tagged) are used on fixed and per-
meabilized cells, and are then detected using an anti-tag antibody
and a secondary antibody coupled to a fluorophore. This two steps
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approach using antibodies can be bypassed by directly labeling the
PI-binding domain with a fluorophore or by adding a fluorescent
tag (GFP or mCherry for example). Another approach is to use an-
tibodies specifically directed against PIs. Since lipids cannot be
fixed, caution should be taken during the fixation and per-
meabilization procedures, as described by Hammond et al. [60]. In
the case of overexpression of PI-binding domains, the major
drawback is that it cannot be applied to tissues or clinical samples.
Moreover, the overexpression of PI-binding proteins may prevent
endogenous proteins to interact with their cognate PIs, thereby
competing with their endogenous target proteins and interfering
with downstream signaling. As a consequence, this approach is
often used to block the effect of a specific PI or to localize newly
synthesized pools of a PI following a specific stimulus.

4. Phosphoinositide-metabolizing enzymes and pathologies

As illustrated in Table 1 and Fig. 1 (bottom panel), loss or gain of
function mutations in many PI-metabolizing enzymes are involved
in human pathologies. Some genetic diseases such as muscular
dystrophy or Charcot-Marie-Tooth myotubular neuropathy are due
to mutations in PtdIns3P/PtdIns(3,5)P; 3-phosphatases of the
myotubularins family [61]. Lowe syndrome or Francois-Neetens
speckled corneal dystrophy are due to mutations in genes coding
for the PtdIns(4,5)P, 5-phosphatase OCRL and the 5-kinase PIKfyve,
respectively. Moreover, the involvement of class I PI3Ks and the
PtdIns(3,4,5)P3 3-phosphatase PTEN in cancer is well documented
[62,63] and new molecules modulating this pathway are now
available in clinic, as commented below.

5. Targeting PI3K in cancer and thrombosis

PI3K activity associated with a viral oncoprotein was a major
discovery by L. Cantley and colleagues in the late 80s [64,65]. Thirty
years later, inhibitors of PI3K start to be used in clinic. Indeed,
idelalisib, a selective inhibitor of class I PI3KJ, has just been
approved by the “Food and Drug Administration” (FDA) in the US
for the treatment of chronic lymphocytic leukemia (CLL) and
indolent non-Hodgkin lymphoma (NHL). Inhibitors of class I PI3Ka,
which is often mutated in cancer, have entered clinical trials, as
well pan Class I PI3K inhibitors. Some result also suggest a potential

therapeutic application for Class III PI3K inhibitors in cancer ther-
apy [66]. Moreover, selective inhibitors of PI3Kp are under devel-
opment to target platelets in the prevention of arterial thrombosis.

5.1. Class I PI3K and cancer

5.1.1. PIBKa

PI3Ka. (PIK3CA) is ubiquitous and plays a major role in cell pro-
liferation and survival as well as insulin receptor signaling. It is now
a validated therapeutic target in oncology because gain of function
mutations are frequently found in solid cancers in humans [67].
Experimental studies using cell lines and genetically modified mice
have demonstrated that two frequently found activating mutations
(E545K and H1047R) are sufficient to induce an increase in the level
of PtdIns(3,4,5)P3 and to transform cells [68]. In addition, the
presence of these mutations sensitize cells to PI3Ka. and mTORC1
pathway inhibitors. Independently of gain-of-function mutations,
PI3Ka is activated by many oncogenes and loss of function muta-
tions in the PTEN phosphatase lead to an over-activation of onco-
genic signaling pathway.

Some selective PI3Ke inhibitors have entered clinical trials for
the treatment of solid cancers with an activating mutation of this
kinase. The effect of these inhibitors as monotherapy are relatively
limited but their combination with other drugs used in chemo-
therapy or specifically targeting Poly (ADP-ribose) polymerase
(PARP) could yield very interesting results (L. Cantley, personal
communication, October 2014). PI3Ka inhibitors could also be
useful in the treatment of rare hereditary pathologies associated
with somatic mutations of PIK3CA (overgrowth syndromes [69]).
Finally, under certain conditions, pan-class I PI3K inhibitors could
avoid compensation mechanism by another isoform from this class
of lipid kinases [70].

5.1.2. PI3K¢

PI3K®3 is primarily expressed in leukocytes where it plays a key
role downstream of antigen receptor in B-cells (BCR) [71]. BCR
signaling uses tyrosine phosphorylation of ITAM motifs-based
mechanisms (Immunoreceptor Tyrosine-based Activation Motifs)
of the intracytoplasmic portion of CD79 to form multiprotein
complexes. Syk and Btk tyrosine kinases as well as PI3Kd are key
elements of BCR signaling. PI3Kd also plays an important role

Table 1
Phosphoinositides and pathophysiology.
Diseases Genes (protein) Modifications Ref.
Lowe syndrome OCRL Mutation [87]
Dent disease OCRL Mutation [88]
Lethal contractural syndrome type 3 PIP5K1C (PtdIns(4)P-5-Kinase 1 Gamma) Mutation [89]
Centronuclear X-linked myopathy MTM1 Mutation [90]
MTMR14
Charcot-Marie-Tooth disease MTMR2 Mutations [90]
MTMRS
MTMR13
FIG4
Frangois-Neetens mouchetée fleck corneal dystrophia PIP5K3 (PIKfyve) Mutation [91]
Cowden syndrome/Cancer PTEN Mutation [92]
Cancer PIK3CA (Classe I PI3K alpha) p110a mutation, amplification [93]
Ataxia-oculomotor apraxia 3 PIK3R5 (PI3K p101 subunit) Mutation [94]
Agammaglobulinemia PIK3R1 (PI3K subunit p85 o) Mutation leading to gene deletion [95]
Activated PI3K-delta syndrome (PIK3CD) PI3K p110d subunit Activating mutation [96]
Megalencephaly capillary malformation PIK3R2 (p85p sub-unit PI3K)/PIK3CA (p110a subunit PI3K) Mutation [97]
Cancer (AML, ALL) INPP5D (SHIP1) Mutation [98]
Type 2 diabetes INPPL1 (SHIP2) 16 bp deletion [99]
Opsismodysplasia. INPPL1 (SHIP2) Mutation [100]
Morm and Joubert syndromes INPP5E Mutation [101]
Down syndrome/Parkinson disease SYNJ1 (Synaptojanin 1) Amplification [102]
Segmental overgrowth syndrome PIK3CA (Class I PI3K alpha) Mutation [69]
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downstream of cytokines/chemokines and adhesion receptors,
which strongly contributes to the regulation of proliferation, dif-
ferentiation, migration and survival of B cells. CLL, the most com-
mon leukemia in western Europe, is characterized by an
accumulation of B cells (CD5 +) in blood, bone marrow and sec-
ondary lymphoid organs. Chronic activation of BCR signaling plays
a major role in the pathophysiology and progression of this he-
matologic malignancy and also in B cells indolent NHL. It is un-
common to observe mutations in genes coding for class I PI3Ks in
CLL and indolent NHL. Similarly, the incidence of loss of function
mutations in the gene encoding the PTEN phosphatase is low in
these pathologies (except for the mantle NHL). However, many
studies have shown that ex vivo inhibition of PI3Kd affects the
proliferation and survival of CLL patients cells [72]. The first clinical
trials with selective PI3K3 inhibitor (CAL-101 or idelalisib) in re-
lapsing patients showed very encouraging and sustained response
with a quick exit of malignant B cells from lymphoid organs
accompanied by a transitional hyperlymphocytosis [73,74]. It is
important to note that stopping treatment causes a reappearance of
the pathology. PI3K3 inhibition decreases BCR signaling but also the
production of chemokines and the response of malignant B cells to
chemokines, thus affecting their migration and anchorage to the
protective niche provided by the lymphoid tissues. The exit of these
cells from the niche reduces the proliferation and survival signals
resulting in their progressive death by apoptosis. When idelalisib is
associated with molecules such as rituximab (anti-CD20 used to
treat these diseases), the destruction of these cells is accelerated.
Side effects of idelalisib appeared tolerable to consider a long-term
treatment. In France, idelalisib has obtained a temporary authori-
zation for the treatment of relapsed CLL and for refractory follicular
NHL with the molecule used as monotherapy or in combination.

In the future, it is conceivable that PI3K3 inhibitors will also be
used in the treatment of some immune diseases linked to hyper-
activation of PI3Kd [75] and for the treatment of non-hematological
solid tumors [76].

5.2. PI3K@ and arterial thrombosis

Blood platelets play a key role in haemostasis and thrombosis.
They express all class I PI3K isoforms, but the class I PI3KB plays the
most important role in this model [77]. A selective inhibitor of
PI3KpB (TGX-221) showed an ex vivo antithrombotic potential in
arterial flow condition and in in vivo experimental thrombosis rat
models [78]. The use of mice expressing an inactive p110§ or mice
deleted of p110f selectively in megakaryocytes and platelets has
demonstrated the role of the PI3K downstream of different seven-
transmembrane domain receptors (thrombin, thromboxane A2 or
ADP receptors), ITAM receptors (collagen receptor GPVI) and
integrins (alIbB3 and 2B1) [79—81]. One of the amplification loops
of platelet activation involves ADP (secreted by platelets at the
beginning of activation) and its purinergic receptor P2Y12 (coupled
to Gi). The B/y subunits of Gi interact with p110f, which potentiates
PI3KP activation. This amplification loop, characteristic of platelets,
could explain the predominant role of PI3KB this model.
PtdIns(3,4,5)P3 production contributes to the recruitment and
activation of several PH domain proteins such as Akt, Btk and
PLCy2. With these mouse models, it has been clearly shown that
the inhibition of PI3KB has an antithrombotic effect without
affecting primary haemostasis and without increasing the bleeding
risk [82]. A Phase I clinical trial done with a new selective PI3Kf
inhibitor (AZD6482) also shows no increasing risk of bleeding and
indicates a good tolerability of the compound in humans [83,84].
Ex-vivo experiments confirm the earlier results and underline the
importance of this type of inhibitor in the prevention of arterial
thrombosis. However, we have recently shown that in pathological

arterial flow conditions (during arterial stenosis or during partially
occlusive thrombus formation), PI3Kf inhibition causes thrombus
fragmentation with a potential risk of distal embolization which
may occlude downstream microvessels [85,86]. In summary, tar-
geting PI3Kp for the prevention of arterial occlusive thrombosis has
a number of benefits (limited bleeding risk, bearable side effects,
rapid and reversible effect on arterial thrombosis). It will be,
however, essential to determine whether the released thrombus
fragments in certain conditions are potentially dangerous or are
likely to be dislocated without causing downstream ischemic
events.

6. Conclusion

Pls are a family of lipids that strongly contributes to the as-
sembly and the spatiotemporal organization of multi-protein
complexes. They are critical to coordinate the maintenance of
cellular territories integrity, the organization of signaling pathways,
the regulation of intracellular trafficking, the dynamics of cyto-
skeleton and the cell polarity. A set of specific kinases and phos-
phatases precisely controls the production and interconversion of
the different PIs. A loss of this strict control (due to mutations or
modulation of the expression of some of the PI-metabolizing en-
zymes) leads to pathologies. It is therefore important to charac-
terize the regulatory mechanisms of these kinases and
phosphatases and continue the analysis of the role of the different
PIs. The recent emergence of class I PI3K inhibitors in clinic illus-
trates how advances in the understanding of lipid signaling
mechanisms can improve the management of some diseases.
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SUMMARY

In contrast to the class | phosphoinositide 3-kinases
(PI3Ks), the organismal roles of the kinase activity of
the class Il PI3Ks are less clear. Here, we report
that class Il PISK-C2p kinase-dead mice are viable
and healthy but display an unanticipated enhanced
insulin sensitivity and glucose tolerance, as well
as protection against high-fat-diet-induced liver
steatosis. Despite having a broad tissue distribution,
systemic PISK-C2p inhibition selectively enhances
insulin signaling only in metabolic tissues. In a pri-
mary hepatocyte model, basal PI3P lipid levels are
reduced by 60% upon PI3K-C2B inhibition. This
results in an expansion of the very early APPL1-pos-
itive endosomal compartment and altered insulin
receptor trafficking, correlating with an amplification
of insulin-induced, class | PI3BK-dependent Akt sig-
naling, without impacting MAPK activity. These
data reveal PIBK-C28 as a critical regulator of endo-
somal trafficking, specifically in insulin signaling, and
identify PIBK-C2p as a potential drug target for insu-
lin sensitization.

INTRODUCTION

PI3Ks, a family of lipid kinases that are activated by growth
factors, hormones, and cytokines play key roles in cell
growth, proliferation, and differentiation (Jean and Kiger,
2014; Vanhaesebroeck et al., 2010). Mammals have eight iso-
forms of PI3K, divided into three classes of which the class |
PI3Ks have been most extensively studied. Through their
non-redundant roles in plasma membrane receptor signaling,
these PI3Ks have been implicated in overgrowth, cancer,
metabolic disease, and inflammation (Jean and Kiger, 2014;
Vanhaesebroeck et al., 2010). Class | PI3Ks convert the phos-

'\!} CrossMark

phatidylinositol(4,5)bisphosphate [PI(4,5)P,] lipid at the plasma
membrane to PI(3,4,5)P3, also known as PIPs;. PIP; and its
metabolite PI(3,4)P, bind and modulate the activity of pleck-
strin homology (PH) domain-containing effectors such as
protein kinases (including Akt and Btk), adaptor proteins, and
regulators of small GTPases. Among the four class | PI3Ks iso-
forms (p110a, B, v, and 3), p110a has been identified as the
most important isoform in systemic or hepatic insulin signaling
(Foukas et al., 2006; Knight et al., 2006; Sopasakis et al., 2010),
although within the hypothalamus both p110a and p110f are
required for normal energy homeostasis (Al-Qassab et al.,
2009; Tups et al., 2010).

The class Il (PIBK-C2a, -C28, and -C2y) and Il (vps34) PI3K
isoforms are thought to mainly convert Pl to PI3P on endosomal
and autophagic membranes, resulting in the recruitment and
activation of effector proteins containing FYVE or PX lipid-bind-
ing domains. Class Il PI3Ks might also convert PI(4)P to PI(3,4)P»
(Nigorikawa et al., 2014; Posor et al., 2013). Class Il PI3Ks have
been reported to be activated by a wide range of agonists, such
as growth factors, G protein-coupled receptors, and adhesion
molecules (reviewed in Falasca and Maffucci, 2012; Jean and
Kiger, 2014; Vanhaesebroeck et al., 2010). However, the molec-
ular details of how class Il PI3Ks couple to this multitude of up-
stream receptors remain unclear.

Previous cell-based studies have implicated a role for class Il
PI3Ks in the regulation of a broad variety of biological activities,
including glucose transport, neurosecretory granule release, in-
sulin secretion, endocytosis and muscle cell contraction (PI3K-
C2a), cell migration and K* channel activation (PI3BK-C2p), and
cell growth and survival (PI3BK-C2a and PI3K-C2p) (Falasca and
Maffucci, 2012; Jean and Kiger, 2014). The organismal roles of
the class II/11l PI3Ks remain less clear, with homozygous deletion
of PIBK-C2a or vps34 being embryonic lethal (Franco et al,
2014; Yoshioka et al., 2012; Zhou et al., 2011) and mice homozy-
gous deletion of PIBK-C2p being viable without reported pheno-
types (Harada et al., 2005). PIBK-C2a gene knockout (KO)
studies have implicated this PI3K isoform in angiogenesis (Yosh-
ioka et al.,, 2012) and in the generation of the primary cilium
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Figure 1. Generation and Characterization of PI3K-C2p°12'?A K| Mice
(A) Expression of PIBK-C2f protein in mouse tissues. Brain lysates from PI3K-C2B KO mice (Harada et al., 2005) were included as controls. 100 ng of protein was
loaded per lane.
(B) Gene targeting strategy to generate the constitutive D1212A knockin mutation in the Pik3c2b gene. The D1212A mutation was introduced in the DFG motif in
exon 24 of the Pik3c2b gene. The FRT-flanked cassette encoding Pgk Neo selection marker was removed in vivo by breeding onto ACTB-FIp mice.

(legend continued on next page)
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(Franco et al., 2014). Mice homozygous for a gene-trap PI3K-
C2aq allele, which encodes a PIBK-C2a protein with reduced ac-
tivity, are viable but develop chronic renal failure (Harris et al.,
2011).

All class II/1ll PIBK mutant mice reported to date were created
by gene targeting approaches that remove the protein of inter-
est but do not allow the discrimination between scaffold- and ki-
nase-dependent functions of these enzymes (Vanhaesebroeck
et al., 2005). In the present study, we have therefore generated
mice in which endogenous PI3K-C28 is converted to a kinase-
dead protein, thereby mimicking the impact of systemically
administered small molecule kinase inhibitors of PI3K-C2.
Given previous evidence from cell-based studies that class I
PI3K is involved in insulin action, as shown for PISBK-C2¢. (Brown
et al., 1999; Dominguez et al., 2011; Falasca et al., 2007; Lei-
biger et al., 2010; Soos et al., 2001; Ursg et al., 1999), we
focused our initial characterization of the PIBK-C2B kinase-
dead mice on systemic glucose homeostasis. Our data reveal
a role for PIBK-C28 in the control of insulin receptor trafficking
and glucose metabolism in metabolic tissues and identify
this kinase as a component in the regulation of insulin signal
transduction.

RESULTS

Generation of PIBK-C2f Kinase-Dead Knockin Mice
There are currently no published data available on the tissue
distribution of the PI3K-C2p protein in mice. As shown in Fig-
ure 1A, PI3BK-C2B protein expression was broad and varied
widely across different mouse tissues, in line with PI3BK-C23
mRNA profiling studies in human tissues (Ho et al., 1997 in
which PI3K-C28 is referred to as T105). Tissue distribution did
therefore not provide any clear indication for a possible in vivo
role of PIBK-C2§.

In order to assess the organismal role of the kinase activity of
PI3K-C2p, we generated a germline knockin (KI) mouse line in
which the genomic DNA encoding the aspartic acid residue on
position 1212 (D1212) in the conserved ATP-binding DFG motif
of PIBK-C2B was mutated to alanine (further referred to as
D1212A; Figure 1B). This gene targeting strategy is expected
to give rise to expression of an intact PIBK-C28 protein carrying
the kinase-inactivating D1212A mutation. We previously used
this strategy to constitutively inactivate class | PI3K isoforms,
thereby uncovering non-redundant functions for these kinases
(Vanhaesebroeck et al., 2005). Mice homozygous for the PI3K-
C2B Kl allele (further referred to as C2pP1212AP1212A mice) were
born at a normal Mendelian ratio, with no impact on organismal
growth (Figure S1) or fertility. The overall histopathology of 38
tissues from these mice was investigated and, up to 20 months
of age, did not show any abnormalities (Table S1). Expression
of the mutant PI3K-C2B protein and the other, non-targeted,
PI3K isoforms (Figure 1C) was similar in C2pP1212A/D1212A gny

wild-type (WT) mice, whereas the lipid kinase activity of PI3K-
C2p was fully lost (Figure 1D).

Improved Glucose Homeostasis and Insulin Sensitivity

in c26D1212A/D1212A Mice

As part of a metabolic characterization of PI3K mutant mice, we
subjected C2pP1212AD1212A mice to standard metabolic analysis.
Six- to 8-week-old C2pP1212AP1212A ipjce had unaltered blood
glucose levels under both randomly fed and fasted conditions
(Figure 2A); however, the levels of circulating insulin were
reduced under fed but not under fasted conditions (Figure 2B).
When subjected to glucose or insulin tolerance tests, overnight
fasted C2pP12124D1212A mice showed enhanced glucose toler-
ance (Figure 2C), due to an increased insulin hypoglycemic
response (Figure 2D). Under randomly fed conditions, WT and
C2pP1212AD1212A mijce had similar levels of circulating leptin, adi-
ponectin, triglycerides, free fatty acids, and cholesterol, with
similar food intake and energy expenditure (Table S2). Taken
together, these data reveal that PI3K-C2B negatively regulates
insulin sensitivity and glucose metabolism in vivo. Interestingly,
this metabolic phenotype was observed despite the low expres-
sion of PIBK-C2B in metabolic tissues relative to other tissues,
such as the spleen or brain (Figure 1A).

PI3K-C2p Inactivation Leads to Enhanced Insulin-
Stimulated Akt Signaling Selectively in Metabolic
Tissues

We next investigated the impact of PIBK-C2p inactivation on
insulin signaling in mice and in explanted hepatocytes. Upon
insulin stimulation, the insulin receptor (IR) at the plasma mem-
brane engages with the intracellular insulin receptor substrate
(IRS) adaptor protein that recruits several cytosolic signaling
proteins. These include the p85 subunit of the class | PI3Ks
(leading to PIP3 production and activation of Akt) and the
adaptor protein Grb2 that, through its association with the
SOS guanine nucleotide exchange factors, activates the Ras/
MAPK pathway.

Compared to WT mice, stimulation of C2f3 mice
with insulin in vivo led to enhanced Akt phosphorylation in meta-
bolic tissues (liver, muscle, and white adipose tissue; Figure 3A).
Remarkably, PI3K-C2p inactivation did not lead to an increase in
insulin-induced Akt signaling in the spleen (Figure 3A), despite
high expression of PISBK-C2B in this tissue compared to meta-
bolic tissues (Figure 1A).

We next carried out a kinetic assessment of insulin signaling
in cultured primary hepatocytes isolated from WT and
C2pP1212AD1212A mice. Also in hepatocytes, insulin-stimulated
Akt signaling was enhanced and prolonged upon PI3K-C28 inac-
tivation (Figure 3B), with no impact on MAPK signaling (Fig-
ure 3B). Interestingly, EGF- or IGF-1-induced phosphorylation
of Akt was not affected by PI3K-C28 inactivation in hepatocytes
(Figures S2A and S2B).

D1212A/D1212A

(C) PI3K isoform expression in WT and C2P1212A4P1212A mice Homogenates of cultured hepatocytes or white adipose tissue were resolved by SDS-PAGE and
immunoblotted using the indicated antibodies. Each lane represents a tissue/hepatocyte culture derived from an individual mouse. 150 and 100 pg of protein was

loaded per lane for hepatocytes and white adipose tissue, respectively.

(D) Lipid kinase activity associated with PI3K-C2p in WT and C2pP1212A/D1212A mice  Brain homogenates were immunoprecipitated using an antibody to PI3K-
C28, followed by an in vitro lipid kinase assay using Pl as a substrate. n.d., not detected.
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PI3BK-C2p Inactivation Leads to Enhanced Insulin-
Stimulated Class | PI3K Signaling

Akt is activated by PIP3 that is produced by class | PI3Ks. In line
with the enhanced activation of Akt upon PI3K-C28 inactivation
(Figure 3B), insulin-stimulated PIP; levels were increased to a
higher extent in C2pP1212AD1212A hapatocytes as compared to
WT cells (Figure 4A). Treatment of WT and C2pP1212A/D1212A o
patocytes with GDC-0941, a class | PI3K-selective inhibitor,
blocked insulin-stimulated Akt activation (Figure 4B). These
data indicate that PIBK-C2p inactivation in hepatocytes leads
to an early and transient enhancement of class | PI3K activation
upon insulin stimulation, resulting in enhanced activation of Akt.

PIBK-C2p Inactivation Does Not Affect the Early Stages
of Starvation-Induced Autophagy but Induces Defects in
Endosomal Trafficking and Expansion of the APPL1
Early Endosomal Compartment
We next set out to uncover the underlying mechanism of
this temporarily enhanced insulin-induced Akt signaling, using
primary mouse hepatocytes as a cell-based model. A mass
assay to quantitate PI3P levels (Chicanne et al., 2012) revealed
a 60% reduction in the level of total PI3P in unstimulated hepa-
tocytes upon inactivation of PIBK-C2f (Figure 5A). PI3P levels
were unaffected by insulin stimulation in both WT and
C2pP1212AD1212A hapatocytes (Figure 5A). Interestingly, PI3K-
C2B inactivation did not affect the PI3P levels in mouse embry-
onic fibroblasts or splenocytes (Figure 5A), despite the latter
expressing high levels of PI3K-C2p protein (Figure 1A).

We next assessed the subcellular distribution of PI3P in
fixed hepatocytes using a GST-2xFYVEHRS probe (Gillooly

Time after insulin injection (min)

cated include autophagy and endocytosis (Rai-
borg et al., 2013). WT and C2pP1212A/D1212A
hepatocytes did not show differences at the
early stage of starvation-induced autophagy, as assessed by
immunofluorescence (IF) staining for autophagic markers (LC3
and the PI3P-binding proteins WIPI-1 and WIPI-2; Figure S3B),
indicating that PI3K-C2B does not regulate the starvation-
induced autophagic PI3P pool in these cells. However, a very
mild decrease in the number of WIPI-1 punctae was observed
under non-starved conditions in C2pP1212A/P1212A hepatocytes,
compared to WT cells (Figure S3B), without any apparent impact
on LC3 punctae. This suggests that PI3K-C2 may contribute to
a small proportion of the PI3P pool that controls basal autophagy
(i.e., the macroautophagic activity of cells in medium containing
amino acids and growth factors).

PI3P has previously been reported to be important for the con-
version of very early APPL1-positive endosomes into EEA1-pos-
itive endosomes (Zoncu et al., 2009). In accordance with the
observed reduction in PI3P in unstimulated conditions, the num-
ber, but not the overall size, of the APPL1-positive punctae was
increased in C2pP1212AD1212A hanatocytes, compared to WT
cells (Figure 5C; Figure S3A). In addition, due to the “expansion”
of this endosomal compartment in C2pP1212A/P1212A Lopato-
cytes, the distribution of the APPL1-positive vesicles was less
restricted to the cell periphery, but instead the vesicles seemed
more dispersed toward the cytoplasm (Figure 5C, inset). Under
these conditions, EEA1-positive early endosomes and Rab7-
positive late endosomes were found to be irregularly shaped in
C2pP1212AD1212A hapatocytes, and in the case of EEA1 endo-
somes also enlarged, whereas their numbers were unchanged
(Figure S4). Upon insulin stimulation, C2pP1212A/P1212A henato-
cytes resulted in a further increase in the number of APPL1-pos-
itive vesicles, with a less clear impact in WT cells (Figure 5C).
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Figure 3. PI3K-C2f Inactivation Leads to Enhanced Insulin-Stimulated Akt Signaling Selectively in Metabolic Tissues
(A) Tissue homogenates, isolated from overnight starved mice, 30 min after intraperitoneal injection of 0.75 U/kg insulin or PBS, were analyzed by SDS-PAGE and
immunoblotting using the indicated antibodies. Each lane represents an individual mouse. Quantification of the signals in tissues of three to four mice/genotype is

shown. WAT, white adipose tissue.

(B) Cultured hepatocytes were starved overnight and stimulated for the indicated time points with 100 nM insulin, followed by SDS-PAGE analysis and immu-
noblotting using the indicated antibodies. Quantification of data from hepatocyte cell cultures derived from three individual mice/genotype is shown.

Data represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.

Taken together, these data suggest a defect in endosomal
trafficking upon PI3K-C28 inactivation in hepatocytes, starting
at the level of the very early APPL1 compartment, which could
affect its maturation into EEA1-positive endosomes.

PIBK-C2p Inactivation Increases IR Levels and Delays IR
Trafficking

PI3P depletion in cultured mammalian cell lines (COS7, HelLa),
and the ensuing expansion of the very early APPL1 compart-
ment, has been shown to result in an accumulation of the EGF
receptor (EGFR) in this compartment (Zoncu et al., 2009) from
which endocytosed cell surface receptors can continue to signal

(Platta and Stenmark, 2011). We therefore assessed the impact
of PIBK-C28 inactivation on the expression and function of the
IR, EGFR, and transferrin receptors in primary hepatocytes.
Total cell extracts of unstimulated C2pP1212A4/D1212A henato-
cytes showed increased expression of IR protein compared to
WT (Figure 6A), with no changes in the levels of IR mRNA (Fig-
ure S5) or EGFR and transferrin receptor protein levels (Fig-
ure 6A). To assess whether this increase in total IR levels was
due to higher levels of IR at the cell surface or an accumulation
in intracellular compartments, we analyzed the subcellular distri-
bution of the IR in WT and C2pP1212AP1212A hapatocytes. When
incubated with labeled insulin at 4°C, WT, and C2pP1212A/D1212A
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analysis of pAkt-S473 levels. A quantification of hepatocyte cell cultures from
three independent mice/genotype is shown.

Data represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.

hepatocytes showed a similar binding capacity of insulin (Fig-
ure 6B), indicative of similar levels of IR at the cell surface. Insu-
lin-induced tyrosine phosphorylation of IR was unaffected by
PI3K-C2f inactivation (Figure 6C; Figure S6). Insulin-induced
tyrosine phosphorylation of IRS1 and IRS2 was variable, and,
although a tendency for an increase was observed for IRS1 in
C2pP1212AD1212A mice this was not statistically significant (Fig-
ure 6C; Figure S6). Taken together, these data suggest that the
overall increase in the total levels of IR observed upon PI3K-

C2B inactivation (Figure 6A) is due to an increase in the pool of
intracellular IR that is not available for insulin binding at the
plasma membrane.

Despite the unchanged levels of IR at the plasma membrane,
insulin uptake at 37°C was reduced by 20% in C2pP1212A4/D12124
hepatocytes, especially at the 10- and 30-min time points (Fig-
ure 6D), suggesting a delay in IR trafficking early after insulin
stimulation upon PI3K-C2p inactivation. This was also sug-
gested by subcellular fractionation of C2pP1212A4D1212A hepato-
cytes whereby the IR was found to become temporarily (i.e.,
10 min after insulin stimulation) enriched in an APPL1-positive
light microsomal cell fraction (Figure 6E). Upon insulin stimula-
tion, the IR is known to mainly recycle and not to undergo acute
degradation (Gorden et al., 1989; Knutson, 1991). Indeed, in WT
hepatocytes, IR degradation occurred over several hours upon
insulin stimulation (Figure 6F). In C2pP1212A4D1212A cgis, the total
levels of IR normalized to WT levels in 6-7 hr (Figure 6F), suggest-
ing a “reset” of total IR levels by ligand-induced repeated endo-
cytic cycling, possibly as a consequence of a small fraction of the
IR pool being trafficked along the degradative route in each en-
docytic cycle. In contrast to the IR, PI3K-C28 inactivation did not
affect transferrin uptake (Figure S7).

Taken together, these data indicate that PI3K-C2p inactivation
does not alter IR levels at the plasma membrane but affects IR
trafficking, correlating with a temporary amplification of insulin-
stimulated class | PI3K/Akt signaling.

C2pP1212A/D1212A \ice Are Protected against High-Fat-
Diet-Induced Steatosis

To investigate the role of PIBK-C2B in a pathophysiological
context, WT and C2pP1212AD1212A mjce were subjected to a
high-fat diet for 16 weeks. Whereas PI3K-C28 inactivation did
not affect body-weight increase (Figure 7A), C2pP1212A4/D1212A
mice showed a significant reduction in liver weight gain (Fig-
ure 7B), a significant protection against liver steatosis (Figure 7C)
as well as reduced levels of neutral lipids (as documented by oil
red O staining) and triglycerides in the liver (Figure 7D).
C2pP1212AD1212A mice were also less insulin-resistant than WT
mice (Figure 7E). Taken together, our data highlight an important
role of PIBK-C28 in insulin signaling and glucose metabolism,
especially in the liver.

DISCUSSION

A New Model for Studying the In Vivo Role of the Kinase
Activity of PIBK-C28

No selective class Il PI3K inhibitors are available. In order to
assess the role of the kinase activity of the PI3BK-C2p isoform
of class Il PI3Ks, we have created a mouse model in which
this PI3K isoform has been rendered inactive by introduction
of a germline KI mutation in the conserved DFG motif of the
ATP-binding site. We previously used this strategy to uncover
biological roles of the class | PI3Ks (Ali et al., 2004; Foukas
et al.,, 2006; Graupera et al., 2008; Guillermet-Guibert et al.,
2008; Okkenhaug et al., 2002). In contrast to PI3K gene deletion,
such a Kl strategy inactivates the PI3K in an inhibitor-like fashion,
preserves the molecular balance of the expression of PI3K iso-
forms, minimizes compensatory effects, and, therefore, allows
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Figure 5. PI3K-C2f Inactivation Induces Endosomal Trafficking Defects and Expansion of the Very Early APPL1 Endosomal Compartment
(A) Analysis of total cellular PI3P levels in different cell types/tissues. Hepatocytes and MEFs were starved overnight, and hepatocytes were stimulated with or
without insulin (100nM) for 10 min. Splenocytes were collected from mice after overnight starvation. Cell cultures from five mice/genotype were used for all
tissues, except for MEF (three WT/six C2pP12124/D12124)

(B) Analysis of endogenous PI3P in fixed overnight starved hepatocytes by staining using a GST-2xFYVE"RS probe.

(C) Analysis of APPL1 staining in overnight starved hepatocytes stimulated with or without insulin (100nM) for 10 min.

(B and C) DAPI-stained nuclei are shown in blue. The inset shows a higher magnification (300%) of FYVE- and APPL1-positive vesicles. Quantification using
Metamorph software was performed on three to five independent hepatocyte cell cultures/genotype. Scale bar, 20 um.

Data represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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assessment of the role of the catalytic activity rather than
possible scaffolding functions of the targeted PI3K.

PI3K-C2p Inactivation Increases Insulin Sensitivity and
Glucose Metabolism

Our study uncovered that kinase inactivation of PI3K-C2B in
mice enhances insulin sensitivity and protects against high-fat-
diet-induced hepatic steatosis. These findings were unex-
pected, for several reasons. First, previous studies in cell lines
had mainly implicated PIBK-C2a, and not PIBK-C28, in insulin
signaling (Brown et al., 1999; Falasca et al., 2007; Leibiger
etal.,2010; Soos et al., 2001; Ursg et al., 1999) and insulin secre-
tion (Dominguez et al., 2011), although in most of these studies,
the role of PIBK-C2p was not assessed. Second, it was remark-
able to observe that inactivation of a kinase leads to improved
insulin signaling and metabolic sensitization. Last, and still
unexplained, is the apparent exclusive action of PI3K-C23 down-
stream of insulin, and its restriction to Akt signaling and meta-
bolic tissues (discussed in more detail below).

Although we focused our experiments on hepatocytes, it is
likely that the adipose tissue and muscle are also functionally
involved in the global metabolic improvement seen in PI3K-
C2B Kl mice, as we also observed clearly enhanced insulin-
induced Akt activation in these tissues. Based on the notion
that insulin and activation of Akt are known to induce lipid stor-
age in the liver (Leavens and Birnbaum, 2011), sustained hepatic
Akt activation could be expected to lead to an increase in stea-
tosis. This is also supported by observations in transgenic mice
that express membrane-bound (and therefore constitutively
active) Akt in the liver (Ono et al., 2003) or in mice with liver-spe-
cific deletion of PTEN (Horie et al., 2004), which also show
enhanced steatosis. While it is challenging to link short-term
signaling (minutes to hours) to long-term biological effects
(4 months in the case of high-fat diet), it is important to mention
that, in contrast to the constitutive over-activation of Akt in the
mutant mice mentioned above, C2pP1212AD1212A mice only
display a transient over-activation of Akt upon insulin stimulation.
Moreover, it is very likely that the systemic enhancement in insu-
lin sensitivity, with increased Akt activity in muscle and adipose
tissue in addition to the liver, leads to an overall improved meta-
bolism of C2pP1212AP1212A mica  which reduces the develop-
ment of hepatic steatosis as a consequence.

Together with the observation that no abnormalities were
observed in an in-depth histopathological analysis of adult
C2pP1212AD1212A 1pice our data identify PIBK-C2p as a potential
drug target for insulin sensitization in the treatment of insulin
resistance in type 2 diabetes or non-alcoholic fatty liver disease.

PI3BK-C2p Is a Major Endosomal Producer of Basal PI3P
in Hepatocytes

One previous study has implicated PI3K-C2p in PI3P produc-
tion, namely, in the PI3P synthesis induced by lysophosphatidic
acid in HeLa and SKOV-3 cell lines (Maffucci et al., 2005). Our
study shows that PI3K-C2B is required for a large fraction
(60%) of the basal PI3P in hepatocytes and therefore demon-
strates that class Il PI3Ks can significantly contribute to PI3P
pools in vivo in the liver. Interestingly, the reduction in PI3P
upon PI3K-C2p inactivation selectively impacted on endosomal
trafficking but did not affect the formation of starvation-induced
early autophagic vacuoles in these cells, indicating that PI3K-
C2B mainly controls the endosomal PI3P pool in hepatocytes.
It is possible that vps34 or class Il PI3K isoforms other than
PI3K-C2B (Devereaux et al., 2013) generate the autophagic
PI3P pool in the liver.

PIBK-C2p Inactivation Results in an “APPL1 Expansion
Signature”

IF analysis of intracellular vesicles revealed that PISK-C2 inac-
tivation led to an expansion of the very early APPL1-positive
endosomal compartment in hepatocytes, under basal and
insulin-stimulated conditions. We show in this study that
PI3K-C28 is linked to the regulation of intracellular vesicular
trafficking.

APPL1 is a scaffolding protein with multiple functional do-
mains, including a Bin1/amphiphysin/rvs167 (BAR) domain, a
PH domain, a phosphotyrosine binding (PTB) domain, and a
CC motif (Deepa and Dong, 2009). APPL1 interacts with various
receptors (such as the IR, TrkA, and the adiponectin receptor),
signaling and scaffolding proteins (including Akt, IRS, and the
OCRL inositol polyphosphate 5-phosphatase), and vesicular
trafficking proteins (such as GTP-bound Rab5) (Deepa and
Dong, 2009; Ryu et al., 2014). Our findings are in line with
a cell-based study that highlighted a critical role for PI3P in
the maturation of the APPL1-positive very early endosomes to

Figure 6. Impact of PIBK-C2f Inactivation on IR Levels and Trafficking in Hepatocytes

(A) Expression levels of IR, EGF, and transferrin receptor in total cell extracts. Homogenates of hepatocytes were analyzed by SDS-PAGE and immunoblotting
using indicated antibodies. Quantification of three to five independent hepatocyte cultures/genotype is shown.

(B) Insulin binding capacity of hepatocytes. Quantification of three independent hepatocyte cultures/genotype is shown.

(C) Cultured hepatocytes were serum-starved overnight and stimulated for the indicated times with 100 nM insulin, followed by immunoprecipitation using the
indicated antibodies. The immune complexes were analyzed by western blot and probed with the indicated antibodies. The bar charts represent the quantifi-
cation of western blots from four to five independent experiments, shown in Figure S6 as follows: time point 0: averages of experiments a-e (apart from IRS1,
average of experiments a—d); time point 5 min: averages of experiments b-e; time point 10 min: averages of experiments a-c.

(D) Insulin uptake in hepatocytes. Quantification of five independent hepatocyte cultures/genotype is shown.

(E) Distribution of IR and APPL1 in subcellular fractions of hepatocytes. Hepatocytes were starved overnight and stimulated with insulin for the indicated time
points, followed fractionation of lysates in light microsome (LM) and plasma membrane (PM) fractions by ultracentrifugation, followed by SDS-PAGE analysis and
immunoblotting with antibodies to the indicated proteins. A representative experiment is shown. The star indicates the different levels of IR in the APPL1-positive
fraction in WT and C2pP1212A/D1212A geis stimulated for 10 min with insulin. Three independent hepatocyte cell cultures/genotype were used.

(F) Insulin-stimulated IR degradation in hepatocytes. Cells were starved overnight, stimulated with insulin for the indicated time points, followed by SDS-PAGE
analysis and immunoblotting using antibodies to IR. Three independent hepatocyte cell cultures/genotype were used.

Data represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 7. C2pP1212A/D1212A \Mice Are Protected against High-Fat-Diet-Induced Steatosis

(A) Body weight of mice during 16 weeks of high-fat diet.

(B) Liver weight after 16 weeks of high-fat diet. Five to ten livers/genotype were used of mice on a normal (control) or high-fat diet.

(C) Liver histology. H&E staining of liver sections of mice after 16 weeks of high-fat diet. Quantification of vacuolization of seven livers/genotype is shown on the
right. a.u., arbitrary units. Scale bar, 50 um.

(D) Oil red O staining and liver triglyceride levels. Oil red O staining of liver sections after 16 weeks of normal or high-fat diet. Ten mice/genotype. Scale bar, 50 um.
(E) Insulin tolerance test after intraperitoneal injection of 0.75 U/kg of insulin in overnight starved mice. Ten mice/genotype.

(F) Model of the role of PI3K-C2p in PI3P production in hepatocytes and its impact on IR trafficking through endosomal compartments. In WT cells, PI3K-C2B
generates a large fraction of the PI3P that controls the maturation of the very early APPL1-positive endosomes into early EEA1-positive endosomes. In WT mice,
this attenuates IR signaling by enabling the transit of IR through endosomal compartments, either toward recycling or degradation. Inactivation of PI3K-C2p leads
to a decrease in endosomal PI3P, which could delay the maturation of the very early APPL1-positive endosomes into early EEA1-positive endosomes. This leads
to an accumulation of APPL1-positive endosomes and temporarily affects IR trafficking, correlating with an increased and more sustained Akt signaling in
metabolic tissues. This increase in Akt signaling enhances insulin sensitivity and glucose metabolism in cells and mice with inactive PI3K-C2.

Data represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.

EEA1-positive early endosomes (Zoncu et al., 2009). These au- accumulation of the EGFR in an expanded very early APPL1-
thors showed that PI3P depletion in the Rab5-positive compart-  positive endosomal compartment upon EGF stimulation, result-
ment (by introduction of PI3P-specific phosphatases) led to an  ing in enhanced downstream signaling (Zoncu et al., 2009). Our
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study uncovers a similar APPL1-based mechanism for IR traf-
ficking, correlating with enhanced insulin-stimulated Akt activa-
tion. Further support for a role for APPL1 in insulin action comes
from observations made by APPL1 KO/overexpression in mice.
For example, APPL1 KO mice show the opposite metabolic
phenotype to C2pP1212AD1212A mice  peing insulin-resistant
and glucose-intolerant with decreased insulin-stimulated Akt
signaling in the liver, muscle, and adipose tissue (Ryu et al.,
2014). Conversely, APPL1 overexpression in the liver increases
Akt activation and alleviates insulin resistance in obese mice
(Cheng et al., 2009).

PI3K-C2p Inactivation Enhances Insulin Signaling in
Metabolic Tissues

Under basal conditions, C2pP1212A/P1212A hapatocytes had sub-
stantially lower levels of total cellular PI3P than WT cells. Insulin
stimulation of these cells did not alter PI3P levels in either geno-
type but did increase PIP; levels, as expected. Interestingly, in-
sulin stimulation led to a higher PIP; increase in C2pP1212A4/D12124
hepatocytes compared to WT cells.

These data are consistent with a model (Figure 7F) whereby,
in hepatocytes, PI3SK-C2p is responsible for the constitutive
production of a large fraction of the PI3P required for the basal
endosomal flux. Under basal conditions, C2pP1212A/P1212A hana.
tocytes had an ~2-fold increase in overall IR levels over WT
cells, without higher IR expression at the cell surface, pointing
to the existence of an intracellular pool of IR. At present, the
exact subcellular location of this IR pool is unknown. Given
that the APPL1-positive compartment is expanded, it is possible
that the IR is stuck as a consequence of a “traffic jam” in its en-
docytic flux.

Upon insulin stimulation, there was no difference in tyrosine
phosphorylation of the IR, in line with unaltered IR levels at the
cell surface. However, as insulin-mediated Akt signaling was
temporarily enhanced upon PI3K-C28 inactivation, it is possible
that the ligand-bound IR signals longer as a result of its slower
endocytosis due to the “traffic jam” in the APPL1 compartment.
A similar phenomenon was previously shown for the EGFR and
its downstream signaling upon expansion of the APPL1
compartment due to PI3P reduction (Zoncu et al., 2009). Upon
prolonged (6-7 hr) exposure to insulin, the higher overall IR
levels in C2pP1212A/D1212A hepatocytes were found to return to
that seen in WT cells, possibly due to insulin-induced repeated
endocytic cycling whereby a small fraction of the activated IR
pool is trafficked along the degradative route in each endocytic
cycle.

Supportive of our model that IR traffic is delayed in the APPLA1
compartment is the recent report showing that APPL1 can bind
both IR and IRS and facilitate the insulin-stimulated interaction
between IR and IRS (Ryu et al., 2014). The capacity of IR/IRS/
Akt/APPL1 to dynamically interact, in a subcellular compartment
controlled by PI3P, is likely to be key in explaining the selective
metabolic impact of PI3BK-C28 inactivation.

Unfortunately, we were not able to visualize endogenous IR,
PIP3, or phospho-Akt by IF using an extensive range of home-
made or commercially available antibodies. IF analyses using
fluorescently labeled insulin on primary hepatocytes, both on
fixed cells or by live imaging, were also not successful. We there-

fore do not know the exact subcellular location of increased PIP3
production and Akt activation upon PI3K-C2f inactivation.

Selective Role of PI3BK-C28 in Insulin-Stimulated Akt
Activation in Metabolic Tissues

One of the most surprising findings of our work is the apparent
exclusive action of PIBK-C2B downstream of insulin, and its re-
striction to Akt signaling and metabolic tissues. Our data clearly
show that a reduction in PI3P, as a consequence of PISK-C2p
inactivation, and the ensuing block in endosomal traffic en-
hances cell signaling in a very specific manner. At the organismal
level, PIBK-C2 inactivation induced an increase in insulin-stim-
ulated Akt signaling specifically in insulin target tissues (liver,
muscle, and adipose tissue) but not in the spleen where PI3K-
C2p is expressed highly. PIBK-C2f inactivation did also not
affect the basal levels of PI3P in splenocytes or MEFs. Further
studies conducted on hepatocytes showed additional specificity
of PIBK-C2p action. First, at the receptor level, PISK-C2f inacti-
vation led to increased IR protein expression in these cells,
without altering the levels of the receptors for EGF or transferrin
and modulated the intracellular trafficking of the IR but not that of
the transferrin receptor. Second, at the ligand level, PI3BK-C2f3
inactivation increased insulin-induced Akt signaling in hepato-
cytes, without altering EGF- or IGF-mediated Akt signaling.
Last, but not least, at the downstream signaling level, PI3K-
C2B inactivation in hepatocytes led to an increased insulin-stim-
ulated Akt activation without affecting MAPK signaling.

At present, we do not have a clear explanation for these obser-
vations. The absolute expression levels of the PISK-C2p protein
in different tissues are unlikely to be key in this phenomenon,
given that PIBK-C2f expression is high in the spleen compared
to liver. PI3P turnover in different tissues may depend on tis-
sue-specific activities of the PI3Ks and other Pl kinases but
also of lipid phosphatases. It is also possible that such specificity
could be provided by the scaffolding properties of APPL1, allow-
ing this protein to interact with tissue- and receptor-specific
binding partners, creating tissue-/ligand-/signaling-selective
protein hubs. It is of interest to note that, despite the broad tissue
distribution of APPL1, numerous studies have described APPL1
as an important player specifically in metabolic tissues and in
particular in insulin signaling (Cheng et al., 2014). In line with
our observations, other studies have documented that alter-
ations in APPL1 expression can differentially affect signaling de-
pending on the stimulus. For example, APPL1 KO in MEFs was
found to reduce Akt activation induced by Hepatocyte Growth
Factor, but not by EGF, insulin, or serum (Tan et al., 2010). Like-
wise, APPL1 knockdown in zebrafish led to a decrease in growth
factor-induced Akt signaling with no impact on MAPK (Schenck
et al., 2008). These data suggest that APPL1 endosomes can
serve as signaling platforms for selective recruitment and activa-
tion of signaling components.

Conclusions

Taken together, our study reports on the creation of the class Il
PI3K knockin mice to model systemic PISBK-C28 kinase inactiva-
tion and identifies this isoform of PI3K as a drug target for the
treatment of insulin resistance in type 2 diabetes or non-alco-
holic fatty liver diseases.
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EXPERIMENTAL PROCEDURES

Mice

All experiments were performed on 6- to 12-week-old male C57BL/6J mice,
unless otherwise specified. Mice were kept on standard chow diet (20% pro-
tein, 75% carbohydrate, 5% fat) on a 12-hr light-dark cycle (lights on at 7 a.m.)
with free access to water in individually ventilated cages and cared for accord-
ing to United Kingdom Animals (Scientific Procedures) Act (1986). For high-fat-
diet experiments, mice were maintained on diet 824053 from Special Diet
Services (20% protein, 35% carbohydrate, and 45% fat) for 16 weeks.

Creation of C23°'2'2A Mice and PCR Genotyping

Mouse gene targeting was performed by Artemis in C57BL/6NT embryonic
stem cells. Mice were backcrossed on the C57BL/6J strain (Charles River
Laboratories) for greater than ten generations, and mice used for experiments
were on mixed C57BL/6J x C57BL/6NT background, with WT littermates
used as controls. The sequences of the primers used for genotyping are as
follows: forward primer (a in Figure 1B): 1614-29 KI: CACTGCAGGAAGT
GTGAAGC; antisense primer (b in Figure 1B): 1614-30 KI: GTGGACA
GAAAGGCTGATGC, with expected fragments of 235 (WT) and 398 (KI) bp.
PCR conditions were as follows: 95°C for 5 min, 34 cycles of (95°C 30 s,
65°C 30's, 72°C 1 min) and 72°C for 10 min. The presence of the D1212A mu-
tation was verified by sequencing of a PCR fragment generated using forward
primer 1743-25 ivm: GCTTTGGTATATGATGAAGG (c in Figure 1B) and anti-
sense primer 1743-26 ivm: GTCTTCTGGTCTCCAGAAGC (d in Figure 1B)
using the PCR conditions described above. PCRs were performed using Tita-
nium Taq polymerase (Clontech) on a ThermalCycler (MJ Research).

Hepatocyte and Mouse Embryonic Fibroblast Isolation and Culture
Primary mouse hepatocytes were isolated from 8- to 12-week-old mice as
described, with minor changes (Guidotti et al., 2003). Briefly, primary hepato-
cytes were isolated by a two-step perfusion protocol using collagenase |
(Sigma) and seeded on collagen-coated plates in complete medium (William’s
E GlutaMAX medium containing 0.1% BSA, 1% penicillin/streptomycin, 25 nM
dexamethasone [Sigma], and 100 nM insulin) in the presence of 10% (v/v) fetal
bovine serum (FBS). After 4 hr incubation at 37°C to allow cell adhesion, the
medium was replaced either by starvation medium (complete medium without
insulin) or complete medium (for autophagy studies), and cells were further
incubated at 37°C overnight.

For signaling studies, fluorescence-activated cell sorting (FACS) analysis,
immunofluorescence, lipid analysis, and cell fractionation, culture medium
was removed and replaced by fresh starvation medium containing insulin
(100 nM), EGF (200 nM), or IGF-1 (3.9 nM) for the indicated times. In some ex-
periments, GDC-0941 (500 nM) was added at 30 min before cell stimulation.

For autophagy studies, complete medium was removed and cultures were
washed twice with amino-acid- and serum-free medium (EBSS; Invitrogen),
and cells were maintained in EBSS for 30 min. Control, non-starved cells
were washed in complete medium instead of EBBS.

Mouse embryonic fibroblasts (MEFs) were isolated from intercrosses of
mice heterozygous for the PI3K-C2P212A allele as described (Foukas et al.,
2006).

Antibodies and Reagents

All antibodies were against mouse proteins as follows: APPL1, EEA1, Rab7,
GST, pAkt-S473, pAkt-T308 Akt, p42/44 pMAPK-T202/pY204, Akt, p110a, in-
sulin receptor, vps34 (Cell Signaling Technology); PI3K-C2a., PI3K-C2p (BD
Biosciences); p1108, ptyr99 (Santa Cruz Biotechnology); vinculin, «-tubulin,
EGFR (Sigma); transferrin receptor (Abcam); and LC3 (2G6; Nanotools). Anti-
bodies to WIPI-1 and WIPI-2 were kindly provided by Sharon Tooze (London
Research Institute). In-house-made antibodies to IRS1 and IRS2 were pro-
vided by Dominic Withers (Imperial College London). Fluorescein isothiocya-
nate (FITC)-insulin (bovine) was from Sigma, and FITC-transferrin (human)
was from Molecular Probes. Unless otherwise mentioned, PBS (Sigma) was
Ca?* and Mg?* free. All culture media for primary cell culture were from Invitro-
gen. A plasmid expressing GST-2xFYVEHRS (Gillooly et al., 2000) was kindly
provided by Harald Stenmark, Norway. Recombinant GST protein was purified
from E. coli BL21 (DE3) cells according to the manufacturer’s instructions. All

buffers used during purification of the GST-fusion steps were EDTA free, and
the recombinant protein was dialyzed against HEPES buffer (pH 7.4) contain-
ing 10 uM ZnCl,. Agonists used were insulin (human [Actrapid] and bovine
[Sigma] for in vivo and in vitro experiments, respectively), EGF (human; Pepro-
Tech), or IGF-1 (human; PeproTech). GDC-0941 was from Axon-Medchem.

Statistical Analysis

All data are shown as mean + SEM. Data sets were compared for statistical
significance using a two-tailed Student’s t test. All statistical analyses were
generated using Excel software and statistical significance indicated as *p <
0.05, **p < 0.01, **p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
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formation of new blood vessels. Exosome-
educated stromal cells showed an enhanced
capacity to support CLL cell survival. Finally,
promotion of tumor growth/dissemination
was demonstrated using a cotransfer in vivo
model (CLL cells with exosomes). These
initial data demonstrate a protumorigenic
effect of CLL-derived exosomes when tumor
cells engage the microenvironment to
proliferate and promote angiogenesis. Taken
together, the authors conclude that CLLL
exosomes actively promote disease progression
by subverting the function of stromal cells
that reside in the TME which acquire
features of proinflammatory CAF's (see figure).
Clearly, future studies will need to examine
the coevolution of tumor cells and the
reprogrammed stroma including characterizing
the role CAF's play in regulating cancer
hallmark capabilities.

This work by Paggetti et al establishes the
tumorigenic importance of CL.L-derived
exosomes, including the transfer of their
molecular cargo to other TME cells. This
contributes to increasing evidence that the
ability of tumor cells to induce CAF's is
a universal feature of progression in both solid®
and blood”'” cancers. These data also
provide incentive for detailed mechanistic
investigation of the role exosomes play
in pathogenic signaling processes® and
regulating the understudied CLL-TME.
Examining the contribution of exosomes
and their content in predicting response
(biomarkers) to different therapeutic agents
including newly targeted kinase inhibitors
will be of interest. Paggetti et al show that
CLIL-derived exosomes act as decoys for the
therapeutic antibody rituximab (anti-CD20)
that highlights a potential drug escape
mechanism in the TME. Continued research
on TME regulation of tumor progression will
provide insight into disease pathogenesis and
also the exciting prospect of identifying novel
targeted therapies designed to re-educate the
TME to have antitumorigenic effects.
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Membrane grease eases

platelet maturation

Sang H. Min and Charles S. Abrams UNIVERSITY OF PENNSYLVANIA

In this issue of Blood, Valet et al' report a novel regulatory role of class II
phosphoinositide 3-kinase (PI3K)-C2a in the morphology and remodeling of
platelet membranes and its implications in platelet maturation and arterial

thrombosis.

I n 1906, James Homer Wright first
postulated that platelets are produced in
the bone marrow from megakaryocytes.” Our
megakaryocytes collectively generate and
release ~1 million platelets per second (10
billion platelets per day) into the bloodstream
through a sequence of remodeling events.
Megakaryocytes first undergo a series of
maturation processes whereby they increase
their overall size as they develop highly
tortuous membrane invaginations that are
called the invaginated membrane system
(previously known as the demarcation
membrane system).3 Megakaryocytes use this
extensive membrane reservoir to form long
and thin cytoplasmic extensions to produce
intermediate platelet structures called
proplatelets.* Once released into the
bloodstream, proplatelets undergo further
remodeling steps that allow membrane
fragmentation and generation of mature
platelets. Proplatelet formation and maturation
are heavily dependent on the membrane and
cytoplasmic skeletal machinery, which include

microtubule, actin, and spectrin.>® Although
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microtubules and actin function as engines
to power platelet formation and elongation,
spectrin is necessary for the ultimate shape
changes that occur when proplatelets mature

Megakaryocyte Proplatelet Platelet

Spectrin—_[

PI3P —f

T
PI3K-C2a

Membrane remodeling by class Il PI3K-C2a is essential
for platelet maturation. Megakaryocytes initiate platelet
production by extending and releasing intermediate plate-
let structures called proplatelets into the bloodstream.
Released proplatelets undergo a series of remodeling
steps to generate mature platelets. Valet et al show that
PI3K-C2a generates a distinct pool of PI3P in resting
platelets that may modulate membrane elasticity and re-
modeling by reorganizing membrane skeletal proteins such
as spectrin.
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into platelets. However, the signaling
molecules that are regulating and triggering
these processes are not well understood.

PI3Ks are one family of lipid kinases that
are involved in the complex synthesis of
phosphoinositides.” In platelets, PI3Ks play
critical signaling roles during the platelet
plug formation.® For instance, class I PI3K
synthesize phosphatidylinositol 3,4,5
trisphosphate, which recruits downstream
effector proteins that are essential for the
activation of the key platelet adhesion integrin
receptor, alIbB3. In contrast, class I and class
III PI3K isoforms are thought to synthesize
the phosphoinositides phosphatidylinositol
3-phosphate (PI3P) and phosphatidylinositol
3,4 bisphosphate, which are involved in
the regulation of endosomal trafficking and
cell migration in other cell types. However,
the precise roles of class II and class III PI3K
isoforms and their lipid products in platelets
remain elusive.

In a recent publication, Mountford et al
showed that class II PI3K-C2a is a novel
regulator of the internal membrane structures
of megakaryocytes and platelets.” Using
knockdown mouse models, the authors
showed that PI3K-C2a deficiency in
platelets disrupted the membrane structure
of the invaginated membrane system in
megakaryocytes and the open canalicular
system in platelets by a mechanism that was
independent of phosphoinositide production.
The authors further showed that these
membrane abnormalities were associated with
defective platelet adhesion and stable thrombus
formation. However, the mechanism by
which PI3K-C2a regulates the membrane
structures in megakaryocytes and in platelets
was not investigated.

In this issue of Blood, Valet et al provide
an important clue on how PI3K-C2a may
regulate the membrane structures in platelets
and in megakaryocytes.! Using heterozygous
PI3K-C2a kinase-inactive knockin mouse
models, Valet et al demonstrate that class II
PI3K-C2a is essential for the synthesis of PI3P
in platelets under basal but not stimulated
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conditions. Importantly, this distinct
constitutive pool of PI3P is necessary for

the remodeling of platelet membrane
morphology during the maturation of
proplatelets into platelets. The PI3K-C2a
inactive megakaryocytes form an
underdeveloped invaginated membrane
system, and their platelets also develop
aberrant and tortuous invaginations of the
plasma membrane. Interestingly, mice with
inactive PI3K-C2a accumulate barbell-shaped
proplatelets in the bloodstream despite

a normal platelet count. Moreover, these
platelets have a more rigid plasma membrane
and impaired filopodium formation upon
stimulation. It is remarkable that these
membrane defects were associated with

a reduced recruitment of membrane skeletal
proteins such as spectrin and myosin and
membrane receptors such as GPIIb and GPIb.
Finally, PI3K-C2a—inactive mice did not have
prolonged bleeding times, but they showed
delayed arterial thrombus formation when
compared with control mice.

These illuminating findings by Valet et al
demonstrate important biochemical and
physiological roles of class I PI3K-C2a in
platelets. In contrast to a recent publication
where PI3K-C2a was found to be unnecessary
for the intracellular pool of PI3P,® Valet et al
provide evidence that class II PI3K-C2a
contributes to the maintenance of the basal,
but not the agonist-induced, pool of PI3P in
platelets. Although a sudden change in the
concentration of phosphoinositides has been
known to be critical for diverse cellular
processes, the physiological role of the
housekeeping (basal) pool of phosphoinositides
within the cell membrane has been more
elusive. Thus, these findings highlight the
potentially important functional roles of the
housekeeping pools of phosphoinositides.

This study also reveals a previously unknown
physiological role of PI3K-C2« in membrane
remodeling and has implications for platelet
maturation as well as thrombus formation. The
authors propose that PI3K-C2a generates a PI3P
pool that may modulate membrane elasticity by

reorganizing the membrane skeletal proteins
(see figure). However, PI3P has been shown to
localize predominantly on the early endosomal
membranes and not on the plasma membrane.
Thus, how does a phospholipid on an internal
membrane reorganize events on the cellular
membrane? At the very least, further analysis
of the precise localization of PI3P pools in
platelets will be required to understand these
events.

In conclusion, the work by Valet et al sheds
light on the novel role and mechanism of class 11
PI3K-C2a on the membrane morphology and
reorganization in platelets. Further research
will be essential to understand the signaling
mechanisms regulating the complex process
of platelet production and maturation.
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