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Abstract

Venous malformations (VM), the most frequent type of vascular malformations, are
localized developmental defects occurring during vascular morphogenesis that generate
dilated, tortuous venous channels surrounded by erratically distributed mural cells and a
disorganized extracellular matrix. VM often manifest sporadically at birth and grow over the
time. They can be of different sizes and be present in any tissue resulting in chronic
pathologies that are painful and lead to recurrent bleeding, infection and organ
dysfunction. Current standard treatments are not fully efficient and are associated with
high risk of recurrence and progression, claiming for an urgent need for targeted therapies.

From a biological perspective VM are considered as congenital errors affecting
endothelial cells (ECs) or early endothelial progenitors, characterized by a constitutive
activation of PI3K signalling pathway. Key discovering studies identified mutually exclusive
somatic gain-of-function mutations in the endothelial PIK3CA gene or in the upstream
endothelial tyrosine-kinase receptor TEK, as the genetic causes generating VM lesions.
However, the molecular and cellular mechanisms driven by PI3K signalling activation in
ECs underlying the pathogenesis of VM remain unknown.

Here, by using an innovative approach that combines untargeted transcriptomics with
unigue in vitro and in vivo models, we investigated the pathogenic mechanisms induced by
the expression of the oncogenic PIK3CA-H1047R activating mutation in ECs.

We confirm that ECs hyperproliferation is the triggering mechanism leading to abnormal
dilated hyperplastic vascular channels in vivo. In addition, we discover that expression of
the mutation induces a unique shift in the adhesive molecular signature of ECs, with a
specific impact on the integrins profile, which can be rescued by the use of PI3K pathway
inhibitors. Also, Pik3ca™ %R expression leads to an increased capacity of ECs to migrate.

We postulate that altogether, the combination of an altered proliferative and migratory
ECs behaviour causes defects in angiogenesis, showing a novel scenario for the
pathogenesis of PI3K-driven VM. We identified the integrin-a9 as the most up-regulated

integrin upon Pik3ca™ %R

expression in ECs and we propose that its role is key in
mediating the aberrant ECs behaviour underlying the pathogenesis of VM.

Finally, we developed in vivo and in vitro pre-clinical models, which can be used in
combination, to study the biology of VM, enabling the investigation and development of

new personalized therapies on a patient-to-patient basis.

10



11



TABLE OF CONTENTS

ACKNOWIEAGEMENTS ...t snnnnnnes 8
LY ¢ 1] 1 = (o3 S PP P PP P P PP PPPPPPPP 10
TSy o] o 10 =P 17
LIiST Of TADIES...ceiiieeee e e e 19
LiSt Of ADDIEVIALIONS ....uiiiiiiiiiiiiii e 20
R [ o 4 oo [ ¥ o3 4 o o DTS PP PPPPPPPP PPN 26
1.1 ANQIOGENESIS coetiiiiiuiiiitiiittteteeeeteeee ettt 26
1.2 PIBK PAIMWAY ..ot n e en s 32
1.3 PI3K pathway in endothelial angiogeNEeSIS ..........uuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiee 36
1.3.1 PI3K signalling inputsS iN ECS.......ccoviiiiiii et 38
1.3.1.1 VEGF/VEGFR, Angiopoietin/TIE2 and VE-Cadherin pathways............... 38
1.3.1.2 Role of Integrins in angiOgENESIS ..........ceeiieeeiiiiiiiiiiee e e eaeans 39

1.3.2  PI3K signal transduction and signalling outputs in ECS..............cccovvviiinnnnn.. 41

1.4 Vascular MalformationsS ............uueeeeeeeiieiiieiiiieiiieiieeeeeeeeeeeeeeeeeeeeereeee e 45
1.4.1  Venous Malformations: clinical presentation ..............ccccevvviiieeeieeeeceviiinnnnnn. 45
1.4.1.1 Genetic cause of Venous Malformations ..............cccvvviriieieiniiniiiinieeeeenn. 48
1.4.1.2 Biology of Venous Malformations ...........ccooeeeiiiiiiiiiiiie e 50
1.4.1.3 Targeted therapies for Venous Malformations.............cccceevviiiinieeeeneennne. 52

2 ODJECHIVE i 56
3 Materials and Methods ... 57
3.1 MOUSE EXPEIIMENTS L.uuiiiiiiiiiiiiiiiiitiii e enenes 57
3.1.1  Mice hushandry and Care............ccceeiieiiiiiieiiice e 57
3.1.2  MICE lINES USEA......uuiiiiiiiiiiiiiiiii e 57



3.1.3 Induction of Cre mediated gene activation in Vivo ..........cccoeeeeevviviiiiiinn e, 58

3.1.3.1 4-hydroxytamoxifen (4-OHT) preparation ...................eeeeeeeemmmmemmmmnemnnnnnnns 58
3.1.3.2 4-hydroxytamoxifen (4-OHT) administration ....................eeevvvmeemeeniiennnnnnns 58
3.1.4  MOUSE GENOLYPING ..uuvuuiininiiiiiiiniitiiiisisbssissssss s nnnnnne 59
3. 141 TISSUE AIGESTION ....evveeeieiiieiitttiiteeeeteeeeeeseee e 59
BiLiA.2 PR i et ae 59
3.1.5 VM-phenotype assessment in animal experiments .........cccccccevvevevvvninneeennn. 60
3.1.6  Postnatal mouse retina model, isolation, staining and imaging ................... 61
3.1.6.1 The postnatal mouse retina: an animal model to study angiogenesis...... 61
3.1.6.2 REtiNAS ISOIALION......uuuiiiiiiiiiiiiiiiiiieiiieebb bbb eeeneeeeees 64
3.1.6.3 Whole-mount retinas Immunostaining ...........cccceeeeeeiiiiiiiiiiiin e, 65
3.1.6.4 EdU proliferation assay in the postnatal retina ............ccccceeeeeeeeeiiieiiiinnnnn. 66
3.1.7 Methods used for quantifying vessel features in the postnatal retinas......... 67
3.1.7.1 Confocal IMAgING .....coviiiiiiiie e 67
3.1.7.2 Imaging analysis and quantification of postnatal retinal angiogenesis...... 67
3.1.7.3 VMIOCANZALION ...t 68
3.1.7.4 Quantification of vessel denSity .........cccoouiiiiiiiiii e 69
3.1.7.5 Quantification of ECS NUMDEr .........cooviiiiiii e 69
3.1.7.6 Quantification of ECs proliferation ...............ccoeiiiiiiiiiiiiiii e 69
3.2 IN VItrO @XPeIMENTS e e et e e e e eeea s 71
3.2.1 Isolation, culture and treatment of mouse primary cells .............ccccvvinnnnn. 71
3.2.1.1 Tissue digestion and cell SElECHION ..............uuuriiiiiiiiiiiiiiiiieees 71

13



4.1  Unravelling the biology behind Pik3ca

3.2.1.2 Mouse embryonic fibroblasts (MEFS) culture.............ccccccceeeeeeeeereceiiiinnnnn. 72

3.2.1.3 Induction of Cre mediated gene activation in Vitro .................ccccvvvevvennnnns 72
3.2.2  Isolation and culture of human primary CellS ............cccccoiiiiimiiiiiiiiiiiis 73
3.2.2.1 Digestion of human biopsies and cell selection ...............cccccvvvviviiiinnnnnnns 73
3.2.2.2 Sanger Sequencing of primary NECS .............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeenns 75
3.2.3  RNA extraction and analyses techniques used in primary cells .................. 76
3.2.3.1  RNA EXIFACTHION ...ttt beeeeebbeennes 76

3.2.3.2 cDNA synthesis and quantitative Real Time PCR (gRT-PCR) analysis... 76
3.2.3.3 RNA sequencing (RNASeQ) analysSiS.............uuuuumemmmmmmmmmmmminiiniiiiiniiinniiennns 79

3.2.4  Protein extraction and Western immunoblotting of primary cells (mouse and

LU= o) T PP 81
3.2.4.1 Protein lyses and sample ProCessing ...........vveeeiieeeiiiiiiiiiiieeeeeeeeeevriinn. 81
3.2.4.2 Protein electrophoresis and membrane transference ..............ccccccvvvennn. 82

3.2.5  Proliferation assay for primary ECS............coiiiiiiiiiiiiiiiiicee e, 84
3.2.5.1 Proliferation assay for MECS.........cccooiiiiiiiiiiiiici e, 84
3.2.5.2 Proliferation assay for NECS..........cccooiiiiiiiiiiiiiiii e, 84

3.2.6  Wound healing assay for primary ECs (collective cell migration) ................ 85

3.2.7  Inhibitors treatment of primary MECS............coiiiiiiiiiii e 85

3.2.8  Immunofluorescence analysis of primary ECS ..........cooiiiiiiiiiiiiiiiiiie e, 86
3.2.8.1 Immunofluorescence analysis of MECS..........ccccccvvviiiiiiiiiiiiiiiiiiiiiiiieeee 86
3.2.8.2 Immunofluorescence analysis of NECS...........ccvviviiiiiiiiiiiiiiiiiiiiiiiiieee 86

RESUITS et 88

H147R activating mutation in ECs..... 88

14



H1047R

4.1.1  Creation of a transgenic mouse line to study the Pik3ca activating

0 a10 =N L0 T T = O TP 88

4.1.2  Pik3ca"'™® expression in ECs leads to the overactivation of PI3K signalling
[SF2 11 01172 PP TP P PPUPPPRPPPRN 89

4.1.3 A transcriptomic analysis to unveil the biological mechanisms triggered by
Pik3ca "R @Xpression iNECS......cvoiviuceeeeeeeeeee e, 91

4.1.4  Pik3ca™'™"® expression affects the proliferation and adhesion molecular

SIGNATUIES OF ECS ...ttt 94
4.1.4.1 The molecular changes are rescued by PI3K pathway inhibitors............. 95
4.1.4.2 The molecular changes are ECS-SPECIfiC ...........uvvuvvvrmimiiiiiiiiiiiiiiiiiiiiiinnns 96

4.15 Pik3ca*™® expression affects ltga9 protein levels and ECs behaviour ..... 97

4.1.5.1 Pik3ca™*"® expression increases Itga9 protein expression.................... 98
4.1.5.2 Pik3ca™*® expression increases the proliferation of ECs...................... 99
4.1.5.3 Pik3ca™®"™® expression increases the migration of ECS...........c.c......... 100

4.2  Generation of arobust mouse model to explore the biology of PIK3CA-
Lo LA AVZ=T o HO OO 102

421  Pik3ca™™® expression in the mouse endothelium exhibits different

phenotypic vascular defeCtS..........uciiiii i 103
4.2.1.1 Early postnatal expression of Pik3ca™ %" in mice leads to heterogeneous
AV o] =T e e 10Y o LI (= ISR 103
4.2.1.2 Adult Pik3ca™*"®? expression in mice leads to localized VM (C) ........... 104

4.2.1.3 Early Pik3ca"'®"® expression in the retinal vasculature generates localized

vascular defects resembling VM diS€ase (A) .....ccoeeuuuuuiiiiieieeieiiieee e 105

4.2.2  Pik3ca™*® expression in retinal vasculature increases ECs proliferation

CauSINg 10CAlIZEA VM ... .. e 107

4.2.3  Pik3ca*™® expression increases Itga9 levels in retinal vasculature......... 110

15



4.3 Patient-derived primary cells to study the biology of VMs.................c. 114

4.3.1 A new protocol to isolate primary cells from human samples.................... 114

4.3.2 A collection of patient-derided primary human cells to study the biology of

4.3.2.2 TEK"F and PIK3CA™*® patient-derived primary human cells exhibit

increased proliferation and 1tgad levels ... 119
5 DISCUSSION eetiiiieiei ittt ettt et e e e e e e e e e e e e e a e e e e e 123
B CONCIUSIONS .ottt e e e e e e e e a e e e e e e 135
T REEIENCES oo 136
AP P EINTIX ettt 158

16



List of Figures

Figure 1.1. Vessel wall composition of hascent versus mature vessels. .............ccccvveenn.. 27
Figure 1.2. The different steps of angiogenEsIS. ......ccooeeviiiiiiiiiiiiii e 29

Figure 1.3. The ECM—integrin—cytoskeletal signalling axis (MIC signalling axis) in the

capillary tube morphogenesis during angiogeNESIS. ..........uueiiieeeeiieiiiiiee e 30
Figure 1.4. PIBKS family. ...ccoooiieeeeeeeeeeeeeeeee e 34
Figure 1.5. Mode of activation of PISKS family...........ccooooiiiiiiie, 35
Figure 1.6. Class IA PI3K signalling in ECS. ......ccoooeiiiieeeeeeeeeeee e 41
Figure L1.7. HUMAN VM. ..ottt e e e e et e e e e e e e e eraaaa s 48
Figure 1.8. PI3K signalling pathway in VM. .........iiiiiiiiiiii e 54
Figure 3.1. The mouse retina: a model system for the study of angiogenesis................. 63
Figure 3.2. The various steps of angiogenic vessel growth in the mouse retina. ............ 63

Figure 3.3. Tamoxifen injection, eye isolation and retina dissection in postnatal pups.... 65

Figure 3.4. Analysis of postnatal retinal angiogenesis. .........cooovvvveeeiieiiieeeeeeeeeeeeeeeee 68

Figure 3.5. Quantification of VMs localization. ..o 69

Figure 3.6. Quantification of ECs proliferation. ..., 70

Figure 3.7. Workflow scheme used to induce in vitro expression of the Pik3ca™%'?

ACHIVALING MULALION. ... e e e e e et e e e e e e e e e rrba e e eeaaas 73
H1047R

Figure 4.1. A transgenic mouse line to study the Pik3ca activating mutation in ECs.
........................................................................................................................................ 89

Figure 4.2. Pik3ca™%® expression leads to overactivation of PI3K signalling pathway in
8PP 90

Figure 4.3. Pik3ca™*™® expression affects the proliferation and adhesion/migration
PrOCESSES Of ECS. .. ittt e e e ettt e e e e e e e e e e eata e e e e e e e eeneann s 93

Figure 4.4. Pik3ca™%'R expression directly affects the proliferative and adhesive gene
eXPression Profiles Of ECS. ... 95

Figure 4.5. The adhesive molecular signature is PI3Ka-mediated and can be rescued with
the use of PIBK-AKT-mMTOR axis INNIDILOIS. ........couiiiiiiiiiiiiiccce e 96

17



Figure 4.6. Changes in the adhesive molecular profiles are ECs-specific....................... 97

H1047R

Figure 4.7. Expression of Pik3ca induces 1tga9 overexpression.............ccoeeeeeeeennn. 99
Figure 4.8. Pik3caH1047R expression increases ECs proliferation. ..................oeeee. 100
Figure 4.9. Pik3ca™*"® expression increases ECS migration..............c..cceveveevereeverennnn. 101

Figure 4.10. Schematic representation of the three experimental settings used to express

the Pik3ca"™'*"® activating mutation in vivo in EC-Pik3ca™%'® mice at different stages after
o] 1 1 102
Figure 4.11. Early postnatal expression of Pik3ca™ ™ in mice........cccocovveeeeceeeeneennn. 103
Figure 4.12. Pik3ca™ %R expression in adult MICe. ..........c.ccoeveueevereereeeeeeeeeeeeeeeeeeae 104

Figure 4.13. Pik3ca™®"® expression in retinal vasculature generates localized vascular
defects resembling VM diSEASE. ......ciiiii i 106

Figure 4.14. Pik3ca™%® expression regulates retinal vascularity throughout the
regulation Of ECS NUMDET. ... 108

Figure 4.15. Pik3ca™%® expression primary regulates ECs proliferation in vivo causing a
VM PIENOTY . ittt 110

Figure 4.16. Pik3ca™%'R expression in mice overexpresses Itga9 in VM. .................... 112

Figure 4.17. Protocol of isolation of primary human cells from vascular malformations
(0] 0] 01 = TP PPPPPPTTR 114

Figure 4.18. Characterization of the collection of primary human cell derived from patients
with different type of vascular malformations. ..o 116

Figure 4.19. Sanger Sequencing analysis for TEK"**F and PIK3CA"*"® mutations. ... 117

Figure 4.20. Characterization of TEK"**F and PIK3CA"™**'R mutant primary human cells.

...................................................................................................................................... 118
Figure 4.21. PI3BK—AKT signalling pathway activation of TEK"**F and PIK3CA"**"R
mutant primary human CelIS. ... e 119
Figure 4.22. Characterization of the proliferation rate in TEK**F and PIK3CA"*™R
mutant human primary CelIS. ... e 120
Figure 4.23. Itga9 protein is expressed by primary human cells from Venous
MaAIFOIMALIONS. ... 121

18



List of Tables

Table 3.1. Primer sequences and PCR conditions for genotyping. ..........ccccccevvvviceeneenn.. 60
Table 3.2. List of primary antibodies used for retinas immunostaining. ..............cccc......... 66
Table 3.3. List of secondary antibodies used for retinas immunostaining........................ 66
Table 3.4. List of primers used for Sanger sequencing of hECS. ..........ccccccvvvvviiiiiinnnnnn. 75
Table 3.5. Real Time reaction mMixX COMPOSITION. .......covviiiiiiiiiiiiiiiiiiiiiiiiee e 77
Table 3.6. Primers used for qRT-PCR using SYBR Green | Master Kit............cccccvvvveee.. 77
Table 3.7. gRT-PCR program for SYBR Green. .........ccouviiiiiiiiiiiiiiiiiiiiiiiieiieieeeeeeeeeeeeee 78
Table 3.8. Reagents used to prepare the lysis bUffer. ... 81
Table 3.9. List of primary antibodies used for immunoblotting of primary cells................. 82
Table 3.10. List of secondary antibodies used for immunoblotting. ...........c.cccccvvieeenneee. 83
Table 3.11. Protocol for ECL preparation.........ccc..ceeeiieieiiiieii e 83
Table 3.12. List of primary antibodies used for primary human cells..............ccccceeeeeee. 87
Table 3.13. List of secondary antibodies used for f primary human cells. ....................... 87

19



List of Abbreviations

4E-BP Eukaryotic translation-initiation factor 4E binding p
4-OHT 4-hydroxytamoxifen, the active form of Tamoxifen
aSMA Smooth muscle alpha actin

AKT Serine/Threonine Protein kinase B

ANGs Angiopoietins

ANG1 Angiopoietin 1

ANG2 Angiopoietin 2

Angpt2 Angiopoietin 2 gene encoding for ANG2

ARAP3 ArfGAP With RhoGAP Domain, Ankyrin Repeat And PH Domain 3
BYL719 PIK3CA-specific inhibitor; alpelisib

BM Basement membrane

CLOVES Congenital Lipomatous Overgrowth, Vascular malformations, Epidermal nevi
and Skeletal/Scoliosis/ Spinal abnormalities

CLVM Capillary-lymphatico-venous malformation
CVM Capillary venous malformations

CXCR4 Chemokine (C-X-C Motif) Receptor 4
DAPI 4’,6-diamidino-2-phenylindole

DEGs Differentially expressed genes

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DTT Dithiothreitol

ECs Endothelial cells

ECM Extracellular matrix

20



EdU 5-ethynyl-2-deoxyuridine

EEL External elastic laminae

eNOS Endothelial nitric oxide synthase

ERG ETS-related gene

FAK Focal adhesion kinase

FBS Fetal bovine serum

FGF Fibroblast growth factor

FN Fibronectin

Flk-1 Fetal liver kinase 1 gene encoding for VEGFR2
Flt1 Fms-like tyrosine kinase 1 gene encoding for VEGFR1
FIt4 Fms related tyrosin kinase 4 gene encoding for VEGFR3
FOXO Forkhead box O transcription factors

GAP GTPase-activating protein

GEF Guanine nucleotide exchange factor

GFP Green fluorescent protein

GPCR G-protein-coupled receptor

GVM Glomuvenous malformation

HDECs Human dermal endothelial cells

hECs human ECs

HIF-1 Hypoxia Inducible Factor 1

HIF-1a Hypoxia inducible factor a

HUVECs Human umbilical vein endothelial cells

IEL Internal elastic laminae

IF Immunofluorescence

21



ILK lintegrin-linked kinase

ISSVA International Society for the Study of Vascular Anomalies
Itga9 Integrin a9 subunit

KTS Klippel-Trénaunay syndrome

LM Lymphatic malformations

MAPK Mitogen-activated protein kinase

MECs mouse ECs

MEFs Mouse embryonic Fibroblasts

MIC Matrix-integrin-cytoskeletal

MLCP Myosin light chain phosphatase

MMP Matrix metalloproteinase

mTORC1 Mammalian target of rapamycin complex 1
MTORC2 Mammalian target of rapamycin complex 2
MVM Multifocal venous malformations

NO Nitric oxide

ON Overnight

p110a Protein encoded by the PIK3CA gene; PI3Ka
PBS Phosphate-buffered saline

PBST Phosphate-buffered saline-Tween 20

PCs Pericytes

PCR Polymerase chain reaction

PDGF Platelet derived growth factor

Pdgfb Platelet-derived growth factor-B gene encoding for PDGF-B
PDGF-B Platelet-derived growth factor-B

22



PDK-1 Phosphoinositide-dependent kinase 1
PFA Paraformaldehyde
PH Pleckstrin homology

PI3K Phosphoinositide 3-kinase

PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha gene

encoding for p110a/ PI3Ka
PIP Phosphatidylinositol 3-phosphate; see also Ptdins(3)P

PIP, Phosphatidylinositol-4,5-bisphosphate; see also Ptdins(4,5)P2

PIP3 Phosphatidylinositol 3,4,5-trisphosphate; see also to Ptdins (3,4,5)P3

PTEN Phosphatase and tensin homologue deleted on chromosome 10
Ptdins Phosphatidylinositide; see also Pl

Ptdins(3)P Phosphatidylinositol 3-phosphate; see also PIP
Ptdins(3,4)P2 Ptdins 3,4-bisphosphate

PtdIns(3,4,5)P3 Ptdins 3,4,5-trisphosphate; see also PIP3
Ptdins(4,5)P2 Phosphatidylinositol 4,5-bisphosphate; see also PIP2
PROS PIK3CA-related overgrowth syndromes

PX Phox homology

RBD Ras-binding domain

RT Room temperature

RTK Receptor tyrosine kinase

RT-gPCR Real Time Quantitative polymerase chain reaction

SEM Standard error of the mean

SH2 Src-homology 2

SHIP 1 and 2 SH2-domain containing inositol 5’ phosphatase 1 and 2

23



SMCs Smooth muscle cells

SPF Specific pathogen-free

S6K1 70-kDa S6 kinase

TBS Tris-buffered saline

TBST Tris-buffered saline with tween

TEK Endothelial specific Tyrosine Kinase Receptor gene encoding TIE2 receptor
TEM Transmission electron microscopy

VCAM-1 Vascular cell adhesion molecule 1
VE-cadherin Vascular endothelial cadherin

VEGF Vascular endothelial growth factor

VEGFs Vascular endothelial growth factors

VEGFRs Vascular endothelial growth factors receptors
VM Venous Malformations

VMCM Cutaneomucosal venous malformation

VSP34 Vacuolar protein sorting 34, Class Il isoform

WB Western Blot

24



25



1 Introduction

1.1 Angiogenesis

The growth of a functional blood vessels network is essential for normal
development, tissue homeostasis, repair and fertility (Graupera and Potente 2013). Since
a blood vessels network nourishes all tissues, it is not surprising that structural or
functional vessels abnormalities contribute to many diseases. Inadequate vessels
maintenance or growth causes ischemia in diseases such as myocardial infarction, stroke,
and neurodegenerative or obesity-associated disorders, whereas excessive vascular
growth or abnormal vascular remodelling promote many ailments including vascular
malformations, cancer, inflammatory disorders and eye diseases (Carmeliet, 2003;
Folkman 2007). Vessels are also used as routes for tumor cells to metastasise (Potente et
al., 2011).

Although vessels can form via different mechanisms, angiogenesis (the sprouting
of new vessel branches from existing ones) accounts for the majority of vascular growth
(Potente et al., 2011). Angiogenesis is required for the progression of normal physiological
events, such as embryonic development, wound healing, reproductive cycling and ocular
maturation, but it can be activated in pathogenic processes, e.g. chronic inflammation,
tumour growth and tumour metastasis, where vessels are abnormally formed in growth,

shape and function (Carmeliet and Jain 2011).

The vessels’ wall is composed of endothelial cells (ECs), which line up the inner
part of the vascular tubes, covered by mural cells (referred to as pericytes (PCs) in
capillaries and to vascular smooth muscle cells (SMCs) in bigger vessels); which are
embedded in a basement membrane (BM) comprised of extracellular matrix (ECM)
proteins, that forms a sleeve around endothelial tubules (Eble et al., 2009) (Figure 1.1).
This BM and the coat of mural cells prevent resident ECs from leaving their positions.
Following exposure to pro-angiogenic stimuli, ECs undergo dynamic and complex

morphological changes that allow them to invade and expand in avascularised tissues.
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Figure 1.1. Vessel wall composition of nascent versus mature vessels.

a) Nascent vessels consist of a tube of ECs. These mature into specialised structures of capillaries, arteries
and veins. b) Capillaries, the most abundant vessels in our body, consist of ECs surrounded by basement
membrane and a sparse layer of pericytes embedded within the ECs BM. c) Arterioles and venules have an
increased coverage of mural cells compared with capillaries, called smooth muscle cells (SMCs) and present
additional inner and outer limiting matrix elastic laminae called internal elastic laminae (IEL) and external
elastic laminae (EEL). (Adapted from (Jain 2003)).

Briefly, sprouting angiogenesis is initianted by tissue hypoxia and/or nutrient
deprivation, which upregulate the expression of a number of growth factors and
chemokines genes involved in vessel formation, patterning and maturation, including
endothelial nitric oxide synthase (eNOS), vascular endothelial growth factor (VEGF) and
angiopoietin-2 (ANGZ2). Therefore, several signalling pathways are implicated in promoting
correct vascular development (Adair and Montani, 2010; De Spiegelaere et al., 2012).
Upon the release of pro-angiogenic factors, existing vessels dilate in response to nitric
oxide (NO) produced by eNOS and become leaky and hyperpermeable to blood plasma
proteins in response to VEGF. The basement membrane and ECM dissolve in response to
activation of proteases (such as matrix metalloproteinase (MMP)2, MMP3 and MMP9 and
urokinase plasminogen activator) and suppression of protease inhibitors (such as tissue
inhibitors of metalloproteinases). Plasma proteins leaked from these nascent vessels

serve as a provisional matrix. Thus, some ECs start to protrude numerous filopodia and
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become motile and invasive (Figure 1.2). ECs that acquire migratory properties, referred
to as “tip cells”, lead and guide emerging vessel sprouts and are followed by trailing
proliferative “stalk cells”, which make up the structure of the nascent vessel and form a
lumen. This tip and stalk ECs selection and specification process is controlled by the
Notch pathway (Eilken and Adams, 2010; Phng and Gerhardt, 2009) and is not a static
process. Tip cell is in continuous exchange during vascular sprouting due to the
mechanism of competition that ensures the optimal migration towards the VEGF gradient,
assuring proper guidance and elongation of the sprout (Jakobsson et al., 2010). Thus, ECs
migrate through interactions between integrins and the matrix, and proliferate in response
to VEGF and other endothelial cell mitogens. Tip cells eventually anastomose with other
tip cells from neighbouring sprouts, forming new vascular loops and networks. Then, to
become functional, the nascent vessels must mature and become stable, which requires
the formation of firm endothelial cell-cell junctions, the recruitment of mural cells and the
dynamic deposition of ECM from endothelial and mural cells (Potente et al., 2011). The
timing of most of these processes overlaps, allowing the vasculature to evolve seamlessly
to maturation and the angiogenic process continues until pro-angiogenic signals are
silenced and ECs’ quiescence can be established again. In this way, blood vessels exhibit
a unigue plasticity and are capable of continuous adaptive structural changes in response

to varying conditions and functional demands.
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Figure 1.2. The different steps of angiogenesis.

The sprout initiation and elongation, sprout anastomosis, vessel remodelling and the reestablishment of vessel
quiescence. a) Activation of quiescent vessel. Tissues in need of O2 and nutrients secrete proangiogenic
molecules, thus BM and ECM dissolve, PCs start to detach from the vessel and quiescent vessels are
activated, triggering ECs to become invasive and protrude filopodia. Specification in migratory tip and
proliferating stalk cells is dynamic, and ECs continuously compete for the lead position. b) Sprout anastomosis
and lumen formation. Tip cells connect with tip cells from adjacent sprouts to establish new vessel circuits,
which eventually stabilise in one location. To generate a functional vessel a proper lumen has to be formed
and expanded c) and d) the sprouting process continues until nutrients and O2 supply meet tissue demand,
proangiogenic factors are silenced and ECs become quiescent again. The recruitment of pericytes, the
establishment of a basement matrix and the onset of blood flow consolidate the quiescent endothelial
phenotype, which has a cobblestone shape and tight monolayer organisation. Because of its resemblance to a
Spartan military formation, this phenotype has been named a phalanx cell (Adapted from (Potente and
Carmeliet, 2016)).

Of note, angiogenesis has been traditionally viewed from the perspective of how
ECs coordinate migration and proliferation in response to growth factors activation,
forming new vessel branches. However, during the sprouting phase, ECM binding to

29



integrins provides critical signalling support for ECs proliferation, survival, and migration
(Senger and Davis 2011). ECM also signals the ECs cytoskeleton, through a matrix-
integrin-cytoskeletal (MIC) signalling axis,to initiate blood vessel morphogenesis (Davis et
al., 2002) (Figure 1.3). Furthermore, ECM provides a binding scaffold for a variety of
cytokines that exert essential signalling functions during angiogenesis; thus, ECM serves
as a storage for various growth factors and proenzymes involved in vessel development.
During sprouting angiogenesis, the dynamic remodelling of ECM, particularly by
proteases, releases various pro-angiogenic growth factors (such as VEGF and basic
fibroblast growth factor (FGF)), that are sequestered in the matrix and generate anti-
angiogenic molecules by cleaving plasma proteins (such as angiostatin from plasminogen)
and matrix molecules (such as tumstatin from collagen type IV) or the proteases
themselves (such as PEX from MMP2) (Davis et al. 2002; Senger and Davis, 2011). Thus,
the spatial and temporal concentration profiles of these growth factors and protein
fragments coordinate the formation of vascular tubes with lumens, presumably by
regulating ECs proliferation and migration, and thus providing guidance tunnels for
pericytes that assist ECs in the assembly of vascular basement membrane (Senger and
Davis 2011).

Interstitial 3D ECM
(collagens, fibrin, FN)

EC BM matrix / i

synthesis/assembly ‘ EC Integrins ‘

l < Rho GTPases

EC shape changes: actin, microtubule and
intermediate filament cytoskeletons

a N

EC sprouting EC vacuole and
and assembly | < lumen
into cords l formation

MATURE, STABLE TUBE lined by
basement membrane matrix proteins

Figure 1.3. The ECM-integrin—cytoskeletal signalling axis (MIC signalling axis) in the capillary tube

morphogenesis during angiogenesis.

Molecular regulators of these events are indicated next to where they are thought to intervene during these

events. This pathway depends not only on ECs exposure to exogenous ECM environments, conducive for
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vascular formation, but also on endogenous synthesis of ECM by ECs. Multiple integrins, as well as a number
of ECM environments are permissive for EC morphogenesis. The ability of multiple integrins to regulate this
process creates an important integrin signalling redundancy, that may be necessary for blood vessel assembly
in different ECM environments. This signalling affects ECs survival, proliferation, migration, shape, and
differentiation; all processes that are required during angiogenesis (Adapted from Davis et al., 2002 and Davis
et al., 2005)).

Overall, in the endothelium, the switch between quiescence and rapid angiogenic
growth is a dynamic process efficiently and tightly coordinated by multiple environmental
signals including growth factors, guidance cues and biophysical stimuli — many of which
converge on endothelial PI3K signalling pathway.
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1.2 PI3K pathway

Phosphoinositide 3-kinases (PI3Ks) are an evolutionary conserved family of
enzymes characterised by a dual protein and lipid kinase activity, which regulate a variety
of physiological processes in virtually all tissue types (Katso et al., 2001; Fruman et al.,
2017). They work as a central mechanism of membrane-to-cytosol communication, which
integrate and translate external growth cues (growth factors, cytokines and other cues)
into a diverse array of cellular processes (Vanhaesebroeck et al., 2010; Goncalves et al.,
2018; Fruman et al., 2017). PI3Ks can be activated through receptor tyrosine kinases
(RTKs) and G-protein-coupled receptors (GPCRs) stimulation or through Ras activation;
they are recruited at cellular membrane level where they phosphorylate the 3-OH group of
membrane phosphatidylinositols (Ptdins) to generate lipid second messengers. These
3-phosphoinositides coordinate the intracellular localisation and activity of multiple effector
proteins, that are recruited through specific lipid-binding domains, namely the pleckstrin
homology (PH) domain, the phox homology (PX) domain and the FYVE domain (Katso et
al., 2001; Vanhaesebroeck et al., 2010). In addition to their catalytic activity, PI3Ks also
have scaffolding roles, stabilising the proteins that PI3Ks are associated with and
functioning as adaptor proteins in the assembly of protein—protein complexes
(Vanhaesebroeck et al., 2005; Hirsch et al., 2009; Gulluni, F. et al., 2017). In these ways,
PI3Ks instigate intracellular signalling through a network of downstream effector pathways,
regulating an extraordinarily broad range of cellular regulatory processes including cell
growth and survival, proliferation, differentiation, motility, metabolism and vesicular
trafficking. Overall, PI3Ks facilitate growth by coupling macromolecule biosynthesis with
the initiation of cell-cycle progression (Vanhaesebroeck et al., 2012; Goncalves et al.,
2018; Vanhaesebroeck et al., 2019).

In mammals, this spectrum of cellular functions is governed by eight catalytic PI3K
isoforms that, based on their structural characteristics and lipid substrate preferences, are
grouped into three main classes (Figure 1.4). In general, class | PI3Ks act in signalling
downstream of plasma membrane-bound receptors and small GTPases and
phosphorylate  the  phosphatidylinositol-4,5-bisphosphate (PIP;) to  produce
phosphatidylinositol 3,4,5-trisphosphate (PIP3). Instead, class Il and class Il PI3Ks
phosphorylate Ptdins producing phosphatidylinositol 3-phosphate (PtdIns3P) to primarily

32



control membrane trafficking and mostly regulate signalling indirectly (Figure 1.5)
(Bilanges et al., 2019).

Class | PI3Ks is composed of four catalytic isoforms, namely p110a, p110B, p110y
and p1100; encoded respectively by the PIK3CA, PIK3CB, PIK3CG and PIK3CD genes.
pll0a and pll1l0B proteins are present in all cell types, whereas p1105 and pl10y are
highly enriched in leucocytes (Vanhaesebroeck et al., 2010). Class | PI3Ks form
heterodimers in complex with one of the regulatory subunits of the p85 or p101 families,
which stabilise the catalytic isoform and modulate the activity and subcellular localisation
of the heterodimer complex. Based on the type of regulatory subunit they bind, and their
mode of activation, class | is further divided into class IA (p110a, p110B, p1108), which
binds to one of the five p85-type regulatory subunits, and class IB (p110y), which couples
with one of the two related regulatory subunits p101 or p87, that have no homology to p85.
Although this initial classification was related to the capacity of being activated through
RTKs (class IA) or GPCRs (class IB), recent data indicate that most of class | PI3Ks might
be activated by GPCRs; either directly, through GBy protein subunits (in the case of p110p3
and p110y), or indirectly, through the small GTPases RAS (for p110a, p1106 and p110y)
and RAC1 or CDC42 (p110pB), via the Ras-binding domain (RBD) present in all catalytic
subunits (Vanhaesebroeck 2010; Bilanges at al., 2019).

Class Il is composed of three monomeric lipid kinases PI3K-C2a, PI3K-C283, and
PI3K-C2y, respectively encoded by PIK3C2A, PIK3C2B, and PIK3C2G; which do not
possess a regulatory subunit. PI3K-C2a and PI3KC2[ are broadly expressed, while PI3K-
C2y expression is limited to the liver, prostate, and breast (Thorpe et al., 2015). Little is
known about their mechanisms of action, specific effectors or functional role in cells;
representing the most enigmatic PI3Ks (Falasca et al., 2012). It is likely that these PI3Ks
do not act as classic signal transducers downstream of cell surface receptors; instead,
they regulate intracellular membrane dynamics and membrane traffic, operating mainly in
endocytosis, on early and recycling endosomes as well as on late endosomes/lysosomes
(Bilanges et al., 2019).

Finally, Class Il PI3Ks comprises the sole catalytic isoform VPS34, encoded by the
PIK3C3 gene, which is ubiquitously expressed. It forms a constitutive heterodimer with the
myristoylated [G], membrane-associated VPS15 regulatory subunit. The VPS34-VPS15
dimer is found in distinct multiprotein complexes, which have critical roles in autophagy,

various vesicular trafficking events and nutrient signalling (Backer 2016; Vanhaesebroeck
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et al., 2010;Bilanges et al., 2019).

In normal cells, PI3K pathway is transiently induced upon growth factors stimulation and is
tightly regulated by lipid phosphatases, which remove the phosphate groups added by
PI3Ks, effectively antagonising their function. The 5-phosphatase SHIP1 (Src-homology 2
(SH2)-containing inositol phosphatase 1 or INPP5D) can dephosporylate PIP3 into PIP,.
Whereas, the 3-phosphatase PTEN (Phosphatase and tensin homologue deleted on
chromosome 10) removes the 3’-phosphate from both PIP, and PIP; and the myotubularin
from PtdIns(3)P; thus finally terminating PI3K signalling activation.
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Figure 1.4. PI3Ks family.

PI3Ks are divided into three classes based on their structural and biochemical characteristics. All PI3Ks
catalytic subunits have a PI3K core structure, consisting of a helical and a kinase domains and a C2 domain,
which likely binds membranes. a) Class | PI3Ks use Ptdins(4,5)P2 as their substrate and exist in complex with
a regulatory subunit — either a p85 isoform (for p110a, p110B and p1109; class IA) or p101 or p87 (for p110y;
class IB). All catalytic subunits have a RBD. All p85 isoforms (p85a, p8583, p55a, p55y and p50a) have two Src
homology 2 (SH2) domains, that bind to phosphorylated YXXM motifs, whereas p101 and p87 lack these
domains, do not have homology to other proteins and have no identifiable domains. The roles of the individual
p85 subunits are unknown. b) Class Il PI3Ks normally use Ptdins as a substrate, but might also use PtdIns-4-
phosphate (Ptdins4P) under certain conditions. All the subunits present a RBD domain and have amino- and
carboxy-terminal extensions to the PI3K core structure, which could mediate protein—protein interactions. c)
Class lll PI3K catalytic isoform VSP34 uses Ptdins as a substrate and binds Vps15. Vpsl5 consists of a
catalytic domain (which is thought to be inactive), a HEAT domains (which probably mediate protein—protein
interactions) and WD repeats, which have structural and functional characteristics similar to a GB subunit
(Adapted from (Vanhaesebroeck et al., 2010)).
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Figure 1.5. Mode of activation of PI3Ks family.

Mammalian PI3Ks are grouped in three classes based on their mode of activation. Class | PI3Ks are activated
by several extracellular stimuli. p110a and p1108 are preferentially activated by receptor tyrosine kinases
(RTKSs), whereas p1108 is activated by both RTKs and GPCRs. p110y isoform exists in complex with the p101
or p87 regulatory subunit, which facilitate activation of p110y by G-proteins. Class Il and Class Il PI3Ks are
localised in membrane compartments and produce PtdIns(3)P. The signals that activate class Il and class IlI
PI3Ks are not yet fully understood, but it has been suggested that class Il PI3Ks can be activated by RTKs and
GPCRs, while class Il can be regulated by GPCRs and nutrient availability (e.g.aminoacids) (Adapted from
(Graupera and Potente 2013)).

Given the key role PI3K pathway has in controlling many physiological cell and
tissue functions, it has been implicated in several pathologies, including, most prominently,
human cancers, inflammation and autoimmunity; with emerging potential roles in metabolic
2010; Vanhaesebroeck et al.,2016;
2017). Hyperactivation of the PI3K pathway is one of the most frequent

and cardiovascular disorders (Vanhaesebroeck et al.,
Fruman et al.,
events in human cancers and cancer cells frequently contain constitutive elevated
amounts of PIP3 levels, due to increased activity of oncogenic signalling proteins residing
2017). Many

cancers also exhibit loss of PTEN function, which elevates basal and stimulated PIP;

upstream of PI3K or to mutational activation of PI3K itself (Fruman et al.,

abundance by reducing the turnover rate of this second messenger. The high frequency of
PI3K pathway alterations in cancers led to the evaluation of the oncogenic mechanisms
behind PI3K pathway alterations. PIK3CA gene harbours somatic mutations (Samuels et
2010;

2015). In a meta-analysis of cancer genome sequencing studies, PIK3CA

al., 2004); in contrast, mutations in other catalytic isoforms are rare (Samuels et al.,

Thorpe et al.,
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and PTEN were found to be the second and third most highly mutated genes in human
cancers (Lawrence et al., 2014). Furthermore, the importance of the PI3K in human cell
growth is evidenced by the fact that oncogenic PIK3CA mutations also occur during
development and result in mosaic tissue overgrowth syndromes (PROS), venous
malformations and brain malformations associated with severe epilepsy (Kurek et al.,
2012).

1.3 PI3K pathway in endothelial angiogenesis

PI3K pathway in angiogenesis has been mostly studied related to the class IA, with
different studies in mice being instrumental in delineating the essential functions in
vascular development, maintenance and integrity (Lelievre et al., 2005; Graupera et al.,
2008; Yuan et al., 2008; Herbert et al., 2009; Nicoli et al., 2012). ECs-specific loss of one
of the four p85-regulatory subunits (p85a, p55a, p50a, and p85B) is embryonically lethal
due to defects in vessels’ integrity; however, each subunit can compensate each other’s
loss (Yuan et al., 2008).

Although ECs express all class | PI3K isoforms, the sole catalytic p110a subunit,
encoded by PIK3CA gene, is essential for vascular development and remodelling
(Graupera et al., 2008; Herbert et al. 2009; Gambardella). In fact, both genetic inactivation
and overactivation of p110a (ubiquitous or ECs-specific), during mouse embryonic
development, led to mid-gestation lethality due to severe vessel sprouting and remodelling
defects (Graupera et al., 2008; Hare et al 2015; Castel et al., 2016; Berenjeno et al.,
2017). In contrast, p110B8 and p110d deficient mice are viable, with no evident vascular
abnormalities (Graupera et al., 2008). This data is in agreement with the identification of
activating PIK3CA mutations, and not yet other identified mutant PI3K isoforms, in
vascular malformations. Furthermore, the observation that too much and too little
activation of p110a leads to embryonic lethality, due to sever vascular defects, suggests
that ECs are extremely sensitive to p110a alteration and that its activity needs to be tightly
regulated for a correct vascular plexus formation. As p110a-activating mutations in the
germline is incompatible with life, this might explain why activating mutations in the
PIK3CA gene have only been identified somatically and in a mosaic fashion (Castillo et al.,
2019).
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At the cellular level, p110a exerts its critical endothelial cell-autonomous function
by primary regulating ECs migration through the small GTPase RHO-A, which is in turn
regulated by the specific GAP ARAP3 upon PIP; production (Graupera et al., 2008;
Gambardella et al., 2010; Nicoli et al., 2012). Mechanistically, it was recently demonstrated
that p110a primary regulates ECs rearrangements and junctional remodelling and
stabilisation within the nascent vascular tubes (Angulo et al., 2018). It remains to be
understood whether these biological processes are also relevant in the pathogenic
endothelium, upon expression of activating mutations of PIK3CA. In line with this,
defective cell migration causes capillary-venous malformations when ECs are unable to
redistribute/rearrange within the vascular network (Laviiia et al., 2018). By regulating the
junctional morphology of ECs (e.g. adherence junctions), p110a also selectively regulates
the barrier function (Cain et al., 2010), thus regulating both angiogenesis and vascular
permeability (Serban et al., 2008). Moreover, it was shown that p110a also regulates the
venous identity of ECs (Herbert et al. 2009), while arteriogenesis requires inhibition of
PI3K signalling (Hong et al., 2006). Furthermore, it has also been demonstrated that ECs-
specific loss of p110a in mice resulted in reduced mural cells coverage of the blood
vessels, supporting a crucial role for this protein in ECs for recruiting mural cells (Yoshioka
Ketal, 2012).

The fundamental role of p110a in vascular development is further confirmed by the
fact that it is necessary not only for angiogenesis but also for lymphangiogenesis
(Stanczuk et al., 2015) and, consequently, in lymphatic malformations (LM) (Boscolo et al.,
2015-b). However, the capacity of ECs to respond to upstream signals is different in blood
and in lymphatic vessels and understanding how this occurs might shed light into the
pathogenic mechanisms of PIK3CA mutations in venous and lymphatic malformations.

Overall, it is not yet known why ECs express this extreme sensitivity to p110a but it
can be partially explained by the fact that it is the most active p110 isoform in ECs and is
the only class | PI3K isoform directly activated downstream of RTKs (Graupera et al.,
2008; Herbert et al., 2009; Nicoli et al., 2012); thus accounting for most of the PIP3
produced in ECs upon RTKs activation (Graupera et al., 2013).
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1.3.1 PI3K signalling inputs in ECs

In ECs PI3K signalling pathway can be triggered by multiple, if not all,
proangiogenic signals (Soler et al., 2015), including growth factors, guidance cues and
biophysical stimuli. Among all the pro-angiogenic factors, vascular endothelial growth
factors (VEGFs) and angiopoietins (ANGs), with their receptors tyrosine kinase (RTKs)-
VEGFR and TIE specifically expressed in the endothelium, play fundamental roles during
angiogenesis. While VEGF receptors regulate endothelial differentiation and initiation of
angiogenesis, TIE receptors control later stages in vessel formation, i.e. the stabilization of
the initial endothelial sprout and its interaction with subendothelial cells (Eklund and Olsen
2006). In addition, the adhesive protein VE-cadherin and the integrins adhesive receptors

play critical roles in ECs during angiogenesis, as briefly described in this section.

1.3.1.1 VEGF/VEGFR, Angiopoietin/TIE2 and VE-Cadherin pathways

A complex and dynamic interplay between VEGF and PI3K signalling exists in the
endothelium, however this is not yet well understood. The VEGF family is composed of
five ligands (VEGF-A, -B, -C,-D and PIGF) that signal via three receptors (VEGFR1/FLT1,
VEGFR2/FLK1 and VEGFR3/FLT4) (Potente et al, 2011). VEGF-A is the best
characterised and is commonly referred to as simply VEGF. VEGFR2 has the most
important role in VEGF-induced angiogenesis (Ellis and Hicklin, 2008), as it regulates ECs
proliferation, migration, differentiation and survival, as well as vessel permeability and
dilation (Cébe-Suarez et al 2006). In addition, VEGFR2 forms co-receptor complexes with
a number of transmembrane (receptor) proteins, including VEGFR3, VE-cadherin and

integrins that cooperatively activate the PI3K signalling axis.

The ANG-TIE system also plays a major role in PI3K activation during vascular
morphogenesis and maturation, and is formed by two receptors (TIE1 and TIE2/TEK) and
three ligands (ANG1, ANG2 and ANG3) (Augustin et al., 2009). ANG1, expressed by
perivascular cells, is an activator of the TIE2 receptor expressed in ECs. ANGL1 activates
PI3K signalling pathway, leading to vessel maturation and contributing to the maintenance
of vascular quiescence. It promotes ECs survival and vessel stabilisation, through the
formation of TIE2-TIE2 trans-association complexes at cell junctions (Augustin et al., 2009;
Fukuhara et al., 2008; Graupera and Potente, 2013; Saharinen et al., 2008). On the other
hand, ANGZ2 is produced and stored by ECs for rapid release; it is an antagonist of ANG1,
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which can disrupt blood vessel formation (Davis et al., 1996; Maisonpierre et al., 1997;
Augustin et al., 2009). However, ANG2 can be pro-angiogenic in some circumstances. In
the presence of VEGF, ANG2 can promote proliferation and migration of ECs, sprouting

and neovascularisation (Asahara et al., 1998; Lobov et al., 2002).

In addition, ANG2 is both an input and an output of PI3K pathway. ANG2 can induce PI3K
pathway activation via TIE2 receptor (Papapetropoulos et al.,, 2000), working as an
antagonist of ANG1 and favouring vessel destabilisation (Augustin et al., 2009); whereas,
activated PI3K signalling decreases ANG2 expression by inhibiting the Forkhead box O
(FOXO)-1 transcriptional activator (Daly et al.,, 2004; Potente et al., 2005; Daly et al.,
2006). In this way, ANG2 acts via an autocrine-loop mechanism to control TIE2-PI3K

signalling outputs, through FOXOL1 transcription factor.

It has also been demonstrated that the transmembrane adhesive protein VE-
cadherin, essential for regulating endothelial barrier function, can directly or indirectly
activate PI3Ks to regulate junctional organisation and vessel permeability, during vascular
development, by a FOXO1 dependent mechanism (Taddei et al., 2008). It is still debated
how VE-cadherin and PI3K assemble at the plasma membrane, but is known that VE-
cadherin signals through PISK as a component of multi-protein complexes at the cell

membrane, which involve VEGFR2 and TIE2 receptors (Lampugnani 2012).

1.3.1.2 Role of Integrins in angiogenesis

Growth factors’ activation of angiogenesis is dependent on proper ECs-ECM
attachment (Brooks et al., 1994). In the absence of matrix attachment cells undergo
apoptotic cell death through a process termed anoikis (a Greek word for “homelessness”;
Frisch et al., 2001). VEGF activation of ECs is dependent on matrix attachment and
constitutively active AKT blocks cell detachment—induced apoptosis (Fujio et al., 1999).
This suggests that matrix attachment is required for growth factors to activate AKT and
maintain ECs viability; and cell attachment/adhesion is mediated mainly through the
engagement of ECM with integrin molecules.

Integrins are a family of noncovalently associated heterodimeric cell surface
receptors, composed of an o- and B-subunits, which mediate celllECM and cell-cell
adhesions (Hynes 2007). Currently, 18 a- and 8 B-subunits exist, that combine to form
more than 24 different integrins. Integrins are most widely known for their role as adhesion

receptors for a variety of ECM proteins, such as fibronectin (FN), vitronectin, collagen,
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laminin, von Willebrand factor, fibrinogen, thrombospondin, and osteopontin. Most
integrins recognise several ECM proteins and conversely, most matrix proteins bind more
than one integrin. When integrins bind to ECM, they become clustered and associate with
the actin cytoskeleton through adaptor/signalling molecules, which further promotes
integrin clustering and the assembly of actin filaments, leading to the formation of focal
adhesion and activation of intracellular signalling (Giancaotti et al., 1999). For instance, ECs
stimulated with angiogenic growth factors, or those in newly formed vessels, express high
levels of avB3 integrin, and antagonists against avf3 or avp5 integrin block the growth
factor-induced angiogenesis. It has also been demonstrated that avp3 integrin can
associate with VEGF and PDGF receptors, potentiating either VEGF or PDGF signalling
respectively (Elicieri 2001).

Also, because several integrin signalling molecules including focal adhesion kinase
(FAK), integrin-linked kinase (ILK) and Shc adaptor proteins, have been associated with
AKT activation (Frisch et al., 2001), down regulation of AKT activity induced by cell
detachment is likely due to the decrease in integrin-dependent AKT activation (Shiojima
and Walsh 2002).

Collectively, these findings suggest that integrin signalling, induced by cell attachment
(“outside-in” signal), is an important regulator of growth factor—-dependent ECs survival and
angiogenesis through PI3K-AKT signalling pathway. Furthermore, VEGF-induction of
“inside-out” signals has also been shown to activate integrins (Byzova et al., 2000);
suggesting that integrin and growth factor signalling are cooperative and synergistic with
regard to activation of AKT signalling. In fact, integrin activity in angiogenesis can be
modulated either by expression or by intracellular signalling from growth factor or

chemokine receptors (“inside-out” signalling), which alter integrin conformation.

Overall, a myriad of (co)-receptor complexes can activate PI3K-dependent
endothelial functions, suggesting that distinct combinations of (co)-receptor complexes
specify the dynamics of PI3K pathway activation orchestrating ECs functions and

responses.
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1.3.2 PI3K signal transduction and signalling outputs in ECs

Upon growth factors stimulation, RTK activation stimulates the recruitment of p85
regulatory subunit of PI3K to the membrane and, consequently, activation of the p110
catalytic subunit of PI3K (mainly pl110a, also referred as PI3Ka). PI3Ka, in turn,
phosphorylates PIP, lipid to PIPs, that may be metabolised to PI(3,4)P2 by 5-phosphatases
SHIP-1 and SHIP-2 (SH2 Domain-Containing Inositol 5’-Phosphatase 1 and 2). Both
P1(3,4,5)P3 and PI(3,4)P2 act as second messengers, interacting with the PH domains of
a variety of protein effectors, among which the serine/threonine kinase AKT is the most
well-known (Vanhaesebroeck et al., 2010; Fruman et al., 2017). There are three AKT
isoforms (AKT1, AKT2, and AKT3) and AKT1 is predominantly expressed in ECs, being
critical for VEGF-induced angiogenesis (Chen et al., 2005; Lee et al., 2014) and essential
to sustain vessel integrity during adulthood (Kerr et al., 2016). AKT translocation at the
plasma membrane enables its phosphorylation by phosphoinositide-dependent kinase 1
(PDK1) on Thr308 and by the mammalian target of rapamycin complex 2 (mTORC2) on
Ser473, leading to its full activation. Then, AKT phosphorylates a large number of
downstream substrates (>100) (including, e.g. mMTORC1, eNOS, p21, GSK3, FOXOs),
thereby converting upstream PI3K/AKT signals into diverse cellular responses (Manning
BD, Cantley 2007) (Figure 1.6). A few examples are discussed below.
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Figure 1.6. Class IA PI3K signalling in ECs.

In ECs, upon stimulation, class IA PI3K (mainly p110a«) produces Ptdins(3,4,5)P3 and indirectly Ptdins(3,4)P2,

which recruit signalling molecules through their lipid-binding PH domains. AKT is the best studied target that
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phosphorylates a network of downstream effectors, which are either activated (e.g.mTORC1,PFKFB2,eNOS)
or inhibited (e.g.FOXO,TSC2,p21). ARAP3/RHO-A is another important pathway downstream of PI3K
signalling in ECs, requiring PtdIns(3,4,5)P3 for translocation to the cell membrane and catalytic activation. The
small GTPase RHO-A cycles from an inactive GDP-bound state to an active GTP-bound state, regulating cell
migration through mDIA and ROCK. ARAP3 inhibits RHO-A activity by acting a GTPase activating protein
(GAP). The GTPase exchange factor (GEF) that stimulates RHO-A activity in ECs is not known to date. PI3K
functions are counter balanced by the 3’-phosphatase PTEN (Adapted from (Graupera and Potente 2013).

AKT enhances protein synthesis and cell growth by leading to the phosphorylation
of the mammalian target of rapamycin 1 (MTORC1). Activation of mTORC1 and its
substrates, 4E binding protein 1 (4E-BP1) and 70-kDa S6 kinase (S6K1), result in
increased cell proliferation (Boutouja et al., 2019). S6K1 contributes to metabolic
reprogramming by increasing glycolysis and protein, lipid, and nucleotide biosynthesis
(Magnuson et al., 2012), while the eukaryotic initiation factor-4E (elF4E)-binding proteins
(4E-BPs) control cell proliferation and survival (Malka-Mahieu et al., 2017). Keeping the
complex PISK-AKT-mTOR network homeostatically balanced is critical to prevent aberrant
cellular proliferation and maintain glucose homeostasis. Endothelial-specific deletion of
several components of mMTORC has shed light onto the mTOR cell-autonomous role in
vessels growth (Fan et al., 2017; Ding et al., 2018). However, this is still insufficient to fully

understand how and in which contexts mTOR regulates angiogenesis.

AKT also phosphorylates and activates the endothelial nitric oxide (NO) synthase
(eNOS) to produce NO, which can stimulate vasodilation, vascular remodelling and
angiogenesis (Manning and Cantley, 2007). Following VEGF activation, AKT
phosphorylates eNOS at Serll77, leading to an increase in eNOS activity and NO
production (Fulton et al., 1999; Dimmeler et al., 2000). The same phosphorylation is also
required for VEGF-induced ECs migration (Dimmeler et al., 2000). Thus, NO is a regulator
of cell migration and angiogenesis, as it is quickly produced downstream of the VEGFR-
2/PI13K/AKT axis in ECs (Williams et al., 2000). NO presumably modulates angiogenesis
by inducing a vasodilatation-associated expansion of ECs surface, enabling a more proper
response of the endothelium to angiogenic and promigratory agents (Lamalice et al.,
2007). Furthermore, NO can increase the expression and transcriptional activity of
Hypoxia Inducible Factor 1 (HIF-1), thus resulting in the induction of VEGF mRNA (Kasuno
et al., 2004). In fact, PI3K-AKT signalling can mediate angiogenesis by direct regulating
HIF-1a, which in turn regulates the expression of VEGF and other angiogenic factors to

finally promote angiogenesis (Wang et al., 1995; Jiang et al., 2001; Semenza, 2003).
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PI3K signalling pathway also drives gene expression programs in the nucleus
through FOXO transcription factors, upon AKT-dependent phosphorylation (Oellerich MF
and Potente 2012). In the vasculature, FOXOs maintain homeostasis by acting as
negative regulator of endothelial angiogenic behavior, with FOXO1 being the most relevant
suppressor of endothelial growth, which drives endothelial quiescence (Furuyama et al.,
2004; Hosaka et al., 2004; Graupera and Potente 2013). Upon PI3K activation, AKT
phosphorylates FOXO isoforms, resulting in their nuclear exclusion and proteasomal
degradation and thereby promoting survival, proliferation, migration and angiogenic
vessels growth (Daly et al., 2004; Potente et al., 2005; Goettsch et al., 2008). In ECs,
FOXO1 regulates the expression of several angiogenesis and vascular remodelling target
genes including eNOS (Potente et al., 2005), ANG2 cytokine (ANG1 antagonist) (Daly et
al., 2004; Potente et al., 2005; Daly et al., 2006) and pericytes attractant platelet-derived
growth factor-B (PDGF-B) (Kim et al., 2000; Daly et al., 2004; Hu et al., 2008). PDGF-B is
essential for the recruitment of mural cells (Lindblom et al.,, 2003), whilst autocrine
secretion of ANG2 favours vessel destabilisation (Augustin et al., 2009). As the initiation of
ECs sprouting requires vessel destabilisation and pericytes detachment, AKT activity is
inversely correlated with PDFG-B and ANG2 levels. Conversely, cell confluence during
tube formation induces pericytes recruitment, through a decrease in AKT activity and an
increase in PDGF-B levels, ultimately providing stabilisation and maturation of nascent
vessels. Recently, FOXO1 emerged as an essential regulator of vascular growth that
couples metabolic and proliferative activities in ECs, antagonising c-MYC (Wilhelm et al.,
2016). Endothelial-restricted deletion of FOXO1 in mice induces a profound increase in
ECs proliferation, which interferes with coordinated sprouting, thereby causing hyperplasia
and vessel enlargement. Thus, it is not surprising that endothelial FOXO1-deprived mice
die at mid-gestation due to defects in vascular development (Hosaka et al., 2004;
Furuyama, T., et al. 2004; Wilhelm et al., 2016).

Finally, some studies have also showed that PI3K signalling pathway regulates
angiogenesis by critically regulating components of the actin machinery in the endothelium
(Gambardella et al., 2010; Angulo et al., 2018). In particular, it has been demonstrated that
this regulation is multifactorial, enabling a fine-tuning of the myosin light chain activity and,
in turn, actin contractility. This includes both activation of the RHO-A small GTPase
(Graupera et al., 2008; Gambardella et al., 2010) and the myosin light chain phosphatase
(MLCP) (Angulo et al., 2018). Together, this highlights that the understanding of the PI3K

signalling and function in the endothelium is still in its infancy and the development of new
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approaches will allow to elucidate how this signalling pathway governs physiological as

well as pathological angiogenesis.

Overall, during angiogenesis, PI3K activation in ECs is mostly linked to AKT
activation and to its downstream cellular responses. Sustained AKT1 activation in ECs has
been shown to induce the formation of structurally and functionally abnormal blood
vessels, with increased permeability due to deficient mural cell coverage, that recapitulate
the aberrations of abnormal tumor vessels (Phung et al., 2006).
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1.4 Vascular Malformations

As described in previous paragraphs, the generation and expansion of functional
blood vessels occur through a series of key morphogenic processes, which, in turn, are
controlled by the interactions and ordered effects of numerous angiogenic and
antiangiogenic factors. As such, it is not surprising that developmental defects can occur.

Lesions of the vascular system are the most common congenital and neonatal
abnormalities (Mulliken et al., 2013). Vascular anomalies are localised defects of the
vasculature, mostly due to defects during vasculogenesis or angiogenesis (Cohen 2006),
which usually affect a limited number of vessels in a restricted area of the body (Brouillard
and Vikkula 2003). The immense phenotypic diversity seen among vascular anomalies
makes these lesions difficult to neatly categorize and, historically, different classification
systems have been proposed. In 1982 Mulliken and Glowacki (Mulliken and Glowacki
1982) proposed a classification system of vascular anomalies based on endothelial
characteristics, subsequently adopted in 1996 by the International Society for the Study of
Vascular Anomalies (ISSVA), into proliferative vascular tumours and nonproliferative
vascular malformations. At present, the ISSVA classification is based on clinical,
radiological, and/or histopathologic features and an online, interactive version is available
and regularly updated (http://www.issva.org/classification); it incorporates recent advances
in the genetic and pathologic characterisation of these diseases.

Specifically, vascular malformations are a heterogeneous group of diseases
affecting a large population (one in 100 individuals) (Mattassi et al., 2009). Vascular
malformations are usually present at birth and grow proportionately with the patient. They
are usually localised and generally divided according to the type of vessel affected, i.e.
capillary, venous, arteriovenous, lymphatic and combined malformations (Mulliken et al.,
1982; Mulliken et al., 2013).

1.4.1 Venous Malformations: clinical presentation

Venous Malformations (VM) account for two-thirds of all congenital vascular
malformations, representing the most common type of vascular malformations, with an
incidence of 1 in 5000 people (Uebelhoer et al., 2012; Seront et al., 2018) and a
prevalence of 1% in the general population (Legiehn et al., 2008). They are congenital
localised developmental defects occurring during vascular morphogenesis, causing

disorganised angiogenesis, and leading to abnormal, tortuous and dysfunctional venous
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channels (Hage et al., 2018).

Histologically, VM appear as dedifferentiated and immature vessels, most likely occurred
because of an abnormal hyperproliferation of ECs during vascular development (Castillo et
al., 2016; Castel et al., 2016). VM are characterised by a thin ECs lining, surrounded by
sparse, erratically distributed, vascular mural cells and a disorganised ECM (Dompmartin
et al., 2010; Natynki et al., 2015). The relative lack of supporting mural cells could be
linked to alterations in ECs adhesion, SMCs recruitment by chemoattractants, a
combination of both, or even other unknown events (Brouillard and Vikkula 2003).
Macroscopically, VM appear as soft, compressible, light-to-dark blue lesions in sponge-like
configuration, that may occur anywhere in the body (Goines et al., 2018) (Figure 1.7).
They predominantly occur in cutaneous, subcutaneous and mucosal tissues, but can affect
any organ or tissue and can be found in deeper structures, such as muscles and internal
organs such intestine (Dompmartin et al., 2010; Mulliken et al., 2013). More than 90% of
VM occur sporadically and consist of a unifocal lesion, with patients typically presenting a
single isolated lesion. Rarely lesions are multifocal, affecting at least two distinct sites (e.g.
Multifocal Venous Malformations (MVM)). Beyond sporadic forms, this multifocality can
also be seen in inherited forms that exhibit autosomal dominant transmission, such as
Cutaneomucosal venous malformation (VMCM) and Glomuvenous malformation (GVM)
(Brouillard et al., 2007; Soblet et al., 2017). In addition, although VM most often occur as a
solitary lesion, they can also be observed as a part of more complex vascular anomaly
syndromes (e.g. the Klippel-Trenaunay syndrome, the Maffucci syndrome and the
Congenital Lipomatous Overgrowth, Vascular malformations, Epidermal nevi, and
Skeletal/spinal abnormalities (CLOVES)), or in combination with other capillary and/or
lymphatic malformations (CVM, CLVM) (Dompmartin et al., 2010).

Although present at birth, VM are not always clinically evident until later in life; they
tend to grow and expand proportionally with the growth of the child and do not regress.
Growth is most pronounced during puberty and pregnancy. As VM do not regress but
expand proportionally with time, they have a major impact on the quality of life of patients,
causing significant morbidity. In particular, they are painful and disfiguring, and many of
them lead to bleeding, recurrent infections, thrombosis and organ dysfunction. Symptoms
vary depending on the location and size of VM; they may go unnoticed for years prior to
presentation, ranging from superficial asymptomatic varicosities to extensive, disfiguring
lesions. Recurrent or chronic pain and swelling are often the presenting symptomatology

(Hage et al.,, 2018). VM can also threaten life because of their extension into vital
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structures, airway obstruction and neurovascular dysfunction. Unlike other vascular
malformations, VM are associated with chronic consumptive coagulopathy (also known as
localised intravascular coagulopathy) because of blood stagnation and repetitive cycles of
thrombosis and thrombolysis. Approximately 50% of VM patients have elevated D-dimers
and some of them have low serum levels of fibrinogen (Hermans et al., 2006; Dompmartin
et al., 2008).

Accurate diagnosis has been a limiting factor in VM management (Lee et al., 2015)
and it is usually made in early adulthood based on symptoms, clinical findings and imaging
data (Behravesh et al., 2016). As the clinical presentation of VM is highly variable, an
experienced multidisciplinary team carefully plans the treatment strategy on a case-by-
case basis (Dompmartin et al., 2010; Mattila et al., 2015). Due to the poor understanding
of the pathological mechanisms underlying the development of VM, therapies have long
been limited and primarily based on supportive care, compression therapy and ablation of
malformed veins by sclerotherapy alone or in combination with surgery (Burrows et al.,
2004; Dompmartin et al., 2010). It is important to note that multiple treatment sessions are
usually needed to achieve adequate symptom relief and surgical resection might be
unfeasible, due to the size or location of lesions (i.e. extensive and infiltrating). Thus,
current treatments are only rarely curative, as malformed veins can seldom be removed or
destroyed completely and tend to recanalise and recur (Ali et al., 2017), with patients

commonly experiencing a high risk of recurrence and progression of VM.
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Figure 1.7. Human VM.

Cutaneous (A and B), sub-cutaneous (A and B, arrows; D), mucosal (C), or extended deep into muscles (intra-
muscular), joints (intra-articular, (D) or other tissues and organs. (A and B) Skin involvement; (C, D) no skin
involvement (Adapted from (Limaye et al., 2015)).

1411 Genetic cause of Venous Malformations

The advent of high-throughput and ultra-deep sequencing technologies has led to
great progresses in the discovery of the genetic landscape of VM. Around 60% of sporadic
venous malformations are caused by somatic gain-of-function mutations in the ECs-
specific tyrosine kinase (TEK) gene, encoding the TIE2 receptor, resulting in its ligand-
independent activation (Limaye et al., 2009). More than 20 different mutations have been
described, occurring alone or as double mutations in cis (in the same allele); among these,
the TIE2-L914F mutation is the most common one in the TIE2-mutated sporadic VM
(Seront et al., 2019).

TIE2 is the receptor for angiopoietins 1 and 2 (ANG1 and ANG2) and is essential in the
regulation of vascular development and maintenance through the PI3K signalling pathway
(Augustin et al., 2009). Activating mutations in TIE2 result in enhanced activation of the
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downstream PI3K and MAPK signalling pathways (Vikkula et al., 1996; Kontos et al. 1998;
Harfouche et al., 2003; Natynki et al., 2015; Boscolo et al., 2015; Castel et al., 2016);
although the exact importance of MAPK in VM pathogenesis and a possible
cooperation/crosstalk of PI3K and MAPK signalling pathways in VM is still unclear, as
reviewed in Kangas et al., 2018.
Upon ligand binding, TIE2 triggers PI3K signalling pathway, which in ECs is mainly
mediated by the PI3Ka (Graupera et al., 2008), encoded by the PIK3CA gene.

In line with this, PIK3CA gene was identified as a second major gene mutated in
VM (Limaye N et al., 2015; Castillo et al., 2016; Castel et al., 2016), with somatic,
heterozygous, gain-of-function mutations accounting for about 25-30% of the sporadic
cases (reviewed in Castillo et al. 2019). Somatic, gain-of-function mutations in PIK3CA are
among the most frequently observed oncogenic events in human tumours (Samuels et al.,
2010; Zhang Y et al., 2017) and tend to occur in three hotspots affecting highly conserved
residues: E542K and E542K mutations in the helical domain and H1047R mutation in the
kinase domain, with H1047R being the most common one (Madsen et al., 2019). It is
unclear whether these mutations prevail one over the other, but both lead to a constitutive
binding of p110a to the plasma membrane by two different independent gain-of-function
mechanisms (Zhao et al., 2008; Burke et al., 2012), both of which trigger an over activation
of PI3K pathway that is no longer dependent on upstream stimulation by growth factors.
Many cancer studies have shown that these hotspot mutations induce a gain-of-function
compared to the wild-type protein and prompt transformation and tumorigenicity (Ikenoue
et al., 2005; Samuel et al., 2005). Also, others demonstrated that gain-of-function PI3K
signalling affects the synthetic activities of a cell at transcriptional and translational levels,
suggesting that these mutations provide a selective growth advantage to the cell (Bader et
al., 2005).
Although widely referred to as cancer “drivers”, the same mutations have also been
identified in non-malignant, albeit often severe, nonhereditary postzygotic overgrowth
disorders called PROS, which often exhibit mixed capillary, lymphatic, and venous
malformations, and in a variety of vascular malformations such as LM and CLVM
(Lindhurst et al. 2012; Hoon et al., 2015; Madsen et al., 2018). The existence of the same
PIK3CA mutations in both simple (VM, LM) and combined (CLVM) vascular malformations
suggests that the type, location and/or severity of the vascular anomaly are likely
dependent on when and/or what EC lineage or progenitor cell the mutational event occurs

during embryonic development. Although they are believed to occur during
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embryogenesis, the timing and origin of these mutations remain unclear and the cellular
origin likely involves ECs or an early endothelial cell lineage. This suggests that ECs are
extremely sensitive to PI3K signalling pathway, which needs to be tightly regulated for
proper vessel formation.

In VM, PIK3CA and TEK mutations are largely mutually exclusive, all triggering an
overactivation of PI3K signalling pathway (Figure 1.2). An unusual case has been
reported in which both PIK3CA and TEK mutations have been found in ECs derived from
same VM (Goines et al., 2018). Of note, in this specific case, neither PIK3CA nor TEK
mutations were hotspots mutations. Furthermore, TIE2-L914F, TIE2 double mutations or
PIK3CA mutations have never been found as inherited, suggesting that they all are lethal

in germline (reviewed in Kangas et al., 2018); as already shown for Pik3ca"**"®

using
genetic mouse models (Hare et al., 2015; Castel et al., 2016; Berenjeno et al., 2017; di
Blasio et al., 2018).

In addition, although gain-of-function somatic mutations in TIE2 and PIK3CA genes
reside in a common signalling pathway, some gene-specific effects may be clinically
present in unifocal VM. For example, PIK3CA mutation-positive VM were noted as deeper
lesions, not extending into the skin, in contrast to common TIE2 mutation-positive VM
(Kangas et al., 2018). Also, while ERK1/2 and STAT1 are activated in TIE2-mutant ECs,
they are not in PIK3CA-mutant ECs. Furthermore, AKT activation is higher in PIK3CA-
mutated ECs compared to TIE2-mutant ECs (Timothy et al., 2019). The remaining
TIE2/PIK3CA-mutation negative VM are likely caused by infrequent mutations in several
different genes connected to PI3K and MAPK signalling pathways, as suggested by Castel

et al. (Castel et al., 2016).

1.4.1.2 Biology of Venous Malformations

Although the genetic causes of VM are known, we are still at the early beginnings
in the understanding of the underlying pathological mechanisms. Nevertheless, the
development of in vitro and especially in vivo models brought great advances into the
biological mechanisms that may have a role in the initiation, growth and maintenance of
VM lesions. Both genetic- and ECs transplantation-based murine models for VM have
been developed, demonstrating that TIE2 or PIKSCA mutations in the ECs compartment

are sufficient for VM lesion formation (Boscolo et al., 2015; Castillo et al., 2016; Castel et
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al., 2016; di Blasio et al., 2018), identifying the endothelial TIE2-PI3K-AKT axis as a major

VM-causing signalling pathway.

A sustained AKT activation induces pathological angiogenesis and increases blood
vessels diameter and vessels density in mouse models (Phung et al., 2006; Goines et al.,
2018). It has been suggested that an increase in AKT may support ECs survival in SMC-
deficient malformed veins (Morris et al., 2005), but the importance of increased resistance
to apoptosis for VM has not yet confirmed. Also, activated AKT negatively regulates
FOXO1,; thus target genes, implicated in vascular morphogenesis and remodelling, such
as ANG2 and PDGF-B are downregulated in ECs expressing either TIE2 or PIK3CA
mutations (Figure 1.8) (Limaye et al., 2015; Castillo et al., 2016; Castel et al., 2016;
Uebelhoer M et al., 2013). Although not yet proved mechanistically, the decrease in ANG2
and PDGF-B could explain the defective mural cell coverage characterising the VM

lesions.

At the cellular level, cell migration is an ECs function predicted to be influenced by
TIE2 (Uebelhoer et al.,, 2013) and PIK3CA mutations (Castillo et al., 2019); however,
migration velocities are not increased based on in vitro assays (Soblet et al., 2017; di
Blasio et al., 2018).

Recent in vivo and in vitro studies demonstrated that PIK3CA mutant ECs show enhanced
proliferation (Castillo et al., 2016; Castel et al., 2016; Goines et al., 2018; di Blasio 2018)
and a reduced expression of arterio-venous specification markers (Eph-B4, Ephrin-B2, and
COUP-TFII). This supports the idea of a dedifferentiated or progenitor-like state of these
cells. Of note, a characteristic feature of the endothelium in patients and VM mouse-
derived lesions is the loss of normal ECs morphology. In vitro studies demonstrated that
loss of ECM fibronectin (FN) and ECs monolayer morphology are common to both TIE2
and PIK3CA mutations (Limaye N et. al., 2015; Natynki M et al., 2015). FN interacts with
and functions as a scaffold for proper assembly of many ECM and BM components
(Kostourou et al., 2014). In gene-targeted mouse embryos, lack of FN results in defective
morphogenesis, including dilated and malformed vessels, and loss of endothelial—
mesenchymal contacts (George et al., 1997). FN also binds endothelial a531 integrin and
potentiates TIE2 signalling induced by ANG1 (Cascone et al., 2005). This suggests that a
decrease in FN may have a role in formation of VM lesions. In addition, transmission
electron microscopy (TEM) analysis of VM biopsies, from both patients and mouse

transplantations, revealed discontinued endothelium, ECs elongations and disorganised
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alignment of cytoskeletal filaments concomitant with consistent abnormalities in
perivascular ECM. These include structural changes in the BM and fibrillar collagen matrix,
suggesting continuous ECM remodelling (Chen et al., 2014; Natynki et al., 2015).
Collectively, these observations suggest that altered ECM and cytoskeleton signalling may
have a key role in VM pathogenesis, which could also serve as an easily observable
parameter for EC normalisation in in vitro studies. Also, these data indicate that the most
common TIE2 and PIK3CA variants induce the same VM-causative signalling pathways.
The described mechanisms may affect ECs intrinsic functions, ECs—SMCs interactions,
venous specification and (indirectly) perivascular ECM remodelling; altogether contributing

to lesion formation.

1.4.1.3 Targeted therapies for Venous Malformations

The development of different murine models for VM served as a critical proof-of-
concept for the use of targeted therapies in this disease, demonstrating that inhibition of
the PISBK-AKT-mTOR pathway can decrease VM. Treatment with the mammalian Target
of Rapamycin (mTOR) inhibitor, or a rapamycin derivative (i.e. everolimus), of Tie2"%*%"
(Boscolo et al., 2015) and Pik3ca"*’®? mutated ECs in mice (Castillo et al., 2016; di Blasio
et al., 2018) diminished lesion growth, reduced ECs proliferation and normalised mural
coverage. This vessel normalisation was induced by a strong inhibition of p-AKT(Ser473)
through rapamycin-mediated mTORC2 disruption. Indeed, even if Rapamycin is an
allosteric inhibitor of mTOR that predominantly inhibits mMTORC1, a prolonged treatment
with Rapamycin has been shown to disrupt the mTORC2 complex, which is known to
directly phosphorylate Ser473 residue of AKT (Sarbassov et al., 2006).

Similarly, the use of the PIK3CA-specific inhibitor alpelisib (BYL719), showed a marked
decrease in VM size, blocked ECs proliferation and, unlike Rapamycin, induced apoptosis
of the expanded ECs (Castel et al.,, 2016; Limaye N et al., 2015). In contrast, a TIE2
inhibitor (TIE2-TKI) was unable to inhibit lesion growth in Tie2"***F-mutated ECs in mice

(Boscolo et al., 2015), likely due to its weak capacity to inhibit the mutated form.

Furthermore, an in vitro study that treated HUVECs overexpressing TIE2-L914F or
PIK3CA variants with BYL719 demonstrated that, a part of abolishing the induced AKT
phosphorylation, restored the ECs monolayer organisation and ECM FN levels, while AKT

inhibition (with Rapamycin) did not. It is likely that BYL719 was more effective than
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Rapamycin because it blocked more efficiently AKT phosphorylation at both Ser473 and
Thr308 (Limaye et al., 2015).

Although the use of either Rapamycin or BYL719 shown to be effective against VM
driven by both TIE2 and PIK3CA mutations, the use of BYL719 may provide an advantage
over Rapamycin by avoiding the immune-suppressive effects of the mTOR inhibitor while
targeting a node in the signalling cascade upstream of mTOR, and thereby mitigating
hyperactivation of the PI3K-AKT pathway. In addition, Castel et al. (2016) used BYL719
inhibitors in two different cream formulations, thus allowing topical administration of the
inhibitor for treatment of cutaneous VM lesions; potentially abolishing the need for
systemic treatments that increase toxicity and off-target effects (i.e. hyperglycemia,

nausea, gastrointestinal effects, and fatigue)

At present, such as in a multicentric phase 3 trial on adult and children (VASE,
EudraCT Number: 2015-001703-32), most of VM are treated with Rapamycin or its
analogues (i.e. everolimus or sirolimus), with success in the quality of life of patients
because of halting lesion evolution (Hammer et al., 2018). However, Rapamycin does not
cure VM, as not fully disappearance of lesions has been observed (Hammer et al., 2018;
Boscolo et al., 2015). Nevertheless, by decreasing VM volume, Rapamycin can render
lesions that were initially considered unfeasible more amenable to interventional
procedures; thus also playing a role as a pre-treatment before radical interventional
procedures of large complicated lesions.

Alternatively, the use of PIK3CA-specific inhibitors currently on clinical trials for
cancer (Loibl et al., 2016; Hoste et al., 2018) might be considered a better option. Still
these inhibitors are currently used at maximum tolerated doses in cancer patients,
inducing signalling feedback loops that can block their effects and make these drugs
poorly tolerated by the patients. However, a recent successful study treating PROS
patients with the BYL719 inhibitor has given new hope for PIK3CA-driven vascular
malformations patients (Venot et al., 2018). As such, long-term treatment with low-dose of
PIK3CA-inhibitors could normalise aberrant PI3K signalling, avoiding systemic toxicity and
be effective in reducing or even eliminating PIK3CA-driven vascular malformations.
Furthermore, the efficacy of these drugs at low doses is crucial taking into account that

these are congenital diseases and most patients are paediatric.

Importantly, all these studies indicate that molecular treatments can be effective

against VM and provide support for exploring PIK3CA-targeted therapeutics that can block
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and reverse the development of VM, potentially improving the quality of life for patients
afflicted by these lesions. In addition, the PIK3CA hotspot mutations found in tumours,
provide the rationale for the exploration and repurposing of existing and investigational
cancer drugs for VM.

Finally, discoveries of the molecular and cellular abnormalities characterising
PIK3CA-VM, in parallel with accurate pre-clinical mouse models finely reproducing the
aetiology of PIK3CA-driven VM, will provide the necessary pre-clinical models for the study

of molecular-targeted treatments.

TIE2 50-60% TEK (L914F) mut

20.30% PIK3CA mut. |——|  BVL719

Thr308

Ser473
oo .
: I\ [RAPAMYCIN

Cell proliferation

PERICYTE

Vessel maturation

Figure 1.8. PI3K signalling pathway in VM.

Ligand binding of the endothelial TIE2 receptor (e.g. by ANG-1 secreted by pericytes) stimulates the
recruitment of the p85 regulatory subunit of PI3K to the cell membrane and the activation of the p110a catalytic
subunit of PI3K. PI3K signalling pathway activation phosphorylates AKT on Thr308, leading to a first, partial,
activation of AKT. mTORC2 induces a second phosphorylation on Ser473 to fully activate AKT, which is
thereby able to activate mTORC1 and its substrates, resulting in cell survival and proliferation. Activated AKT
also negatively regulates the transcription factor FOXO1, decreasing levels of pericytes attractant PDGF-B and
stimulating pericytes detachment. Orange stars indicate genetic anomalies leading to VM. These TIE2 and
PIK3CA mutations result in an excessive and uncontrolled activation of PI3K-AKT signalling pathway, even in
confluent cells, leading to abnormal proliferation rate and immature vessels partially caused by inappropriately
low PDGF-B levels, causing defective and sparse pericytes coverage. Promising targeted therapies for VM are
also indicated. Rapamycin is an allosteric inhibitor of mTOR. It inhibits mMTORC1 and disrupts the mTORC?2,
resulting in decreased activation of AKT, increased levels of PDGF-B, stimulation of pericyte coverage and
vessel maturation. This leads to vessel ‘normalisation.” BYL719 is a PIK3CA inhibitor that could result in a
stronger effect than Rapamycin. PI3K, phosphoinositol 3 kinase; AKT, protein kinase B; mTOR, mammalian

Target of Rapamycin.
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2 Objective

This thesis is based on the hypothesis that hyperactivation of PI3K signalling
pathway plays a key role in the generation and maintenance of VM. Overactivation of PI3K
signalling pathway can be induced by activating mutations in upstream receptors (e.g.
hotspot mutations in the TEK gene, encoding the endothelial tyrosine-protein kinase
receptor TIE2, which causes around 60% of sporadic VMs), as well as by activating
mutations in the PI3K itself (e.g. PIK3CA gene, encoding for PI3Ka isoform, accounting for
25-30% of sporadic VM).

PI3Ka is the only PI3K isoform required for blood vascular development. In
addition, it is the most common PI3K isoform found mutated in cancer and hotspot
activating mutations are the second most common event in many human tumours (also
referred as “oncogenic mutations”), with the H1047R mutation representing the most
common one.

Despite the aforementioned discovery of the genetic causes of VM, the impact of
PI3K activation in the pathogenesis of VM is still not known.

Thus, the objective of this thesis is to elucidate the impact of the oncogenic
PIK3CA-H1047R mutation in ECs, to understand the biological mechanisms involved in
the pathogenesis of VM.

To reach this objective we have set up the following specific aims:
1. To unveil the molecular and cellular mechanisms driven by the activating
PIK3CA-H1047R mutation in ECs;

2. To generate a robust mouse model of PIK3CA-related VM, in order to explore
the biology of PIK3CA mutations and provide a pre-clinical platform to test

pharmacologic interventions;

3. To create and characterise a collection of patient-derived primary ECs.
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3 Materials and Methods

3.1 Mouse experiments

3.1.1 Mice husbandry and care

All mice analysed in this work were kept in individually ventilated cages and cared
under specific pathogen-free (SPF) conditions. All the experimental procedures were
performed in accordance with the guidelines and legislations of the Catalan Ministry of
Agriculture, Livestock, Fisheries and Food (Catalonia, Spain), following protocols approved
by the local Ethics Committees of IDIBELL-CEEA.

3.1.2 Mice lines used

All mice used in this work were backcrossed on a C57BL/6 background for more
than 10 generations.

To generate the transgenic mouse line we used in this work, we crossed Pdgfb-iCreER

T/H1047R H1047R

mice into Pik3ca" mice, to induce the Pik3ca expression at the postnatal level,

in a heterozygous state and from its endogenous promoter.

s  Pdgfb-iCreER mice express an inducible iCreER recombinase from the
endogenous Pdgfb locus allowing the genetic targeting of the vascular
endothelium at postnatal level upon 40H-tamoxifen (4-OHT) administration. In
detail, this transgenic mice line expresses a tamoxifen-inducible form of Cre
recombinase in vascular ECs by using a phage artificial chromosome (PAC)
containing the Pdgfb gene. In newborn animals, recombination is achieved in
most capillary and small vessel endothelial cells in most organs including the
central nervous system. In adult animals, recombination activity is also
widespread in capillary beds of skeletal muscle, heart, skin, and gut but not in the
central nervous system where only a subpopulation of endothelial cells is labeled.
Thus, Pdgfb-iCreER mice are a valuable research tool to manipulate endothelial
cells in postnatal mice and study pathological angiogenesis. The derivation of this

line has been described in Claxton et al. 2008.
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Pik3ca""™%™® mice harbor one germline Pik3ca allele with a conditional H1047R
mutation, so these mice are heterozygous for a Cre-inducible knock-in allele of
Pik3ca"'*®. In detail, an exon-switch strategy inserted loxP sites flanking exon
20 of Pik3ca gene and downstream placed a tandem copy of exon 20 containing
a CAT—AGG change in codon 1047. Cre—mediated recombination leads to
replacement of wild type with mutant exon 20 resulting in p110a-H1047R protein
expression at endogenous levels in otherwise normal cells, thus accurately
reproducing the scenario of a naturally occurring mutation. The presence of the
conditional allele did not affect development. This mice line allows studying the
effects of the Pik3ca™**'® mutation in the physiologically relevant context of a
somatic, heterozygous Pik3ca mutation expressed at endogenous levels in
otherwise normal cells and tissues. This also circumvents the embryonic lethality
exhibited by p110a homozygous mutants (Graupera et al., 2008). The derivation

of this line has been described in Kinross et al., 2012.

7
0.0

Rosa26-CreERT2 mice: mouse line that ubiquitously expresses the inducible Cre
under the Rosa26 promoter, enabling temporal control of floxed gene expression

by tamoxifen induction in vivo.

3.1.3 Induction of Cre mediated gene activation in vivo

3.1.3.1 4-hydroxytamoxifen (4-OHT) preparation

25 mg of 4-OH tamoxifen powder (Sigma, #H7905 25mg) were dissolved in
ethanol to obtain a working solution of [LOmg/ml]. The solution was aliquot under sterile
conditions and stored at -20°C. Different dilutions were prepared by defreezing and diluting
the stored aliquots with sterile phosphate-buffered saline PBS 1X (Sigma #D8537).
Remarkably, 4-OH tamoxifen solution needed to be previously homogenized to avoid

precipitates.

3.1.3.2 4-hydroxytamoxifen (4-OHT) administration

For postnatal retinal experiments, P1 newborn pups were injected intraperitoneally
(IP) with different doses of 4-OHT starting from 25 pg of 4-OHT /pup until the final dose of
0,125 ug/pup was finally established.
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For postnatal animal experiments P1 newborn pups were injected intraperitoneally
(IP) with 0.5 pg of 4-OHT /pup.
For adult animal experiments 2 mg/day of 4-OHT dissolved in peanut oil were

administered for two consecutive days to 6 week-old mice by oral gavage.

3.1.4 Mouse genotyping

3.1.4.1 Tissue digestion

Either ears or tails biopsies collected from adult mice (upon weaning) or newborns
pups (upon culling for retina isolation) were lysed with 600 ul of 50 mM NaOH (Sigma).
Samples were incubated at 100°C for 15 min and were vortexed and kept at room
temperature (RT) until they reached 50-70°C. To neutralize the samples, 100 pl of 1M Tris
HCI pH 7.4 (Sigma) were added to each sample. Samples were vortexed, centrifuged at
maximum speed for 1 min and kept at 4°C until samples were processed for DNA

amplification.

3.14.2 PCR

Polymerase chain reactions (PCR) were performed using two different protocols
referred as PCR reaction | and PCR reaction Il. Primers sequences and PCR conditions

are summarized in Table 3.1.

PCR reaction | (to a final volume of 25 pul): 1.5 yl DNA sample, 15.875 pl H20, 2.5 pl 10X
Titanium taq reaction buffer, 2.5 yl of 10 M primer pool (forward+reverse), 2.5 yl dNTPs
and 0.125 pul 50X titanium taq polymeRASe (Clontech, #K1915- y).

PCR reaction Il (to a final volume of 30 pl): 2 yl DNA sample, 15.75 pl H20, 3 ul MgCI2
15mM (diluted from MgCI2 50 mM Ecogen, #MG-110C), 3 pl of 10X reaction buffer without
Mg (Ecogen), 3 pl of 10M primer pool (forward+reverse), 3 yl dNTPs and 0.35 ul Ecotaq
DNA polymeRASe (Ecogen, #BT-314106).

Mastercycler (Eppendorf) was used to perform PCRs. The amplified products were run on
2% agarose gel (150V, 70min) and visualised with ethidium bromide (Sigma).

The gel was prepared in TAE buffer 1X from a TAE 50X stock: 242 g Tris base (Sigma),
57.1 ml acetic acid glacial (Panreac) and 100ml EDTA 0.5 M pH8 (Gibco, #15575) in
dH,0.
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Table 3.1. Primer sequences and PCR conditions for genotyping.

gene primer sequence PCR composition PCR
conditions
Forward wt allele:
5’_
CACTGCAGGAAGTGTG
AAGC-3’
Reverse wt allele:
5’_
GTGGACAGAAAGGCTG
ATGC-3 95°C, 5 min
95°C, 30 sec
Pikaca Forward msl,J_tant allele: | 65°C, 30 sec
TTGGTTCCAGCCTGAAT ' CRreaction| ;gg 12”,1::'”
AAAGC-3), '
20F (5’-
TCCACACCATCAAGCAG for 35 cycles
CA-3)
Reverse mutant allele:
5-
GTCCAAGGCTAGAGTCT
TTCGG-3
Forward:
5- 94°C, 4 min
CCAGCCGCCGTCGCAA 94°C, 30 sec
Pdafb CT-3 57.5°C, 45 sec
9 Reverse: PCR reaction |l 72°C 1 min
5- 72°C, 5 min
GCCGCCGGGATCACTC
TCG-3 for 35 cycles

3.1.5 VM-phenotype assessment in animal experiments

weeks respectively by monitoring animal conditions every two days until the endpoint. This
endpoint was determined because it was enough for the assessment of the appearance of
vascular defects and because some animals died before the ending of the follow up period
for internal hemorrhages. The animals were sacrificed and internally inspected for the

presence of vascular defects by focusing mostly in the subcutaneous, mesentery, intestine
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and urogenital tract. The tissues presenting vascular defects for high vascularisation (red
colour) were surgically isolated and collected, then fixed in 4% PFA and embedded in
paraffin. Five ym sections were stained with hematoxylin-eosin using standard histology

procedures.

3.1.6 Postnatal mouse retina model, isolation, staining and imaging

3.1.6.1 The postnatal mouse retina: an animal model to study

angiogenesis

Despite their anatomical differences, vertebrates share similar developmental
programs that give rise to the vascular system and the mouse retina has become an
excellent model to study angiogenesis. A remarkable aspect of the retinal vascular system
is that its development commences after birth (postnatally), thereby rendering the whole
process accessible for various manipulatory strategies. In addition, in contrast to the depth
covered by most vascular beds, the retinal vasculature is nearly planar, yet hierarchical
and almost stereotypical; features that render it an ideal system in which to evaluate,
perturb and/or rescue genetic defects. Thus, because of the feasibility of monitoring and
manipulating its entire process, retinal angiogenesis in neonatal mice provides a powerful
and robust in vivo model that allows investigating various events in angiogenesis, such as
endothelial sprouting and the morphogenetic organization of vascular networks (Uemura et
al., 2002; Gerhardt et al., 2003; Lu et al., 2004; Stahl et al., 2010). Immediately after birth
(P0O) and parallel to hyaloid regression, the retinal vascular system starts to develop by
sprouting from the optic nerve to form a primitive vascular plexus that reaches the retinal
edges at approximately P8. During this first week, retinal vessels extend radially over the
superficial layer of the retina to form a two-dimensional vascular structure. Recurrent
remodelling and pruning of this primitive plexus (P5-P8) lead to the formation of a
hierarchical network structure with the emergence of distinct vessel types, arteries (A) and
veins (V) connected by intervening capillary beds. As vascular remodelling commences at
the centre of the retina, the retinal vasculature offers concurrent visualization of multiple
steps in the angiogenic process, including: sprouting, branching, fusion (in the periphery),
remodelling and maturation (towards the centre) (Dorrell and Friedlander 2006; Fruttiger
2007; Stahl et. Al., 2010) (Figure 3.2). From P7 onward the superficial retinal vessels start
to sprout vertically from the mature region of the superficial plexus into deeper layers

(intermediate and deeper), finally leading to the formation of a three-layered vascular
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system (Figure 3.1). Although the precise mechanisms that control sprouting into the
deeper layers are not fully understood (Junge et al., 2009), by the end of the third
postnatal week, all three vascular layers are fully mature with multiple interconnecting
perpendicular branches between layers; thus forming a three-dimensional network of
vessels that spans the entire retina. With this respect, the developmental process of the
superficial vascular layer occurring during early postnatal stages (first week) provides a
useful model system for analysing the cellular and/or molecular events involved in the
formation of the organized vascular architecture. Because of its two-dimensional structure,
the superficial vascular network can be illustrated as a whole in flat-mount preparations
(Figure 3.1); allowing to monitoring the different processes occurring during retinal
angiogenesis and thereby providing a unique opportunity to address various issues in
vascular biology.

The accessibility and characteristics described above have placed the mouse
retina as an excellent and robust model to study the different angiogenic processes during
development and disease, because of their spatial separation. In addition, the inducible
control of gene using the iCre-LoxP strategy and the easy delivery of drugs in the pups,
place the retina as prototypical vascular network for the evaluation of transgenic mice and
for pharmacological testing and intervention (Gariano and Gardner 2005; Stahl et al.,
2010). In fact, the exploration of this system as a model for vascular-associated disorders
has facilitated advancements from pre-clinical to clinical trials in a manner that has not
been paralleled by other fields(Kennedy 2006; Dorrell et al., 2007; lanson et al., 2009).
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cornea

p10-p15

Figure 3.1. The mouse retina: a model system for the study of angiogenesis.

Top: conceptual sketch illustrating the generation of the retina for evaluation of the vasculature. The retina cup
is separated from the enucleated eye, clipped to unfold into a clover leaf-like structure, stained for endothelial
cells and mounted onto a cover slip for confocal imaging. Bottom: schematic sketch of the developmental
stages during retinal angiogenesis. Sprouting is initiated from the optic nerve and proceeds to cover the entire
retina around P8, followed by subsequent remodelling and maturation of the superficial plexus. Around P7

vertical sprouting is observed (green) followed by the formation of a second, deep plexus around P8 (blue) and

a third, intermediate layer around P10 (green) (Adapted from (Milde et al., 2013)).
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Figure 3.2. The various steps of angiogenic vessel growth in the mouse retina.
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Principal steps of angiogenic vessel growth that can be simultaneously studied in the mouse retina, illustrated
in the mouse retina at postnatal day 6 (P6), stained for an endothelial marker. A indicates artery and V, vein.
Specifically, the vasculature extents two-dimensionally and is characterized by an upper front, where ECs
grow, proliferate and connect to each other to form a primitive and immature vascular plexus and a lower
central front where the vasculature is already more mature, arterio-venous differentiation occurs and the

vessels underwent remodelling and regression (Adapted from (Oellerich and Potente 2012)).

3.1.6.2 Retinas isolation

Pups were sacrificed by decapitation and eyes were quickly removed using
scissors and forceps. Eyes were fixed in a solution of 4% paraformaldehyde (PFA, Sigma,
#15.812-7) in phosphate-buffered saline (PBS) for 1h on ice. Eyes were subsequently
washed in PBS followed by dissection of retinas. The procedure of retina isolation was
done with the help of a binocular dissecting microscope (Carl Zeiss). Briefly, eyes were
collected in a clean culture dish filled with PBS and the cornea was incised with the help of
a needle. Using micro-scissors (Fine Science Tools, #15000-10), the cornea was cut and
removed. Next, the iris was also removed using two forceps (Fine Science Tools, #11252-
00) and the outer layer of the eye, the sclera and the pigmented retina layer started to be
separated. The outer layer should be dissected carefully, in small increments, to avoid
damaging the retina layer beneath. At this point, the lens and the vitrous humor, which
appear as a single jelly-like structure need to be removed. Finally, the hyaloids vessels
were carefully detached from the inner side of the eye using fine movements. Isolated
retinas were fixed for 1h at 4°C and were kept in PBS at 4°C until they were processed for

immunostaining. Procedure details are shown in Figure 3.3
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Figure 3.3. Tamoxifen injection, eye isolation and retina dissection in postnatal pups.

a) IP 4-OHT injection in a P1 pup. b) Image showing where to make the incisions around the eye of the pup. c)
Dissected eyeball from a p6 pup. Arrow points to the cornea surface. d) Overview of cornea dissection. e)
Eyeball without cornea. Arrow indicates dissected cornea. f) Image showing eye without sclera, choroid,
cornea layers, pigmented layers and without the iris. g) Dissected eye without lens. Arrow shows hyaloid

vessels. h) Retina with four radial incisions. Figure adapted from (Pitulescu et al., 2010).

3.1.6.3 Whole-mount retinas Immunostaining

Retinas were blocked with permeabilization buffer (1% bovine serum albumin
(BSA, Sigma), 0.3% Triton X-100 in PBS) ON at 4°C with gentle rocking. Then, retinas
were incubated with primary antibodies in appropriate dilutions (Table 3.2) in
permeabilization buffer ON at 4°C with gentle rocking. The following day, primary
antibodies were removed and retinas were washed 3 times (10 min each) with PBT buffer
(0,1% Tween-20 in PBS). Retinas were further incubated 30 min at RT in Pblec buffer (1%
Triton X-100, 1 mM CacCl2, 1 mM MgCI2 and 1 mM MnCI2 in PBS pH 6.8) and then they
were incubated ON at 4°C or 2h at RT with the appropriate dilution of secondary
antibodies (Table 3.3). Conjugated isolectin-B4 was added together with the secondary
antibodies in the appropriate dilution (Table 3.3). Then, retinas were washed 3 times, 10
min each with PBT. All the incubations were done in 2 ml tubes. At the end, between 4-5
incision were made in the retinas to flat mounted them on glass slides using Immu-mount

as mounting medium (Thermo Scientific, #9990402).
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Table 3.2. List of primary antibodies used for retinas immunostaining.

Antibody Conj

Erg 1,2,3 -

Itga9 -

Host Dilution

Rabbit 1:400

Rabbit 1:100

Company

Abcam

Biorbyt Ltd

Cataloguet#

ab92513

orb184305

Table 3.3. List of secondary antibodies used for retinas immunostaining.

Antibody

Goat anti-rabbit

Goat anti-rabbit

Isolectin GS-1B4

Isolectin GS-IB4

Isolectin GS-IB4

Conj

Alexa Fluor 488

Alexa Fluor 568

488

568

647

Dilution

1:300

1:300

1:300

1:300

1:300

Company

Invitrogen

Invitrogen

Mol. probes

Mol. probes

Mol. probes

Catalogue#

A11008

Al11011

121411

121412

132450

3.1.6.4 EdU proliferation assay in the postnatal retina

EdU is a synthetic analogue of thymidine, and therefore, it can be incorporated into
DNA during S phase. The Click-iT EdU Imaging Kit (Invitrogen, #C10340) was used for
EdU injection and detection. To determine the number of proliferating ECs in the growing
retinal vasculature, P6 mice were injected intraperitoneally with 60 ul of component A from
the kit (diluted to 0.5 mg/ml in 50% DMSO: 50% PBS) 2h before they were sacrificed for
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retina isolation. Then, the reaction for EdU detection was performed following the
manufacturer instructions. Briefly, each pair of retinas were incubated for 1h at RT with
gentle rocking in 100 pl of EdU detection solution (8,6 pl )of 10X Click-iT EdU reaction
buffer in 77,4 pl of H20 (component D), 4 pl of CuSO4 (component E), 1 pl of 10X azyde-
conjugated Alexa-Fluor in 9 ul of H20 (component F) and 0,24 pl of alexa 633 (component
B). Retinas were washed twice with PBS and then, they were incubated with
permeabilization buffer (1% bovine serum albumin (BSA, Sigma), 0.3% Triton X-100 in
PBS) ON at 4°C with gentle rocking. Thereafter, retinas were incubated in appropriate
dilution of Erg 1,2,3 antibody (Table 3.3) in permeabilization buffer ON at 4°C with gentle
rocking. The day after, retinas were washed 3 times with PBT buffer (0,1% Tween-20 in
PBS) at RT, followed by 30 min incubation with Pblec buffer (1% Triton X-100, 1 mM
CacCl2, 1 mM MgCI2 and 1 mM MnCI2 in PBS pH 6.8) at RT. Secondary antibody against
Ergl,2,3 and isolectin-B4 were incubated ON agitating at 4°C in appropriate dilutions
(Table 3.3). Retinas were washed 3 times (10 min each) with PBT and finally flat-mounted

on glass slides using Immu-mount as mounting medium (Thermo Scientific, #9990402).

3.1.7 Methods used for quantifying vessel features in the postnatal

retinas

3.1.7.1  Confocal imaging

Sample imaging was obtained with Leica TCS SP5 confocal microscope, using 4X,
10X and 40X (oil immersion) objectives. Captured images are maximal z-stack projections
transformed into .tif file format. Images were processed using Volocity software. Adobe
Photoshop CS5 and ImageJ softwares were used for image editing and quantification,
respectively. At least six images per retina in the sprouting and in the remodelling areas of
at least three samples for each genotype from independent experiments were captured.
For quantifications, three independent areas of 10* pm? were selected from each image

taken with 40X objective.
3.1.7.2 Imaging analysis and quantification of postnatal retinal
angiogenesis

To study the angiogenic retinal development mouse retinas were collected at P6

and stained for isolectin-B4 (IB4), an EC-marker for blood vessels (Figure 3.4A). We
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focused our analysis at P6 before the complete migration arrest has occurred. Specifically,
at P6 the retinas vasculature extents two-dimensionally and two areas can be defined: the
upper sprouting (or angiogenic) front (SF) where endothelial cells grow, proliferate and
connect to each other to form a primitive and immature vascular plexus and a central
remodelling plexus areas (RP), in the inner part of the angiogenic front, where the
vasculature is already more mature, arterio-venous differentiation occurs and the vessels
underwent remodelling and regression (Figure 3.4B).

A EC-Pik3caV" B Sprouting Front Remodelling plexus
";.:

!’d"

Figure 3.4. Analysis of postnatal retinal angiogenesis.

A. Whole-mount P6 EC-Pik3ca™" retina stained with isolectin-B4 (IB4) to specifically label ECs. B. At P6 the
organization of the blood vessel network extents two-dimensionally with 2 areas defined: the upper angiogenic
sprouting front where the vessels are sprouting and branching and a remodelling plexus where arterio-venous
differentiation occurs and the vessels underwent remodelling and regression. Veins (V), arteries(A) and

capillaries(C) are indicated. Scale bars, 150 ym (A), 30 um (B).

3.1.7.3 VM localization

The localization of isolated malformed vessels (VM) was calculated directly from
10X images of whole-mounted retinas by manually counting the number of the isolated
malformed vessels in the remodelling plexus area associated with a vein, an artery or a
capillary bed as showed in Figure 3.5. Data were represented as % mean. Error bars

represent SEM. Six animals per genotype were analysed.
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Retina 1 Retina 2

IB4 channel

Figure 3.5. Quantification of VMs localization.

3.1.7.4 Quantification of vessel density

The quantification of the retina vascularity or vessel density was done using the
Image J software on images of the sprouting front and of the remodelling plexus taken with
the 40x objective. The vascularity of the retinas was measured manually from the 1B4
channel by adjusting the threshold to select a positive area. The mean percentage of IB4-
positive area from the total area (10" pm?) was calculated and results were presented as a

fold change between control and mutant groups. Error bars represent SEM.

3.1.7.5 Quantification of ECs number

The quantification of ECs number was done using the Image J software on images
of the sprouting front and of the remodelling plexus taken with the 40x objective. The
number of endothelial cells was manually counted based on EC-specific nuclei staining

(Erg) in 10* pm? area. The results were presented as mean with SEM error bars.

3.1.7.6  Quantification of ECs proliferation

EdU immunostaining was used to assess the endothelial cell proliferation rate.
Fields of 10 um® area (Figure 3.6, yellow square) were determined in the vascular
sprouting front and in remodelling plexus of images taken with the 40x objective from
retinas stained for EdU, Ergl,2,3 and isolectin-B4. Both EdU (green) and Erg (red)-positive

cells were quantified manually in 10* pm? areas. The number of Edu+ (green) were divided
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by the total number of Erg+ (red) EC nuclei within this visual field of 200x100um and was
represented as % of EdU-positive cells per 10* pm?. The results were presented as mean
with SEM error bars.

Figure 3.6. Quantification of ECs proliferation.
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3.2 Invitro experiments

3.2.1 Isolation, culture and treatment of mouse primary cells

3.2.1.1 Tissue digestion and cell selection

The mice were sacrificed by cervical dislocation and their lungs were removed and
kept on ice-cold Hank’s balanced salt solution (Gibco) containing 1%
penicillin/streptomycin (P/S, Gibco). Once in the primary hood, lungs were minced with a
scalpel and poured into a 40 uym cell strainer, placed on a 50 ml Falcon tube, to remove
blood constituents. Lung pieces were digested in 5ml of of dispase Il 4U/ml (Gibco,
#17105-041) for 1h at 37°C. Thereafter, the suspension containing lung pieces was
homogenized by pipetting up and down to release single cells from the tissue pieces.
Then, DMEM (Lonza, #BE12-604F) containing 10% of sterile inactivated FBS (Gibco,
#10270-106) and 1% P/S, later referred to as complete DMEM complete, was added to the
cell suspension and the homogenate was filtered through a 40 um cell strainer placed on a
50ml tube. A pellet containing mouse cells was obtained by centrifugation (5min 1200rpm).
The pellet was washed twice with PBS/BSA (PBS containing 0.5% BSA (diluted from PAA,
#K11-022), performing a 5 min centrifugation at 1200rpm after every wash. The cell pellet

resulting from the last centrifugation was re-suspended in 100ul of PBS/BSA.

First selection

A prepared solution composed by magnetic beads (Dynabeads™ Sheep Anti-Rat
IgG, #11035) coated with CD144 antibody (BD Pharmigen, #555289) is used to
specifically recognize mouse endothelial cells (mECs) from the lung homogenate. In detail,
8 ul/lung of magnetic beads were placed into a 1.5ml eppendorf and were washed five
times with PBS/BSA using a Dynal magnet (Dynal, MCP-S). After the washes, magnetic
beads were re-suspended in 8 yl of PBS/BSA and finally 1.25 pl/lung of CD144 antibody
(Ab) was added. The mixture of magnetic beads- Ab was incubated 1h at RT by gently
shaking. Afterwards, PBS/BSA was added to obtain a final volume of 100 ul for the
magnetic beads-Ab mixture. The mixture was transferred to the 100 pl of cell pellet
suspension previously obtained and incubation for 1h at RT was performed. The
suspension was then washed three times with PBS/BSA using a magnet for cell
separation. After the final wash, magnetic beads coupled with ECs were re-suspended in
F12 complete medium containing: DMEM F12 (Gibco, #21041-025), supplemented with
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20% of inactivated FBS (Gibco, #10270-106), 4 ml of EC growth factor (Promocell, #C-
30140) and 1% P/S. The suspension was seeded on a 12-well culture dish pre-coated
with 0.5% gelatine (this moment is considered as passage 0 (P0)). The following day, the
well was carefully washed twice with PBS/BSA and F12 complete medium was replaced.
The medium was changed every second day.

Second selection

Once the cells reached the confluence, they were re-purified by removing the
culture medium and incubating the cells for 1h with a solution containing CD144 antibody-
coated magnetic beads (prepared as described above in the first selection). After 1h of
incubation at RT cells were trypsinized and centrifuged for 5 min at 1200 rpm. The pellet
was washed three times with PBS/BSA, re-suspended in 1 ml F12 complete medium and

seeded on 12-well culture dishes pre-coated with 0.5% gelatine.

From here on, cells were further cultured on 6-well dishes pre-coated with 0.5%
gelatine in F12 complete medium. They were splitted (1:3) following standard procedures
always guaranteeing a confluence of at 80-90 % and never exceeding from passage 6.

Cells were cultured at 37°C in 5% CO, atmosphere.

3.2.1.2 Mouse embryonic fibroblasts (MEFs) culture

MEFs were isolated and kindly provided by the Cell signalling research group (Prof.
Bart Vanhaesebroeck), UCL Cancer Institute. MEFs were cultivated in DMEM complete
media following standard procedures always guaranteeing a confluence of at 80-90 % and

never exceeding from passage 6. Cells were cultured at 37°C in 5% CO, atmosphere.

3.2.1.3 Induction of Cre mediated gene activation in vitro

3.2.131 4-hydroxytamoxifen (4-OHT) preparation

5 mg of 4-OH tamoxifen powder (Sigma, #H7905_5mg) were dissolved in ethanol
to obtain a working solution of [1 mg/ml]. The solution was aliquot under sterile conditions
and stored at -20°C. Remarkably, 4-OH tamoxifen solution needed to be previously

homogenized to avoid precipitates.
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3.2.1.3.2 4-hydroxytamoxifen (4-OHT) induction

In vitro expression of Pik3ca "R

activating mutation was induced in mECs and
MEFs once cells were sufficiently amplified (p3). Cells were splitted (1:3) and treated
respectively with F12 complete and DMEM complete medium added with 1uM of 4-OH
tamoxifen or ethanol (vehicle) at different time points. Once treated, the cells were
harvested and used to perform different experimental studies (without adding any

treatment). Procedure is summarized in Figure 3.7.

Cells are re-seeded

Cells are seeded as the experiment requires Experiments are
& 6h, 24h, 48h, 72h R & 24h R always
medium with “ medium without treatment - performed 24h
14M 4-OHT or Ethanol (recombination has been post-seeding

already induced)

H1047R

Figure 3.7. Workflow scheme used to induce in vitro expression of the Pik3ca activating

mutation.

3.2.2 Isolation and culture of human primary cells

3.2.2.1 Digestion of human biopsies and cell selection

Human primary cells were isolated from patients’ surgical resection biopsies from
different types of vascular malformations with sizes around to 5 mm?. Informed consent
was obtained from all patients. A dedicated primary hood for human samples was used.
To avoid any possible contamination all the material was discarded in a dedicated
container with bleach and a double pair of gloves was used for the entire procedure.

Specimens of the VM samples were minced with a scalpel and placed in a 50 ml
tube with 5 ml digestion solution composed of HBSS with 4U/ml of dispase Il (Gibco,
#17105-041) and 0.5 mg collagenase A (Roche, #10103578001). Digestion was carried
out at 37°C during 1h and to facilitate tissue digestion sample was gently vortexed time to
time during digestion. Then, the suspension was homogenized by pipetting up and down
to release single cells from the tissue piece. DMEM complete medium was added to the
cell suspension to stop digestion and the suspension was filtered through a 40 pm cell
strainer placed on a 50ml tube, to remove indigested and fibrotic tissues. Cell suspension
was centrifuged 10" at 800 g and then cell pellet was washed twice with PBS/BSA (PBS
containing 0.5% BSA (PAA, #K11-022)) performing a 5 min centrifugation at 1200 rpm
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after each wash. The cell pellet resulting from the last centrifugation was re-suspended in
100ul of PBS/BSA.

First selection

Magnetic beads solution was prepared as followed: 16 pl of magnetic beads
(Dynabeads™ Pan Mouse IgG, # 11041) were placed into a 1.5 ml eppendorf and were
washed five times with PBS/BSA using a Dynal magnet (Dynal, MCP-S). After the last
wash, the magnetic beads were re-suspended in 16 ul of PBS/BSA and 2.5 ul of CD31
antibody (Ab, Dako #M0823 (Clone JC70A) were added. The mixture of magnetic beads
and CD31 Ab was incubated 1h at RT with gentle shaking. Afterwards, PBS/BSA was
added to obtain a final volume of 100 ul for the magnetic beads-Ab mixture. The mixture
was transferred to the 100 pl of cell pellet suspension previously obtained to perform 1h
incubation at RT. Next, the suspension was added with 800 yl of DMEM complete and
placed into the magnet, to separate beads bound-CD31+ ECs from unbounded CD31-
cells. The unboud CD31- cells were seeded on a 6-well culture dish pre-coated with 0.5%
gelatine (this moment is considered as passage 0 (p0)). Then, the magnet-bound CD31+
cells were washed three times with PBS/BSA using the magnet for cell separation. After
the final wash, CD31+ human ECs (hECs) coupled with magnetic beads were re-
suspended in EGM-2 (Endothelial Cell Growth Medium-2 BulletKit™ Lonza, #CC-3162)
with 1% penicillin/streptomycin, later referred to as complete EGM-2 complete medium.
Finally the suspension was seeded on 12-well culture dishes pre-coated with 0.5%
gelatine (this moment is considered as passage 0 (p0)). The following day, the wells with
the CD31+ and CD31- cells were carefully washed twice with PBS/BSA and replaced with

the respective cell medium. The medium was changed every second day.

Second and third selection

Once CD31+ hECs reached 80-90% of confluence, a second purification step was
done. Cell culture media was removed and cells were incubated with magnetic beads
coated with CD31 Ab (prepared in PBS/BSA as described above in the first selection) for
1h at RT. Then, cells were trypsinized and centrifuged for 5 min at 1200 rpm. Next, cells
were washed three times with PBS/BSA, using a magnet to separate hECs bound to
beads from other unbounded cell type. After the final wash, ECs coupled with magnetic
beads were re-suspended in EGM2 complete medium and seeded on 12-well culture dish

pre-coated with 0.5% gelatine in sterile H,O. The following day, wells were carefully
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washed with PBS/BSA and EGM2 complete medium was replaced. A third step of
purification was repeated if necessary.

From here on, cells were further cultured on 6-well dishes pre-coated with 0.5%
gelatine. CD31+ cells were culture in EGM2 complete medium while CD31- cells were
culture in DMEM complete medium; at 37°C in 5% CO, atmosphere. CD31+ and CD31-
cells were splitted 1:3 and 1:6 respectively, following standard procedures always
guaranteeing a confluence of at 80-90 % and never exceeding from passage 5 (p5).

3.2.2.2 Sanger Sequencing of primary hECs

Genomic DNA was extracted from CD31+ and non endothelial cell population
CD31- using PureLink™ Genomic DNA Mini Kit (ThermoFisher Scientific, #K182001)
following manufacturer instructions and eluting the product into 25 pl of H,0. DNA quality
and quantity were determined using a Nanodrop 2000c Spectrophotometer. 50 ng of DNA
was used for PCR using Platinum™ SuperFi™ DNA polymerase (Invitrogen, # 12351010).
Primers to amplify TIE2 exon 15 (¢c.2545C>T (R849W)), 22 (¢.3295C>T (R1099%)), 23
(c.3314C>A (T1105N); c¢.3316A>C (T1106P); c.3324_3334del (E1109Lfs*5) and
€.3343G>T (G1115%)); exon 17 (c.2690A>G (Y897C), ¢.2690A>T (Y897F); c.2740C>T
(L914F); ¢.2752C>T (R918C)) and PIK3CA exons 8 (c.1258T>C (C420R)) 9 (c.1624G>A
(E542K) and c.1633G>A (E545K)) and 20 (c.3140A>G (H1047R)) were used at the final
concentration of 10 uM and listed in Table 3.4. The PCR program is composed by 1 cycle
at 98°C for 30 sec, 35 cycles at 98°C 10 sec, 55 °C 15 sec, 72°C for 30sec and 1 cycle at
72°C for 5min. Amplification products were purified using GE Healthcare Purification Kit
(GE Healthcare, #10218134) and sequenced at STAB VIDA company. Electropherogram

peak results were visualized using SnapGene Viewer Software.

Table 3.4. List of primers used for Sanger sequencing of hECs.

Gene Exon ) )
. Forward primer (5'-3") Reverse primer (5'-3')
Name amplified
Pik3ca | BX" (802'2102%8“0 CTCATGCTTGCTTTGGTTCA | GCCAAAGATTCAAAGCCATT
Exon 9 ¢.1624G>A
Pik3ca C(lE 65;32 ('3< l; A CTGTGAATCCAGAGGGGAAA | ACATGCTGAGATCAGCCAAA
(E545K)

. Exon 20

Pik3ca (c.3140A>G CATTTGCTCCAAACTGACCA TGTGTGGAAGATCCAATCCA
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(H1047R)

Exon 15
Tie2 c.2545C>T GAACCAGCTGTGCAGTTCAA | AGCCTTCCAGGTGATTCTGA
(R849W)

Exon 17
C.2690A>G
(Y897C),;
C.2690A>T
Tie2 (Y897F); TAGGCAATTTCCACAGCACA | GGCAAACCAGGCTAAGAGAG
c.2740C>T
(L914F);
c.2752C>T
(R918C)

Exon 22
Tie2 C.3295C>T CCTGGGCACATCAGGTATTC | CATGGGCCCTTTAAGAGACA
(R1099%),

Exon 23
Tie2 c.3314C>A AGGTCCCAGGTGTACAGCAC | GGAACCCAGAAGAAGGAACC
(T1105N)

3.2.3 RNA extraction and analyses techniques used in primary cells

3.231 RNA extraction

For gene expression analysis of mECs and MEFs, 1,5x10° cells were seeded on 6-
well plates and in vitro induced in complete medium for 24 and/or 72h as described above
in 3.2.3.2. Plates were then quickly washed with PBS with Ca**Mg** (Lonza, # D8537) and
stored at -80°C or directly processed. Total RNA was extracted using the RNeasy Plus Kit
(Qiagen # 74134 ) by following manufacturer instruction. RNA was eluted with nuclease
free H,O in a final volume of 40ul and quantified using NanoDrop 1000 (Thermo
Scientific). RNA was stored at -80 °C.

3.2.3.2 cDNA synthesis and quantitative Real Time PCR (qRT-PCR)

analysis

cDNA was produced from 0.5 pg of RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems # 4368814) following the protocol recommended by
manufacturer. Briefly, 10 ul of reaction mix (Table 3.5) was added to 10 ul of sample (0.5
Hg RNA plus H,O up to 10 pl) in a 0.5ml eppendorf; tubes were placed in a thermal cycle
with the following program: 25°C 10", 37°C 2h, 85°C &', 4°C 2«. The cDNA was diluted
1:10 and stored at -20°C. Quantitative Real Time PCR (gRT-PCR) was performed using
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SYBR Green | Master Kit (Roche # 04707516001) in LightCycler 480 Real-Time PCR
System. Briefly, 9 pl of reaction mix (5 pl Master mix, 1 pl primers and 3 pl of H,O) and 1 pl
of cDNA diluted 1:10 were used. Different primers were designed in-house using UCSC
Genome Browser Website and Primer3web (version 4.1.0) and are listed in Table 3.6.
Mouse L32 was used as housekeeping gene. PCR program is described in Table 3.7.

Data analysis was done with the AACT method.

Table 3.5. Real Time reaction mix composition.

Reagents Amount for 20 pl reaction

10x RT buffer 2 ul

25X dNTPs mix

0.8 ul

10X Random primers | 2 pl

RNase inhibitor 1l
Multi Scribe RT 1l
Nuclease free H,O 3.2 ul
Total volume 10 pl

Table 3.6. Primers used for gRT-PCR using SYBR Green | Master Kit.

Name Forward primer (5'-3") Reverse primer (5'-3)

mL32 ACCCCAGAGGCATTGACAAC ATTGTGGACCAGGAACTTGC
Ang2 CCTCGACTACGACGACTCAGT TCTGCACCACATTCTGTTGGA
Pdgfb CATCCGCTCCTTTGATGATCTT GTGCTCGGGTCATGTTCAAGT
KIf10 GCCTGACCTTCAGACAGTCC TGGCTTGAGCCTTAGGAAGA
Prim1l CTGGGAACACCTGAGGAAAG TAGGCACAGAAATCCGACCT
Mki67 CATCATTGACCGCTCCTTTA GCCCTTGGCATACACAAAAG
Ccna2 CTTGTAGGCACGGCTGCTAT AGCCAAGTCAAAAGCAAGGA
Cenpf GTCAAGCATTTGCACAGCAC CTCCAGGTGGCAGACTTCTC
Cdkn2b | AAGGACCATTTCTGCCACAG TCGTGCACAGGTCTGGTAAG
E2f1 ACACAGCTGCAACTGCTTTC ATGTCTCCTGGCATGAGGTC
Mcm10 | ACACAGAAGAGGCTGGCAGT TCAAGCTCTGCAGAAAAGCA
Cxcrd ATGGAACCGATCAGTGTGAG CCGTCATGCTCCTTAGCTTC
Fnl GGTCCTCTCCTTCCATCTCC TGCTTCCCATTGTCAAAACA
Ccnl AGCTCCACCGCTCTGAAAG GTTCTTGGGGACACAGAGGA
Depdclb | TGGGTCCTGTCAGCTATGAA CTGTTTTCAGGAGGCAGGAG
Llcam GAGCAGGGCACAGCTCTTAG GACCCGAAAGGTGTAGTGGA
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Vcaml TTGGGAGAGACAAAGCAGAAG CCATTGAGGGGACTGTCTGT

Cdh5 TGAAAGGAAATGAGTATTTCAGCA | AGACGGGGAAGTTGTCATTG

Pcdhl2 | GCCTGGTTAGGCTCTCTGTG TTCCAGGTCAGGTTCTGCTT

Itga2 CCTCACAAACACCTTCAGAGC ATCATTGCATTGCTGGATCA

Itgad CAAACCAGACCTGCGAACAG CAGAAGGCATGACGTAGCAA

Itga5 TGGAAAACATGTCCCCAACT TTCATCTCCCTGCAGTCCTC

Itgav GTTCCAAGAGCAGCAAGGAC CCAATGGAGCTATGGCACTT

Itga6 CGGGATATGCCTCAAGGTTA ATCTGTCTGGACCGTTTTGG

Itga8 CACGGAGACATTTGGGAGAT TGGTCTGTGACCCCCATATT

Itga9 TGCTTTCCAGTGTTGACGAG CCCAGACAGGTGGCTTGTAT

Itgb1 TCCTTCAATTGCTCACCTTG CCGTCTGGCAATTTGCTATT

Itgh2 TGGAGGATAACATGTACAAGAGGA | GTTGCTGGAGTCGTCAGACA

Itgh3 GGCACCGACAACCACTACTC ACTGTGGTCCCAGGAATGAG

Itgh4 GGAGGATTCATCCAACATCG CCGGAGATGCACATTGTATG

Itgh5 GCCAATGAGTACACAGCCTCT CTTTAGCCCGGATGCTACTG

Table 3.7. qRT-PCR program for SYBR Green.

SYBR green

Stage 1 denaturation

Cycles 1 Analysis Mode None

Target (°C) | Acquisition mode | Hold (hh:mm:ss) | Ramp Rate Acquisition
(°Cls) (per °C)

95 none 00:10:00 4.80

Stage 2 annealing

Cycles 45 Analysis Mode Quantification

Target (°C) | Acquisition mode | Hold (hh:mm:ss) | Ramp Rate Acquisition
(°C/s) (per °C)

95 none 00:00:04 4.80

62 none 00:00:30 2.00

72 single 00:00:30 4.80

Stage 3 melting

Cycles 1 Analysis Mode Melting Curves

Target (°C) | Acquisition mode | Hold (hh:mm:ss) | Ramp Rate Acquisition
(°C/s) (per °C)

95 none 00:00:10 4.80

65 none 00:01:00 2.50

95 continous 0.11 5
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Stage 4 cooling

Cycles 1 Analysis Mode None

Target (°C) | Acquisition mode | Hold (hh:mm:ss) | Ramp Rate Acquisition
(°C/s) (per °C)

40 none 00:00:20 2.5

3.2.3.3 RNA sequencing (RNAseq) analysis

RNAseq analysis was performed in collaboration with the Centre Nacional d’Analisi
Genomica (CNAG-CRG, Barcelona).
RNA was extracted as described in 3.2.4.1 from four biological samples of mECs, obtained
from 2 females and 2 males animals, and treated with 4-OHT and vehicle (EtOH) for 24
hours. Total RNA was quality controlled by Qubit® RNA BR Assay kit (Thermo Fisher
Scientific, # Q10211) for quantity and RNA 6000 Nano Assay (Agilent) for integrity. The
RNA-Seq libraries were prepared from total RNA using the TruSeq Stranded mRNA
Library Prep Kit (lllumina) from total RNA (500 ng). In the mean were generated 59 million
paired-end reads for each sample following the manufacturer’s protocol. Images analysis,
base calling and quality scoring of the run were processed final library was validated on an
Agilent 2100 Bioanalyzer with the DNA 7500 assay. The libraries were sequenced using
the manufacturer’s software Real Time Analysis (1.18.66.3). RNA-seq paired-end reads
were mapped against the human reference genome (GRCm38) using STAR version
2.5.3a (Dobin et al., 2013) with ENCODE parameters for long RNA. Annotated genes
(gencode version M17) were guantified using RSEM version 1.3.0 with default parameters
(Li et al.,, 2011). Differential expression analysis was performed with DESeq2 version
(Love et al., 2014) taking into account that the samples were paired. Principal component
analysis was done using the top 500 most variable genes with the ‘prcomp’ R function and

‘ggplot2’ R library.

3.233.1 Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed in collaboration with Pujana’s
Laboratory (IDIBELL, Barcelona). GSEA software and Molecular Signature Database
(MSigDB) were used. Mouse gene codes were translated as human homologous ones

using MGI reference dataset, keeping only genes described as protein coding ones
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(n=14190). In the dataset normalized counts were transformed to pseudocounts adding 1
to avoid null values and then log2 transforming them. For each gene, paired t-test was run.
Fold changes between both groups (4-OHT and EtOH) were computed using foldchange
method included in gtools R library. Values greater than 1 indicated genes enriched in 4-
OHT condition and lower than -1 indicated genes enriched in EtOH condition. Pre-ranked
GSEA analysis was performed using previously computed fold changes values by using
the c2 curated gene sets. False discovery rate-FDR< 25% and a nominal p-value < 5%
were considered for enriched pathways and processes.

The oncogenic PI3K Mutant signature was created by using the gene sets in the following
papers (Koren et al., 2015; Van Keymeulen et al., 2015).

3.2.3.3.2 Bootstrapping analysis

39 biological processes related to cell-cell and cell-matrix adhesion and cell
migration were identified in the GO database (biological processes), from the differential
expression analysis. Pujana’s Lab applied a bootstrapping method to identify and validate
which of these 39 processes resulted enriched of genes differentially expressed. Briefly,
gene datasets were obtained from GO database and for each ontology, they checked if the
proportion of genes differentially expressed was greater than expected by chance.
Concretely they generated 1000 random bootstraps per ontology, by using the significant
genes in the ontology, to generate null distributions. Then they compared how many
random datasets presented more enriched genes than its original dataset, generating an
empirical p-value.

For example, from a total of 23-gene set included in the GO:0001952 signature
(regulation of extracellular matrix), pairwise t-test identified 17 genes differentially
expressed. The generated random bootstraps presented an average of 4,5 genes
differentially expressed (by chance) with a p-value lower than 0,05 and none of the
random 1000 bootstraps presented 17 or more differentially enriched genes. This indicated
that the process resulted significantly enriched of genes differentially expressed (more
than what expected by chance) and present an empirical p-value =0. The same was

applied for all the 39 biological processes analysed.
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3.2.4 Protein extraction and Western immunoblotting of primary cells

(mouse and human)

3.24.1 Protein lyses and sample processing

For Western blot analysis 2-hours starvation was performed with cell medium
without FBS and growth factors. Next, plates were quickly wash Ca**Mg®" and stored at -
80°C or directly processed. Primary cells were lysed with lysis buffer (150 mM NacCl, 1mM
EDTA, 50 mM Tris-HCI pH 7.4 and 1% Triton X-100 in H20) supplemented with 1mM
DTT, 2 mg/ml aprotinin, 1 mM pepstatin A, 1 M leupeptin, 10 g/ml TLCK, 1 mM PMSF, 50
mM NaF, 1 mM NaVO3 and 1 uM okadaic acid (Table 3.8). Lysates were collected in a
1.5 ml eppendorf and were kept on ice for 15min. Then, lysates were centrifuged at 4°C for
15 min at maximum speed. Supernatants were collected in new ice-cold 1.5 ml eppendorfs
and kept on ice. Protein content was quantified using the BCA protein assay kit (Pierce #
23225) following the instructions recommended by the manufacturer. Protein samples
were then diluted in sample buffer 4X (250 mM Tris-HCI pH 6.8, 40% glycerol, 8% SDS,
0.04% bromophenol blue and 250mM DTT in H20) in a proportion of 3 volumes of protein
sample: 1 volume of 4X SDS sample buffer. Samples were heated at 100°C for 5 min,

spinned for 30sec and stored at -20°C.

Table 3.8. Reagents used to prepare the lysis buffer.

Product Company-Catalogue #
DL-Dithiothreitol (DTT) Sigma ; #D0632
Aprotinin Sigma ; #A6279
Pepstatin A Sigma ; #P4265
Leupeptin Sigma ; #L.2884

Na-p-tosyl-L-lysine chloromethyl

ketone (TLCK) Sigma ; #T7254

Phenylmethylsulfonylfluoride (PMSF) Sigma ; #P7626

Sodium fluoride (NaF) Sigma ; #57920

Sodium orthovanadate (NavVO3) Sigma ; #S6508

Cayman ChemicalCompany;

Okadaic acid #10011490
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3.2.4.2 Protein electrophoresis and membrane transference

Samples were resolved on 8%, 10% or 12,5% SDS poli-acrylamide gels by using
45-70 pg proteins. SDS-PAGE gels were composed of a stacking part (4% acrylamide,
125mM Tris-HCIl pH 6.8, 0.4% SDS, 0.1% ammonium persulfate (APS) and 0.1%
tetrametiletilendiamina (TEMED) in H20) and a resolution part (10% acrylamide, 375mM
Tris-HCI pH8.8/0.4% SDS, 0.1% APS and 0.1% TEMED in H20). Samples were run for 1-
2h at 130V with running buffer 1X (25mM Tris, 192 mM glycine and 0.1% SDS in H20).
Thereafter, proteins separated in the acrylamide gels were transferred generally onto
PVDF membranes (Roche) previously activated in methanol or nitrocellulose membranes
(Roche). Gel to membrane transference was performed at 4°C at 250 mA for 2h in
Transfer buffer 1X (25mM Tris, 192mM glycine and 20% methanol). After transference,
membranes were washed for 5min in 1X TBS (For 500mL of TBS 10x: 6g Tris, 43.85 g
NaCl, pH7.5) containing 0.05% Tween (referred as TBS-T). Membranes were then
incubated for 1h at RT with TBS-T containing 5% of milk. Membranes were washed twice
(5min each time) with TBS-T and incubated ON at 4°C with incubation solution (2% BSA in
TBS-T with 0.02% sodium azide) containing the desired primary antibody at the
appropriate dilution. Table 3.9 details primary antibodies used for immunoblotting. The
following day, membranes were washed three times (10 min each) with TBST and were
incubated for 1h at RT with 5% milk in TBS-T containing the appropriate dilution of
secondary antibodies (Table 3.10). Upon incubation with secondary antibody, membranes
were washed three times (10min each) with TBS-T and protein detection was performed
by enhanced chemiluminescence (ECL) following the protocol described in Table 3.11.
Quantification of band intensities by densitometry was carried out using the Image J

software.

Table 3.9. List of primary antibodies used for immunoblotting of primary cells.

Antibody Host Company Dilution Catalogue #

VE-cadherin | Goat Santa Cruz 1:200 Sc-6458

B-actin Mouse ABCAM 1:25000 49900

p-Akt (S473) | Rabbit Cell Signalling | ;.5 4060
Technology
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p-AKT(T308) | Rabbit Cell Signalling | ;.54 2965
Technology

AKT total Rabbit Cell Signalling | ;.1 509 9272
Technology

p-Erk1/2 : .

(Thr202/Tyr2 | Rabbit Cell Signalling | ;.19 9101
Technology

04)

. Cell Signalling | , .

Erk1/2 total Rabbit Technology 1:1000 9102

ltga9 Goat R&D Systems | 1:500 AF3827-SP
Cell Signalling

VEGFR2 Rabbit Technology 1:1000 2974S
Santa Cruz

CD31 Goat Sant Cruz 1:500 Sc-1506

Table 3.10. List of secondary antibodies used for immunoblotting.

Antibody Host Company Dilution Catalogue #
Anti-Rabbit | e DAKO 1:5000 P 0399

HRP

Ant-mouse | pabbit DAKO 1:5000 P 0260

HRP

Anti-goat HRP | Rabbit DAKO 1:5000 P 0160

Table 3.11. Protocol for ECL preparation.

Solution A Solution B

5ml 1M Tris pH8.5
45ml H20 110 pl H202 30%
110pl 90mM coumaric acid (Sigma) 900 pl H20

250 pl 250mM luminol (Sigma)

*Solutions A and B need to be mixed in a 1:3 ratio
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3.2.5 Proliferation assay for primary ECs

To study cell proliferation EdU assay (Invitrogen, #C10340) was used. EdU (5-
ethynyl-2'-deoxyuridine) is a nucleoside analog of thymidine that is incorporated into DNA
during active DNA synthesis.

3.2.5.1 Proliferation assay for mECs

Cells were stimulated for 24 hours with 4-OHT and vehicle (EtOH) and then were
harvested, counted and 10° cells were seeded onto a gelatine pre-coated cover slips and
incubated overnight at 37°C in 5% CO,. The next day, Edu reagent was added directly into
the cell culture media for 4 hours at the final cell concentration of [10um]. The cells were
then washed with PBS Ca?*Mg*" and fixed with 4% PFA for 15 minutes at RT. Two more
washes with PBS were performed after fixation and thereafter cells were permeabilized
with PBS-0.5% Triton X-100 (Sigma, # T8787) for 30 min and washed twice with PBS BSA
3%. EdU incorporated in DNA was immunodetected by incubation for 30 min at RT and
cover from light with a Click-iT® reaction cocktail prepared following manufacturer
instructions (25 pL Click-iT® reaction cocktail /coverslip). The reaction cocktail was
removed and the cover-slips were then washed three times with PBS, adding 1ug/ml of
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride Invitrogen, #D1306) in the last one
for 10 min. A final wash with PBS was performed before mounting the coverslips on
microscope slides using Immu-mount as mounting medium (Thermo Scientific, #9990402).
Immunofluorescence was visualized with a Nikon microscope 801 (20x lens). For the
analysis the number of EdU positive cells per field was rectified by the total number of cells
present in the field (DAPI positive). Three independents experiments with at least three
biological samples were used and for each sample 6 photos for conditions (4-OHT and

EtOh) were taken. Data were showed as mean with error bars represent SEM.

3.2.5.2 Proliferation assay for hECs

1,5 x 10° CD31+ cells were seeded on gelatine pre-coated cover-slips in 6-well
plates (3 cover-slip per well) and cultured ON at 37°C in 5% CO, atmosphere. The next
day, the proliferation was assessed with or without inhibitors treatment by directly adding
Edu at the final cell concentration of [10um] into the cell culture media for 2 hours. The
cells were then washed with PBS Ca?*Mg** and fixed with 4% PFA for 15 minutes at RT.
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Then, cell proliferation was assessed as described in the previous paragraph 3.2.5.1.
Three independents experiments with two samples were performed and for each sample 6
photos were taken. Data were showed as mean with error bars represent SEM. A
statistical upaired t-test was performed.

Inhibitors treatment was performed for 2 hours with BYL-719 (Selleckchem,
#52814), GDC-0941 (Selleckchem, #S1065) and Rapamycin (Selleckchem, #S1039)
inhibitors used at a final cell concentration of [1 uM]. DMSO was used as control condition.
Three independents experiments with the two samples were performed and for each
sample 6 photos were taken. Data were showed as mean with error bars represent SEM.
Ordinary One way ANOVA with multiple comparison vs. DMSO was performed.

3.2.6  Wound healing assay for primary ECs (collective cell migration)

In detail, upon 24h-induction with 4-OHT and vehicle (EtOH) collective cell
migration capacity of ECs was measured in would healing assay. Briefly, 2.5-10° cells
were seeded onto gelatin pre-coated 12-well plate and cultured at 37°C in 5% CO,
atmosphere until confluence. The next day, a 2 hours pre-treatment with [1 mg/mL] of
Mytomycin C (Roche, # 10107409001) was performed to minimize the contribution of cell
proliferation to gap filling. Then a linear thin-scratch was made with a help of a (yellow)
pipette tip, creating a gap (“wound”) in a confluent ECs monolayer. Cells were washed with
PBS/BSA and new F12 complete cell medium was replaced. Subsequently, images of the
cells filling the gap were taken immediately after the scratch (T=0) and a regular time
intervals (T7, T18 and T24 hours) with a Nikon Biostation CT (UCL Cancer Institute-Light
Microscopy Core Facility). Two different images (areas) for each time points were taken to
cover the whole scratch and the scratch area was calculated with ImageJ software. Two
independents experiments with four biological samples were performed and data were
shown as % of reduction of the gap-area compared to TO. A 2-way ANOVA analysis with

multiple comparisons vs. TO was used.

3.2.7 Inhibitors treatment of primary mECs

10° cells were seeded onto gelatine pre-coated 6-well plate and cultured for 48
hours with F12 complete media added with inhibitors. BYL-719 (Selleckchem, #S2814)
and Rapamycin (Selleckchem, #S1039) were used at [1 pM] while MK220 (Selleckchem,

#S1078) was used at [4 pM] final cell concentration. DMSO was used as control condition.
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Upon 48 hours-treatment plates were quickly washed with PBS with Ca?**Mg* (Lonza,
#D8537) and stored at -80°C or directly processed for RNA extraction as described in
section 3.2.3.1.

3.2.8 Immunofluorescence analysis of primary ECs

3.2.8.1 Immunofluorescence analysis of mECs

Cells were seeded on gelatine pre-coated cover slips in 6-well plates (3 cover-slip
per well) and cultured at 37°C in 5% CO, atmosphere until desired confluence. Cells were
washed once with PBS Ca**Mg?* and fixed with 4% PFA for 15 minutes at RT. Then, cells
were washed three times with PBS and permeabilized in 0.1% Triton X- 100 in PBS for
30min at RT. Next, cells were incubated in blocking solution (3% BSA, 5% goat serum,
0.1% Triton X-100 in PBS) for 1h at RT. Cover-slips were removed from the culturing plate
and were incubated in the appropriate dilution of Itga9 primary antibody (Biorbyt, #
orb184305) in blocking solution ON at 4°C in a wet chamber (40ul antibody solution/cover-
slip). The following day, coverslips were washed three times (5 min each) with PBS at RT
(shaking) and were incubated in the appropriate dilution of anti-rabbit 488 secondary
(Molecular Probes, goat anti-rabbit 488 # A-11034) in PBS for 2h at RT in a wet chamber
covered from light (40ul antibody solution/cover-slip). Three washes (5 min each) with PBS
were performed adding 1ug/ml of DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride
Invitrogen, #D1306) in the last one for 10 min. A final wash with PBS was performed
before mounting the cover-slips on microscope slides using Immu-mount as mounting
medium (Thermo Scientific, #9990402).

3.2.8.2 Immunofluorescence analysis of hECs

CD31 + and CD31- human primary cells were seeded on gelatine pre-coated cover
slips in 6-well plates (3 cover-slip per well) and cultured at 37°C in 5% CO, atmosphere
until confluence. The cells were stained following what wrote in the previous paragraph
3.2.8.1, by using the primary antibodies listed in Table 3.12 and the secondary antibodies
listed in Table 3.13.
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Table 3.12. List of primary antibodies used for primary human cells.

Antibody Host Company Dilution Catalogue #
Ve-cadherin Mouse BD Biosciences 1:50 610252
CD31 Goat Sant Cruz 1:50 Sc-1506
aSMA Mouse Sigma 1:50 C6198
Prox1 Goat R&D Systems 1:50 AF2727
ltga9 Rabbit Biorbyt 1:50 Orb 184305

Table 3.13. List of secondary antibodies used for f primary human cells.

Antibody Host Company Dilution Catalogue #
Anti-Rabbit | o ine DAKO 1:200 P 0399

488

Anti-mouse | it DAKO 1:5000 P 0260

HRP

Anti-goat HRP | Rabbit DAKO 1:5000 P 0160
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4 Results

4.1 Unravelling the biology behind Pik3ca™®® activating

mutation in ECs

4.1.1 Creation of a transgenic mouse line to study the Pik3ca™*™®

activating mutation in ECs

To address objectives 1 and 2, we first aimed to generate a mutant mouse that genetically

H1047R

and specifically activates the expression of Pik3ca in ECs. Critically, the expression

of Pik3ca™® either in the germline or in ECs during embryonic development is
incompatible with life (Hare et al., 2015; di Blasio et al., 2018); thus we generated EC-
Pik3ca™'® mice with a conditional endothelium-specific expression of the activating
Pik3ca"**"® mutation.

We took advantage of a tamoxifen-inducible Pdfgb-iCreER transgenic mouse line (Claxton

et al., 2008), in which the Cre is only active in ECs after tamoxifen administration, which

WT/H1047R

we crossed with a conditional heterozygous Pik3ca mice (Kinross et al., 2012),

bearing one germline Pik3ca allele with a conditional H1047R mutation (Figure 4.1). In the

H1047R

newly generated EC-Pik3ca mice, one Pik3ca allele presents loxP sites flanking wild

type exon 20. Downstream is placed a tandem copy of exon 20 incorporating the H1047R

(CAT—AGG) mutation. Tamoxifen-inducible Cre excision removes the floxed fragment

H1047R

replacing the wildtype with mutant exon 20, resulting in Pik3ca protein expression at

endogenous levels in otherwise normal ECs; thus accurately reproducing the scenario of a

naturally occurring mutation. This mouse model specifically expresses the Pik3ca™%'R

mutation in ECs in a heterozygous and endogenous way, recapitulating the genetic of the

H1047R

VM disease. In this way, the biological effects of Pik3ca expression can be examined

both in vitro and in vivo.
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Figure 4.1. A transgenic mouse line to study the Pik3ca activating mutation in ECs.

Scheme of the conditional Pik3ca™*® allele in EC-PIK3CA™%"® mice. In the targeted Pik3ca locus, exon 20

is flanked by loxP sites. Endothelial-specific promoter (Pdgfb)-mediated 4-hydroxytamoxifen (4-OHT)-induced

H1047R

Cre excision removes the floxed fragment, activating the conditional mutated Pik3ca allele in the targeted

endothelial cells.

4.1.2 Pik3ca™%™® expression in ECs leads to the overactivation of PI3K

signalling pathway

Given that very little is known about how Pik3ca™%®

induces pathogenesis in ECs, we
first aimed to study the molecular impact of this mutation in vitro. To address this, we
chose RNA sequencing analysis. We isolated primary mouse ECs (mECs) from the lungs
of EC-Pik3ca™**"R mice and we confirmed their EC identity by analysing the expression of
Ve-cadherin, an endothelial specific junctional marker. We confirmed the knock-in of
Pik3ca™%'® mutation after Cre recombination in vitro by treating mECs with 4-
hydroxytamoxifen (4-OHT, the active form of tamoxifen) and vehicle (absolute ethanol,
EtOH) at different time points (Figure 4.2A), following by assessing p-AKT status.
Representative western blot (WB) analysis at 24 hours in Figure 4.2B shows that
Pik3ca™ %" activation in ECs induces elevated p-Akt levels at Ser473 and Thr308,
indicating the overactivation of PI3K signalling pathway (Figure 4.2B). Previous data have
identified Angpt2 (encoding for Angiopoietin-2, ANG2) and Pdgfb (encoding for platelet-
derived growth factor subunit B, PDGF-B) as bona fide transcriptional readouts of PI3K
signalling, with both transcripts negatively regulated by PI3K signalling (Uebelhoer et

al.,2013; Lymaye et al, 2015; Castel et al.,2016; Castillo et al.,2016). Based on this, we
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used Angpt2 and Pdgfb mRNA levels as readouts to define the best time point analysis to
study acute transcriptional changes induced by Pik3ca™'®® in ECs (Figure 4.2C).
Critically, analysis 24-hour post 4-OHT treatment was sufficient to induce a robust
activation of PI3K signalling (Figure 4.2B) with transcriptional impact (Figure 4.2C).
Hence, we used 24h post 4-OHT treatment as a reference time point to assess the impact

of Pik3ca"'**'R expression on the early stage of activation in vitro.

A B - - o+ ¥ 4-OHT

EC-Pik3caVT  EC-Pik3caH1047R }‘3
(EtOH) (4-OHT)

—— 99— — — w— P-Akt (Ser473)
6h 24h 48h 72h

- | VE-cadherin
== == p-Akt(Thr408)

R ———

PSR -octin

Ang2 Pdgfb

2.0
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Figure 4.2. Pik3ca™®® expression leads to overactivation of PI3K signalling pathway in ECs.

A) Schematic representation of the in vitro treatment of mECs. Pik3ca"""**’R mECs were isolated, cultured

and treated with EtOH (vehicle) and 4-OHT for 6, 24, 48 and 72 hours. B) Analysis of PI3K activation by WB
analysis after 24-hour treatment. C) Gene expression levels of Angpt2 and Pdgfb genes assessed upon

treatment at different time points. Data represent mean + SEM. *p < 0.05 (Mann-Whitney U test), n=3.
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4.1.3 A transcriptomic analysis to unveil the biological mechanisms
H1047R

triggered by Pik3ca expression in ECs

To gain insight about the molecular changes occurring upon acute activation of
Pik3ca™*"™® in ECs, we explored the transcriptomic profile of mECs by performing an
untargeted RNA sequencing analysis. First, we checked the Angpt2 and Pdgfb mRNA
levels (Figure 4.3A) in the analysed samples to confirm the expression of the activating
Pik3ca™%*"® mutation in the ECs. Then, a total of 14190 annotated genes in the GRCm38
mouse genome assembly were analysed and a gene-set enrichment analysis (GSEA,
Subramanian et al., 2005) was performed.

GSEA analysis on the entire gene-dataset highlighted a significant enrichment in the
“Oncogenic PI3K mutant signature” (Koren et al., 2015, Van Keymeulen A et al., 2015,
Hutti JE et a., 2012) for Pik3ca"™*"® mutant ECs (FDR<5% and nominal p-value < 1%,
Figure 3B), with 71 up-regulated genes involved in cell cycle and cell proliferation
processes. This data was further validated by the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) enrichment analysis that indicates an enrichment of genes involved in
the control and regulation of the cell cycle (FDR<5% and nominal p-value < 1%, Figure

H1047R

4.3B). These data strongly suggested that Pik3ca expression critically controls and

regulates the proliferative behaviour of ECs (di Blasio et al., 2018; Castillo et al., 2016).
Next, we identified 275 differentially expressed genes (DEGs) between Pik3ca™*"® (4-
OHT) and Pik3ca"" (EtOH) mECs (FDR<5% and shrunken log2 fold change (LFC)>1.5)
and we screened the biological processes in which the DEGs were involved by using GO
database. As expected, PI3K signalling pathway and various processes involved in the cell
cycle regulation were highly represented, confirming the previous data (Figure 4.3C).
Furthermore, 39 biological processes regulating cell-cell and cell-matrix adhesion, as well
as cell migration, were significantly represented (FDR<5%, Figure 4.3C). Within the
identified processes, integrins binding and cell-adhesion-mediated by integrin particularly
drawn our attention. In addition, angiogenesis-related processes were highly represented
with cell migration involved in sprouting angiogenesis as the most represented one
(Figure 4.3E). Overall, all the identified signatures were pointing out a potential role for cell
adhesion and cell migration as critical biological processes triggered by Pik3ca™"®
mutation in ECs.

Next, to support the potential role of these processes, we submitted the 39 identified

signatures to a bootstrapping analysis. This bioinformatics analysis compares each
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biological signature with 1000 signatures created by chance and verifies if the genes
involved are the same or more than expected by chance (blue area, Figure 4.3D).
Surprisingly, all the 39 biological processes related with adhesion and migration, were
enriched of DEGs more than what expected by chance (p value<0.001); validating their
role in our context.

To finally underpin the hypothesis that Pik3ca™%"®

expression could affect the adhesion
and migration functions of ECs, we individually checked the DEGs in the RNAseq analysis.
Two specific genes emerged as strongly modulated: the endothelial Nitric Oxide Synthase
(eNOS) as the most up regulated and the Chemoaokine (C-X-C Motif) Receptor 4 (Cxcr4) as
the most down regulated gene. Since Cxcr4 has a crucial role in angiogenesis regulation,
with the SDF-1/CXCR4 axis playing a role in severe blood vessel abnormalities (Ara T et
al., 2005), and eNOS supports ECs migration via integrin dependent mechanisms
(Murohara et al., 1999), we deepened our analysis by checking the integrin status. We
found that the genes encoding for integrins a- and B- subunits were affected in their

HI047R “mutant ECs, with Itga9 and ltga8 transcripts

expression levels in the Pik3ca
significantly deregulated.

Integrins are transmembrane glycoprotein receptors, composed of a and 8 subunits, and
are responsible for cell-cell and cell-matrix interactions. In addition to mediating
attachment to their respective extracellular matrix (ECM) ligand(s), they have specialized
signalling functions and they can regulate gene expression as well as cell shape,
migration, proliferation, and survival. Also, they are crucial in angiogenesis and for
vascular integrity and are the major mediators of vascular cell adhesion and migration
through the extracellular matrix (Somanath PR et al.2009).

H1047R

Taken together, these data suggested the hypothesis that expression of Pik3ca

mutation could modulate ECs adhesion through a specific impact on the integrins profile.
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Figure 4.3. Pik3ca™®'R expression affects the proliferation and adhesion/migration processes of ECs.

A) Gene expression levels of Angpt2and Pdgfb genes assessed in the analyzed RNAseq samples. Data
represent mean + SEM. *p < 0.05 (Mann-Whitney U test), n=4. B) GSEA analysis. Top enriched signatures

(FDR<5%) in the Pik3ca"®*’R mECs are shown with the relative normalized enrichment score (NES) and p-



H1047R

values. C) and E) GO biological processes enriched in Pik3ca mECs showed with the relative p-adjust

values. Red dashed bar show a p-value=0,05. D) Representative image of the process G0O:0001952-
Regulation of ECM, one out of 39 processes analyzed with a Bootstrapping analysis. Blue area represents the
number of random genes (0-10) necessary for a process to be significant. Red arrow indicates that 17 genes

changed their values in the dataset, validating the process.

4.1.4 Pik3ca™®® expression affects the proliferation and adhesion

molecular signatures of ECs

To validate the proliferation and adhesion signatures, we analysed the expression levels of
key genes involved in these functions by RT-gPCR. The proliferative signature was
assessed upon 24-hour 4-OHT treatment by looking at key cell cycle and DNA replication
genes (Figure 4.4A). Mutant Pik3ca"**’® mECs up-regulated genes promoting cell cycle
progression like Mcm10, Mki67, E2f1, KIf10 while down-regulated the cyclin-dependent
kinase inhibitor Cdk2nb.

Next, to validate the adhesion signature, the gene expression profile of a variety of cell
adhesion molecules was assessed upon 24- and 72-hour 4-OHT treatment (Figure 4.4B).

The overall analysis revealed that Pik3ca™*'"®

mutant mECs significantly reduced the
expression level of Cxcr4, Fnl, Ccnl, Vcaml and Itga8 genes while strongly increased
Pcdh12, Depdclb, L1cam, ltga9 and ltgh2 genes.

These data validated that Pik3ca™®'® expression modulates the molecular adhesive
profile of ECs in a time dependent manner, with the integrins repertoire particularly
H1047R

affected. This strongly highlights that Pik3ca activating mutation could interfere in the
adhesion and migration capacities of ECs.

Among the analysed integrins, 1tga9 mMRNA levels were particularly affected by
Pik3ca™ %R expression over the time, being it the most significantly increased integrin in
our specific context. The integrin-a9 (Itga9) subunit forms a single known heterodimer,
a9B1, and is the most recent fibronectin-binding integrin with a role in angiogenesis
(Vlahakis NE et al., 2007; Staniszewska I, et al., 2007; Liao YF, et al., 2002; Marcinkiewicz
C, et al. 2000). It is a receptor for a number of ECM proteins and plays a role in EC
adhesion, facilitating accelerated cell migration (Vlahakis NE et al., 2007). As of now, no
deregulation in integrins profiles has been previously identified in the VM-context and we
H1047R

selected itga9 as a potential critical target in mediating the biological effects of Pik3ca

expression in mECs.
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Figure 4.4. Pik3ca™™® expression directly affects the proliferative and adhesive gene expression
profiles of ECs.

A) Expression levels of cell cycle genes evaluated upon 24-hour treatment of Pik3ca™"™%™® mECs. B)

Comparison of the expression levels of adhesion genes upon treatment of Pik3ca”""%"® mECs at 24 and 72

hours. Data represent mean + SEM. **p < 0.005, *p < 0.05 (Mann Whitney test), n=6.

4141 The molecular changes are rescued by PI3K pathway
inhibitors

To confirm that the adhesion molecular signature is PI3K-mediated, we treated mECs with
different inhibitors of the PI3K/AKT/mTOR signalling pathway. Pik3ca™®® mECs were
treated for 48 hours with BYL-719 (PIK3CA-specific inhibitor), MK-2206 (AKT inhibitor) and
Rapamycin (mTOR-inhibitor); DMSO was used as a control. The gene expression level of
the putative genes was analysed by RT-gqPCR. Interestingly, the expression of all
transcripts, previously shown to be up regulated in Pik3ca™*® mutant ECs (DMSO
condition, Figure 4.5A), were normalized to control levels upon 48-hour treatment with all
inhibitors, with higher and comparable efficacy for BYL-719 (PIK3CA-specific) and
MK2206 (AKT) inhibitors. In contrast, for the transcripts resulted down regulated in
Pik3ca™%*"® mutant ECs (DMSO condition, Figure 4.5B), although a similar tendency in
the rescue capacity was observed, no significant results were obtained. These data

H1047R

suggest that Pik3ca expression exerts its critical role by mediating the up regulation

of genes expression levels.
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Figure 4.5. The adhesive molecular signature is PI3Ka-mediated and can be rescued with the use of
PIBK-AKT-mTOR axis inhibitors.

A) Up regulated and B) down regulated genes upon 24-hour treatment of Pik3ca"/"H%R

mMECs. Analyses of
gene expression levels were assessed upon 48-hour treatment of Pik3ca"**’R mECs with a PIK3CA-inhibitor
(BYL-719), an AKT inhibitor (MK-2206) and mTOR-inhibitor (Rapamycin); DMSO was used as a control. Data
represent mean = SEM, n=3. Two-way ANOVA test vs. DMSO condition has been performed. **** p<0.0001

*k 00,0005, ** p<0,005, *p<0,05.

4.1.4.2 The molecular changes are ECs-specific

Next, a critical question is whether the molecular signature observed is ECs-specific or it
also occurs in other cell types. To address this issue, we assessed the expression profile
of the putative genes in primary mouse embryonic fibroblasts (MEFs) upon expression of

Pik3ca™%®. These cells were kindly provided by the Cell Signalling research group (Prof.

WT/H1047R

Vanhaesebroeck, UCL Cancer Research) and were isolated from Pik3ca mice

H1047R

crossed with Rosa26-CreERT2 mice, expressing Pik3ca ubiquitously upon 4-OHT-

treatment. In vitro recombination was verified assessing PI3K signalling pathway activation

96



by WB analysis (Figure 4.6A). The expression profile of adhesion genes was analysed by
RT-gPCR after 72-hour treatment with 4-OHT or vehicle (Figure 4.6B). The analysis

showed that the adhesion molecular profile of MEFs was not affected over the time by the

H1047R

activating Pik3ca mutation. As expected, Pcdhl12 gene was not expressed in MEFs,

being it an ECs specific-gene. Only Itga8 gene showed a tendency in decreasing its level
similar to Pik3ca™®"® ECs, which might indicate a more general mechanism linked with
PI3K signalling that is not ECs related. Critically, the Ct values were comparable between
MEFs and ECs. This indicates that these transcripts are expressed at similar levels
between both cell types (Figure 4.6C).
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Figure 4.6. Changes in the adhesive molecular profiles are ECs-specific.

A) Assessment of PI3K pathway activation by WB analysis in mouse embryonic fibroblasts (MEFs) upon 24-
hour treatment with 4-OHT. B) Gene expression levels of putative genes evaluated upon 72-hour treatment of
MEFs, n=6. C) Comparison of Ct values of the putative gene in controls MEFs and ECs.

415 Pik3ca™%® expression affects Itga9 protein levels and ECs

behaviour

Next, we aimed at correlating the molecular signatures with the cellular behaviour of ECs
in vitro. In detail, since ECs proliferation and migration are early essential events during

angiogenesis, and adhesion and migration are integrated cell functions, we hypothesized

H1047R

that a mutant Pik3ca could finally impact the migratory capacity of mECs.

Furthermore, as Itga9 has emerged as potential candidate in mediating the biological

H1047R

effects of Pik3ca , we validated its protein expression levels in Pik3ca™*® mECs.
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4151 Pik3ca™%R expression increases Itga9 protein expression

We investigated the up regulation of Itga9 protein in mECs upon 24-hour treatment with 4-
OHT/EtOH. First, we assessed Itga9 expression by IF analysis (Figure 4.7A), to visualize
its subcellular localization. While in control cells Itga9 expression was very low and

confined at the cytoplasmic level, in Pik3ca™®"®

mutant mECs the expression was higher
and detectable at both intracellular and membrane level, with some cells expressing it
ubiquitously and at the interface of interaction with other cells. Next, we confirmed this
overexpression by means of WB analysis in the same experimental setting (Figure 4.7B).

We observed that only Pik3ca%"?

mMECs presented increased level of the Itga9 protein,
while controls Pik3ca”" mECs and MEFs did not. Also, we observed that increased Itga9
protein levels by more than 4-fold changes (Figure 4.7C) corresponded with constitutive
activation of PI3K signalling pathway, as demonstrated by the increased phosphorylation

levels of AKT protein at both Ser438 and Thr308 residues.
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Figure 4.7. Expression of Pik3ca induces Itga9 overexpression.

A) Representative IF images of Itga9 levels in Pik3caWT (vehicle) and Pik3caH1047R (4-OHT), treated for 24
hours. Anti-ltga9 (green), anti-phalloidin (red). Scale bar 20 um. B) WB analysis of PI3K pathway activation
and Itga9 levels upon 24-hour treatment of mMECs and control MEFs. C) Quantification of Itga9 protein levels in

Pik3caWT/H1047R mECs.

4152 Pik3ca"'®R expression increases the proliferation of ECs

Next, we tested the proliferation rate of mECs by using EdU incorporation assays with
immunofluorescence (IF) (Figure 4.8A) and FACS analyses (Figure 4.8B). EdU detects
the S-phase of the cell cycle by incorporating the nucleoside analog uridine into newly
synthesized DNA. Both analyses showed that mutant Pik3ca™%® mECs (4-OHT treated)
exhibited a higher and reproducible proliferation capacity upon early expression (24-hour)

of Pik3ca™®*'R mutation.
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Figure 4.8. Pik3caH1047R expression increases ECs proliferation.

H1047R

A) Representative IF images of Pik3ca”" (vehicle) and Pik3cal (4-OHT) mECs treated for 24 hours and

stained with EdU (light blue) and DAPI (dark blue) with the relative quantification of proliferation rate. Scale bar
50 um. B) Proliferation rate upon 24 hour treatment of mMECs assessed by cytofluorimetric analysis (FACS).
Data represent mean + SEM. (t test), n = 3. * p<0.05.

4153 Pik3ca"'®R expression increases the migration of ECs

Finally, we checked if the migratory capacity of mutant Pik3ca"**"?

mECs was perturbed.
Therefore, we performed an in vitro wound-healing assay to assess the collective
migration property of ECs following 24-hour treatment with 4-OHT/EtOH. The migration
capability of the cells was assessed at different time points within 24 hours, revealing that

mutant Pik3ca%"R

mMECs migrate faster than control cells (Figure 4.9B). This was
demonstrated by the increased capacity of these cells in filling the wound already at 17
hours (Figure 4.9A). This data demonstrated that Pik3ca™%'® activation leads to
increased migratory capacity of ECs that could be partially explained by the altered

molecular adhesive signature of the mutant ECs.
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Figure 4.9. Pik3ca"™%"® expression increases ECs migration.
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A) Representative images of a ECs monolayers at (T0) and at 8, 17 and 24 hours after scratching. Scale bar
250 pum. B) Quantification of cell migration was assessed by two-way ANOVA test of 2 independent
experiments.**p< 0,005, n=4.
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4.2 Generation of a robust mouse model to explore the biology
of PIK3CA-driven VM

The second objective of this thesis was to generate a robust and reproducible mouse
model of PIK3CA-driven VM to (1) study the biology of Pik3ca pathogenesis in vivo and (2)

to provide a pre-clinical platform to test pharmacologic interventions. To this end, we took
H1047R

advantage of EC-Pik3ca we generated to test three experimental settings, allowing to

H1047R

express the Pik3ca mutation at different stages after birth (Figure 4.10).

(A) Postnatal to Postnatal; we used postnatal mouse retina as a biological system. Retinal

vasculature develops post birth. This allows us to study the impact of Pik3ca"**'®

before the onset of vascular development. To achieve that, we induced Pik3ca™%R
expression in ECs at postnatal day (P1) followed by harvesting the eyes at P6 (Figure
4.10A).

(B) Postnatat to Adult; we aimed to explore which tissues were most susceptible to

develop VM upon postnatal induction of Pik3ca'%"?

expression in ECs. To this end,
we administered 4-OHT at P1 followed by culling the animals at 14 weeks of age
(Figure 4.10B).

(C) Adult to Adult: the expression of Pik3ca™%® was induced in 8-week old mice by
administering 2mg/day of tamoxifen (Tx) for 2 consecutive days. The animals were

followed up and culled after 9 weeks (Figure 4.10C).

A B C
POSTNATAL RETINAS POSTNATAL TO ADULT ADULT TO ADULT
4-OHT Injection 4-OHT Injection Tx-administration
[10 mg/Kg] [0.33 mg/Kg] ﬂ (2 mg/day, 2 days)
¢ i 14 week follow up l ,L 9 week follow up
L s > =
PO P1 P6 PO P1 P0 6 week-old mice

Retina

Figure 4.10. Schematic representation of the three experimental settings used to express the

H1047R

Pik3ca™*"™® activating mutation in vivo in EC-Pik3cal mice at different stages after birth.

Upon several pilot studies, we realized that the postnatal to postnatal model approach (A)
provided many advantages (robustness, time, sensitivity, amongst others) compared to B
and C. Hence, the following section will just briefly describe the results obtained by
applying approach B and C, in favour of the investigation of the postnatal retina exploration

(approach A).
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421 Pik3ca™%® expression in the mouse endothelium exhibits

different phenotypic vascular defects

H1047R

4.2.1.1 Early postnatal expression of Pik3ca In mice leads to

heterogeneous VM-phenotype (B)

EC-Pik3ca"™™"™® animals injected at postnatal P1 and culled after 14 weeks, developed
subcutaneous vascular lesions mainly in the mesentery and urogenital areas (Figure
4.11A). However, a heterogeneous degree of phenotypes was observed between EC-
Pik3ca™*'® mice. On a cohort of 7 EC-Pik3ca™*® analysed animals, one was found
dead after 4 weeks (for unclear cause), while the 6 remaining ones presented variable
vascular defects, with some presenting a very strong phenotype in terms of size,
localization, and expansion of the vascular lesions and others presenting a milder
phenotype with only few or no lesions at all (Figure 4.11B). Although this model exhibited
variable vascular defects, it was not sufficiently robust for our studies.
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Figure 4.11. Early postnatal expression of Pik3ca in mice.

A) Representative images of the mesentery and subcutaneous tissues in EC- Pik3ca"' and EC-Pik3ca™*"?
mice. B) Representative images showing the heterogeneity in the degree of penetrance of vascular defects,

from mild (left side) to strong (right side).
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42.1.2  Adult Pik3ca™%"®R expression in mice leads to localized VM (C)

We then, tried to assess whether vascular lesions induced in adult mice could lead to a
more representative phenotype. Interestingly, when the expression of Pik3ca™%R
mutation was induced in adult mice, we observed the onset of vascular defects in 100% of
the cases. Localized vascular lesions were observed in the subcutaneous tissues between
the thoracic cage and the neck (Figure 4.12A). On a cohort of 7 EC-Pik3ca™*"® analysed

animals, two died for internal haemorrhages after 8 weeks of follow up.

We decided to perform a histopathological analysis, which confirmed that the lesions were
venous malformations with a lymphatic component. Specifically, the vascular lesions were
dilated blood filled channels, poorly circumscribed, predominantly thin-walled, irregular,
and abnormal sized blood vessels infiltrating normal soft tissues (Figure 4.12B).
Moreover, the analysis revealed the presence of a malformed lymphatic vessels
component, however it was less prominent than the aberrant blood vessels. This is in line
with what is seen in human VM, where purely vascular malformations are rare and they
usually contain a mixture of vessel types, with some types being pathologically prominent
such as the blood vessels in the case of VM (Lowe et al 2012). This model exhibited the
capacity of generating always localized vascular lesions; however it requires a long term

which is not useful to study and characterize the biology of the disease.

ADULT INDUCTION

EC-Pik3ca"14R

Penetrance of VM-phenotype

Figure 4.12. Pik3ca™*'® expression in adult mice.

A) Representative images of the vascular lesions localized at the level of the thoracic cage-neck (black arrows)
found in all the adult induced EC-Pik3caH1047R mice. B) Representative haematoxylin eosin—stained sections
of the EC-Pik3caH1047R mice VM lesions. They appeared as venous malformations showing abnormal,

enlarged, and irregular vascular channels similar to human VM.
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4213 Early Pik3ca™®® expression in the retinal vasculature

generates localized vascular defects resembling VM disease

(A)

In parallel, we tried to recapitulate the localized VM disease in postnatal retinas, an
established experimental model in our lab to study posthatal angiogenesis in a
stereotypical manner. Also, mouse retinas have become a state-of-the-art biological
system to study vasculature development at high resolution.

Previous data from our lab had showed that endothelial expression of Pik3ca™%™® in
retinas result in prominent vessel hyperplasia associated with increased ECs proliferation
and defective pericyte coverage. Together, this led to the appearance of a vascular bed
composed of a single sheet of ECs (Castillo et al., 2016). Of note, this phenotype does not
fully recapitulate the etiology of PIK3CA-related venous and/or capillary malformations in
which enlarge, but distinct hyperplastic vascular channels are the norm.

To better model the disease, we first aimed to study the impact of different doses of 4-OHT
(Figure 4.13A). We hypothesized that a reasonable (not too many and not too little)

number of targeted ECs (which express the Pik3ca™%'®

mutation upon 4-OHT
administration) would lead to the appearance of isolated hyperplastic vascular lesions in
venous and/or capillaries locations. To this end, several doses of 4-OHT were injected at
P1 EC-Pik3ca™®™® pups, followed by harvesting the eyes at P6. Upon, dissecting and
fixing the retinas, we proceeded to stain them with isolectin-B4 (IB4, which binds
specifically to the ECs plasma membrane) (Figure 4.13A). Critically, the lowest dose [0,05
mg/Kg] emerged as the experimental condition to obtain a reliable and robust phenotype
characterized the presence of isolated malformed vessels in the remodelling plexus
(Figure 4.13B-C). We also noticed a highly proliferative response in the angiogenic
sprouting front (Figure 4.13B-C).

The appearance of isolated vascular lesions led us to assessed where (which subtype of
vessels) the isolated malformed vessels were localized. Interestingly, we observed that all
the isolated lesions were appeared, and mainly associated, with a vein (arising within or
from a vein) and, in a smaller percentage in the capillary bed (Figure 4.13D-E).To note,
the lesions were never associated to arteries, thus finely reproducing the human disease.
Taking in account the robustness and reproducibility of the retinas model and the timing it

required compared to the generation of adult mice, we decided to use it as in vivo model to
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translate our in vitro findings and study how Pik3ca™**'? expression impacts the biology of
vessel malformations.
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Figure 4.13. Pik3ca™®"™® expression in retinal vasculature generates localized vascular defects
resembling VM disease.

106



Representative whole-mount retinas from littermates at P6, stained with Isolectin-B4 (1B4). A) 4-OHT titration to
identify a suitable dose reproducing a localized VM-phenotype, n=3 animals/each dose. B) Representative
images of EC-Pik3caWT and EC-Pik3caH1047R postnatal retinas vasculature. Red arrows in the EC-
Pik3caH1047R retina indicate isolated localized malformed vessels. C) High-magnification images of the
sprouting and remodelling areas of EC-Pik3caWT and EC-Pik3caH1047R retinas. Abnormal dilated vessels
characterize the sprouting front and the onset of isolated malformed vessels (VM) characterise the remodelling
plexus. D) Representative high magnification images of VM localization in EC-pik3caH1047R retinas. E)
Quantification of VM localization. Data represents % mean + SEM (error bars), n=6. Scale bars, 150 ym (A-B),
30 ym (C-D).

422 Pik3ca™®® expression in retinal vasculature increases ECs
proliferation causing localized VM

We started by analysing the degree of vascularity of EC-Pik3ca"" and EC-Pik3ca™%®

retinas. As expected, EC-Pik3ca™%"®

retinas showed an increased vascularity (or vessel
density) in both the sprouting and the remodelling areas, as measured by the I1B4-positive
area (Figure 4.14A). The vascular tubes showed bigger calibre within the whole vascular
plexus and the overall area increased by almost 2-fold (Figure 4.14B).

Current models of enhanced vessel density involved an increase in the number of ECs
(Serra H et al., 2015; Castillo et al., 2016; Hellstrom M. et al, 2007; Tammela T. et al,
2011). In fact, immunostaining of endothelial cell nuclei revealed a significant increase in
the total number of ECs in both the sprouting and remodelling areas (Figure 4.14C). So,
we wondered whether the vascular VM-phenotype observed was a direct consequence of

an increased endothelial proliferation rate.
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Figure 4.14. Pik3ca™®® expression regulates retinal vascularity throughout the regulation of ECs

number.

A) Representative images of retinas vascularity in the sprouting and remodelling areas of P6 EC-pikE’;caWT and
EC-pik3ca™®® retinas stained with 1B4. B) Quantification of retinas vascularity. C) Quantification of

HI0AR retinas

endothelial cells number in the sprouting and remodelling areas of P6 EC-pik3ca"\’T and EC-pik3ca
stained with Erg (endothelial cells nuclei marker). Data represent mean + SEM. ***P<0.005 (Mann-Whitney U

test), n=8 retinas per genotype. Scale bars, 30 ym.
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We analysed the proliferation rate of ECs in vivo by injecting P6 pups with EdU for two
hours. Then we sacrificied the mice and we performed a triple staining of the retinas for
EdU, isolectin-B4 and Erg. Although we did not observe differences in the proliferation rate

of the sprouting areas between EC-Pik3ca"" and EC-Pik3ca"'*® retinas (Figure 4.15A),

H1047R

we observed a high proliferation rate in the remodelling plexus of EC-Pik3ca retinas

compared to the control ones (Figure 4.15B).

Altogether, these data confirmed that the mutant Pik3ca™®™® directly affects ECs
proliferation in vivo, increasing the total number of ECs in the vascular network leading to
the vessel hyperplasia prototypical of VM disease. Thus, the aberrant proliferative
behaviour is the main trigger for the vascular defects observed in the retinal vasculature,
causing abnormal vessels in size and shape in the sprouting area and the onset of isolated

malformed vessels (VM) in the remodelling area.
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Figure 4.15. Pik3ca expression primary regulates ECs proliferation in vivo causing a VM-

phenotype.

Representative images of the A) sprouting and B) remodelling areas of P6 EC-pik3ca”" and EC-pik3ca™*"®
retinas stained for Isolectin-B4 (green), Erg (red) and EdU (blue). Both EdU- and Erg-positive cells were
quantified and results are presented as a % of EdU-positive cells per 10* pm? area. Data represent mean +
SEM. ***P<0.005 (Mann-Whitney U test). n= 8 retinas per genotype. Scale bars 50 ym.

423 Pik3ca™%®R expression increases Itga9 levels in retinal vasculature

Next, we assessed if the overexpression of Itga9 protein caused by Pik3ca™%"R

expression in vitro was also occurring in vivo and if it was related with the VM-phenotype
in the retinal vasculature. By staining mutant and control P6 retinas with ltga9 antibody, we
observed that EC-Pik3ca"" retinas showed very low levels in both sprouting and
remodelling areas, with only few cells stained punctually (Figure 4.16A, red arrows).

Instead, EC-Pik3ca"'*'® stained retinas showed increased levels of Itga9 concurrently with
the abnormal hyperplastic vessels of the sprouting area (Figure 4.16B, islets). Next, when
we observed into the remodelling area, we noticed that ltga9 levels were only matching the
presence of malformed vessels, whether they were isolated or into enlarged veins (Figure

4.16C, red islets).
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Figure 4.16. Pik3ca™*® expression in mice overexpresses Itgad in VM.

Representative images of the sprounting and remodelling areas of P6 A) EC-pik3caWT and B-C) EC-
pik3ca®' retinas stained for 1B4 (red) and Itga9 (green). Red arrows show punctual expression of ltga9 by

individual cells. Red islets show areas where Itga9 accumulates. White islets show coincidence of Itga9
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expression in the malformed vessels. Veins (V), arteries (A) and capillaries (C) are indicated. Scale bars, 20

um. n 2 3 retinas per genotype.

While the current Itga9 staining looks promising at the moment we cannot rule out that the
staining is specific. In fact, it is possible that the antibody exhibits cross-reactivity with
blood cells and/or proteins (IgG) of the serum. This is a common phenomenon when
studying mutants who show an impaired blood flow within malformed vessels, as it occurs
in EC-Pik3ca"*® retinas. This staining warrants further investigation including (i) a better

set up of the antibody and/or (ii) the use of a different antibody.
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4.3 Patient-derived primary cells to study the biology of VMs

To broaden the translational relevance of the previous data, we investigated if our findings
were reflected in patient-derived samples. Thanks to our collaboration with clinicians of the
Sant Pau, Sant Joan de Déu and Vall D’Hebron hospitals we have collected surgical
resection and biopsies from patients with different type of vascular malformations with the

aim of deriving primary human cells.

4.3.1 A new protocol to isolate primary cells from human samples

By taking advantage of the tools available in our laboratory for the isolation of mouse ECs,
we tried to set up the isolation of human primary endothelial cells from fresh VM biopsies.
Upon several trials, we developed a protocol (Figure 4.17A) which allows us to obtain
primary human cells from different type of vascular malformations on a routine basis. This
protocol allows the isolation of primary human CD31+ endothelial cells (CD31+, hECs) by
positive selection as well as the relative CD31- counterpart by negative selection.
Morphologically, CD31+ hECs showed the typical cobblestone appearance of the ECs
culture while the CD31- cells presented the classical fibroblast-like elongated shape

forming a monolayer in cell culture (Figure 4.17B).
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Figure 4.17. Protocol of isolation of primary human cells from vascular malformations biopsies.

A) Schematic representation of the protocol developed for the isolation of human endothelial CD31+ cells and
CD31- cells. B) Representative images of CD31+ and CD31- fractions in cell culture. Scale bar 100 pm.
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4.3.2 A collection of patient-derided primary human cells to study the

biology of VM

Once the protocol of isolation was consolidated, we created a collection of human primary
cells derived from patients with different type of vascular malformations (i.e. venous,
arteriovenous, capillary and lymphatic). This fundament tool will allow validating and
deeply understanding the biology as well as further identifying new mutations responsible
for the different human vascular pathologies.

At the completion of this thesis, we successfully isolated CD31+ and CD31- primary cells
from 41 patients and the clinical information were collected. Almost 50% of the isolated
cells come from patients with Venous Malformations (VM), confirming that VM are the
most common type of vascular malformations (Figure 4.18A). Since that around 75% of
patients with VM have either mutations in TEK or PIK3CA genes, DNA was extracted
directly from the isolated cells and Sanger Sequencing analysis for the main known hot-
spot mutations in the TEK and PIK3CA genes (Soblet et al.,, 2013; Castel et al., 2016;
Castillo et al., 2016; Helaers R et al.,, 2015), frequently associated with vascular
anomalies, was performed. In detail, primers amplifying TEK exon 17 (tyrosine kinase
domain; c.2690A>G (Y897C), c.2690A>T (Y897F); ¢.2740C>T (L914F); c.2752C>T
(R918C)) and PIK3CA exons 8, 9 (a-helical domain; at sites ¢.1258T>C (C420R),
€.1624G>A (E542K), PIK3CA c.1633G>A (E545K)), and 20 (tyrosine kinase domain;
c.3140A>G (H1047R)), were used. As expected, the selected mutations were identified

only within the group of VM. TEK"F

mutation was identified in four CD31+ samples,
confirming this as the most frequent mutation in our study and in agreement with the
literature (Limaye N et al., 2009; Saoblet et al., 2013). In addition, PIK3CA mutations were
identified in two CD31+ samples, one presenting the most frequent oncogenic mutation
PIK3CA "%"Rand the other one presenting the PIK3CA“**°R mutation.

Currently, sequencing analysis did not reveal the simultaneous expression of TEK and
PIK3CA mutations in our primary hECs, confirming the known mutual exclusivity of these
mutations. For the remaining VM-derived cells nor TEK neither PIK3CA mutations were

found (Figure 4.18B).
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Figure 4.18. Characterization of the collection of primary human cell derived from patients with

different type of vascular malformations.

A) Type of vascular malformation of the 38 isolated samples (CD31+ and CD31-) in our collection of primary
human cells. B) Percentage of mutations in the TEK and PIK3CA genes within the samples from Venous

Malformations.

Next, we took advantage of having identified two CD31+ samples presenting the most
common mutation in the TEK gene (p.L914F) and in the oncogenic PIK3CA mutation
(p.H1047R), to perform a thorough characterization of their biology. The CD31+ cells
presenting the TEK"*F mutation are hereafter referred as VM15 and CD31+ cells

AN%7R mutation are hereafter referred as VM64.

presenting the PIK3C
First, we selected the relative CD31- cells to verify whether they presented the same
mutations found in the CD31+ counterpart. As expected, no TEK" ' or PIK3CA™R
variants were detected in the CD31- fractions (Figure 4.19B), confirming that the identified
mutations are only present in the ECs compartment of the vascular malformation. In
addition, CD31+ fractions showed a double peak in the analysed variants, indicating the

presence of heterozygous mutant cells in the isolated populations (Figure 4.19A).
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Figure 4.19. Sanger Sequencing analysis for TEK"**F and PIK3CA"**'R mutations.

VM15

VM64

A) CD31+ cells showed the presence of a mutation (black arrows) at TEK ¢.2740C > T (p.L914F) for sample
VM15 and at PIK3CA c.3140A > G (p.H1047R) for sample VM64. Red islets show localization of the analyzed
mutation. No simultaneous expression of TEK and PIK3CA mutations was detected in the same sample,
confirming the mutual exclusivity of these two mutations. B) No mutations were identified in the relative CD31-

cells of the same patient.

4.3.2.1 Characterization of patient-derived primary human cells

Then, we looked at the expression of ECs-specific markers like CD31 and vascular
endothelial (VE)-Cadherin and others by IF analysis (Figure 4.20). Human umbilical vein
endothelial cells (HUVECs) were used as control of primary human endothelial cells.
CD31+ cells clearly expressed CD31 (Figure 4.20A) and VE-Cadherin (Figure 4.20B),
similarly to control HUVECSs, and were negative for the expression of smooth muscle alpha
actin (aSMA) (Figure 4.20C) nor lymphatic marker Prox1 (Figure 4.20D).
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Figure 4.20. Characterization of TEK"***F and PIK3CA"**'R mutant primary human cells.

CD31 + and CD31- fractions immunostained for endothelial and non endothelial markers. Specific markers

(green), nuclei (blue). Scale bar 20 pm.

With the aim of further characterise the biology of these cells, we analysed the activation
status of the PI3K signalling pathway by WB analysis (Figure 4.21). HUVECs and human
dermal endothelial cells (HDECSs) were used as control cells.

hECs expressing both PIK3CA™%R (VM64-CD31+) and TEK"F (VM15-CD31+)
mutations showed a constitutive activation of PI3K signalling pathway, demonstrated by
elevated p-Akt levels at Ser473 and Thr308, absent or very low in the corresponding
CD31- counterparts. PIK3CA™%R hECs showed a slightly higher activation of PI3K
signalling pathway. We also looked at the ERK activation status in the two samples. As
expected, ERK activation was higher in the TEK"** mutant hECs when compared to
PIK3CA"*"R gnes. Finally, we observed that PIK3CA"**"® mutant CD31+ cells presented
high VEGFR2 protein levels, which are very low in TEK"**F mutant hECs.
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Figure 4.21. PI3K—AKT signalling pathway activation of TEK""F and PIK3CA™®"® mutant primary
human cells.

Western blot analysis with the indicated antibodies to assess the activation of PI3K signalling pathway in
CD31+ and CD31- cells of VM15 (TIE2- p.L914F) and VM64 (PIK3CA p.H1047R) samples. HUVECs and
HDECs are controls and B-actin served as loading control.

43.22 TEK" and PIK3CA™%®R patient-derived primary human

cells exhibit increased proliferation and Itga9 levels

Next, we aimed at validated the biological mechanisms previously identified in mouse ECs
also in human cells, with the idea of using the primary human cells as platform for pre-
clinical settings. These analyses included both cell proliferation and Itga9 expression in
VM15 and VM64 CD31+ cells. The proliferation rate assessed by IF analysis, showed that
PIK3CA™®™® mutant hECs (VM64) presented higher proliferation rate compared to
TEK"™F hECs (VM15) (Figure 4.22A). Next, we assessed whether their proliferative
capacity was differentially impacted by the treatment with PI3K-mTOR inhibitors. We
observed that hECs from both genotypes were sensitive to pan-class | PI3K-inhibitor
(GDC-0941) and mTOR-inhibitor (Rapamycin), showing a reduction in the proliferative rate
above 15% (Figure 4.22B). The proliferation rate was also reduced by the use of the
PIK3CA-specific inhibitor (BLY-719), with a proliferation rate around 25-30%, making this
inhibitor the less effective in our specific case. Finally, when we compared the two
genotypes, we do observe a very comparable behaviour with no differences in the
sensitivity to a specific inhibitor, perhaps due to the limited number of biological samples

analysed (Figure 4.22C).
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Figure 4.22. Characterization of the proliferation rate in TEK-™* and PIK3CA™®'® mutant human

primary cells.

A) Assessment of the proliferation rate of VM15 (TEK"***) and VM64 (PIK3CA™%™®) CD31+ cells by IF
staining with EdU (light blue) and DAPI (dark blue), scale bar 50 um. Data represent mean + SEM of 3
independent replicates.* p<0.05 (Statistical unpaired t test). B) Assessment of the proliferation rate upon the
treatment with p110a-specific inhibitor (BLY-719), pan-class | PI3K-inhibitor (GDC-0941) and mTOR-inhibitor
(Rapamycin ); DMSO was used as a control. Data represent mean + SEM of 3 independent replicates p****<
0,0001. (Statistical One way ANOVA test). C) Comparison of different inhibitors treatment between the two
genotypes. Data represent mean + SEM of 3 independent replicates.(Statistical 2 way ANOVA test).
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Finally, we checked if patients-derived primary cells with a constitutive activation of PISK
signalling pathway were expressing Itga9 protein levels by WB analysis (Figure 4.23A).
HUVECs and HDECs were used as negative controls. Both PIK3CA™%® (vM64) and
TEK"*F mutant (VM15) cells expressed solid levels of ltga9, with higher levels in the
CD31+ cells compared to CD31- counterpart (Figure 4.23B). This evidence confirms the
expression of Itga9 protein in patient-derived hECs further confirming the potential role for
this integrin in the pathobiology of VM disease.
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Figure 4.23. Iltga9 protein is expressed by primary human cells from Venous Malformations.

A) Western blot analysis and B) quantification of Itga9 protein level in CD31+ and CD31- cells of the VM15
((TEK"®**F) and VM64 (PIK3CA™**"). HUVECSs and HDECs are controls and B-actin served as loading control.
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5 Discussion

Venous malformations (VM), the most common type of vascular malformation, are
localized defects in vascular morphogenesis characterized by enhanced activation of PI3K
signalling pathway. In about 25% of patients, VM are caused by activating mutations in
PIK3CA. The work presented in this thesis aimed at dissecting the biological mechanisms
triggered by the activating PIK3CA-H1047R activating mutation, the most common
mutation in the PIK3CA gene, in the regulation of ECs behaviour. By developing an
innovative approach that combines untargeted transcriptomic analysis with in vitro and in
vivo models, we investigated the biological changes occurring upon early activation of
PI3K signalling pathway, to identify key molecular players and cellular processes
implicated in the pathogenesis of PIK3CA-related VM. In parallel, we set up a new protocol
to isolate primary human cells from different type of vascular malformations on a routine
basis, allowing the creation of a unique collection of VM-derived cells. These cells are of
fundamental importance to investigate, validate and support new biological findings and
represent a key pre-clinical tool for transferable research allowing a step towards targeted

personalized medicine.

Previous studies demonstrated that both ubiquitous and ECs-specific expression of
the Pik3ca"'®"®? activating mutation in mice is embryonically lethal (Hare et al., 2015; di
Blasio et al., 2018). This lethal phenotype is consistent with the observation that genetic
evidences of heritable VM with activating mutations in PIK3CA gene have never been
reported so far. Consequently, to circumvent the embryonic lethality, we developed a

tamoxifen-inducible conditional mouse model (EC-Pik3ca"*™®

H1047R

) which expresses an

endothelium-specific Pik3ca activating mutation in a heterozygous and endogenous

manner, thus reproducing the genetic scenario of VM disease. Furthermore, tamoxifen

H1047R

administration allows the control of Pik3ca expression in a time-inducible manner,

both in vitro as well as in vivo.

To evaluate the biological effects of the Pik3ca"™***"®

H1047R

activating mutation, we first
demonstrated that a somatic activating Pik3ca mutation in ECs compartment is
sufficient to generate VM in mice, confirming previous studies (Castillo et al., 2016; Castel
et al., 2016). We observed different grades in the penetrance of vascular defects, most
likely resulting from different spatial and temporal mosaic acquisition of the mutation in

H1047R

ECs. Specifically, we observed that the expression of Pik3ca mutation in newborn
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animals led to a variable degree of vascular defects, ranging from very mild to extended
vascular lesions; suggesting that a reasonable amount of targeted cells is required for a

lesion to appear. On the other hand, adult Pik3ca™*'®

expression always generated
localized vascular defects that histologically resemble the human VM-biopsies. Although
these pilot studies display some limitations, they have provided important biological
information about Pik3ca-driven VM. In particular, they suggested that i) a threshold
proportion of targeted cells in a specific angiogenic context (e.g. growth) is required for a
lesion to appear and i) the severity of the disease (phenotype) could depend on the
period of emergence of mutation. This further supports why during development, early

expression of PIK3CA™™®

is not compatible with life and is consistent with the lack of
reported human hereditary VM driven by PIK3CA mutations (Hare et al., 2015). In addition,
the identification of the same oncogenic PIK3CA mutations in different types of vascular
malformations other than VM, such as lymphatic malformations (LM) or combined capillary
lymphatic venous malformations (CLVM) further indicates that the type, location and/or
severity of the vascular anomaly are likely dependent on when and/or what ECs lineage or
progenitor cells the mutational event occurs during development. Although they are
believed to occur during embryogenesis, the timing and origin of these mutations remain
undefined and the cellular origin likely involves ECs or an early endothelial cell progenitor.
Nevertheless, altogether these set of evidence highlight that ECs are extremely sensitive
to PI3K signalling pathway and that its activity needs to be tightly regulated for a correct

vascular development.

Given that very little is known about how PIK3CA-H1047R mutation induces
pathogenesis in ECs, we first aimed at studying the impact of this mutation during

angiogenesis. To accurately determine the biological role of Pik3ca™%®

in angiogenesis,
we chose the retinal vascular tissue as our principal model to mimic the VM disease. This
is a state-of-the-art biological system to study vasculature development at high resolution,
as it develops a stereotypical vascular pattern in a well-defined sequence of events during
the first week after birth in mice. The simultaneous vascular sprouting at the periphery and
the remodelling and maturation at the centre of the postanatal retina, allow for the study of
the various steps of vessel formation and maturation in a single preparation. Specifically,

we induced the expression of Pik3ca™*"®

at postnatal day 1 (P1) and then we harvested
the retinas at P6, when the spreading of the inner vascular plexus proceeds from the optic
nerve to the peripheral margins of the retina, allowing to study the formation of the

superficial vascular plexus.
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Fundamental studies from our lab demonstrated that PI3Ko, encoded by PIK3CA
gene, is the only PI3K isoform essential during vascular development and remodelling
(Graupera et al., 2008) and that it critically regulates the collective cell migration during
angiogenesis (Angulo et al., 2018). Moreover, we demonstrated that endothelial

expression of Pik3ca™%®

in postnatal retinas results in hyperplastic vessels associated
with increased ECs proliferation and defective pericyte coverage (Castillo et al., 2016).
However, this phenotype does not fully recapitulate the aetiology of PIK3CA-related VM in
which enlarged, but distinct hyperplastic vascular channels are present.

To better model the disease we first studied the impact of different 4OH-tamoxifen
doses on the VM phenotype. Following what was previously suggested, we started by
considering that a reasonable number of targeted cells (hot too many and not too little)
would lead to the appearance of isolated hyperplastic vascular lesions. So we titrated
several 40H-tamoxifen doses until we found the proper one that recapitulated the different
features of VM disease. These included increased sprouting activity, enhanced vessel
density and diameter and profound changes in the remodelling and maturation area,
where the appearance of distincts localized hyperplastic malformed vessels occurred.

These in vivo data indicated that early endothelial Pik3ca"**'®

expression in mice strongly
impacts the correct vascular development not only by interfering during sprouting
angiogenesis, leading to the formation of abnormal vessels in size and shape, but also in
remodelling and maturation processes, when nascent vessels mature to become stable
and functional, causing the onset of localized venous-capillary malformations.
The remodelling and maturation steps require critical endothelial cell-cell and cell-matrix
interactions to form firm endothelial cell—cell junctions, to recruit supporting mural cells and
to guide the deposition of the ECM. The above mentioned in vivo evidence is further
supported by the fact that, histologically, human VM appear as dedifferentiated and
immature vessels, characterized by the lack of supporting mural cells and a disorganized
ECM (Dompmartin et al., 2010; Natynki et al., 2015; Lymaye et al.2015). Although not yet
identified, these features could be linked to alterations in ECs adhesion, mural cells
recruitment by chemoattractants, a combination of both or even other unknown events
(Brouillard and Vikkula 2003).

To investigate at deeper molecular and cellular levels the biological impact of the
PIK3CA-H1047R activating mutation in the endothelium we moved to in vitro studies. Our
data show that PI3K signalling in ECs is a potent inducer of transcriptional changes. This

is interesting, as the molecular signature identified offers a novel way to address
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fluctuations in PI3K signalling at least in these cells. At the moment it is unclear through
which transcriptional factor Pik3ca regulates transcriptional changes. FOX proteins are a
subgroup of the Forkhead family of transcription factors. Specifically, members of class ‘O’
(FoxO) share the characteristic of being negatively regulated by PI3K/AKT signalling
pathway. Amongst the FoxO members, FoxO1 sustains ECs quiescence during vascular
development (Wilhelm et al., 2016). Hence, it is tempting to speculate that the Pik3ca-

related transcriptional program is regulated by FoxO1.

We thoroughly analysed the transcriptomic profile of acutely regulated Pik3ca"**"®

mutant ECs by performing an untargeted RNA sequencing followed by a bioinformatic
analysis. This analysis firstly confirmed the oncogenic nature of the mutation, which mainly
triggers the expression of genes involved in the control and regulation of the cell cycle,
finally leading to enhanced ECs proliferation, both in vitro as well as in vivo. This data is in
line with recent published studies (Castillo et al., 2016; Castel et al., 2016; di Blasio L et
al., 2018) and has been further validated in primary human VM-derived ECs, where
PIK3CA"*R mutant ECs showed a proliferative advantage compared to ECs bearing the

most common TIE24F

mutation. Subsequently, we demonstrated that this aberrant
hyperproliferative behaviour of ECs in vivo is responsible for the increased vessel density
and diameter in the sprouting front, as well as for the formation of isolated hyperplastic

vessels in the remodelling area of P6 postnatal retinas.

Then, we demonstrated that these isolated malformed vessels were specifically localized
in veins and in capillaries to a less extent, but never in the arteries, supporting the venous
identity of the malformed vessels and correctly reproducing the human VM disease
context. The crucial role exerted by the hyperproliferative state of ECs in the generation of
localized VM only in the venous and capillaries compartments is further supported by the
fact that ECs proliferation in mouse retinas is reported to peak at P5 (Franco et al., 2015)
and occurs predominantly in veins and capillaries (Ehling et al., 2013; Lavifia et al., 2018).
Moreover, p110a physiologically regulates the venous identity of ECs (Herbert et al. 2009),
while arteriogenesis requires PI3K inhibition (Hong et al., 2006); overall confirming the role

for Pik3ca"'**’? mutation in targeting venous and capillary ECs.

From a clinical perspective, this data is extremely interesting because it suggests a
causative role for the oncogenic hyperproliferative behaviour of ECs in interfering with the
overall vascular development and remodelling. So far, VM have always been considered

as nonproliferative lesions (Mulliken and Glowacki 1982; Enjolras 1997, Enjolras and
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Mulliken 1997; Enjolras et al., 2007; Wassef et al., 2015), in agreement with the idea that
the vasculature primarily expands during embryonic development and remains quiescent
in adulthood. This suggested that the presence of the mutation in only ECs is not sufficient
to result in high proliferative vascular lesions, and thereby angiogenic growth factor signals
are required to promote proliferation. Here, we demonstrate that Pik3ca-driven VM are
localized proliferative lesions caused by somatic and mosaic expression of Pik3ca™%'R
activating mutation. A further support of this assumption can be easily found by
considering the “oncogenic” nature of this mutation, which implies that it confers a
selective growth advantage (Strattonet al., 2009). However, murine cancer models
demonstrate that activating Pik3ca mutations require cooperating genetic lesions to induce
and maintain cancer (Robinson et al., 2012; Green et al., 2015; Van Keymeulen et al.,
2015). This could partially explain why PIK3CA-vascular malformations are not yet

considered as vascular tumours.

HI1047R mutant ECs, we

Following the analysis of the expression profiling of Pik3ca
found that the preponderance of differentially regulated transcripts in Gene Ontology (GO)
categories favours cell adhesion and cell migration processes as strongly affected by the
H1047R activating mutation. Targeted validation of individual genes by RT-gPCR

demonstrated that acute expression of Pik3ca™*"®

in vitro strongly impacts the gene
expression of several adhesive molecules in ECs, such as the vascular cell adhesion
molecule 1 (Vcaml), the cellular communication network factor 1 (Ccnl) and the
protocadherin 12 (Pcdh12). The function of the latter Pcdh12 gene, which encodes for the
cellular adhesion protein VE-cad2, is undetermined but may play an important role in cell-
cell interactions at inter-endothelial junctions, acting as a regulator of cell migration,
probably via increasing cell-cell adhesion clustering at intercellular junctions (Bouillot et al.,
2011). Following the lead of an altered adhesive signature, we interestingly observed a
strong dysregulation in the expression of the integrin repertoire. Integrins are cell adhesion
receptors that mediate cell-cell and cell-matrix interactions (van der Flier and Sonnenberg
2001; Hynes 2002). They are heterodimeric transmembrane receptors composed of a- and
B- subunits, which play essential roles in developmental processes that involve close
interactions between cells and their surrounding ECM. Their extracellular domains bind to
the ECM molecules while the cytoplasmic domains associate with the actin cytoskeleton
and affiliated proteins, thereby providing a link between the external and internal
environment of the cell (Geiger et al., 2001) and a physical anchor between cell

cytoskeleton and ECM. Integrins are crucial in angiogenesis and for vascular integrity as
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they are the major mediators of vascular cell adhesion and migration through the ECM
(Somanath PR et al.2009). In addition to mediating binding to their respective ECM
ligand(s), they have specialized signalling functions and they can regulate gene
expression as well as cell shape, migration, proliferation and survival. Moreover, ECM-
integrin binding is not only required for transducing signals from the matrix to cells but this
interaction also initiates responses that allow the cells to organize and remodel the matrix
(Leiss et al., 2008). Furthermore, it is important to note that integrin—ECM adhesions are
not static unchangeable structures and that dynamic remodelling of the ECM by ECs is
critical for vascular morphogenesis (Davis and Senger 2005; Cseh et al., 2010). In this
way, integrins receptors and their cognate ECM components, such as FN, play critical
roles in the development of the blood vasculature (Hynes, 2007).

We validated the identified molecular changes in the adhesive integrins profile by
demonstrating that they i) are cumulative in time ii) are specific of ECs and iii) could be
rescued by the use of PI3K inhibitors. These molecular data suggested that the adhesive

capacity of ECs expressing the oncogenic Pik3ca"™*"®

activating mutation is strongly
affected. To support this statement, adhesive assays by using different ECM substrates
including FN, vitronectin, laminin and collagen are currently ongoing to assess the

impaired adhesive capacity of ECs upon acute and sustained expression of Pik3ca™*"®,

Nevertheless, an altered ECs adhesive capacity can be referred towards both
cells, like other ECs or mural cells, as well as to substrates, such as components of the
ECM. Indeed, defective pericyte coverage and a disorganized ECM are prototypical
characteristics of VM disease and are features strictly associated to vessel remodelling
and maturation. The lack of appropriate pericytes associations makes the vessels less
stable, thus allowing abnormally high levels of degeneration to occur and ultimately
leading to excessive remodelling and abnormal vascular patterns. By confirming that
Pik3ca™%*'® activation in ECs reduces Angpt2 and Pdgfb mRNA levels, we supported our

previous study in which EC-Pik3ca™%™®

postnatal retinas showed reduced Pdgfb
production and defective pericyte coverage (Castillo et al., 2016). In addition, integrins
have been recently shown to act as non-canonical receptors for the angiopoietin-2 (ANG2)
growth factor, an important regulator of vascular homeostasis (Hakanpaa et al., 2015). In
this study Hakanpaa and colleagues showed that ANG2 binding to FN-receptor integrin
a5B1 activates the integrin, leading to destabilized endothelial cell-cell junctions and

altered FN fibrillogenesis. Thus, we can speculate that decreased autocrine ANG2 levels,
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together with altered integrins profile and signalling, could cooperate to promote changes
in ECs cytoskeleton, matrix adhesion and cell junctions that may lead to an alteration in
cell—-cell adhesion and integrity of EC-monolayer, which may predispose vessels to
endothelial destabilization. Furthermore, the activation state of integrins regulates the

capacity of cells to assemble a FN matrix (Wu et al., 1995).

Here, we demonstrated that early as well as sustained expression of Pik3ca™%? in

ECs strongly decreases the expression of endothelial FN, a key ECM protein, suggesting
that it may have a central role in the formation of VM lesions. The loss of ECM FN in
culture has been previously reported by other studies, in both TIE2-VM mutations (Natynki
et al.2015; lymaye et al., 2015) and in PIK3CA-VM variants (lymaye et al., 2015), and has
been associated with disrupted ECs-characteristic monolayer morphology. In particular,
ECs secrete FN as a soluble dimer that is then reorganized into a fibrillar network outside
of the cell. In this bioactive fibrillar form, FN provides important mechanical and chemical
cues necessary for endowing ECs with a sense of polarity during vascular tubulogenesis
(George et al., 1997; Zhou et al., 2008; Zovein et al., 2010). Moreover, FN interacts with
and functions as a scaffold for proper assembly of many ECM and BM components
(Kostourou and Papalazarou 2014), representing the most essential ECM protein for
angiogenesis and vascular development (Astrof and Hynes 2009). In gene-targeted mouse
embryos, lack of FN results in defective morphogenesis, including dilated and malformed
vessels, and loss of endothelial-mural contacts (George et al., 1997). Furthermore, it has
been demonstrated that FN also binds the endothelial integrin a5B1 to potentiate TIE2

signalling induced by angiopoietin-1 (Cascone et al., 2005).

Overall, vascular development and morphogenesis is a very complex and tightly
regulated process, with mounting evidence that highlight the fundamental requirement for
a coordinated activity of growth factors and integrin~-ECM signalling pathways in
establishing and maintaining a normal functioning of vascular network. Here, we postulate
that Pik3ca™%'® mutation might interfere/destabilize vessel development and
morphogenesis either directly, by affecting the adhesion property of ECs to its
microenvironment, including cells and ECM proteins, and indirectly, by regulating the
composition and/or organization of the ECM itself; suggesting a continuous ECM
remodelling. In detail, our data suggest that the adhesion capacity of ECs is affected
during constitutive PI3K pathway activation and support a linked mechanism between

PI3K and Integrins pathways.
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Among the analysed a- and - integrins subunits, we found that integrin-a9 (ltga9)

H1047R

is the most upregulated integrin upon Pik3ca expression in ECs. The a9 subunit, by

forming a single known heterodimer o931, is the most recent FN-binding integrin with a
role in angiogenesis (Vlahakis NE et al., 2007; Staniszewska |, et al., 2007; Liao YF, et al.,
2002; Marcinkiewicz C, et al. 2000). It is a receptor for a number of ECM proteins and
plays a role in ECs adhesion and facilitates accelerated cell migration (Vlahakis NE et al.,
2007). Furthermore, it has been implicated in diverse biological functions including
lymphangiogenesis, lymphatic valve morphogenesis and tumorigenesis (Gupta SK and
Vlahakis NE, 2010). As of now, no deregulation in integrins profiles has been previously
identified in the VM context and only one study mentioned a role for Itga9 as a candidate
gene for valve defects underlie human lymphedema (Bazigou et al., 2009). At the cellular
level we observed that only mouse ECs, and not murine embryonic fibroblasts (MEFS),

H1047R

increased their Itga9 protein levels upon early expression of Pik3ca , presenting a

shift of its subcellular localization from the cytoplasm to the membrane level.

This increase has also been observed in the EC-Pik3ca™®"®

postnatal retinas,
where Itga9 accumulates in the hyperplastic dilated vessels of the sprouting front and in
the localized malformed vessels of the remodelling area. Although this in vivo Itga9

staining looks promising, we cannot rule out that the EC-Pik3ca™®"®

retinas staining is
specific. In fact, it is possible that the antibody used in our study exhibits cross-reactivity
with 1gG proteins of the serum and/or with blood cells; a common phenomenon when
studying mutants who show an impaired blood flow within malformed vessels. We are
currently validating our results by using a novel anti-a9 antibody to confirm its increased

levels upon Pik3ca™*"®

expression. However, to further support the role of Itga9 protein in
VM context we checked its expression level in patients derived VM-cells. While we did not
observe Itga9 protein levels in HUVECs and HDECs control cells, we observed that
human VM-cells with a constitutive PI3K pathway activation, caused either by
PIK3CA™M™® or TIE2™F mutations, express Itga9 protein levels, with solid and higher
levels in endothelial CD31+ cells compared to CD31- counterpart. Altogether, these data
strongly support a critical role for Itga9 in the pathogenesis of VM. Specifically, we
speculate that Itga9, by interacting with its ligand FN-EIIIA (Bazigou et al., 2009), may
directly regulate FN fibril assembly, interfering with the formation and deposition of ECM in
newly formed vessels. To fully validate this statement, future studies assessing the FN

fibril assembly status in vitro as well as in vivo will be of fundamental importance.

130



Interestingly, it has been demonstrated that FN, through the activation of PI3K
pathway, mediates cell migration (Stenzel et al., 2011). As transmembrane receptors,
integrins are responsible for transducing and modulating dynamic interactions between the
extracellular environment and actin cytoskeleton, ultimately influencing cell functions such
as adhesion and migration. Indeed, adhesion and migration are integrated cellular
functions and are early essential events during sprouting of new blood vessels from the
existing vasculature (Ausprunk and Folkman 1997). To migrate, vascular ECs require
adhesion to ECM and integrins are considered the main mediators of adhesion force

generation during cell migration (Schmidt and Friedl 2010).

We demonstrated that Pik3ca™®’® expression interferes with the migratory
capacity of ECs, inducing ECs to migrate faster. This evidence has been further supported
by the transcriptomic analysis, which revealed that endothelial nitric oxide (NO) synthase
(eNOS) is the transcript most upregulated upon Pik3ca™®"™® activation in ECs. AKT
phosphorylation of eNOS at Serll77 leads to increase in eNOS activity and NO
production (Fulton et al., 1999; Dimmeler et al., 2000), which can stimulate vasodilation,
vascular remodelling and angiogenesis (Manning and Cantley, 2007). The same
phosphorylation is also required for VEGF-induced ECs migration (Dimmeler et al., 2000).
Furthermore, eNOS supports ECs migration, at least partly, via integrin-dependent
mechanisms (Murohara et al., 1999). Therefore, a possible explanation for the formation of
abnormal vessel structures during vessels development and morphogenesis could rely on
the fact that increased Itga9 expression in ECs could cause an aberrant adhesion and
migration of ECs that incorrectly distribute within the vascular network. In line with this
concept, a very recent study by Lavifia and colleagues describes that defective cell
migration causes severe capillary-venous malformations when ECs are unable to
redistribute within the vascular tree (Lavifia et al., 2018). In fact, newly formed sprouts are
highly dynamic, with ECs interchanging their relative position within the vascular network
(Jakobsson et al., 2010; Arima et al., 2011; Bentley et al., 2014; Phng et al., 2015). This
collective cell migration across the vascular tubes relies on ECs rearrangement that occurs
through the reorganization of cell-cell junctional contacts; thereby allowing the
modification of cell-cell adhesion strengths (Millan et al., 2010; Huveneers et al., 2012;
Lenard et al., 2013; Bentley et al., 2014). This suggests that a tight regulation of
endothelial cell movement, beyond tip cells, is necessary for an adequate patterning of the
vascular plexus and that aberrant junctional remodelling are indicative of defects in cell

rearrangements (Sauteur et al., 2014). Our lab recently demonstrated that PI3Ka signalling
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critically regulates junctional remodelling and cell rearrangement in ECs by controlling

actin dynamics (Angulo et al., 2018).

HI047R mutation alters the

Overall, this thesis demonstrates that the activating Pik3ca
integrins expression prolife of ECs and given that aberrant adhesion of ECs to the ECM
compromises the formation of stable adherent junctions in vivo (Fraccaroli et al., 2015), we
can speculate that the upregulation of Itga9 could promote aberrant adhesion of ECs to
the ECM, promoting changes in the ECs cytoskeleton and in the junctional remodelling
that might finally affect ECs rearrangement. These changes can affect the collective ECs
migration across the newly formed vascular network by inducing ECs to migrate faster. In
this way, aberrant ECs could fail to properly remodel and stabilize new cell-cell contacts
upon anastomosis, causing localized remodelling defects that lead ECs to grow in aberrant
malformed vessels. Specifically, we postulate that VM build up by the local crowding of
ECs, which are unable to properly distribute within the vascular network. This speculation

implies that Pik3ca"™*"®

expression specifically interferes with ECs actin cytoskeleton,
influencing the shape and regulating focal adhesions and junctional status of ECs. Future

studies are directed to confirm these statements.

Overall, our work shows for the first time a key role for integrins in VM
pathogenesis, demonstrating a link between integrins and PI3K signalling pathways in the
regulation of ECs behaviour. Collectively, our findings indicate that a constitutive activation
of PI3K signalling in ECs leads to both an increase of proliferative and migratory

HO47R mutation affects the adhesive

capacities. We demonstrated that oncogenic Pik3ca
molecular profiles of ECs, with a particular role for the integrins repertoire. We propose
that this aberrant integrins adhesive capacity of ECs drives aberrant interaction of ECs to
their surrounding environment, including supporting mural cells and ECM interaction and

HI04TR  mutation

organization. Furthermore, we demonstrated that oncogenic Pik3ca
decreases endogenous FN level produced by ECs, which might regulate accelerated ECs
migration. We propose Itga9 as a key mediator for the described aberrant ECs behaviour.
Altogether, our findings provide guidance for the development of novel targeted therapies
that could be used in combination with PI3K inhibitors.

Furthermore, my thesis has been instrumental in developing murine and human
pre-clinical systems that can be used in combination to obtain complementary pre-clinical
biological information. Current PIK3CA mutation-based models include a patient-derived

EC xenograft (Goines et al., 2018) and murine models with transgenic expression of
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Pik3ca™%® in the embryonic mesoderm or in VE-Cadherin® cells (Castillo et al., 2016;
Castel et al., 2016; di Blasio et al., 2018), recapitulating a mixed vascular disease instead

of a specific venous phenotype.

Here, we developed a mouse model that reproduces the genetic and phenotypic
characteristics of VM disease in a more precise fashion, recapitulating the scenario of a
naturally occurring somatic mutation in ECs and providing the necessary pre-clinical
mouse model to study specific molecular-targeted treatments for VM. Furthermore, by
inducing the expression of the somatic mutation in different timeframes, we were able to
obtain diverse phenotypes burdens, reflecting the heterogeneous human VM phenotypes.
Hence, this mouse model permits the modelling of a more comprehensive PIK3CA-driven
VM disease, allowing the performance of diverse pre-clinical trials according to different
VM-phenotypes. In addition, this mouse model could also be further exploited to obtain
additional fundamental biological information; e.g. it could be crossed with an mTmG
reporter mouse line to define the amount and distribution of targeted ECs triggering the
development of VM lesions. Taken together, our evidences highlight the capability of our
mouse model to efficiently recreate the in vivo context of VM disease, including the
complex and dynamic interplay between cells and their microenvironment, which can

better help in confirming drugs’ efficacy.

In addition, we developed an efficient protocol of isolation to obtain patients’
derived primary cells from different type of vascular malformations. This protocol allows to
isolate the main cellular components of vascular malformations, represented by CD31+
and CD31- cells, which we used to progressively validate the biological statements

generated during this thesis’s work.

Overall, these primary cells represent an enormous window of opportunities for the
fundamental understanding of venous and vascular malformations pathogenesis. They
represent a key tool to explore the comprehensive genetic landscape of venous and
vascular diseases, that could inform and direct future classification and stratification
systems, allowing both more precise diagnoses and clinical management and, more

importantly, the development of targeted therapeutic opportunities.

We are currently creating a collection of patient derived primary cells, which
represents a unique and reliable pre-clinical platform to explore VM patients’ genetic

background and heterogeneity. In this way, human cells will reflect different cellular
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susceptibility when testing the differential therapeutic efficacy of various compounds or
when testing the efficacy of additional compounds in targeting the specific mutated
protein(s); thus enabling the development of personalized treatment options for VM
patients in the presence of different TIE2 or PIKBCA mutations. Finally, as recently
described by Goines and colleagues (Goines at al., 2018), these cells could also be
injected into immune-deficient mice to create an artificial xenograft model that allows to
study the relationship between VM-blood vessels characteristics and the mutation type

injected, to study the pathology of VM disease on a patient-to-patient basis.
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Conclusions

We have set up novel in vitro and in vivo models of PI3K-driven VM, which are
necessary for the study of their biology as well as the development of molecular
targeted therapies;

We have set up a unique protocol for the isolation and culture of patient-derived
cells from VM. With this, we have demonstrated that mutations are only present in
the ECs lineage from these lesions;

With our novel mouse model for PI3K-driven VM we have demonstrated that VM
arise from ECs-specific somatic mutation in Pik3ca and only occur in veins and
capillaries. The amount of mutant ECs define the severity of the VM-phenotype;

Pik3ca™%® expression induces transcriptomic changes that lead to the
reprogramming of adhesion molecular signature, with a particular role for the
integrins repertoire. Among these, Integrin-a9 is the most upregulated in ECs;

At the cellular level, Pik3ca™%"® expression leads to enhanced proliferation and

migration of ECs, which might drive aberrant ECs behaviour during vascular
development and morphogenesis causing VM.
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Appendix

A first author manuscript based on my thesis work is under preparation to be submitted to

an international journal relevant to the field.

158



159






	JZ_COVER
	Thesis_JasminaZanoncello

