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Abstract

Vascular malformations (VMs) represent a diverse group of diseases with complex yet
poorly understood underlying mechanisms. Causative gain-of-function mutations in
PIK3CA have been associated with the onset of these disorders. The pathological
diversity has made scientific research challenging, however, recent advances in
genetically engineered mouse models have provided tools for spatiotemporal control of
PIK3CA activation, offering an opportunity to investigate vascular processes such as

angiogenesis and vascular remodelling, and the effect of Pik3ca variant expression.

In this thesis, we addressed the knowledge gap in understanding the genotype-
phenotype relationship of three common PIK3CA variants found in VMs: PIK3CAH1047R
PIK3CAE*K and PIK3CAE”?6K  Using conditional mouse models, we studied these
variants by expressing them in endothelial cells (ECs) during key stages of vascular
development. We also examined mouse embryonic lethality and intracellular signalling

pathways associated with these variants in cultured mouse ECs and in vivo.

Our results revealed significant phenotypic and molecular differences between the
PIK3CA variants. In vivo, Pik3ca%4"R"WTand Pik3caf5**WTexpression caused extensive
vascular hyperplasia and increased EC numbers during active angiogenesis. In vitro,
Pik3cat047RWT expression strongly activated PI3Ka-AKT and MAPK signalling pathways,
upregulated VEGFR2 and VEGFR3, and slightly downregulated EGFR. By contrast,
Pik3ca* T expression induced less robust PI3Ka-AKT activation, potential MAPK
downregulation, and mild upregulation of VEGFR2, VEGFR3, and EGFR. Conversely,
Pik3caf"?6*"T expression caused only mild vascular phenotypes and modest PI3Ka-AKT

activation, suggesting this mutation leads to milder VM phenotypes.

These findings shed light on the distinct molecular mechanisms underlying the vascular
phenotypes associated with these PIK3CA mutations. Furthermore, the observed
differences between the variants in these regulators of angiogenesis reveal potential
targets for therapeutic intervention. This work highlights the utility of conditional mouse
models in advancing our understanding of VM disease progression, paving the way for
future research into personalized medicine for patients suffering from VMs.

Keywords: Clinical Genetics (320102), Angiology (320117), Cardiovascular Pathology
(320704), Pathology (320700)
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Resum

Les malformacions vasculars (MV) formen un grup divers de malalties amb mecanismes
subjacents complexos perd poc compresos. Les mutacions causants de guany de funcio
a PIK3CA s'han associat amb I'aparici6 d'aquestes malaties. La diversitat patoldgica ha
fet que la recerca cientifica sigui un repte; tanmateix, els avengos recents en models de
ratoli genéticament modificats han proporcionat eines per al control espaciotemporal de
I'activacié de PIK3CA, oferint una oportunitat per investigar processos vasculars com
I'angiogénesi i la remodelacio vascular, aixi com I'efecte de I'expressié de variants de
Pik3ca.

En aquesta tesi, aprofundim en la manca de coneixement de la relacié genotip-fenotip
de tres mutacions freqlients de PIK3CA trobades en MV: PIK3CAH1047R = PI[K3CAE545K
PIK3CAE726K  Utilitzant models de ratolins condicionals, hem estudiat aquestes
mutacions expressant-les en cél-lules endotelials (CEs) durant etapes clau del
desenvolupament vascular. També hem examinat la letalitat embrionaria i les vies de
senyalitzacio intracel-lular associades amb aquestes mutacions en CEs cultivades i in

vivo.

Els nostres resultats han identificat diferéncies fenotipiques i moleculars significatives
entre les variants de PIK3CA. In vivo, I'expressio de Pik3ca’047”RWT | Pjk3cafo*kWT va
causar una hiperplasia vascular extensa i un augment del nombre de CEs durant
I'angiogenesi activa. In vitro, I'expressié de Pik3ca'04’RWTya activar fortament les vies
de senyalitzacié PI3Ka-AKT i MAPK, va induir un augment de I'expressié VEGFR?2 i
VEGFRS, i una disminucié lleugera de I'expressio EGFR. Per contra, I'expressié de
Pik3caf*5*"T va induir una activaci6 menys robusta de PI3Ka-AKT, una possible
regulacio a la baixa de MAPK, i una lleugera regulacio a l'alga de VEGFR2, VEGFR3 i
EGFR. L'expressidé de Pik3caf’?6KWT va causar només fenotips vasculars lleus i una
activaciéo modesta de PI3Ka-AKT, suggerint que aquesta mutacioé condueix a fenotips de
MV més suaus. Aquests resultats il-lustren els mecanismes moleculars diferents
subjacents als fenotips vasculars associats amb aquestes mutacions de PIK3CA. Amés,
les diferéncies observades en alguns reguladors de angiogénesis entre les variants
revelen possibles dianes per a la intervencié terapéutica. Aquest treball destaca la utilitat
dels models de ratoli condicionals per avangar en la comprensio de la progressié de les
MV, obrint cami per a futures investigacions en medicina personalitzada per als pacients
que pateixen MV.

Paraules clau: Genetica Clinica (320102), Angiologia (320117), Patologia
Cardiovascular (320704), Patologia (320700)
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4-hydroxy-tamoxifen

Antigen binding domain

Adherent junction

Angiopoietin 1/2

ArfGAP With RhoGAP Domain, Ankyrin Repeat And PH Domain 3
Adenosine 5'-triphosphate

Congenital Lipomatous asymmetric Overgrowth of the trunk with
lymphatic, capillary, venous, and combined-type Vascular
malformations, Epidermal naevi, Scoliosis/Skeletal and spinal
anomalies

Corrected total fluorescence

C-X-C chemokine receptor type 4

Diffuse Capillary Malformation with Overgrowth
Delta-like 4 ligand

Endothelial cell

Extracellular matrix

5-ethynyl-2-deoxyuridine

Epidermal growth factor

European medicines agency
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Ephrin type-B receptor 4

Extracellular signal-regulated kinase
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Krueppel-like factor 2
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Metalloprotease
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Notch intracellular domain

Notch-regulated ankyrin repeat protein

Pericyte

Platelet derived growth factor B

Platelet derived growth factor receptor
Phosphoinositide-dependent kinase 1
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Introduction

1. PI3Ka signalling

For an organism to survive, its cells require control over important processes such as
proliferation, survival, migration, and metabolism. To coordinate these processes, cells
must continuously sense their environment, integrate external and internal signals, and
provide the appropriate response. This is achieved through intricate signalling networks
composed of receptors, enzymes, and transcription factors which receive, transmit, and
process molecular signals to elicit specific cellular responses. A key component of such
a signalling network is phosphoinositide 3-kinase (PI3K). It was first identified in 1988
as a critical mediator of intracellular signalling (1). Additional research revealed PI3K
activity influences fundamental cellular behaviours, including growth, differentiation,
metabolism, and cell death (2). Mutations in the gene encoding PI3K can disrupt these
cellular processes, leading to a range of human diseases, such as cancer, overgrowth
syndromes, immune deficiencies, and metabolic disorders (3). Despite extensive
research, the mechanisms underlying the context-dependent regulation of PI3K remain
incompletely understood. Further exploration of how PI3K signalling influences different
cellular environments could reveal novel therapeutic strategies for targeting PI3K-

associated diseases.

1.1 The PI3K protein family
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The PI3K lipid kinase family contains 8 members, subcategorized into 3 classes. Class
I PI3Ks form obligate heterodimers between a catalytic subunit and regulatory subunit.
Depending on the regulatory subunit, class | PI3Ks are divided into subclasses, class |A
and IB. The class |A comprises 3 isoforms, p110a, p110B, and p1100, encoded by the
PIK3CA, PIK3CB, and PI3KCD genes. These catalytic isoforms interact with 5 regulatory
subunits, p85a and splicing variants p55a and p50a encoded by PIK3R1, p85B encoded
by PIK3R2, and p55y encoded by PIK3R3. This interaction is non-specific and depends
on cellular context and availability (4, 5). Class IB includes one kinase p110y encoded
by PIK3CG and regulatory subunits p101 encoded by PIK3R5, and p87 encoded by
PIK3R6 (6). All class | PI3Ks use ATP to convert phosphatidylinositol 4,5-bisphosphate
(PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3) at the cellular membrane (7).

Class Il contains 3 members, PI3K-C2a, PI3K-C2B, and PI3K-C2y, encoded by
PIK3C2A, PIK3C2B, and PIK3C2G. These monomers are able to catalyse 2 reactions
at the cellular membrane: conversion of PI4P into PI(3,4)P2, or conversion of Pl into
PI3P (8). By facilitating these conversions, these kinases contribute to vesicle trafficking
and membrane dynamics. Specifically, PI3K-C2a regulates clathrin coating during
endocytosis and performs a scaffolding function during mitotic spindle formation (9, 10).
PI3K-C2p regulates mTORC1 signalling and regulates cell growth (11). While the other
members are ubiquitously expressed, PI3K-C2y is only expressed in the liver where it
regulates AKT2 function (12).

Class lll contains one enzyme VPS34, encoded by PIK3C3, which converts Pl into PI3P.
This enzyme forms large, tetrameric protein complexes (complex 1 or complex 2) and

plays a role in vesicle trafficking and autophagosome formation (13, 14).

1.2 Class IA PI3K structure, function, and signalling

The genes encoding for the catalytic subunits of class IA PI3Ks (P/IK3CA, PIK3CB,
PI3KCD) consist of 5 domains; the p85 binding domain (ABD) which facilitates the
interaction with the p85 regulatory subunit, a Ras binding domain (RBD) for interaction
with Ras, a C2 domain which facilitates membrane interactions, a helical domain, and a
kinase domain (15). Once encoded, p110 catalytic subunits will be degraded unless
stabilized by interaction with the regulatory subunit p85, which simultaneously inhibits
the lipid kinase function (16) (see Figure 1.1). The PI3K complex is then activated by
various upstream signalling events, allowing the pathway to respond to environmental
cues with precise spatial and temporal control. This ensures that PI3K signalling

generates a specific and appropriate cellular response. Generally, the intracellular
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signalling response is finetuned by PI3K’s location at the plasma membrane, the amount
of substrate binding to the RTK, the duration of the extracellular signal, the type of
receptor, the control via Ras and other interactions, and autophosphorylation and

ubiquitination of the p85 regulatory subunit (17, 18).

PIK3CA gene N Kinase

PIK3R1 gene

v EE D

Figure 1.1. PIK3CA and PIK3R1 genes and inhibitory contacts.

The 5 domains of PIK3CA gene encoding p110a and the 5 domains of the PIK3R1 gene encoding p85aq,
p55a, and p50a. The ABD closest to the N-tail, followed by the RBD, C2, helical, and kinase domains. The
ABD domain interacts with the iISH2 domain (black line), resulting in 4 inhibitory contacts between the 2
subunits (red lines). Figure modified from (16).

Class IA PI3K activity is primarily regulated by receptor tyrosine kinases (RTK). RTK
are present at the plasma membrane and are activated by substrates from the cellular
environment. Interaction with their substrate will cause dimerization of 2 RTK subunits,
followed by their cross-phosphorylation on phosphotyrosine (pY) residues on the
intracellular part of the receptor. These pY sites control distinct cellular pathways since
they can be recognized by cellular domains on kinases or other adaptor molecules, which
will propagate the signal further downstream. The p85 regulatory subunit contains a Src
homology domain (SH2) domain that can recognize a phosphorylated YXXM motif of a
RTK (19). This interaction will localize the PI3K complex at the plasma membrane, where
it will perform its catalytic function. Moreover, the interaction between the RTK and p85
will cause a conformational change in the complex and relieve the inhibitory contacts
between 2 PI3K subunits (20). This both activates the catalytic domain of the PI3K
complex, and reveals lipid binding surfaces required for tight connection with the plasma
membrane (15). As a result, the p110 catalytic subunit is activated at the plasma

membrane to convert PIP2 to PIP3 (see Figure 1.2).

Class IA PI3K activity is further enhanced by the membrane-bound G protein Ras (21).
In vitro studies suggested that RTKs and G-proteins can directly bind PI3K at distinct
sites, resulting in synergistic activation (22, 23). Two models have been proposed to
explain how G-proteins enhance PI3K activity: the membrane recruitment model, where
G-proteins increase PI3K’'s membrane localization, and the enzyme activation model,
where G-proteins enhance PI3K’s catalytic activity (23). Both models are not mutually

exclusive, since Ras isoforms are known to recruit PI3K to the membrane (24), while
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structural studies indicated that Ras binding also induces conformational changes that
regulate PI3K activity (25). However, current evidence remains inconclusive on the
precise mechanism by which Ras amplifies PI3K activation and how this affects
downstream signalling responses.
(3)  Membrane @ "Membrane-bound |
7~ interactions for | Ras increases 1
| stabilization and full | .- surface density of !
1 r 1

) -~ v Tl
\Q activation active lipid kinase
RTK TTTnIsEmTToos il Plasma membrane

z p85 p110Cl PIPZ PIP3
| 1

i pYofRTK |
@ interactwith ! 1 i FTTTTTTTTTTTooC s PDK1
p85,which ' ! ] p85 stabilizes and @
releases bl inhibits p110 ? E@ "

inhibition and | 2 :
recruits near | -

membrane ! [ - ]
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|

Growth, survival, proliferation, migration

Cytosol

Figure 1.2. Important steps in the activation of PI3Ka.

1) The heterodimer PI3Ka protein will form by interactions between the regulatory subunit p85 and the
catalytic subunit p110a, these interactions will stabilize the complex but prohibit catalytic activity. 2) Once
the cell receives signals from its environment, RTK will active and autophosphorylate on tyrosine residues.
These can be recognized by p85. Interaction between RTK and p85 will relieve the inhibitory contact of p85
on p110a, activating the enzyme. 3) PI3Ka can be further activated by integration into the plasma membrane.
4) p110a also contains a Ras binding domain for interactions with membrane-bound Ras. This interaction
can also further activate the enzyme. The activated PI3Ka will convert PIP2 into PIP3 at the membrane, this
conversion is antagonized by PTEN. PIP3 acts as a second messenger to many proteins, most notably, it
will activate AKT activation, which will influence cell processes such as growth, survival, proliferation, and
migration.

PIP3 at the plasma membrane acts as a second messenger since it can be recognized
by proteins containing a Pleckstrin homology (PH) domain. These proteins include
kinases, adaptors, Guanine Exchange Factors (GEFs), and GTPase Activating Proteins
(GAPs) (15). Hereby, PI3K influences multiple signalling cascades, most notably the
AKT-mTOR pathway (26).

The AKT protein family consists of 3 isoforms: AKT1, AKT2, and AKT3. AKT1 and AKT2
are ubiquitously expressed, while AKT3 is predominantly found in the liver, endocrine
tissues, and the brain (27). AKT interaction with PIP3 at the plasma membrane will first
promote phosphorylation by PDK1 on T308 and subsequently by mTORC2 on S473.

Once AKT is fully activated, its lifespan is relatively short. However, it can activate many
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effectors including other lipid kinases, transcription factors, metabolic enzymes, E3
ubiquitin ligases, cell cycle regulators, and others. Together, these will regulate cell

growth, survival, proliferation, and metabolism (28).

One of the key AKT substrates is Tuberous Sclerosis Complex 2 (TSC2), which inhibits
the small GTPase Rheb. Phosphorylation of TSC2 by AKT relieves its inhibitory effect on
Rheb. Activated Rheb promotes mTORC1 activation, which is a critical regulator of
protein synthesis, autophagy, and cell growth (29). Additionally, AKT phosphorylates and
inhibits FOXO transcription factors, excluding them to the cytosol for degradation.
Hereby, AKT reduces their ability to drive the expression of pro-apoptotic genes such as
BIM and PUMA, thus promoting cell survival (30).

AKT also plays a crucial role in metabolic regulation. It phosphorylates Glycogen
Synthase Kinase 3 (GSK3), inhibiting its activity and thereby promoting glycogen
synthesis (31). In adipose and muscle tissues, AKT-mediated phosphorylation of AS160
(TBC1D4) enhances glucose uptake by facilitating GLUT4 vesicle translocation to the
plasma membrane, a key process in insulin signalling (32). Furthermore, AKT activates
MDM2, leading to the degradation of p53, thereby reducing apoptosis, which can

contribute to tumorigenesis in cancer cells (33).

While AKT is a major effector of PI3K, several important signalling branches operate
independently of AKT. For instance, ARAP3 is a GAP which is directly activated by
PIP3 and regulates the small GTPase RhoA, which controls cytoskeletal dynamics and
cell migration (34). Similarly, DOCK180, a GEF, is recruited by PIP3 to activate Rac1,
influencing actin cytoskeleton remodelling and cell motility (35). Another key pathway
involves Serum- and Glucocorticoid-Induced Kinase (SGK), which shares overlapping
substrates with AKT but has distinct regulatory roles in ion transport and cell survival
(36). Additionally, Bruton’s Tyrosine Kinase (BTK), a PH domain-containing kinase
activated by PIP3, is critical for B-cell receptor signalling and plays a fundamental role in

immune cell activation (37).

The reaction from PIP2 to PIP3 by PI3Ks at the plasma membrane is antagonized by
Phosphatase and Tensin homology lipid phosphatase (PTEN), resulting in inhibition
of cell survival, growth, and proliferation (38). This phosphatase adds another layer of
control over the PI3K pathway, since PTEN expression, location, stability, and activity
are regulated by other protein-protein interactions and post-translational modifications
(38).

We discussed some of PI3K’s main pathway signalling components and the resulting

control over processes such as proliferation, survival, and metabolism. However, how
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the different cell and environmental contexts determine the signalling output remains
underexplored. Since class IA PI3K pathway alterations are implicated in many human
diseases, it is of crucial importance that these cellular contexts are investigated. This
could unravel new mechanistic insights in pathway activation and elucidate new

therapeutic targets (15).

1.3 Pathogenic variants of the PIK3CA gene: from cancer to congenital disorders

Given that PI3Ka plays a critical role in essential cellular processes, disruptions in this
signalling pathway can lead to severe consequences for the organism. Since its
discovery, PI3Ka activity has been linked to pathological cell growth and oncogenesis
(39-42). First, somatic mutations in the PIK3CA gene were found causative for colorectal
cancer (39). Since then, PIK3CA somatic mutations have been found in 24 to 46% of
endometrial cancer, 20 to 32% of breast cancers, 20 to 27% of bladder cancer, 14 to
23% of cervical cancers, 13 to 28% of colorectal cancer, and 12 to 15% of head-and-
neck cancer (40). This makes PIK3CA one the most commonly mutated oncogenes (41,
42). These mutations are missense gain-of-function mutations, resulting in increased
PI3Ka pathway activation through different mechanisms, promoting tumour

transformation and even multipotency (43-45).

In cancer, mutations have been found all over the PIK3CA gene, except the Ras binding
domain. Yet, more than 80% of oncogenic PIK3CA mutations cluster at three specific
sites, known as oncogenic hotspot variants (40). These include two mutations in the
helical domain, where glutamic acid (E) is replaced by lysine (K) at positions 542 (E542K)
and 545 (E545K), and one mutation in the kinase domain, where histidine (H) is replaced
by arginine (R) at position 1047 (H1047R).

The oncogenic hotspots have since been extensively studied, and research regarding
their activating mechanism reveals how they promote oncogenic transformation. The
H1047R variant induces conformational changes which modify several aspects of the
protein’s kinase activity (46-48). Firstly, the H1047 position in the WT enzyme stabilizes
the activation loop of the kinase domain via a hydrogen bond. H1047R disrupts this
hydrogen bond, resulting into a release of this activation loop and hereby increasing
kinase activity. Secondly, the gain in flexibility at the C-terminal with H1047R facilitates
better interaction with the plasma membrane, further enhancing the kinase activity of the
enzyme. Lastly, the inhibitory interaction between the iSH2 domain on p85a with the ABD
on p110a is disrupted with H1047R, allowing the catalytic subunit more mobility. These

specific conformational changes have important consequences for the regulation of this
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variant. Namely, growth factor stimulation and the resulting interaction between RTK and
PI3Ka can further cause overactivation with this variant (48-50). However, disruption of
the Ras interaction with PI13Ka did not affect the oncogenicity of H1047R, suggesting this

variant does not require Ras activation for oncogenic transformation (49).

The E545K and E542K variants have a different activating mechanism. The inhibitory
contacts between both subunits are facilitated by the E545 and E542 residues of WT
p110a (46). These variants cause the disruption of salt bridges between the subunits,
causing partial disengagement and relieving the inhibitory contacts on p110a (46). The
dissociation of the two subunits mimics activation via RTK, meaning this variant renders
the protein into a basally active state, and further activation via RTK does not affect its
overactivation (47, 48). Interestingly, the oncogenic potential of these variants required
the interaction with Ras (48-50).

An interesting aspect is the occurrence of double PIK3CA variants found in 13% of all
PIK3CA-related cancers (51). This phenomenon was most frequently observed in breast,
uterine, and colorectal cancer. Often, the 2 mutations were found on the same allele, and
included combination of a hotspot mutation with a non-hotspot mutation such as E726K,
M1043L/I, or E453Q/K. How these double variants occur remains unknown, but they
showcased increased oncogenic potential, likely due to enhanced dissociation between

the PI3Ka subunits and increased membrane binding.

Apart from their oncogenic potential, PIK3CA variants have been described in benign
overgrowth lesions as well. This field of study only developed in the past decade, with
new pathologies still being discovered that are related to PIK3CA. The umbrella term
PIK3CA-related Overgrowth Spectrum or PROS was coined to combine these benign
pathologies (52). While oncogenic hotspot variants such as E545K, E542K, and H1047R
are found in PROS patients, causative mutations in other regions of the gene are

commonly found in patients with PROS as well (53, 54) (see Figure 1.3).
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Figure 1.3. PIK3CA gene and reported variants in PROS.
The 5 domains of PIK3CA gene. The ABD closest to the N-tail, followed by the RBD, C2, helical, and kinase
domains. Mutations found in PROS for each domain are listed. Figure modified from (55).

One explanation for the distinct variant patterns between tumours and PROS is that
oncogenic variants typically exhibit stronger gain-of-function activity (52-55). In contrast,
many PROS-related variants activate PI3Ka only mildly, making them insufficient to drive
oncogenic transformation (54, 55). This notion is supported by advances in sequencing
technologies, which have offered new insights into the relationship between specific
variants and PROS phenotypes. For instance, the E726K variant is more commonly
associated with conditions such as MCAP, a disease characterized by widespread tissue
overgrowth originating from multiple germ layers (56-58). Conversely, oncogenic hotspot
variants are more frequently linked to isolated phenotypes, such as isolated brain
overgrowth seen in conditions like Megalencephaly (HMEG/DMEG) or Focal Cortical
Dysplasia (FCD), as well as lymphatic malformations (59). Research indicates that most
PIK3CA variants linked to PROS are gain-of-function mutations, although the precise
mechanisms driving their activation remain largely unknown (60, 61). In PROS, multiple
PIK3CA mutations have even been identified within the same lesion, although it remains
unclear whether these mutations arise within the same cells or occur in cis or trans

configurations (62, 63).
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2. PROS, vascular pathologies and related molecular drivers

First, PIK3CA hotspot variants were associated with benign skin lesions, called
epidermal nevi or seborrheic keratoses (64). Then, more pathologies characterized by
asymmetric overgrowth were linked with activating variants of PIK3CA (65-67). These
disorders arise during embryogenesis due to stochastic activation of PIK3CA, causing

pathway overactivation and resulting in overgrowth of tissues (66, 68).

2.1 Classification of PROS

PROS disorders include overgrowth of mainly mesoderm- and neuroectoderm-derived
tissues (69). These include brain, fibro-adipose tissues, skin, bone, muscle, and often
the vasculature. These pathologies are highly diverse, making categorization
challenging. Mirzaa et al. proposed to distinguish between isolated and syndromic
PROS (68). Isolated PROS are tissue overgrowth occurring locally affecting one tissue
type or body part. Syndromic PROS are conditions with widespread manifestations

affecting several tissues, which can present other features as well (see Figure 2.1).
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Figure 2.1. Classification of PROS disorders.

With PROS, patients display overgrowth of neurectoderm and endoderm-derived tissues such as brain, skin,
vasculature, bone, muscle, and fibroadipose tissues. PROS disorders can be categorized as isolated and
syndromic PROS depending on how many tissues and locations they affect. Isolated PROS include
Dysplastic/lHemimegalencephaly (DMEG/HMEG), Focal Cortical Dysplasia (FCD), Vascular malformations
such as Venous Malformations (VMs), Lymphatic Malformations (LMs), Cerebral Cavernous Malformations
(CCMs), Lymphatic-Venous Malformations (LVMs), Capillary-Venous-Lymphatic Malformations (CVLM),
Generalized Lymphatic Anomalies (GLA), skin lesions such as Benign Lichenoid Keratosis (BLK), Epidermal
Nevi (EN), Seborrheic Keratosis (SK), and combined tissue lesions which are locally affected such as
FibroAdipose Vascular Anomaly (FAVA), Lipomatosis of the Nerve (LON), Macrodactyly, Muscular
Hemihyperplasia (MHH), and Facial Infilirating Lipomatosis (FIL). Syndromic PROS include
Megalencephaly-Capillary Malformation (MCAP), Diffuse capillary malformation with overgrowth (DCMO),
Klippel-Trenaunay syndrome (KTS), Capillary vascular malformation of the lower lip, Lymphatic malformation
of the head and neck, Asymmetry and Partial/generalized Overgrowth (CLAPO), Congenital Lipomatous
Overgrowth, Vascular malformation, Epidermal nevi, and Skeletal/Spinal abnormalities (CLOVES),
FibroAdipose hyperplasia or overgrowth (FAO), HemiHyperplasia-multiple lipomatosis (HHML), and
segmental undergrowth with vascular malformations. Picture modified from (55).

When activating PIK3CA variants stochastically occur during embryonic development,
they lead to a mosaic pattern of overgrowth (53). Hence, the affected tissues in patients
contain only a small proportion of cells carrying the variant (59). The timing and location
of the mutation will determine the clinical manifestation. Other factors may contribute to
PROS formation as well, such as cell-extrinsic factors that modify the PI3Ka pathway
activity (69). These cell-autonomous and extrinsic determinants of PROS are likely

why PROS disorders are so diverse (55).
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Oncogenic hotspot variants that occur during the zygotic stage proved to be lethal (70).
This is supported by expression of Pik3ca’%4’RWTin mice, which is fatal during early
embryonic development (71, 72). These data imply the presence of an activation
threshold during embryonic development which, when crossed, proves fatal. If a
PIK3CA variant’s activating potential remains below this threshold, the activated cell
could expand into multiple cell lineages, leading to a widespread phenotype when it
occurs during early embryonic development (55). In contrast, variants that generate a
stronger activation of PI3Ka may only be tolerated later in embryonic development,
causing lineage-specific lesions (54, 55). However, this relation between the severity of
the phenotype, the variant allele frequency, and the activating potential of the PIK3CA

mutation remains unclear (54) (see Figure 2.2).

PIK3CA variant activating potential

not
pathogenic

Embryonic development (time)

Figure 2.2. How strength of variant activation correlates with tolerability during embryonic

development.

In PROS, mutations show an intriguing pattern of distribution. Some strongly activating variants are likely
lethal during embryonic development if they occur at early stages (red area). If these occur during later
stages, they cause local phenotypes such as LM or Megalencephaly. On the other hand, less strong variants
are not lethal if they arise during early development, and mutated clones can expand into multiple cell
lineages and spread out into multiple locations, as seen in PROS diseases such as MCAP or CLOVES.
MCAP = Megalencephaly-Capillary Malformation-Polymicrogyria Syndrome, CLOVES = Congenital
Lipomatous asymmetric Overgrowth of the trunk with lymphatic, capillary, venous, and combined-type
Vascular malformations, Epidermal naevi, Scoliosis/Skeletal and spinal anomalies, HMEG/DMEG =
Hemimegalencephaly and Dysplastic Megalencephaly, FCD = Focal Cortical Dysplasia, VM/LM = Vascular

or Lymphatic Malformation.
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Lastly, adipose and vascular tissues are most affected in PROS phenotypes (69 ,70).
This is supported by cell type-specific isolation and sequencing of patient-derived
overgrown tissues, which revealed mutations in blood and lymphatic endothelial cells
(69, 73, 74), fibroblasts (65, 75-77), and adipocytes (78, 79). These tissues are highly
responsive to metabolic needs. Therefore, extrinsic factors such as signalling cues from
the environment are likely of importance during the development of PROS. This notion
is supported by research relating PIK3CA-related vascular lesions to growth factor
stimulation (73, 80, 81).

2.2 Vascular malformations

Vascular overgrowth or vascular malformations (VMs) can occur as isolated lesions or
combined into syndromic PROS (55, 82). A VM entails the formation of a defective blood
or lymphatic vessel, growing aberrantly during embryonic development. Like PROS, VMs
entail a wide variety of phenotypes depending on the size of the lesion, the affected
vessel type, the location of the lesions, and the presence or absence of overgrowth of
other tissues. VMs can be classified depending on how many vessel types they affect.
Simple VMs are restricted to one vessel type, such as capillary, venous, or arteriovenous
malformations, while combined VMs affect multiple vessel types, such as capillary-
venous malformations, lymphatic-venous malformations, or capillary-lymphatic-venous

malformations.

In general, VMs are functionally categorized into two types: slow-flow and fast-flow
lesions. Slow-flow lesions include capillary, lymphatic, or venous malformations, or
combinations thereof. Fast-flow lesions refer to arteriovenous malformations,
characterized by wrongful connection of arteries and veins (see Table 2.1). Interestingly,
this type of malformation has never been associated with PIK3CA mutations, but with
mutations in the MAPK signalling pathway (83, 84). Why mutations in PIK3CA are not

found in arteriovenous malformations remains unknown.
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Type of Malformation Name Mutated Gene Nature of the Lesion

RASA1,
Sporadic arteriovenous MAP2K/MEK, Somati
malformations KRAS, NRAS, omatic
BRAF, ENG, ALK
Arteriovenous ENG,
High Flow f Hereditary hemorrhagic =~ ALK1/ACVRLI1, .
Malformations (AVM) telangiectasia (HHT) GDF2, Hereditary
SMAD4/MADH4
Capillary-arteriovenous . .
malformations (CM-AVMs) RASA1, EPHB4 Somatic/hereditary
Capillary malformations GNAQ, GNAT Somatic
(CM)
Cutis Marmorata Unknown, possibly
Capillary Malformations Tg',fjl’;%'e‘:tat'ca Congenita - -y 11 Somatic
(CMs) (Sturge )\Neber Syndrome
(SWS) GNAQ Somatic
Pigmentovascular GNAQ, GNA11  Somatic
phakomatosis
Common venous .
malformations (VM) TEK, PIK3CA Somatic
Verrucous venous MAP3K3 Somatic
malformations
Fibroadipose vascular .
anomalies (FAVA) PIK3CA Somatic
Cerebral cavernous KRIT1, CCM2, Somatic/hereditar
Venous Malformations malformations (CCM) PDCD10 Y
(VeMs) Blue rubber bleb nevus TEK Somatic
syndrome
Slow Flow Venous anomalies .
associated with PTEN PTEN Hereditary
Mucocutaheous venous TEK Hereditary
malformations
Glomangiomas GLMN Hereditary
Varicose veins FOXC2 Hereditary
Lymphatic malformations PIK3CA Somatic
(LM)
Generalized lymphatic .
anomalies (GLA) PIK3CA Somatic
Kaposiform .
lymphangiomatosis (KLA) NRAS Somatic
Lymhatic Malformations  Congenital pulmonary .
(LMs) lymphatic malformations CCBET Hereditary
Primary lymphedema FLT3, VEGFR3 Hereditary
FOXC2, GJC2,
Other . KIF11, SOX18,
| meh:::;Z ° PTPN14, CCBE1,  Hereditary
ymp FAT4, ADAMTS3,
GATA2
Parkes Weber Syndrome RASA1 Somatic
Maffucci Syndrome IDH1-IDH2 Somatic
CLOVES Syndrome .
(PROS) PIK3CA Somatic
Associated with other (CPLQOF?) Syndrome PIK3CA Somatic
pathologies Proteus Syndrome AKT1 Somatic
KTS Syndrome (PROS) PIK3CA Somatic
MCAP Syndrome (PROS) PIK3CA Somatic
DCMO Syndrome (PROS) PIK3CA Somatic

Table 2.1. Classification of vascular malformations (VMs) depending on their functional
characteristics and the associated mutated gene.

Vascular malformations can be divided into high-flow malformations, which include arteriovenous
malformations (AVM), or low-flow malformations, which include venous (VeM), capillary (CM), or lymphatic
(LM) malformations. We can also find vascular malformations associated with complex syndromes. Each
type of malformation has been associated with certain genetic mutations of either germline or somatic origin,
as indicated on the right side of the table. Table adapted from (85).
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In venous malformations, the lesions are characterized by enlargement of the veins
with increased tortuosity and reduced mural cell coverage, resulting in defective vessel
function (55). Interestingly, 60% of venous malformations are caused by activating
mutations in TEK (encodes for the TIE2 receptor upstream of PI3Ka) and 20 to 25% by
mutations in PIK3CA (86-88), both leading to overactivation of PI3Ka. In mice, studies
showed that mosaic expression of Pik3ca'’%4’R under the endogenous promotor in the
mesoderm during embryonic development led to venous malformations exclusively (89).
These venous malformations were caused by increased EC proliferation and displayed

reduced mural cell coverage (89, 90).

Activating mutations in PIK3CA are commonly found in lymphatic malformations (LMs)
as well (91, 92). interestingly, the cancer hotspots are commonly found in LMs, and
recent studies indicated helical domain mutations (E542K and E545K) are more
represented than kinase domain (H1047R), although more information and
epidemiological studies are needed to confirm the significance of this phenomenon (59).
Genetic expression of Pik3cat’%47”RWT in mice lymphatic ECs revealed that early
embryonic expression resulted in macrocystic lesions, and late embryonic or postnatal
expression resulted in microcystic lesions, showcasing that the type of cell (progenitor
or differentiated cell), timing, and the used mice model can influence the pathology of
LMs (93).

Capillary malformations can be isolated lesions characterized by diluted capillaries
near the skin surface or can be part of complex PROS disorders such as MCAP and
DCMO (94). In these lesions, non-hotspot activating mutations in PIK3CA have been
commonly described (58, 59, 84).

2.3 Diagnosis and treatment of vascular malformations

Only in recent years have PIK3CA variants been identified as a cause of many
overgrowth diseases. As a result, data on the prevalence of PROS is limited, with
estimates ranging from 1 in 20,000 to 1 in 30,000 (95). Due to PROS being rare,
clinicians are often unaware of the full range of possible disease phenotypes, leading to
patients frequently requiring multiple consultations before the condition is correctly
identified and treated. Currently, vascular malformations are primarily treated with
surgical removal and/or sclerotherapy (69). However, these treatments are not always
feasible, as the ability to remove the malformation depends on its location or whether the
lesion is widespread. Moreover, after surgery, surrounding tissue will release growth

factors necessary for the healing process, which often results into the regrowth of a
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vascular lesion. The molecular mechanisms that govern VM formation need to be better
understood so targeted therapies can be designed. Nowadays, tissue biopsies followed
by sequencing are used for diagnosis, although this does not always reveal causative

mutations in PIK3CA since the variant allele frequency in lesions is usually low (59).

Research in the mechanisms of PI3Ka signalling in cancer and PROS revealed some
parts of the pathway that are druggable. As a result, some progress has been made
regarding the molecular treatment of vascular malformations. The first targeted therapy
for PROS was Sirolimus or Rapamycin, an allosteric mTOR inhibitor that was
repurposed from its use in cancer treatments (96). Recently, Rapamycin use was
approved by the European Medicines Agency (EMA) and the Food and Drug
Administration (FDA) for the treatment of patients with PROS and VMs (97-99). Here, a
reduced volume of vascular lesions was observed, although patients presented several
adverse effects. Regardless, Rapamycin became part of the standard of care in patients
with PROS (100, 101).

AKT can also be targeted. Miransertib was developed and used on a compassionate
basis to treat patients with PROS and VMs (102-104). Some therapeutic efficacy was
reported in the treatment of VMs in mice (73), and clinical trials are ongoing for the

treatment of VMs.

Lastly, PI3K inhibitors are also being developed to treat PROS or VMs. Often, these
are repurposed from their use to treat certain cancers. For example, Copanlisib (BAY 80-
6946/Aligopa) is the only pan-PI3K inhibitor approved by the FDA to treat relapsed
follicular lymphoma (105). Moreover, Taselisib (GDC-0032), a pan-class | PI3K inhibitor,
was developed for treatment of PROS and resulted in reduced pain and bleeding in
patients, but the trial was terminated due to on-target adverse effects (106). PI3Ka
isoform-specific inhibitors are preferred to diminish these adverse effects. Alpelisib
(BYL719/Pigray) is a PI3Ka-selective inhibitor and is approved by the FDA for treatment
of HR+, HER2-, locally advanced or metastatic breast cancer with a PIK3CA mutation
(107). Interestingly, Alpelisib treatment showed promising results in mice with CLOVES
or lymphatic malformations (108). Since, Alpelisib has been used on a compassionate
basis in some patients with PROS with varying levels of success (109-111). Sitill, side
effects such as hyperglycaemia, stomatitis, aphthous ulcers, and diarrhoea are often
reported (112, 113). Nonetheless, retrospective multicentric studies such as EPIK-P1,
showed promising results and accelerated the approval of Alpelisib by the FDA for PROS

patients of at minimum 2 years old (114). Phase 2 randomized controlled trial EPIK-P2
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(NCT04589650) will compare the results of Alpelisib to placebo-treated controls in
patients with PROS (115).

PI3K inhibitors often showcase high toxicity and pathway reactivation, making
treatments challenging. The PI3K pathway is tightly regulated by feedback loops.
Namely, research demonstrated increased levels of RTK expression with inhibition of
PI3K, which reactivates the PI3K pathway (115, 116). Hence, there is growing interest in
dual treatment to counteract this pathway reactivation. For instance, dual treatment with

PI3K inhibitors and anti-ER therapies in oestrogen receptor (ER)-positive cancers (116).

New inhibitors are being developed to specifically target mutant forms of PI3Ka. LOXO-
783, an inhibitor highly selective for H1047R, was able to kill several tumour cell types
containing the PIK3CAH1047R mutation (117, 118). In a phase 1 trial for treatment of breast
cancer (PIKASSO-01, NCT05307705), LOXO-783 showed activity without adverse
effects for WT PI3Ka (119). RLY-2608 and RLY-5836 are 2 pan-mutant PI3Ka inhibitors
with demonstrated in vivo efficacy and acceptable safety profiles in solid tumour patients
which are being tested in phase 1 clinical trials for advanced breast cancer
(NCT05216432 and NCT05759949) (120). Regardless, these drugs are not yet available
for patients with PROS or VMs, and more research is needed before patients will be able

to benefit from these mutant-selective inhibitors.

3. Vascular development

3.1 The mammal circulatory system

The circulatory system or cardiovascular system in mammals comprises a complex
network of blood and lymphatic vessels. This network is responsible for the transport of
nutrients, hormones, water, and oxygen to every cell in the body, and the collection and
removal of metabolic waste (121, 122). To perform its crucial functions, the circulatory
system consists of distinct vessel types and organs. The cardiovascular system
comprises the heart, a muscle that pumps blood directly in the aorta and other branching
arteries, the blood than disperses into smaller and smaller vessels, arterioles, until the
vessels become small enough for gas exchange to take place in the capillaries.
Collecting venules transport the oxygen-poor blood back into large veins and transport it
back to the heart (123). A whole other vessel system exists in our bodies as well, the
lymphatic system. Lymphatic vessels form collecting ducts in all tissues to collect
lymph, a fluid rich in immune cells, proteins, and metabolic waste (124). This waste gets

collected into the veins and redistributed throughout the body (121). The lymphatic
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system also contains lymph nodes, where collected pathogens are displayed to immune
cells to fight infections. To summarize, the lymphatic system plays important roles in fluid

regulation, nutrient absorption, and the immune system.

To perform their respective functions, the vessels of the circulatory system require
specialization. Typically, the large blood vessels are composed of the tunica intima, the
tunica media, and the tunica externa (125, 126). The tunica intima or the innermost layer
is built from endothelial cells (ECs) covered by a basement membrane. The tunica
media is made of mural cells and elastic fibres. This layer is particularly thick and
muscular in arteries that need to withstand high blood pressure. The tunica externa or
outermost layer is a collagen-rich structure that stabilizes the vessel. Morphologically,
arteries are muscular, narrow, and straight, to withstand the rapid blood flow. Veins are
more irregular and larger; and contain the highest volume of blood of all the vessels.
Capillaries are very thin vessels with a high surface area to allow optimal gas exchange.
Another interesting difference is the distinct pattern of mural cells that cover each vessel
type. These mural cells are important in the maintenance of the vessel structure and
integrity (127). Arteries are covered by many vascular smooth muscle cells (vSMC)
aligned perpendicularly to the blood flow to support and reinforce the vessel (128). In
veins, mural cells are less abundant and less organized. In capillaries, pericytes cover

the vessel which provide mechanical stability (see Figure 3.1).
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Figure 3.1. Composition of the main vessel types in the cardiovascular system.

Structure of the main blood vessel types: arteries, arterioles, capillaries, venules, and veins. Big vessels
consist of 3 layers, Tunica externa, tunica media, tunica intima. The tunica intima is made from endothelial
cells. These are enveloped by mural cells, depending on the vessel type. Figure modified from Van Splunder
et al. (128).

3.2 Vascular origins and growth

The formation of the circulatory system is one of the first events during embryonic
development and organogenesis in vertebrates (129). During early embryogenesis, a
population of mesoderm-derived cells differentiate into hemangioblasts, which will further
divide into two progenitor subpopulations: hematopoietic precursor cells that will develop
into mature blood cell types, and endothelial precursor cells, known as angioblasts (130).
Angioblasts cluster together to form structures called "blood islands" (131). These blood
islands mark the first step in vasculature formation, where a primitive vascular network
is established through a process known as vasculogenesis. Under the influence of
growth factors, angioblasts within the blood islands undergo lineage commitment, giving
rise to endothelial cells, while hematopoietic precursor cells develop into blood cells
(132). Remarkably, new studies found other origins for ECs, namely erythron-myeloid

progenitor cells (EMPs) derived from the yolk sac (133, 134).

Then, this primitive vascular network will respond to the hypoxic signals from its

environment by expansion and remodelling. The formation of new blood vessels from
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existing ones is called sprouting angiogenesis. The new vessels will specialize to
create a hierarchical system of large vessels and smaller branches will form (135). The
growth of the vascular network will require specialization of certain vessels for optimal
blood transport depending on the tissues needs. Therefore, ECs will differentiate into
different subpopulation depending on the tissue and vessel type they are part of. For
example, capillaries in the liver and bone marrow contain fenestrations to allow
permeability for nutrients, protein, and blood cells, while in the brain, the capillaries tightly
maintain the blood-brain barrier. However, another process called intussusceptive
angiogenesis, where vessels split and duplicate into new ones, has also been observed
in physiological and pathological contexts, though this process remains poorly
understood (136-138).

Many processes involved in vascular development are reactivated during tissue
regeneration, scarring, and pathological conditions (139, 140). Understanding the
mechanisms behind these events is therefore essential for advancing research and
treatment across numerous diseases. Even in adulthood, the vasculature remains highly
responsive to the metabolic needs of surrounding tissues. For example, during menstrual
cycles, pregnancy, muscle angiogenesis, and similar situations, blood vessels must
undergo expansion, remodelling, and maturation (141, 142). To adapt to these changing

conditions, ECs continuously monitor their environment and respond accordingly.

3.3 Sprouting angiogenesis

Sprouting angiogenesis is a complex process, requiring strict regulation on a cellular
and molecular level. In general, the process consists of 5 steps: 1. sprouting initiation, 2.
sprout elongation, 3. anastomosis and lumen formation, 4 remodelling of the vessel and

maturation, and 5. establishment of vessel quiescence (121).

Tissue hypoxia triggers the expression of pro-angiogenic growth factors, which will
kickstart the formation of a new vessel via sprouting angiogenesis. The first step is the
local degradation of the basement membrane around the ECs and mural cells by EC-
secreted metalloproteases (MMPs) (143). This allows for some ECs to expand outwards
with the growth factor gradient from their environment. Some ECs will differentiate into
tip cells, containing many filopodia that will monitor the environment for vascular
endothelial growth factors (VEGF) and spearhead the formation of the new vessel (121).
The surrounding ECs, called stalk cells, will closely follow the tip cells and actively
proliferate to form the new vessel (144, 145). Specifically, VEGFA binds to the VEGFR2

receptor which causes the differentiation into migrating tip cells. In turn, the tip cells will
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express DLL4, which will interact with Notch receptors on nearby ECs to induce their
differentiation into stalk cells (146-148). Here, tip cell identity will be suppressed in the
nearby stalk cells due to the Notch-controlled expression of VEGFR1, a high-affinity
decoy receptor for VEGFA with low activity (149). Notch will also activate other genes
such as Hes, Hey, Pten, and Nrarp, which will further maintain stalk cell differentiation
and identity (150, 151). NRARP will promote Wnt/B-catenin signalling to regulate the
stalk cell proliferation to facilitate the growth of the new vessel (152). VE-cadherin will
mediate the rearrangement of cell junctions, allowing the dynamic rearrangement of the
stalk cells into a new vessel (153). Last, the stalk cells will reestablish the basement
membrane for vessel stability. Interestingly, pharmacological inactivation of Notch or
DLL4 leads to an increased amount of tip cells and therefore sprout hyperplasia (146,
147) (see Figure 3.2).
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Figure 3.2. Tip/stalk cell differentiation during early angiogenesis.

VEGFR and Notch signalling play central toles during tip/stalk cell differentiation. Cells will compete for tip
cell specification and induce stalk cell differentiation in neighbouring cells. Hypoxia in tissues will cause
VEGFA production, which binds to VEGFR2 receptors expressed on all ECs. This will kickstart the ECs
differentiation into a migrating tip cell with filopodia according to the VEGFA gradient. Neighbouring stalk
cells will support the formation of the new vessel by rearranging and proliferating.

Anastomosis is the process of two vessels making contact and joining, initiated by the
contact of a tip cell with another ECs, though the cellular mechanism of this process
remains poorly understood (121). Macrophages are closely associated to tip cells at
positions where vessel joining occurs, and likely prime tip cells for anastomosis (154).
Subsequently, a lumen needs to be formed in the newly sprouted vessel to start the blood
flow. Multiple mechanisms have been proposed for the mechanisms of lumen formation
(155, 156). One mechanism entails the hollowing of stalk cells (157). Intracellular

pinocytic vacuoles will form adjacently in the neighbouring stalk cells of the new vessel,
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which will eventually join and expand to form the lumen. Another mechanism proposes
the junction-mediated dynamic EC rearrangement and establishment of the apical
polarity of the ECs (158-161). The apical side will be coated in negatively charged
glycoproteins, following repulsion which aides in the formation of the lumen (162). When
the lumen forms, blood flow starts in the new vessel. However, additional maturation

steps are required for the vessel to be stable and functional.

New blood vessels require a tight connection between the ECS for their functions, while
also allowing for permeability and signal transmission between the blood and the
surrounding tissue/ECM. These connections are formed by multi-protein complexes that
can be categorized in two types of junctions: tight junctions (TJs) and adherent
junctions (AJs). TJs are located between ECs near the lumen to maintain vessel
integrity and regulate permeability (163). In the brain, TJs are crucial for maintaining the
blood-brain barrier (164). These junctions are made from proteins that are part of the
claudin and occludin families, among others. On the other hand, AJs are located in more
basal positions, in addition to regulating permeability, they are important contributors of
initiating contact and regulating interactions between ECS, and controlling cytoskeleton
rearrangements (163, 165). AJs mainly consist of proteins such as cadherins and
catenins. The transmembrane protein VE-Cadherin, specifically, was proven crucial for
EC function. Artificial VE-Cadherin deficiency or truncation caused mice embryonic
lethality due to vascular defects (166). VE-Cadherin can form complexes with VEGFR2
and members of the TGF family, therefore playing a major role in EC differentiation,
growth, and stability (167).

Another crucial process during the formation of new blood vessels is the establishment
of arterial, capillary, and venous identity in ECs. The arterial and venous specification
is determined by genetic and epigenetic factors and influenced by the surrounding
microenvironment and shear stress. The identity of ECs is determined by the expression
of certain molecular markers that are essential for their morphology and function.
Lineage tracing studies have shown that there is a widespread conversion from venous
into arterial ECs (168, 169). Moreover, gene expression trajectory studies demonstrated
that ECs from veins and capillaries will undergo molecular conversion into arterial ECs
and migrate to form the arteries (170, 171). Specifically, tip cells that spearhead the
formation of new vessels will change their fate and migrate against the flow to ultimately

occupy the artery (172-174).
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3.4 Molecular regulators of endothelial cells during angiogenesis

The angiogenic process is governed by several molecular pathways. The VEGF/VEGFR
pathway is the principal angiogenic growth factor pathway that modulates vessel
formation and growth through VEGF receptor tyrosine kinases (VEGFRSs). There are 5
VEGEF ligands in mammals, VEGFA, VEGFB, VEGFC, VEGFD, and PGF, that can be
secreted by hypoxic tissues (175). Their distribution and gradient will determine the fate
of the ECs (176). The ECs will perceive and interpret these factors through their
receptors, VEGFR1, VEGFR2, and VEGFR3.

VEGFA plays a central role in angiogenesis, its binding to the receptor VEGFR2 (or
KDR/FIk-1 in mice) will cause autophosphorylation of both receptor subunits on tyrosine
positions, which can be recognized by effector kinases which will kickstart downstream
signalling cascades important in regulating EC proliferation, survival, migration, and
permeability (176). One important downstream pathway mediated by VEGFR2 signalling
is the PLCy-PKC-MAPK pathway, crucial for endothelial proliferation (177). Interestingly,
downregulation of VEGFA results in mice embryonic lethality due to abnormal blood
vessel formation (178). VEGFR1, on the other hand, acts as a decoy receptor for
VEGFA, with high affinity for VEGFA but poor tyrosine kinase activity, demonstrating that
the VEGF pathway is subjected to tight regulation. Studies in mice showed that
deficiency of either VEGFR1 or VEGFR2 resulted into early embryonic lethality due to
vascular defects but with opposing phenotypes. VEGFR1 deficiency resulted in
overproliferation of ECs and vascular disorganization, while VEGFR2 ablation caused a

lack of vessel formation due to reduced EC proliferation (178-180).

VEGFB and PGF are dispensable during embryogenesis, since genetic knock-out in
mice models of either revealed no embryonic lethality. These are ligands for VEGFR1,
and only under pathological conditions have they been described to contribute to

angiogenesis (181).

VEGFC and VEGFD show strong affinity for VEGFR3 (or FLT4), which is expressed
mainly on lymphatic ECs where they play an important role in lymphangiogenesis (182-
184). They showcase weak affinity to VEGFR2 as well, finetuning the EC response to
extracellular VEGF signals. VEGFC downregulation caused mice embryonic lethality due
to severe lymphatic defects and accumulation of fluids, while VEGFD knock-out did not
cause mice embryonic lethality (184-188). During mice embryonic development,
VEGFRS3 is expressed in all endothelial cells, including in angiogenic sprouts. Absence
of VEGFR3 during early embryogenesis results in reduced sprouting and reduced

vascular density of all vessels in mice (189). In mature vascular networks, VEGFR3
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becomes exclusively restricted to the lymphatic ECs (190). Other studies showed an

important role of VEGFR3 in regulating vascular permeability (191).

The Notch pathway is another crucial signalling pathway during vascular development.
The Notch family consists of 5 ligands DLL1, DLL3, DLL4, Jagged1, and Jagged2, and
4 receptors Notch1, Notch2, Notch3, and Notch4 (192). The interaction between a ligand
and any Notch receptor will cause the dissociation of the Notch intracellular domain
(NICD), which will translocate to the nucleus and regulate the transcription of Notch-
regulated genes, such as Hes, Hey, and DIl4 (146, 147). ECs mainly express the Notch1
and Notch4 receptors, along with the DLL1, DLL4, and Jaggedi1 ligands. The
DLL4/Notch1 signalling axis directs the endothelial tip/stalk specification necessary for
the formation of new vessels. Jagged1 activation will subsequently counteract the
DLL4/Notch1 axis and cause equilibrium during angiogenic growth (193). Multiple
studies on the role of Notch have demonstrated its essential functions during
angiogenesis. Specifically, the inactivation of Notch1 or DLL4 lead to dysregulation of
angiogenic processes, such as increased sprouting, branching, and filopodia formation
(147-150).

The differentiation from veinous or capillary cells into arterial ones is governed by EPH-
Ephrin interactions. Veins exclusively express the EPHB4 receptor, while arteries
express its specific ligand Ephrin-B2. An interaction between EPHB4 and Ephrin-B2
causes cellular repulsion and is necessary to establish arterial and venous fates (194-
196). Moreover, EPHB4 activation will transmit an intracellular signal for adhesion
molecules and integrins to enable invasion of surrounding tissues (197, 198). Ephrin-B2
activation, on the other hand, promotes intracellular VEGFR2 signalling through
endocytosis. This will result into Notch pathway activation and inhibit the expression of
transcription factor COUP-TFIl, a hallmark of venous identity (199-201). Another
chemokine receptor CXCR4 is preferentially expressed in arterial ECs and has been
shown to be necessary in the development of arteries (202-204). Blood flow-associated
shear stress also guides EC differentiation, since flow induces expression of the

transcription factor KLF2, an arterial EC marker (205) (See Figure 3.3)
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Figure 3.3. Endothelial differentiation during embryonic development.

Arteriovenous specification is guarded by molecular pathways during embryonic development. Endothelial
progenitors will differentiate into venous or arterial ECs, with distinct molecular profiles. These molecular
drivers maintain the equilibrium, interactions between the pathways inhibit and safeguard venous/arterial
specification.

3.5 Vessel maturation and stabilization

Vessel maturation involves the formation of EC junctions, recruitment of supporting
mural cells, reconstruction of the extracellular matrix (ECM), and the establishment of
vessel quiescence (206). The initiation of blood flow will activate certain signalling
pathways which regulate vessel remodelling into the final network. For instance, the
endothelial transcription factor KLF2 is upregulated upon initiation of blood flow in vitro,
and genetic knock-out in mice embryos in vivo proved its role in aiding the stabilization
of the vessel wall (205, 207). Once vascularization and subsequent gas exchange takes
place, the surrounding tissue will no longer emit hypoxic growth factor signals, which

finally will induce blood vessel quiescence (208).

Mural cells play a crucial role in the maturation of blood vessels. Not only do they
envelop the ECs to stabilize the blood vessel structure, but they also specialize to play
a direct role in endothelial signalling, proliferation, migration, and formation and
organization of the ECM (127). The term mural cells refers to multiple cell types including
vascular smooth muscle cells (vSMCs) and pericytes (PCs). The vSMCs will encompass
large vessels such as arteries and veins, while PC are more commonly found in smaller
vessels such as arterioles, venules, and capillaries (128). Research regarding the PC is
still recent and ongoing, yet it is clear they form a heterogeneous cell type across tissues
(209). Although some molecular markers such as NG2, PDGFR[, aSMA, and desmin
have been used to identify PCs, they are not completely PC-specific, and expression can

vary depending on the tissue (128). One important interaction between ECs and PCs is
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through PDGFRp, where EC secrete the ligand PDGFB to recruit PCs expressing the
receptor PDGFRp. Additionally, PDGFB also stimulates the proliferation of vSMCs and
induces the differentiation of mesenchymal progenitors into mural cells (210).
Inactivation of either PDGFB or PDGFRf in mice results in vascular dysfunction due to
lack of mural cell coverage during embryonic development (211-213). Interactions from
mural cells to ECs are also governed via the Angiopoietin (ANG)-TIE2 receptor signalling
pathway. ANG1 is secreted by PCs and binds to TIE2 receptors on ECs, promoting EC
survival and quiescence. The antagonist of ANG1, ANG2, is secreted by ECs to regulate
and control this interaction and facilitates PC detachment during the initiation of sprouting
angiogenesis. This balance between ANG1 and ANG2 regulates the recruitment and
attachment of PCs during vessel maturation and maintains the equilibrium of the vascular
network (210, 214). The correct interactions between ECs and mural cells is crucial for
vessel maturation, in fact, alterations in mural cell coverage or unstable junctions are
hallmarks of defect vascular systems in diseases such as diabetic retinopathy, venous

malformations, and some solid tumours (128).

Another important entity that regulates vessel maturation is the ECM and its constituents
by interacting with EC receptors. The ECM comprises a complex network of
(glyco)proteins, proteoglycans, and polysaccharides that provide adhesive and
mechanical support to the blood vessels and participate in physiological functions
through growth factor interactions (215). The ECM mainly consists of interstitial matrix
and the basement membrane. The interstitial matrix is composed of collagens, elastic
fibres, and glycoproteins and contains pro-angiogenic growth factors such as VEGF, IGF,
PDGFB, ANG, and TGF to facilitate the sprouting of new vessels (215). The basement
membrane encapsulates the ECs and mural cells, supporting coordination of cell
morphology, gene expression, proliferation, and migration. The ECM is highly dynamic
depending on environmental cues, and undergoes remodelling, growth, and
decomposition where necessary. For example, the degradation of the basement

membrane is one of the first steps during sprouting angiogenesis (216).

Vascular remodelling actively occurs through different processes to form the final
vascular bed. A lack of VEGF signals can induce EC apoptosis and therefore cause the
degradation of certain vessels where they are not needed in a process called vascular
pruning (217, 218). ECs also differentiate and migrate into certain vascular niches to

remodel the vasculature, driven by local changes in blood flow (219).

Lastly, when the surrounding tissue no longer sends hypoxic signals, the blood vessels

will establish a quiescent steady state. Even though the vessels seem stable and
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unchanged, this state requires active processes such as auto- and paracrine signalling
to maintain cell survival and the integrity of the vessel. VEGF signalling plays a role here
by autocrine signalling in ECs, which activates the PI3K/AKT signalling pathway to
promote survival but not proliferation (121, 220). Other pathways such as ANG1/TIE2
and BMP9/ALK1 also mediate EC survival (221). Shear stress caused by blood flow
plays a major role in maintaining vessel integrity by signalling via KLF2 and nitric oxide
production (205).

3.6 PI3Ka signalling in the endothelium.

Over the past decade, research has elucidated important roles for PI3Ka signalling in
the endothelium. Genetic targeting of the components of the PI3Ka signalling pathway
in mice revealed embryonic lethality due to vascular defects. It was demonstrated that
vascular biology is selectively governed by PI3Ka and no other class | PI3Ks (222-224).
On the other hand, sustained overactivation of PI3Ka in ECs caused issues with vascular
remodelling in mice, resulting in embryonic lethality (71). Meanwhile, additional research
showcased the influence of PI3Ka signalling on remodelling of cellular junctions in ECs,
maintaining venous identity and repressing atrial differentiation, EC proliferation,
migration, and metabolism (225-228). Moreover, genetic targeting of the regulatory
subunits of class IA PI3Ks (p85a, p55a, p50a, and p85B) also revealed haemorrhage
formation and embryonic lethality, which could be rescued by single copy retention of

p85a (229). These data point towards a crucial function for PI3Ka in endothelial biology.

Even though PI3Ka signalling is crucial in vascular biology, other class | PI3K isoforms
play limited roles as well. For instance, PI3K@ inhibits PI3Ka function in the context of
cardiac ischemia (230). Upregulation of PI3Kd in ECs has also been observed in
inflammatory circumstances, where it regulated key cellular processes (231). More
importantly, PI3KPB signalling was found crucial for pericyte proliferation and maturation.
This interaction is governed by PDGFR[3, which contains the YXXM motif and can hereby
directly recruit and activate the PI3K complex (232, 233).

VEGFR, TIE2, EGFR, PDGFR@, and ERBB receptors all rely on PI3K signalling to a
certain extent to transform the signals they receive into a cellular response. Studies
showed that VEGFR2 and VEGFR3, and not VEGFR1, can activate the PI3Ka pathway
(234). Specifically, activated VEGFR2 recruits adaptor proteins of the Src kinase family
which will serve as binding sites of the PI3Ka complex. Other coreceptors, such as VE-
Cadherin, integrins, and NRP1, and heterodimer formation with other VEGFRs, will
finetune the signal (235, 236). Of note, VEGFRs do not have a YXXM motif to create the
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binding sites for the PI3Ka complex, so adaptor molecules are necessary for the VEGFR-
PI3Ka activation to occur (237). Though, the VEGFC/VEGFR3 axis also interacts with
PI3Ka indirectly. VEGFC-stimulated lymphatic ECs showcased no changes in AKT
activation with disruption of the RBD in p110a (238).

The ANGITIE axis plays crucial role in vascular maturation by attracting mural cells.
ANG1 is expressed by mural cells and activates the TIE2 receptor expressed on ECs.
TIE2 can directly interact with p85a through its pY sites, and hereby activate the PI3Ka
signalling pathway, which will control EC survival and vessel stabilization (239, 240).
Additionally, PI3Ka inhibits FOXO1 activity, a transcription factor for ANG2, the
antagonist of ANG1 that is expressed by EC to form an autocrine finetuning mechanism
(235).

The Epidermal Growth Factor Receptor (EGFR) is another RTK that plays a significant
role in endothelial cell function, particularly in processes such as angiogenesis and
vascular homeostasis (241). Activation of EGFR in endothelial cells can influence blood
pressure regulation, endothelial dysfunction, and atherogenesis. Upon ligand interaction,
EGFR will dimerize and autophosphorylate, and adaptor molecules will further influence
the downstream signalling response. This includes the regulation of the PI3Ka-Akt
pathway (242). This activation promotes endothelial cell migration and survival, essential
for new blood vessel formation (243). Furthermore, EGFR signalling can modulate the
expression of VEGF, thereby indirectly influencing PI3Ka pathway activity (244). Thus,
EGFR serves as a pivotal regulator in endothelial biology, with its interplay with the PI3K

pathway being central to vascular development and pathology.

AKT is one of the most prominent downstream effectors of PI3Ka in the endothelium.
For example, prolonged activation of AKT1 in the mouse endothelium causes structurally
abnormal vessels (245), while AKT1 knock-out (but not AKT2 or AKT3) results in
defective angiogenesis and limited vessel growth (246, 247). Additionally, AKT activation
induced the production of hypoxia-inducible factors, HIF1 and HIF2, in ECs and other
cell types. This promoted the expression and secretion of VEGFs and stimulated
angiogenesis. Moreover, AKT activation also regulated endothelial nitric oxide synthase
(eNOS), important in NO metabolism. NO is important for regulating blood flow through

vasodilation and for stimulating angiogenesis (248, 249).

AKT also regulates the transcription factor FOXO1 in ECs. Specifically, AKT
phosphorylates FOXO1, resulting in its nuclear exclusion and degradation (250). FOXO1
inhibits EC proliferation by inhibiting glycolysis and oxidative phosphorylation via MYC
(251). It appeared that genetic ablation of FOXO1 resulted in mouse embryonic lethality
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due to aberrant vascular growth (252-254). In vitro, EC-specific FOXO1 knockout

showed reduced EC migration and sprout formation (250).

Mechanistic Target of Rapamycin or mTOR also plays a critical role in the transfer of
signalling downstream of class | PI3Ks (255). mTOR can act in 2 serine-threonine kinase
protein complexes, mTORC1 and mTORC2. mTORC1 regulates processes such as
mMRNA translation and biomass synthesis, but also autophagy and lysosome production.
mMTORC?2 influences proliferation and survival process due to its phosphorylation of AKT
on S473 (255). Experimental deletion of some mTOR complex components in knockout
mice models revealed central roles for these complexes in angiogenesis (256), resulting
in increased production of proangiogenic factors (HIF1 and VEGFA) and EC proliferation,
and therefore increased vessel growth in heart, kidney and liver (257, 258). Moreover,
pharmacological inhibition of mTORC1 with Rapamycin resulted in a reduced
proliferation and migration of ECs (259). How exactly mTOR complexes regulate ECs
function remains elusive, likely mMTORC1 acts as a metabolic sensor in ECs during the
angiogenic process (260), while mTORC2 modulates the response to extracellular signal

and controls cell survival and cytoskeleton organization (261).

We previously mentioned that the phosphatase PTEN antagonizes the reaction of class
| PI3Ks, hence, PTEN function is also crucial in vascular biology. EC-specific targeting
of PTEN in mice lead to increased amount of PIP3, resulting in haemorrhage formation
and embryonic lethality (262) and inactivation in zebrafish demonstrated increased
angiogenesis (263). Moreover, PTEN regulated angiogenesis and stalk cell proliferation

both through its phosphatase and scaffolding function (264).

Lastly, we mentioned the importance of arteriovenous specification of ECs during the
angiogenic process. This process is tightly governed by the antagonistic roles of both the
PI3Ka pathway and the Mitogen-Activated Protein Kinase (MAPK) pathway. In mice
embryos, for instance, EC destined for arterial positions display high levels of ERK
signalling (an important effector of the MAPK pathway), while cells with venous identity
do not (170, 172). There is also direct interaction between the 2 pathways. Activated AKT
in ECs can inhibit Raf1, upstream of ERK, and hereby inhibit MAPK signalling and
maintaining venous specification (227, 228). In zebrafish, similar interactions have been
observed, where venous specification was governed by increased PI3Ka signalling
during blood vessel formation (265), and suppression of PI3Ka boosted arteriogenesis
(227). In Human Umbilical Vein ECs (HUVECSs), PI3Ka activity also showcased an
inhibitory effect on MAPK signalling (266). Moreover, TIE2 receptor deficiency led to

decreased PI3K signalling, resulting in defective vein formation during mice
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embryogenesis and postnatal development (267). In general, research showed an
important role for PI3Ka in maintaining venous identity through multiple interactions with
MAPK signalling.
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Hypothesis and aims

Gain-of-function mutations in the PIK3CA gene are causative for venous and lymphatic
vascular malformations. These activating PIK3CA mutations span the whole gene,
although hotspots have been identified such as H1047R and E545K. Both variants are
frequently found in certain cancers and PROS. The E726K variant is rarely found in
tumours, but commonly present in some types of PROS such as MCAP. The impact of

E726K on PI3Ka signalling and the mechanism of pathogenesis is poorly studied.

This thesis focusses on comparing the phenotypes caused by expression of H1047R,
E545K, and E726K in blood vascular malformations. We hypothesized that the PIK3CA
variants affect endothelial PI3Ka signalling differently, which consequently determines
the vascular phenotype in vivo. To address this question, we have used conditional
mouse models which allow expression of the variants under the endogenous Pik3ca
promotor. Using the pan-endothelial CreER™ mouse line, we can control expression of
the mutations in endothelial cells. We used the mouse retinas as an in vivo model and

primary heart endothelial cells derived from the mouse models as an in vitro model.
This thesis is organized into three objectives:

1. Objective I: Studying the activating PIK3CA mutations in the developing vasculature

in mice.

2. Objective lI: Elucidating PIK3CA variant kinase activity and signalling differences in

cultured endothelial cells.

3. Objective lll: Exploring the signalling differences between Pik3ca'%4’R and

Pik3caf>#°K in vivo during vascular malformation development.
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Materials and methods

1. Animal husbandry and care

1.1 Mouse colony maintenance

The animals used for this project were housed in individually ventilated and autoclaved
cages in pathogen-free facilities and with ad libitum access to water, maintained at a
stable temperature of 21°C under a 12-hour light/dark cycle to ensure animal welfare and
experimental reproducibility. The experimental procedures were performed in agreement
to the guidelines and regulations established by the Catalan Ministry of Agriculture,
Livestock, Fisheries and Food, and the Ethical Committee of the Comparative Medicine
and Imaging Centre of Catalonia (CMCiB), and the international AAALAC accreditation

(association for Assessment and Accreditation of Laboratory Animal Care international).

1.2 Transgenic mouse models

The study of the vascular malformations and intracellular signalling required the use of
various genetically modified mouse models (Mus musculus, strain C57BL/6J). These
mice were designed to enable inducible expression of specific constructs. Usually, the
gene of interest was flanked by LoxP sequences, recognizable for the Cre recombinase
enzyme (Cre/lox recombinase system). The Cre recombinase excises the flanked
sequence, leading to genetic modification. This strategy enables spatiotemporal control

of genetic modification.

1.2.1 Pik3ca'%4’R generated by Kinross et al. (268)

The Pik3ca''%4’R mice harbour an inducible mutation in the Pik3ca gene. The construct
is placed under the endogenous Pik3ca promotor, allowing natural transcriptional

regulation. The mini-gene strategy was used for this construct. The construct was
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designed so that the wild-type (WT) structure is retained, only exon 20 is flanked by LoxP
sequences and contains a STOP-codon at its end. Downstream, the duplicate of exon
20 was included, but here the point mutation (CAT to AGG) was incorporated that
replaces histidine at position 1047 with arginine (H1047R). This results into the normal
expression of the Pik3ca gene in absence of Cre recombinase, however, with Cre
recombinase active, the WT exon 20 is excised and the mutated exon 20 will be
expressed. In the animal models, the mutation was maintained in heterozygosity to

replicate the genetic conditions found in diagnosed patients with vascular malformations.

1.2.2 Pik3caf***K, generated by Robinson et al. (269)

The Pik3caf>**K mice harbour an inducible mutation in the Pik3ca gene. The construct is
placed under the endogenous Pik3ca promotor, allowing natural transcriptional
regulation. A knock-in strategy was used for this model. The construct was designed so
that the wild-type (WT) structure is retained, except exon 9 contains the point mutation
(GAG to AAG) so that glutamic acid at position 545 is replaced with lysine (E545K).
Upstream of the coding sequence, a LoxP-STOP-LoxP sequence was placed. This
results in no expression of the Pik3ca gene in absence of Cre recombinase for this allele,
however, with Cre recombinase active, the LoxP-STOP-LoxP sequence is excised and
the mutated Pik3ca will be expressed. In the animal models, the mutation was
maintained in heterozygosity to replicate the genetic conditions found in diagnosed
patients with vascular malformations. Also, this construct in homozygosity is not viable

due to absent expression of Pik3ca.

1.2.3 Pik3caF7?6K

The Pik3caf’2K mice harbour an inducible mutation in the Pik3ca gene. The construct is
placed under the endogenous Pik3ca promotor, allowing natural transcriptional
regulation. The mini-gene strategy was used for this construct. The construct was
designed so that the wild-type (WT) structure is retained, only exons 13-20 are flanked
by LoxP sequences and contains a STOP-codon at its end. Downstream, the duplicate
of exons 13-20 was included, but here the point mutation (GAG to AAG) was
incorporated that replaces glutamic acid at position 726 with lysine (E726K). This results
into the normal expression of the Pik3ca gene in absence of Cre recombinase, however,
with Cre recombinase active, the WT exons 13-20 are excised and the mutated exons
13-20 will be expressed. In the animal models, the mutation was maintained in
heterozygosity to replicate the genetic conditions found in diagnosed patients with

vascular malformations.
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1.2.4 Cre lines
- Pdgfb-CreER™. PDGFB (Platelet-derived growth factor B) is a ligand for the PDGFRa

and PDGFR} receptors. It is expressed in endothelial cells (ECs), therefore the inducible
Cre line is expressed ubiquitously in blood and lymphatic ECs, with activity reported

starting from embryonic day E11.5. Generated by Claxton et al. (270).

- Tie2-Cre. Tie2 encodes for the TEK tyrosine kinase receptor. It is expressed in
endothelial cells (ECs), therefore the constitutive Cre line is expressed ubiquitously in
blood and lymphatic ECs, with activity reported starting from embryonic day E7.5.
Generated by Kisanuki et al. (271).

1.2.5 mTmG reporter line, generated by Muzumbar et al. (272)

The mTmG mouse line (membrane-Tomato membrane-GFP) is a Cre-dependent dual
receptor that expresses membrane-bound Tomato fluorescent protein before Cre-
mediated excision, and GFP after excision. This reporter allows for visualization of
recombined cell populations (GFP+). It is expressed ubiquitously under control of the

Rosa26 promotor.

1.3 Mice genotyping (tail lysation and PCR)

Tail biopsies were collected from adult mice upon weaning or from newborn mice for
genotyping prior to retina isolation. For genotyping embryos, embryo yolk sacs were
used. Biopsies were lysed using 50 mM NaOH at 100°C for 15 mins, followed by
neutralisation using 1 M Tris-HCI pH 7.4. Samples were vortexed, centrifuged at full
speed for 1 min, and DNA collected for DNA amplification by PCR and subsequent
detection in 1.5% agarose (Promega, V2111) gels visualized with SYBR Safe DNA Gel
Stain (Invitrogen, S33102-5). Primer sequences and PCR conditions are summarised in
Table 1.1.
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Gene Primer sequence (5’-3’) PCR reaction PCR conditions
FWA: ;g Et ?(;\')?buﬁer 95 °C, 10 min
TTGGTTCCAGCCTGAATAAAGC 2'5 L 10 uM dNTP 35X:

) SuL10p s 5

Pik3ca'1047R A 2.5 uL 10 uM primers mix T
TCCACACCATCAAGCAGCA 0'125 uL Titanium DNA - 55 °C, 30 sec
RV: polymerase - 72°C,40sec
GTCCAAGGCTAGAGTCTTTCGG 15.875 L H,0 72 °C, 5 min

2 L DNA
3 pL 10X buffer w/o Mg?* 95 °C, 10 min
FW: 3 pL 15 pM MgCl, 35X:

Pik3caE545K GCTGGGATTACAGGTGTTCC 3 puL 10 uM dNTPs - 95 °C, 30 sec
RV: 3 pL 10 yM primers mix - 55 °C, 30 sec
GTGGAGGCAGGAGCATAAG 0.25 uL EcoTaq DNA - 72 °C, 40 sec

polymerase 72°C, 5 min
15.75 pL H,0
1.5 uL DNA .
_ 2.5 uL 10X buffer £ Sl
FW: 2.5 uL 10 uM dNTPs =

Pik3caE726K ACTGCCTGGCTCCATGTATT 2:5 uL 10 M primers mix - 94 ZC, 30 sec
A 0.125 pL Titanium DNA e
GGGAATTCAGCTCAGGTCCT p.olymerase . 72 °C., 45 sec

15.875 ulL H,0 VR U il

2 L DNA

3 uL 10X buffer w/o Mg?* 94 °C, 4 min
FW: 3 pL 15 pM MgCl, 35X:

Pdgfb- CCAGCCGCCGTCGCAACT 3 pL 10 pM dNTPs - 94°C, 30 sec

CreERT™2 RV: 3 uL 10 pM primers mix - 57.5°C, 30 sec
GCCGCCGGGATCACTCTCG 0.25 pL EcoTaq DNA - 72 °C, 1 min

polymerase 72°C, 5 min

15.75 pL H,0

2 uL DNA

3 uL 10X buffer w/o Mg?* 94 °C, 3 min
FW: 3 pL 15 uM MgCl, 35X:

Tie2-Cre CTAGAGCCTGTTTTGCACGTTC 3 puL 10 uM dNTPs - 94 °C, 30 sec
RV: 3 pL 10 yM primers mix - 60 °C, 30 sec
GGGAAGTCGCAAAGTTGTGAGTT @ 0.25 uL EcoTaq DNA - 72 °C, 45 sec

polymerase 72 °C, 7 min

15.75 pL H,0

2 uLDNA
FW1: 3 L 10X buffer w/o Mg?* 94 °C, 5 min
CTCTGCTGCCTCCTGGCTTCT 3 pL 15 yM MgCl, 35X:
FW2: 3 pL 10 pM dNTPs - 94 °C, 30 sec

R26-mTmG  GAGGCGGATCACAAGCAATA 3 uL 10 pM primers mix - 61°C, 45 sec
RV: 0.25 pL EcoTaq DNA - 72 °C, 1 min
TCAATGGGCGGGGGTCGTT polymerase 72 °C, 5 min

15.75 uL H,0

Table 1.1. Primers and conditions for the PCR reaction used to genotype animal constructs.

2. In vivo experiments

2.1 in vivo Cre-mediated recombination of Pik3ca mutations

Given the use of inducible Cre lines, Cre recombinase activity required the presence of
4-OH-Tamoxifen (4-OHT) (Merck, H7905). The induction of recombination in postnatal
mouse pups was carried out by intraperitoneal injection of 4-OHT using a Hamilton
syringe (Sigma-Aldrich, 21325U). The dose and timing of 4-OHT administration
depended on the purpose of each experiment, with lower doses used to achieve greater
mosaicism (fewer recombinant cells). Doses ranged from 25 to 2.5 mg/kg were injected
from an original stock solution of 10 mg/mL 4-OHT, diluted in pure, sterile ethanol (Merck,
64-17-5) and stored at -20°C.
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2.2 Mouse retina isolation and immunostaining

Depending on the objective and scientific question addressed in each experiment, the
induction of recombination and isolation of retinas were carried out at different
developmental stages. Animals were injected with 4-OHT at P1 or P15, and retinas were

isolated at P7 or P21, all following the same protocol.

Postnatal animals were sacrificed by decapitation (P7) or cervical dislocation (P21), a
fragment of the tail was collected for subsequent genotyping, and the eyes were isolated.
The eyes were quickly immersed in 4% paraformaldehyde (PFA, Sigma-Aldrich, 158127)
(diluted in phosphate-buffered saline (PBS)) and incubated for 1 hour at 4°C. After
fixation, the eyes were rinsed with PBS 3 times 10 mins at room temperature, and the
retinas were isolated. First, an incision was made on the surface of the eye, allowing the
cornea and lens to be removed and exposing the retina. Here, hyaloid structures and
other tissue remnants were removed. Once isolated, the retinas were fixed again in 4%
PFA for 1 hour at 4°C. After this time, the tissue was washed with PBS 3 times 10 mins
at room temperature and stored at 4°C until immunofluorescence (IF) staining was

performed.

Retinas were then permeabilised overnight in permeabilization buffer (1% BSA, 0.3%
Triton X-100 in PBS) at 4 °C, followed by incubation with primary antibody diluted in
permeabilization buffer overnight at 4 °C (Table 2.1). Afterwards, retinas were washed in
PBST (0.1% Tween-20 in PBS) 3 times 10 mins at room temperature. Next, the retinas
were incubated with Pblec (1% Tween-20, 1 mM CaCl,, 1 mM MgClz, 1 mM MnCl; in
PBS at pH6.8) for 30 mins at room temperature. Secondary antibodies were diluted in
Pblec in retinas incubated for 2 hours at room temperature (Table 2.2). Lastly, retinas
were washed 3 times 10 mins at room temperature and mounted on a microscopy slide
in Mowiol (Calbiochem, 475904).

To study phospho-proteins, the protocol was adapted to keep the phospho-sites intact.
Fixation times in 4% PFA were reduced to 30 mins. After isolating the retinas, they are
kept in 100% methanol at -20 °C. Once IF was performed, retinas were incubated with
75%, 50%, 25% methanol and lastly PBS for 10 mins each at room temperature.
Permeabilization buffer (3% horse serum, 3% BSA, and 0.3% Tween-20 in PBS) was

used and secondary antibodies were diluted in 2 of the permeabilization buffer.
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Antigen Company Catalogue Species Dilution

number
ERG Abcam AB92513 Rabbit 1:300
GFP Abcam AB13970 Chicken 1:300
p-S6 (S235/236) Cell Signalling Tech. 4857 Rabbit 1:100
p-ERK (T202/204)  Cell Signalling Tech. 9101 Rabbit 1:200

Table 2.1. Primary antibodies for retinal immunostaining.

Antibody Fluorophore Company Catalogue Dilution
number

Goat anti- Alexa Fluor 488  Invitrogen A11008 1:300
chicken
Donkey anti- Alexa Fluor 647  Life Tech A31573 1:300
rabbit
Isolectin GS-1B4 Invitrogen 121412 1:300
Alexa-568

Table 2.2. Secondary antibodies for retinal immunostaining.

2.3 Embryo isolation and immunostaining

Timed matings were set up in the evening between a male carrying the Tie2-Cre line and
a female carrying the Pik3caf®#°K line. The following morning, animals were separated,
and a check was conducted to determine the presence of the vaginal plug in the female.
The presence of a plug in the morning is considered embryonic day 0.5 (E0.5).
Pregnancy monitoring was conducted by weighing females where the plug had been

observed.

Pregnant females were sacrificed by cervical dislocation, an abdominal incision was
made to remove the set of embryos within the uterus. The uterus was immediately
immersed in PBS and kept cold (4°C) until the subsequent isolation of embryos. The
entire isolation procedure was performed ensuring the embryos were constantly kept in
PBS. First, the uterine chain was broken to separate the embryos individually. Both the
embryo and the embryonic sac surrounding it were preserved for genotyping. The
embryos were individually fixed in 4% PFA for 4 hours or overnight at 4°C. Finally, the
PFA solution was replaced, and the embryos were washed before being stored in PBS

until further whole-mount staining.

To perform whole-mount staining using immunofluorescence (IF), embryos were
permeabilized throughout the day or overnight using a permeabilization buffer (0.3%
Triton X-100 diluted in PBS) at 4°C. Subsequently, they were submerged throughout the
day or overnight in blocking buffer (1% BSA, 0.3% Triton X-100 in PBS).

Next, the embryos were incubated overnight with the primary antibody (Table 2.3) diluted

in blocking buffer at 4°C. The following day, embryos were washed for 15 mins with
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PBST, after which the embryos were incubated with the secondary antibodies (Table 2.4)
diluted in blocking buffer for 2 hours at room temperature. After incubation, 5 15-minute
washes with PBST were performed. Then, embryos were incubated in progressively
increasing concentrations of glycerol to allow clearing. Initially, they were incubated
overnight in 25% glycerol diluted in PBS, followed by an increase to 50% glycerol for the
entire day, and finally incubated in 90% glycerol overnight. All glycerol incubations were
carried out at 4°C. Once the embryos were cleared, they were placed on concave slides

and covered with ProLong Gold mounting medium and a coverslip.

Antigen Company Catalogue Species Dilution
number
Endomucin Santa Cruz Sc-65495 Rat 1:100

Biotechnology
Table 2.3. Primary antibodies for embryo immunostaining.

Antibody Fluorophore Company Catalogue Dilution
number
Goat anti-rat Alexa Fluor Invitrogen A11077 1:300
568

Table 2.4. Secondary antibodies for embryo immunostaining.

2.4 Confocal microscopy

Sample imaging was done with a Leica TCS SP5 and SP8 confocal microscope using
10X and 40X objectives. Maximal projections were made for quantifications of retinas
using Fiji/lmaged. Fiji/lmaged and Adobe lllustrator 2021 were used for quantification and
image editing. Typically, at least 4 images per retinal area (vein with surrounding
capillaries, artery with surrounding capillaries, capillary plexus, and sprouting front) were
taken for each retina from at least 6 retinas per genotype from at least 3 independent
experiments. For embryos, 10X tile scans were used to visualize the whole embryonic

vascular structure.

2.5 Image analysis and quantification

2.5.1 Localization and quantification of vascular lesions
The identification of vascular lesions and their location was performed based on the
observation of 10X images. Each image shows one of the petals of the retina, where the
number of lesions was determined and classified as general or focal depending on their
expanse. Retina petals would be divided in 4 “zones”, if a lesion spread out more than 1

of 4 “zones”; the lesion would be considered general.
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2.5.2 Vascular area: 1B4

The vascular area of the retinas was measured from the 1B4 channel by adjusting the
threshold to select the IB4+ area within the image. The mean percentage of the 1B4-
positive area was calculated for each retina (and for each retinal area when applicable)

and compared between genotypes.

2.5.3 Recombinant endothelial cell area: GFP

The quantification of the extent of recombinant cells was carried out in animals carrying
the mTmG allele. First, the IB4 channel was used as a mask for the vascular area. This
mask was applied to the GFP channel, discarding any positive signal outside the applied
selection. At this point, the GFP threshold was adjusted to quantify the GFP+ area within
the mask. This approach enables the determination of the expansion of recombinant,
specifically in the vascular area. The mean percentage of the GFP+/IB4+ area was
calculated for each retina (and for each retinal area when applicable) and compared

between genotypes.

2.5.4 Endothelial cell number: ERG

The number of endothelial cells was determined by manual counting of the ERG+ nuclei
within the images. The mean percentage of the EC number was calculated for each

retina and compared between genotypes.

2.5.5 PI3Ka pathway activation: p-S6

The intensity of the p-S6 (S235/236) signal was used as an indicator of the activation
level of the PI3Ka pathway, as S6 is one of the effectors phosphorylated by AKT. The
quantification of p-S6 (S235/236) was based on calculating the corrected total
fluorescence (CTF) and comparing the CTF between mutant and control tissues, and it
was represented as relative values or fold change. The integrated density of p-S6 and
mean grey value of the background signal of p-S6 (S235/236) was measured within the
p-S6 (S235/236) channel. The CTF was calculated as follows:

CTF = integrated density — (GFP+ area x mean grey value)

2.5.6 MAPK pathway activation: p-ERK
The intensity of the p-ERK (T202/Y204) signal was used as an indicator of the activation
level of the MAPK pathway. The quantification of p-ERK (T202/Y204) was based on
calculating the corrected total fluorescence (CTF) and comparing the CTF between
mutant and control tissues, and it was represented as relative values or fold change. The

integrated density of p-ERK (T202/Y204) and mean grey value of the background signal
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of p-ERK (T202/Y204) was measured within the p-ERK (T202/Y204) channel. The CTF

was calculated as follows:

CTF = integrated density — (GFP+ area x mean grey value)

p-ERK (T202/Y204) area was also calculated by adjusting the p-ERK (T202/Y204)
threshold and measurement within the GFP+ area. The mean percentage of the p-
ERK+/GFP+ area was calculated for each retina (and for each retinal area when

applicable) and compared between genotypes.

3. Recombinant protein experiments

3.1 Generation of PIK3CA mutant plasmids

To express and purify the PI3Ka wild-type (WT) and mutant proteins, we needed to
create the correct for their expression. WT p110a, H1047R p110a, and p85a plasmids
were already created for other projects (Cambridge MTC Laboratory for Molecular
Biology (LMB-MRC) plasmid number OP831, OP838, and OP809, respectively). We
used the WT p110a plasmid to create the p110a E545K and E726K plasmids by
mutagenesis, using the Q5 Site-Directed Mutagenesis Kit according to the
manufacturer’s protocol (New England Biolabs, NEB E05545). Briefly, exponential
amplification through PCR was performed with primer pairs designed to change the WT
sequence to the desired one (GAA into AAA to change glutamic acid to lysine) (Table
3.1). A KLD reaction ligated the primers and confirmed in an agarose gel. A
transformation into TOP10 E. coli followed through heat shock. The E. coli cells were
cultured in SOC and gently shaken at 37 °C for 1 hour and finally plated on agar selection
plates containing 10 pug gentamicin (ThermoFisher Scientific, 15750060) to select the
transformed cells and incubated overnight at 37 °C. Colonies were selected and grown
overnight in LB medium supplemented with 10 pg of gentamicin at 37 °C. MiniPrep DNA
isolation (ThermoFisher Scientific, K210002) was performed on the selected colonies to
acquire the plasmid DNA, and they were sent for sequencing to verify the mutation. Once
the mutations were confirmed, we performed MaxiPrep DNA isolation (ThermoFisher
Scientific, K210007) on some colonies to acquire high concentrations of the plasmids for
p110a H1047R, E545K, and E726K.
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PI3Ka mutant Primer sequence (5’-3’)

E545K FW: TGAAATCACTaaaCAGGAGAAAGATTTTC
RV: GAGAGAGGATCTCGTG
E726K FW: GAAGAAGGATaaaACACAAAAGG

RV: TCCTGTTTGAGAATGTCAG
Table 3.1. Primers designed for mutagenesis.

3.2 Bacmid transformation and preparation

The acquired plasmids needed to be combined into a Bacmid plasmid for expression in
eukaryote cells. To prepare the bacmid plasmids, plasmids were diluted to 1-40 ng/uL
and transformed into DH10EmBacY (DH10Bac with YFP reporter) competent cells
through heat shock. Cells were spread on agar selective plates (50 ug/ml kanamycin, 7
ug/ml gentamicin, 10 ug/ml tetracycline, 100 ug/ml X-gal, and 40 ug/ml IPTG) and
incubated at 37 °C for 2 days. White colonies for each variant were selected and grown
overnight in 2X YT medium containing 50 ug/ml kanamycin, 7 ug/ml gentamicin, and 10
ug/ml tetracycline at 37 °C. Bacteria were then centrifuged, and DNA was isolated by
suspending, lysing, and neutralization and separation using isopropanol and 70%
ethanol and several centrifugation steps. Eventually, DNA pellets were resuspended in
sterile EB on ice, concentration was measured, and the bacmids stored at 4 °C until

further use.

3.3 Sf9 insect cell transfection and amplification

The PI3Ka proteins will be produced in eukaryote Spodoptera frugiperda (Sf9) cells.
were prepared by upscaling their growth in Insect-XPRESS with L-Glutamine medium
shaking at 27 °C (Lonza, BE12-730Q). Once confluency reached 1.0 x 10 108 cells/ml in
500 mL, cells were plated in 6-well plates (2 mL) and FUGENE HD DNA mix (Promega,
E2311) with the Bacmid plasmids was added for 15 mins at room temperature. The Sf9
cells now produce baculovirus containing the PI3Ka plasmids that were be used for
amplification and subsequent production of the proteins by the Sf9 cells. 2 rounds of
amplification were performed by combining first 10 mL of Sf9 cells, then 20 mL of Sf9
cells to the baculovirus, virus was harvested after 2-3 days and washed with PBS (when
cells reached 80% fluorescence through GFP expression). Eventually, Sf9 cells were
frozen at -80 °C until protein purification. Western blot was performed to validate the

presence of both subunits in the cell pellets for each variant.
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3.4 Protein purification

To obtain the PI3Ka proteins, sf9 cell pellets were resuspended in lysis Buffer (20 mM
Tris, 150 mM NaCl, 5% glycerol, 2 mM B-mercaptoethanol, 0.02% CHAPS, pH 8.0) and
sonicated at 4°C for 10 min in 10 sec intervals followed by a 10 sec pause.
Ultracentrifugation for 45 mins at 45000 g at 4 °C created a cell debris pellet and the
protein supernatant, which was filtered using a 0.45 pM filter and passed through 5 mL
StrepTrap column with S300 buffer (20 mM Tris, 300 mM NaCl, 5% glycerol, 2 mM TCEP,
pH 8.0) (Cytiva, 29401322). The column was washed with buffer A (20 mM Tris, 100 mM
NaCl, 5% glycerol, 1 mM TCEP, pH 8.0) and eluted using a gradient from 1-100% buffer
B (buffer A containing 5 mM d-Desthiobiotin). The protein containing fractions were
collected and diluted 1:2 with Salt dilution buffer (20 mM Tris pH 8.0, 1 mM DTT) to
reduce NaCl concertation to 100 mM. The pooled protein solutions were passed over a
HiTrap Heparin HP column washed with buffer A, and eluted with a gradient of 1-100%
buffer C (20 mM Tris, 1 M NaCl, 1 mM TCEP, pH 8.0) (Cytiva, 17040601). Again, protein-
containing fractions were collected and finally passed through a Superdex 200
26/60 HiLoad gel filtration column in gel filtration buffer (20 mM HEPES pH 7.4, 100 mM
NaCl, 2 mM TCEP) (Cytiva, 28989336). All the previous steps for column separation
were performed at 4 °C. The protein-containing fractions were collected, concentrated to
2.5 mg/mL and flash-frozen in liquid nitrogen and stored at -80 °C. Coomassie staining

for each variant were performed to confirm purity of the protein.

3.5ADP glo

ADP glo assays were performed using the ADP glo kinase assay kit according to the
manufacturer’s instructions (Promega, V6930). The enzymatic reaction was performed
in reaction buffer containing 20 mM HEPES, 50 mM NaCl, 50 mM KCI, 3 mM MgCl, 1
mM EGTA, 1 mM TCEP, pH 7.4. Concentrations ranges for each PI3Ka variant were
selected based on predicted enzymatic velocity (potential kinase activity increase of
mutations); 40 nM, 20 nM, 10 nM, and 5 nM for WT and E726K PI3Ka, 20 nM, 10 nM, 5
nM, and 2.5 nM for E726K PI3Ka, and 10 nM, 5 nM, 2.5 nM, and 1.25 nM for H1047R
PI3Ka in basal conditions (without phosphotyrosine pY), and 8 nM, 4 nM, 2 nM, and 1
nM for WT, E545K and E726K PI3Ka, and 0.5 nM, 0.25 nM, 0.125 nM, and 0.0625 nM
for H1047R PI3Ka in pY-stimulated conditions. PIP2PS substrate was added at 75 yM
and ATP at 100 uM, and pY at 1 yM. The enzymatic reactions were precisely timed to 45

mins each and luminescence was read.
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4. In vitro experiments

4.1 Mouse heart endothelial cell isolation and culture

Mouse heart endothelial cells (ECs) were isolated from adult mice between 3 and 6
weeks old. Hearts were homogenized with a scalpel and incubated with dispase Il (4
U/mL) and collagenase A (10 mg/mL) in 5 mL of Hank’s Balanced Salt Solution (1% P/S)
for 30 minutes at 37 °C. The digested tissue was strained (cell strainer 40 yM) and the
enzyme activity was halted by addition of DMEM (supplemented with 10% iFBS and 1%
P/S). Cells were washed 2 times with PBS/BSA (0.5% BSA) and resuspended in 100 pyL
of PBS containing anti-CD31 antibody-coated magnetic beads for 30 mins at room
temperature. The CD31+ fraction was selected and washed with PBS/BSA using a
magnet. Cells were resuspended and cultured in 0.5% gelatin-coated 12-well plates in
F12/DMEM medium (supplemented with 20& iFBS and 1% P/S). Once confluent, cells
underwent a second round of selection to purify the CD31+ ECs by a second in-well
incubation with anti-CD31 antibody-coated magnetic beads for beads for 30 mins at room
temperature. The cells were trypsinized, selected on the magnet, and resuspended in 6-
well plates in F12/DMEM complete medium. ECs were cultured at 37 °C in 5% CO..

Reagents can be found in Table 4.1.

Experiments were either done on freshly isolated ECs, or ECs could be cryopreserved
in liquid nitrogen. ECs were trypsinized and resuspended in iFBS with 10% DMSO in
cryotubes and transferred to a liquid nitrogen storage tank. To thaw the ECs, they were
taken out of storage, thawed in a warm water bad at 37 °C, and mixed with DMEM. After

centrifugation, ECs were resuspended in F12/DMEM complete medium and cultured as

usual.
Reagent Company Catalogue number

30% BSA Labclinics A0296
DMEM Gibco 41965-039
F12/DMEM Gibco 21041-025
Endothelial Cell growth Promocell C-22111
medium 2
Dispase Il Roche Diagnostics 4942078001
Dynabeads sheep a-Rat Invitrogen 110-35
IgG
FBS Gibco 10270106
Porcine gelatin Sigma-Aldrich G1890
HBSS Gibco 14170-112
P/S Gibco 15140-122
(Penicillin/streptomycin)
CD31 BD Pharmingen 555289
Trypsin Gibco 15400054

Table 4.1. Reagents used for mouse heart EC isolation and culture.
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4.2 In vitro Cre-mediated recombination of Pik3ca mutations

To induce recombination in cultured ECs, cells were treated with 2 uM of 4-OHT for 24
hours, diluted in etOH. etOH-treated Pdgfb-CreER™; Pik3ca’@"T controls were used for
each variant in the experiments of Results Figures 2.3.1 - 2.3.3., while 4-OHT treated
Pdgfb-CreER™?; Pik3caW”WT were used in Results Figures 2.3.4 - 2.3.6. For most
experiments, we allowed for the recombined cells to expand by allowing more time
before seeding the cells for the experiment. Moreover, in many experiments, starved
conditions were used. These recombined cells were ultimately used for experimental
treatments, such as immunocytochemistry and qPCR experiments, and re-seeded in the

functional assays (confluency, EdU, scratch-wound assays).

4.3 Analysis of recombination with PCR

To determine if the Pik3ca mutant constructs were being recombined in vitro, primers
were designed for each mutation (Table 4.2). For Pik3ca'’%4’R and Pik3cat’?%K, the
primers were designed to capture the recombination of the mini-gene by differentiating
between the non-recombined, long sequence when the mini-gene is still present, and
the recombined, short sequence when the mini-gene is excised. For Pik3ca'%4’R, the
primers were designed around the LoxP-STOP-LoxP sequence to differentiate its
excision in recombined conditions. We used 4-OHT-treated Pdgfb+; Pik3ca’™T cells
(WT) and etOH-treated Pik3ca’@"T cells as controls for each variant. After 24 hours of
etOH or 4-OHT treatment, the cells were centrifuged at 1500 g and the pellet was frozen
at -20 °C. Afterwards, RNA was extracted (protocol and kit explained in chapter 4.5) and
PCR was performed with the primers mentioned in Table 4.2. Untreated Pik3caV""TECs

were used as an additional control for each variant.
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Pik3ca Primer sequence (5’-3’) PCR reaction PCR
mutant conditions
gene
2 yL DNA
3 yL 10X buffer w/o Mg?* 94 °C, 3 min
FW: 3 yL 15 uyM MgCl, 35X:
Pik3cal1047R AGCCAAGGGAGAGGAATGGT 3 pL 10 uM dNTPs 94 °C, 30 sec
RV: 3 pL 10 yM primers mix 60 °C, 30 sec
CCGTGCCTAGCGTCGTTCAT 0.25 pL EcoTaq DNA - 72°C,45sec
polymerase 72 °C, 7 min
15.75 pL H,O
2 yLDNA
3 uL 10X buffer w/o Mg?* 94 °C, 5 min
FW: 3 pL 15 pM MgCl, 35X:
Pik3caE545K GCGGATTTCTGAGTCTAAGGG 3 yL 10 uM dNTPs 94 °C, 30 sec
RV: 3 pL 10 yM primers mix 53 °C, 45 sec
AGATGGTTGCTCTAAACTAGGC 0.25 pL EcoTag DNA 72°C, 1 min
polymerase 72 °C, 5 min
15.75 L H,O
2 uL DNA
3 yL 10X buffer w/o Mg?* 95 °C, 10 min
FW: 3 pL 15 pM MgCl, 35X:
Pik3caE726K ACTGCCTGGCTCCATGTATT 3 uL 10 yM dNTPs 95 °C, 30 sec
RV: 3 uL 10 uM primers mix 55 °C, 30 sec
TGTGCTCCAACTTCAAGGGA 0.25 L EcoTaq DNA 72 °C, 40 sec
polymerase 72 °C, 5 min
15.75 pL H,O

Table 4.2. Primers and conditions to verify Pik3ca mutant construct recombination.

4.4 Protein extraction and immunoblotting

4.4.1 Signalling in basal, starved, and iFBS-stimulated conditions

After recombination, ECs were changed to full medium (F12/DMEM supplemented with
20% iFBS) without 4-OHT or to starvation medium (F12/DMEM pure) and starved
overnight. Afterwards, ECs for stimulation were then supplemented with 20% iFBS for
15 mins. Control and starved cells would be supplemented with the same volume of
either full or starvation medium, that way, the cells would always be manipulated equally.
Then, cells were quickly washed with cold PBS Ca*/Mg* and frozen at -80 °C or protein

was extracted fresh.

4.4.2 Signalling in VEGFC and EGF-stimulated conditions

After recombination, ECs were changed to starvation medium (F12/DMEM pure) and
starved overnight. Afterwards, ECs for stimulation were then supplemented with 75
ng/mL VEGFC (BioLegend, 775102) and 75 ng/mL EGF (R&D systems, 2028-EG) for
10 mins. Starved ECs and 20% iFBS-stimulated cells were used as controls. Starved
cells would be supplemented with the same volume as the GF-stimulated cells, but with
vehicle (sterile PBS) to keep the handling between conditions equal. Then, cells were
quickly washed with cold PBS Ca*/Mg* and frozen at -80 °C or protein was extracted

fresh.
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4.4.3 Protein extraction and immunoblotting

ECs were kept at 4 °C during the protein extraction process. ECs were lysed with 82 uL
of cold lysis buffer (50mM Tris-HCI pH 7.4, 5mM EDTA, 150mM NaCl, and 1% Triton X-
100, supplemented with phosphatase and protease inhibitors, Roche, 4906845001 and
11836153001) for 15 mins, followed by centrifugation at maximum speed for at 4 °C for
15 mins. Protein concentration for each sample was measured using the Pierce BCA
Protein Assay Kit following manufacturer’s instructions (ThermoFisher Scientific, 23225).
Total cell lysates were resolved on 4 to 12 % Bis-Tris protein gels (ThermoFisher
Scientific, WG1402BOX) using NuPage MOPS SDS running buffer (ThermoFisher
Scientific, NP0O001) for 2 hours at 170 V. Transfer onto nitrocellulose membranes was
done in NuPage transfer buffer (ThermoFisher Scientific, PNO0061) for 30 mins at 25V.
The membranes were blocked in 5% milk in TBST (0.1% Tween 20 in TBS) for 1 hour
followed by overnight incubation with specific primary antibodies diluted in TBST with 2%
BSA and 1:1000 azida (Table 4.3) at 4 °C. After 3 washes with TBST, membranes were
incubated with fluorescent secondary antibodies diluted in 5% milk in TBST for 1 hour at

room temperature covered from light (Table 4.4).

Antigen Company Catalogue Species Dilution
number

p-AKT (S473)  Cell Signalling 4060 Rabbit 1:1000
Tech.

p-AKT (T308)  Cell Signalling 4056S Rabbit 1:500
Tech.

T-AKT Cell Signalling 9272 Rabbit 1:2000
Tech.

p-ERK Cell Signalling 9101 Rabbit 1:1000

(T202/Y204) Tech.

T-ERK Cell Signalling 9102 Rabbit 1:1000
Tech.

p-S6 (S235/6) Cell Signalling 4857 Rabbit 1:1000
Tech.

T-S6 Cell Signalling 2212 Rabbit 1:1000
Tech.

Vinculin Sigma-Aldrich 9131 Mouse 1:10000

Table 4.3. Primary antibodies used for immunoblotting.

Antibody Company Catalogue Species Dilution
number
Anti-rabbit Licor 926-32211 Goat 1:5000
IRDye 800 CW
Anti-mouse Licor 926-68070 Goat 1:5000
IRDye 680 RD

Table 4.4. Fluorescent secondary antibodies used for immunoblotting.
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4.5 RNA extraction and gPCR
4.5.1 Expression of Ang2, Cxcr4, EphB4, Itga9

After recombination, ECs were either immediately frozen for the 24 hours timepoint (24
hours since the start of 4-OHT treatment) or were changed to full medium (F12/DMEM
supplemented with 20% iFBS) without 4-OHT and left to expand for another 48 hours for
the 72 hours timepoint (24 hours since the start of 4-OHT treatment). Afterwards, cells

were quickly washed with cold PBS Ca*/Mg* and frozen at -80 °C until RNA extraction.

4.5.2 Expression of Vegfr1, Vegfr2, Vegfr3, and Egfr in starved and EGF-
stimulated conditions

After recombination, ECs were changed to starvation medium (F12/DMEM pure) and
starved overnight. Afterwards, ECs for stimulation were then supplemented with 75
ng/mL EGF for 10 mins. Starved cells would be supplemented with the same volume as
the GF-stimulated cells, but with vehicle (sterile PBS) to keep the handling between
conditions equal. Then, cells were quickly washed with cold PBS Ca*/Mg* and frozen at
-80 °C until RNA extraction.

4.5.3 RNA extraction, cDNA synthesis and qPCR
Total RNA was isolated from ECs using the Maxwell RSC simplyRNA Cells kit according

to the manufacturer’s protocol (Promega, AS1390). RNA concentration and quality were
measured with a NanoDrop One spectrophotometer. RT-PCR was done with 0.5 pg of
RNA in 10 pyL H2O for cDNA synthesis using the High Capacity cDNA Reverse
Transcription kit following the manufacturer’s protocol (Applied Biosystems, 4368814).
Quantitative PCR was performed using the LightCycler 480 SYBR Green | Master kit
and LightCycler 480 System (Roche, 4.707.516.001). MI32 was used as a housekeeping
gene (Table 4.5).
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Gene Protein Primer sequence (5’-3’)
FW: ACCCCAGAGGCATTGACAAC

Mi32 MRPL32 RV: ATTGTGGACCAGGAACTTGC

FW: CCTCGACTACGACGACTCAGT
Ang2 ANG2 RV: TCTGCACCACATTCTGTTGGA

FW: CTGGATGGAGAACCCCTACA
Ephb4 EPHB4 RV: CCAGGTAGAAGCCAGCTTTG

FW: TCCTCCTGACTATACCTGACTTCATCT
Cxcrd CXCR4 RV: CCTGTCATCCCCCTGACTGAT
e e FW: GCCTGGAACCAATTAAGCAGACCTG

g RV: TCACGACGTCATTAAAGCCATCCAC

FW: CACCCCTGTCACCACAATCA
Vegfr1 VEGFR1 RV: CACCAATGTGCTAACCGTCTTA

FW: AAGTGATCCCAGATGACAGCC
Vegfr2 VEGFR2 RV: GGTAGCCACTGGTCTGGTTG

FW: CGTGCACATCACAGGCAATG
Vegfr3 VEGFR3 RV: GCTCAGGTACCCACTTAGCC
Eqfr - FW: GGACTGTGTCTCCTGCCAGAAT

RV: GGCAGACATTCTGGATGGCACT
Table 4.5. Primers used for qPCR.

4.6 Confluency assay

Confluency assays were performed to determine proliferation, cell growth, and survival.
Here, cells were recombined for 48 hours with 2 uyM of 4-OHT, then plated in 96-well
plates in triplicate per cell line and per biological replicate. ECs were plated at 4000
cells/well and kept in full medium (F12/DMEM supplemented) for the first experiment.
They were left to grow for 96 hours, and medium was not replenished. For the experiment
in starved conditions, the cells were seeded at 8000 cells/well and left overnight to attach
in full medium, subsequently washed and changed to starvation medium (F12/DMEM
pure). After plating, 96-well plates were placed in a Incucyte SX5 (Sartorius) where
pictures were taken every 2 hours while cells were incubated at 37 °C in 5% CO.. Images

were processed and analysed with Fiji/imaged.

4.7 EdU-incorporation assay

EdU (5-ethynyl-2-deoxyuridine)-incorporation assays were performed to study EC
proliferation in vitro. Briefly, 0.5x10° ECs were seeded onto a gelatin-coated cover slip
and incubated in full medium containing 2 uM of etOH or 4-OHT for 24 hours at 37°C in
5% CO2. The next day, cells were washed with PBS and replaced with new medium with
EdU reagent for 2 hours at 10 yM concentration according to manufacturer’s instructions
(Invitrogen, C10340). The cells were then fixed with 4% PFA for 15 minutes followed by
triple wash with PBS. Cell were permeabilised with 0.2% Triton X-100 in PBS for 20 min
and incubated with 2 M HCI for 10 minutes at room temperature. After 45 minutes of

blocking in 3% BSA in PBS, cover slips were incubated with a primary mouse anti-EdU
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antibody (diluted 1:50 in the blocking solution) overnight at 4°C. The following day, the
cells were washed three times in 0.5% Tween-20 in PBS solution and incubated with a
secondary Alexa Fluor 647-conjugated rat anti-mouse secondary antibody (1:200) for 1
hour at room temperature, followed by 5 minutes incubation with DAPI (1:10000,
Invitrogen, S33025). Confocal images were taken and EAU+/DAPI+ cells were compared
between the 4-OHT-treated Pik3ca mutants and their etOH-treated controls. Images

were processed and analysed with Fiji/lmageJ.

4.8 Scratch-wound assay

Scratch-wound assays were performed to determine EC migration. Here, cells were
recombined for 48 hours with 2 uM of 4-OHT, then plated in 96-well plates in six replicates
per cell line and repeated 3 times per biological replicate. ECs were plated at 10000
cells/well and kept in full medium (F12/DMEM supplemented). They were left to grow
until they were fully confluent. With the 96-well Woundmaker (Sartorius), a scratch was
induced in the middle of the wells, and the damaged cells and debris were washed, and
medium was replaced to either full medium (F12/DMEM supplemented) or starvation
medium (F12/DMEM pure). 96-well plates were placed in a Incucyte SX5 (Sartorius)
where pictures were taken every 2 hours while cells were incubated at 37 °C in 5% CO..

Images were processed and analysed with Fiji/lmageJ.

5. Statistical analysis

Statistical analysis was performed using the GraphPad Prism 10 software. Statistical
tests range from parametric (un)paired t-test to parametric one-way ANOVA depending
on the experiment. Normality was tested for all experiments with Shapiro-Wilk’s test. All
figures showcase individual datapoint that indicate biological replicates with mean and
s.e.m as error bars. Data is normalized to controls. In some cases, the incremental
analysis was performed to analyse the trends rather than the mean values themselves,
to study the changes in up- or downregulation of genes/proteins. P values were
considered statistically significant if *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.
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Results

I. Objective 1: Studying the activating PIK3CA mutations in the developing
vasculature in mice.

1.1. Vascular malformations generated by the PIK3CA variants during
angiogenesis.

To study the role of PIK3CA variants in a tissue-specific and time-specific manner,
inducible Cre-dependent mouse models were used. Pik3ca variants were expressed
under the endogenous promotor (Figure 1.1.1). For Pik3cat%4’R (268) and Pik3caf”?%K,
the mini-gene strategy was used. A cassette containing the cDNA of exons from the wild-
type gene (exon 20 for Pik3ca’%4’R, and exons 13-20 for Pik3caf’?°K) were inserted,
flanked by LoxP sites to enable excision by Cre recombinase. These cassettes were
followed by the remaining exons containing the mutation (in exon 20 for Pik3ca"%4’R and
exon 13 for Pik3caf7?6K). For Pik3caf>4°k (269), a knock-in strategy was used, where the
wild-type exon 9 was replaced with the mutant version. A LoxP-STOP-LoxP cassette was
inserted upstream of the coding sequence to allow expression of the mutant gene when
the stop-codon is excised by Cre recombinase. As a result, there is no Pik3ca expression

on this allele when Cre recombinase is not active.
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Figure 1.1.1. In vivo strategies for overactivation of PIK3CA with Pik3ca mutant mouse models.
The 3 variant constructs of Pik3ca1%47R Pijk3caF>*°K and Pik3caf7?6K. Pik3ca"1%4’R and Pik3caf’?¢K use the
mini-gene strategy, where Cre recombinase can excise the wild-type exons, resulting in expression of the
mutations. Pik3caf?*°K uses the knock-in strategy, where recombination will remove a stop codon to express
the mutation.

First, we wanted to study the effect of expressing the PIK3CA variant mutations on the
development of the vasculature in vivo. We used the mouse retina as a model for
angiogenesis since the blood vessels in the mouse retina develop postnatally over the
span of 3 weeks. During the first week, active angiogenesis occurs, leading to the
formation of a superficial vascular monolayer driven by abundant mitogenic signals from
the environment. In the second week, two additional vascular layers develop beneath
the first. By the third week, the vasculature matures, accompanied by a reduction in
growth signals (273). To study the effect of heterozygous Pik3ca’%4’R, Pik3caf>°K, or
Pik3caf7?6k expression on the vascular bed in mouse retinas, we crossed the Pik3ca
mutant mice with mice expressing CreER™ recombinase under the endothelial cell (EC)-
specific Pdgfb promotor. This pan-endothelial Cre line will induce recombination in all
ECs (270). The administration of 4-hydroxy-tamoxifen (4-OHT) will activate the Cre
recombinase in ECs specifically, inducing the recombination of the mutant Pik3ca gene.
To validate that recombination has taken place, we crossed the lines with the Rosa26-
mTmG reporter line which will indicate non-recombined cells in red (TdTomato
expression), and recombined cells in green (GFP expression) (272). Previous research
in our lab determined that Pik3ca'’%4’R expression resulted in massive hyperplasia of the
vascular bed in mouse retinas with different doses of 4-OHT (73, 89) Here, we used the
largest dose of 25 mg/kg 4-OHT ensure the recombination of the majority of all ECs and
to compare the effects of Pik3ca variant expression on the development of the retinal

vasculature during the first week of development (Figure 1.1.2).
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Figure 1.1.2. in vivo injections scheme to study overactivation of PIK3CA with Pik3ca mutant mouse
models.
We induced recombination by intragastric injection of 25.0 mg/kg at postnatal day 1 (P1) and isolated the

mouse retinas at P7.

To understand the differences in severity of the vascular phenotype that the 3 Pik3ca
variants generated in mice, we compared the occurrence of vascular malformations
(general and focal) in the petals of the studied retinas (Figure 1.1.3). We observed a
general vascular malformation, characterized by massive hyperplasia, in 100% of EC-
Pik3cat1047RWT petals. In EC-Pik3caf5*KWT petals we noticed a general vascular
malformation in 71% of cases, and smaller, focal vascular malformations in 21% of
cases. Only 8% of all studied petals remained without vascular lesions. We observed a
general vascular malformation in 10% of EC-Pik3caf"26kWT petals and 16% showcased
smaller, focal vascular malformations, while 74% remained without vascular lesions.
These data suggest that Pik3ca%4"”RWTand Pik3caf5**WT are mutations that generate a
severe vascular phenotype, often resulting in vascular lesions when expressed in ECs,

while Pik3caf7?6""T only generated a mild phenotype in rare cases.

100%

EC-Pik3cgH1o4TmwT mm general VM
1 focal VM
71% 21% 8% [CInoVM
10% 16% 74%

EC-Pik3cafm2exwT

Figure 1.1.3. Occurrence of Pik3ca1%4’R, Pik3caf%4°K, and Pik3caf7?°-driven vascular malformations
during angiogenesis.

Vascular malformations (VM) were counted in the petals of Pik3ca"’047RWT — Pik3caFo**WT  and
Pik3caf"?*"T mutant mice. Lesions were categorized depending on their size and expanse (general or
focal). n = 24 petals per genotype.

To investigate and quantify the vascular malformations caused by these Pik3ca variants,
we analysed retinal vasculature using immunostaining and confocal microscopy. First,

we validated previous findings on Pik3cal'%47”WT expression in retinas (73, 89).
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Following a 25 mg/kg 4-OHT injection at P1, we isolated retinas at P7 and performed
immunostaining with anti-IB4 to assess vascular area and anti-GFP to assess the
recombined endothelium. We used 4-OHT-injected Pdgfb-CreER™?; Pik3caV™WT
littermates as controls. We observed massive hyperplasia of the vasculature in the
mutants compared to the controls (Figure 1.1.4.A). The vasculature displayed
hyperplasia most evidently towards the sprouting front. This was reflected in the
assessment of the IB4+ area, where we measured a significant increase in IB4+ in the
mutants compared to the controls (Figure 1.1.4.B). Then, GFP+/IB4+ assessment
revealed a recombination rate of >80% in both controls and mutants, in accordance with
what was previously described for this model (73) (Figure 1.1.4.C). Mutants showed a
significant increase in GFP+/IB4+ area, indicating clonal expansion of the recombined
ECs. In summary, these findings demonstrate that Pik3ca’%4’R"WT expression in ECs
leads to pronounced vascular hyperplasia, driven by the clonal expansion of recombined
ECs in the retinal vasculature. This recapitulates well the data previously generated in
our lab for this model (73).
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Figure 1.1.4. Pik3ca''%’R-driven vascular malformations in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 100
pm. n 2 6 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. ****p < 0.0001 was considered statistically significant.
n 2 6 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. ***p < 0.001 was considered statistically significant.
n = 6 retinas per genotype.
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To verify that hyperplasia occurred because of increased numbers of ECs, we stained
P7 retinas with ERG and compared the EC number between Pik3ca”’""T-expressing
controls and Pik3cal04"RWT_expressing mutants (Figure 1.1.5.A). In the lesions, we
observed a significant increase in EC number in mutants compared to controls (Figure
1.1.5.B). These data suggest that Pik3ca"’%4"”WT expression caused hyperplasia of the

vasculature due to an enlarged number of ECs.
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Figure 1.1.5. Pik3ca"1%4’R.driven vascular malformations with increased amounts of endothelial cells
in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-ERG. Scale bar = 50
pm. n 2 6 retinas per genotype. (B) Quantification of ERG+ nuclei per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically significant. n =
6 retinas per genotype.

The Pik3caf®*%K variant is well-known for its oncogenic potential in various cancer types
and is commonly found in VMs, where it activates the PI3Ka pathway to drive cell
proliferation and tumorigenesis (60, 269, 274). However, its specific effects when
expressed in ECs remain unexplored, making this study crucial for understanding its role
in vascular development and pathology. We injected Pdgfb-CreER™; Pik3caf5#*WT mice
with 25 mg/kg 4-OHT at P1 and isolated the retinas at P7, followed by immunostaining
with IB4 and GFP. We used 4-OHT-injected Pdgfb-CreER™; Pik3ca”™T littermates as
controls. Pik3caf>**WT expression resulted in large hyperplasia, mainly towards the
sprouting front (Figure 1.1.6.A). The vascular phenotype was similar to that of

Pik3cal1947RWT expression. Here, we also quantified a significantly enlarged vascular
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area (IB4+ area) in mutants compared to controls (Figure 1.1.6.B). As with
Pik3cat1947RWT here we measured a recombination rate (GFP+/IB4+ area) of >80% in
controls and mutants, and a significantly increased GFP+/IB4+ area in mutants
compared to controls, indicating clonal expansion of recombined cells (Figure 1.1.6.C).
Together, these data show a massive hyperplasia when we express Pik3caf>**WT in de
ECs of the developing retina. Malformations are driven by clonal expansion of

recombined ECs, comparable to expression of Pik3ca'047~RWT,
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Figure 1.1.6. Pik3caf54K-driven vascular malformations in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 100
um. n = 13 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. ****p < 0.0001 was considered statistically significant.
n 2 13 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. *p < 0.05 was considered statistically significant. n 2
13 retinas per genotype.
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For Pik3caf5*WT we also verified if hyperplasia could be attributed to increased

numbers of ECs. Therefore, we immunostained P7 retinas with ERG and compared the

EC count with Pik3ca’""T-expressing littermate controls (Figure 1.1.7.A). As in

Pik3cat047RWT e observed a significant increase in EC number (Figure 1.1.7.B).

These data show that Pik3caf>*KWT expression caused hyperplasia of the vasculature

due to an enlarged number of ECs, similar to Pik3cal%4"~”RWT expression.
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Figure 1.1.7. Pik3caf>*K-driven vascular malformations with increased amounts of endothelial cells
in mouse retinas.
(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-ERG. Scale bar = 50
um. n = 13 retinas per genotype. (B) Quantification of ERG+ nuclei per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. ***p < 0.001 was considered statistically significant.
n = 13 retinas per genotype.

The Pik3caf"?""T model was generated by our group for the purpose of studying the

effect of non-hotspot variant expression on the vasculature. Here, we injected Pdgfb-
CreERT™; Pik3caf7?6"WT mice with 25 mg/kg 4-OHT at P1 and isolated the retinas at P7,
followed by immunostaining with IB4 and GFP. We used 4-OHT-injected Pdgfb-CreER™;

Pik3ca"™T littermates as controls. Pik3caf"?6KkWT expression resulted in hyperplasia of

the vascular bed surrounding the vein and capillary areas, towards the active sprouting

front (Figure 1.1.8.A). The size of the lesions was smaller compared to the lesions

generated by Pik3cat’%47"RWT and Pik3caF54*WT expression. Although lesions were

smaller, we measured a significant increase in IB4+ area in mutants compared to controls
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(Figure 1.1.8.B). As for the other variants, recombination rates (GFP+/IB4+ area) were
>80% in controls and mutants (Figure 1.1.8.C). The less pronounced lesions with
Pik3caF7?5K"T expression compared to the other variants can therefore not be attributed
to less recombination. Here, there was no significant increase in GFP+/IB4+ area in
mutants compared to controls, indicating that there is less or no clonal expansion of the
recombined ECs. As a result, these data suggest that Pik3caf"?6KWT expression results
in an overgrown vascular bed, but lesions are milder and less frequent compared to
Pik3cat1047RWT or Pjk3caf>*KWT expression. We also observed no competitive clonal

expansion of ECs carrying the Pik3caf"?6""T variant.
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Figure 1.1.8. Pik3caf7?%K-driven vascular malformations in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 100
pm. n 2 8 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically significant. n =
8 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 ym? area per petal. Statistical
analysis was performed by parametric unpaired t-test. n = 8 retinas per genotype.
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Although lesions with Pik3cafF7?"T expression are less frequent and milder compared
to the other variants, we verified if this mild hyperplasia occurred because of increased
numbers of ECs. We compared the EC number in P7 retinas between Pik3caVW™WT-
expressing controls and Pik3caf’?6KWT_expressing mutants after immunostaining with
ERG (Figure 1.1.9.A). In the lesions, we observed a significant increase in EC number
in mutants compared to controls (Figure 1.1.9.B). These data suggest that Pik3caf"26kWT
expression causes local hyperplasia of the retina vasculature due to an increased

number of ECs within the lesions compared to controls.
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Figure 1.1.9. Pik3caf’?K.driven vascular malformations with increased amounts of endothelial cells
in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-ERG. Scale bar = 50
um. n 2 8 retinas per genotype. (B) Quantification of ERG+ nuclei per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. *p < 0.05 was considered statistically significant. n =
8 retinas per genotype.

1.2. Vascular malformations generated by the PIK3CA variants during vascular
remodelling.

Here, we explored if Pik3caf%4°K was more likely to induce vascular malformations during
the vascular remodelling process compared to the other variants. The remodelling phase
is characterized by vascular pruning, mural cell maturation, vessel stabilization, and
reduced angiogenic signals from the environment compared to the angiogenic phase

(206, 273). Due to the different activating mechanisms between the variants, we
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hypothesised that some variants might manifest a different phenotype during the
remodelling phase. Specifically, Pik3caf54°k has an activating mechanism independent
of growth factor stimulation (46, 48). Vascular remodelling can be studied in the retina
model by injecting 4-OHT at P15 and studying the fully matured retina at P21 (Figure
1.2.1).

25.0 mg/kg Retina
4-OHT isolation
—Y Y -

PO P15 P21

Figure 1.2.1. In vivo injection scheme to study overactivation of PIK3CA with Pik3ca mutant mouse
models.

We induced recombination by intragastric injection of 25.0 mg/kg at postnatal day 15 (P15) and isolated the
mouse retinas at P21.

We compared the occurrence of vascular malformations (general and focal) in the petals
of the studied retinas (Figure 1.2.2). In EC-Pik3ca''04/RWT petals, we observed a general
vascular malformation, characterized by massive hyperplasia, in 8% of cases. 27% of
cases showcased a mild, focal malformation, and 65% had no observable phenotype
compared to controls. In EC-Pik3caf5**¥WT petals we noticed a general vascular
malformation in 7% of cases, and smaller, focal vascular malformations in 7% of cases,
while 86% of remained without vascular lesions. Then, we observed no vascular
malformation in EC-Pik3caf"26kWT-expressing petals. This data suggests that expression
of Pik3cal’047~RWT  Pjk3cafo*KWT or Pik3caf5**"T generally does not cause vascular
malformations during vascular remodelling. This indicates that the different mechanisms
of activation are not causative for vascular malformations during the remodelling process

where the amount of growth signals from the environment are decreased.

8% 27% 65%
EC-Pik3cgH1oamRwr . B general VM
1 focal VM
7% 7% 86% —no VM

EC_PfkacaE545K/WT l

100%
EC-Pik3catr2xwt

Figure 1.2.2. Occurrence of Pik3ca'%4’R, Pik3caf®#°K, and Pik3caf’?°k-driven vascular malformations
during vascular remodelling.

Vascular malformations (VM) were counted in the petals of Pik3cat’047”RWT — Ppijk3caf54*WT and
Pik3caf"2"T mutant mice. Lesions were categorized depending on their size and expanse (general or
focal). n = 28 petals per genotype.
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First, we studied the vasculature in P21 retinas with Pik3ca'%4’RWT expression. We
injected 25 mg/kg 4-OHT at P15, isolated the retina at P21, and immunostained for IB4
and GFP to measure vascular area and recombined endothelium. We used 4-OHT-
injected Pik3ca"""T-expressing littermates as controls. In most retinas, Pik3cat'047~RWT
expression did not cause any apparent phenotype in the vasculature. Only some cases
showed extensive hyperplasia of the vasculature (Figure 1.2.3.A). When quantifying the
IB4+ area, we observed a significant increase in mutants compared to controls (Figure
1.2.3.B). Recombination rates (GFP+/IB4+ area) were measured to be >80% in controls
and mutants and were not significantly changed in mutants compared to control (Figure
1.2.3.C). Together, these data show that Pik3ca"%4’RWT expression does not typically
generate a phenotype during vascular remodelling, and there is no clonal expansion of

recombined ECs.
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Figure 1.2.3. Pik3ca''94’R expression during vascular remodelling in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 150
um. n = 10 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically significant. n =
10 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. n = 10 retinas per genotype.

Then, we studied the impact of Pik3caf>*KWT expression in P21 retinas. We injected
Pdgfb-CreERT?; Pik3caf***KWT mice with 25 mg/kg 4-OHT at P15 and isolated the retinas
at P21, followed by immunostaining with IB4 and GFP. We used 4-OHT-injected Pdgfb-
CreERT™; Pik3ca’™ T littermates as controls. Pik3caf5**WT expression did not cause
any apparent phenotype in the vasculature of most retinas, only rare cases displayed

large hyperplasia (Figure 1.2.4.A). Here, we measured no significantly enlarged
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vascular area (IB4+ area) in mutants compared to controls (Figure 1.2.4.B).
Recombination rates (GFP+/IB4+ area) were >80% for controls and mutants and were
not significantly changed in mutants compared to controls (Figure 1.2.4.C). These data
show that Pik3caf5#*WT expression does not typically generate a phenotype during
vascular remodelling. This indicates that Pik3caf>#***WT expression is not more likely to
cause malformations during vascular remodelling compared to other Pik3ca variants,

even if the activating mechanism is independent of growth factors.
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Figure 1.2.4. Pik3caf54°K expression during vascular remodelling in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 150
pm. n 2 9 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically significant. n =
9 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. n = 9 retinas per genotype.
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Lastly, we studied Pik3caf"?*"T expression in P21 retinas. We injected Pdgfb-CreER™;
Pik3caf?"T mice with 25 mg/kg 4-OHT at P15 and isolated the retinas at P7, followed
by immunostaining with I1B4 and GFP. We used 4-OHT-injected Pdgfb-CreER™?;
Pik3ca"™T littermates as controls. Pik3caf"?KWT expression did not cause any apparent
differences in the vasculature during the remodelling phase (Figure 1.2.5.A). IB4+ area
quantification revealed no significant changes in vascular area in mutants compared to
controls (Figure 1.2.5.B). GFP+/IB4+ area assessment displayed a recombination rate
of >80% in controls and mutants, and there were no significant changes in mutants
compared to controls (Figure 1.2.5.C). These data show that Pik3caf726KWT expression
does not contribute to the formation of any vascular phenotype during vascular
remodelling. This differs from what we previously discovered with Pik3ca"%4’RWT and
Pik3caf>*5*"T expression, where lesions could be observed in rare cases. Together,
these data indicate that Pik3caf***"WT expression is not more pathogenic than
Pik3cal1947RWT and Pik3caf"?WT expression in the context of vascular remodelling

when growth factors are scarce.
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Figure 1.2.5. Pik3cat7?6K expression during vascular remodelling in mouse retinas.

(A) Representative confocal images of retinas immunostained with anti-IB4 and anti-GFP. Scale bar = 150
um. n 2 9 retinas per genotype. (B) Quantification of IB4+ area per 250000 um? area per petal. Statistical
analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically significant. n =
9 retinas per genotype. (C) Quantification of GFP+/IB4+ area per 250000 ym? area per petal. Statistical
analysis was performed by parametric unpaired t-test. n = 9 retinas per genotype.

1.3. Tolerability of Pik3caf>**K expression during embryonic development.

Within the controlled context of the retina model, we established that EC-specific
expression of Pik3cat047”RWT  Pjk3caf54KWT and Pik3caf"26K"WT during angiogenesis
leads to vascular malformations. In patients, activating PIK3CA mutations are typically
acquired during the embryonic development, resulting into presence of vascular
malformations at birth. Therefore, studying the effect of Pik3ca mutant expression during

embryo development is crucial to understanding the pathologies generated by the
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variants. The expression of Pik3ca’%4’”RWT during mouse embryogenesis and the
resulting vascular phenotypes were already described in (71). They expressed
Pik3cat1947RWT ybiquitously and observed no survival past embryonic day 9.5. When they
expressed Pik3ca%4"RWTin only the endothelial cells using the constitutive Tie2-Cre

line, they observed complete embryonic lethality by E11.5.

We established that Pik3ca04"RWT and Pik3caF5#*WT expression results in massive
phenotypes in the vasculature. Given the distinct activating mechanisms of these
variants, we examined if the Pik3caf5#*"T variant showcases the same lethality as
previously described Pik3cal’%4"”RWT when expressed in ECs of the developing mouse
embryo. We used the same pan-endothelial constitutive Cre line as in (271) by crossing
the Pik3caF5#*WT mice with the Tie2-Cre mice. This line expresses the Cre recombinase
under the endogenous Tie2 promotor, which is expressed in the endothelial compartment
and in hematopoietic stem cells very early during embryonic development, starting from
day E7.5 onward (271). From this point forward, this cross will be referred to as Tie2-

Cre; Pik3cato#okwT,

First, we determined the precise timing of lethality during embryonic development. We
began controlled matings between males and females, noting the presence of a vaginal
plug as an indication of mating. Using this method, embryos were collected and analysed
at different gestational stages, starting at E11.5. We analysed a total of 13 embryos at
E11.5 and 34 embryos at E10.5 (Table 1.3.1). At E11.5, all Tie2-Cre+; Pik3caf*kwWT
embryos were classified as reabsorbed and/or dead, chi-square analysis revealed
significant deviation from the Mendelian ratios, indicating a loss of viability in these
embryos when expressing Pik3caf**WT At E10.5, chi-square analysis did not reveal a
significant deviation from Mendelian ratios, however, a drop was observed in Tie2-Cre+;
Pik3caf>*5*"T viable embryos compared to Mendelian ratios. These data suggest that
loss of viability in these embryos occurred around E10.5 and complete embryonic
lethality by E11.5, similar to what Hare et al. discovered for Tie2-Cre+; Pik3cat?047RWT
(71).

Day Tie2-Cre+; Tie2-Cre+; Tie2-Cre-; Tie2-Cre-; Number
Pik3caf54sKWT  pjk3ca’™T | Pik3ca®#¥WT  Ppjk3ca"™WT of
embryos
E10.5 9% 21% 29% 41% 34
E11.5** 0% 62% 31% 7% 13

Table 1.3.1. Viability table of Tie2-Cre; Pik3caf54’K"T embryos.
Viable embryos from the cross Tie2-Cre; Pik3caF3#*KWT with all allele combinations. Statistical analysis was
performed with chi-square test. **p < 0.01 was considered statistically significant.
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Hare et al. concluded that Tie2-Cre+; Pik3ca"%4’R"WTembryos collapsed at mid-gestation
(i.e., E-10.5-E11.5) due to vascular defects. We reasoned that Tie2-Cre+; Pik3caf5+KkWT
embryos also underwent prominent defects in the development of blood vessels. Hence,
we isolated Tie2-Cre; Pik3caf***¥"T embryos at E11.5 and immunostained for the
vasculature with endomucin (EMCN) (Figure 1.3.1). We used Tie2-Cre-; Pik3caF545KWT
and Tie2-Cre+; Pik3caW’WT as controls. The mutants were smaller in size, and
showcased disorganized vasculature compared to controls. These data suggest that

lethality at this stage is caused by severe disruption of vascular development.

Tie2-Cre - ; Pik3caf>4vwr Tie2-Cre + ; Pik3caV™7™ Tie2-Cre + ; Pik3caf54skwT

EMCN

Figure 1.3.1. Embryos of Tie2-Cre-; Pik3caf*#5*¥WT  Tje2-Cre+; Pik3ca""T and Tie2-Cre+;
Pik3caF345KMT at E11.5.

Representative embryo images immunostained with EMCN at stage E11.5 are shown. Scale bar = 500 pm.
Representative images for n = 2 litters.

Next. to study the effects of Pik3caf***WT expression at an earlier stage during
development, we isolated Tie2-Cre+; Pik3caf****"T mutants and Tie2-Cre-;
Pik3caf5#KT and Tie2-Cre+; Pik3ca’™T control embryos and examined the
vasculature by staining for Emcn. At this stage, we observed little difference between
mutants and controls. Stereomicroscopy images did reveal increased blood
accumulation in some areas of the mutant embryo, such as the heart and brain (Figure
1.3.2). Confocal microscopy revealed no clear difference in embryo size or disorganized
vasculature (Figure 1.3.3). Taken together, these data show that the vasculature of Tie2-
Cre; Pik3caf>*"Tembryos developed normally until E10.5 and they remain viable up to
this stage. However, at E11.5, Tie2-Cre; Pik3caf**"T embryos appeared smaller and
had aberrant vessel development and were no longer viable. In Tie2-Cre; Pik3cal047RWT
embryos, Hare et al. observed disorganized vessels in the brain and lack of vessels in

the pharyngeal arch at E10.5, this phenotype is not entirely recapitulated in our Tie2-
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Cre; Pik3caf***WT embryos, suggesting that Tie2-Cre; Pik3ca%4"”RWT might generate
more severe phenotypes in the vasculature of embryos during early developmental

stages.

Tie2-Cre - ; Pik3caf5#45Kwt Tie2-Cre + ; Pik3caW™T™ Tie2-Cre + ; Pik3caF5+xwWt

Figure 1.3.2. Stereoscope images of embryos of Tie2-Cre-; Pik3caf54KWT, Tje2-Cre+; Pik3caV""Tand
Tie2-Cre+; Pik3caF545KWT at E10.5.

Representative stereomicroscopy images of E10.5 embryos. Upper panels show whole embryos. Lower
panels show enlarged images from squares of upper panels.
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Tie2-Cre - ; Pik3caFs*«wr Tie2-Cre + ; Pik3ca"V™T Tie2-Cre + ; Pik3caf>#swt

Figure 1.3.3. Confocal images of embryos of Tie2-Cre-; Pik3cat>4WT  Tie2-Cre+; Pik3caV""T and
Tie2-Cre+; Pik3caF545KMT at E10.5.

Representative confocal microscopy images of E10.5 embryos stained for Emcn. Upper panels show whole
embryos. Lower panels show enlarged images from squares of upper panels. Scale bar = 500 pm.
Representative images for n = 5 litters.

From our experiments in Objective |, we have gained critical insights into the effects of
different Pik3ca variant expression on vascular development and pathology. First, we
observed distinct phenotypes in the developing vasculature when we induced expression
during angiogenesis. Namely, the expression of the oncogenic variants Pik3ca"047~RWT
and Pik3caf5*kWT led to significant vascular hyperplasia, driven by increased EC
numbers and expansion of the recombined clones. Increases in vessel area and EC
number were also observed with Pik3caf’?6KWT expression, but to a lesser extent.
Therefore, we conclude this variant cannot generate the same strong vascular
phenotypes as the other oncogenic hotspot variants. Secondly, Pik3caf#KWTis known
for its growth factor-independent activation mechanism (46, 48). However, when
vascular phenotypes were examined in a mature vascular environment where growth
factors are less abundant, no significant phenotypic differences were observed among
the variants. This indicates that the activating mechanisms of the Pik3ca variants are
less impactful in later stages of vascular development. Likely, vascular remodelling does
not rely on PI3Ka signalling, or other, unknown mechanisms influence PI3Ka activity. We

conclude that active angiogenesis is required for the formation of vascular malformations
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caused by PI3Ka overactivation. Lastly, the expression of the strong activator
Pik3caf5#5*"Tin ECs of the developing mouse embryo resulted in embryonic lethality
and vascular phenotypes comparable to those observed with Pik3ca%47RWT suggesting
that both variants induce severe and similar disruptions during embryogenesis. These
findings enhance our understanding of the capacity of the variants to generate a vascular
malformation depending on the developmental stage and within the context of different

transgenic mouse models.

Il. Objective 2: Elucidating PIK3CA variant kinase activity and signalling
differences in cultured endothelial cells.

2.1. Variant effect on PI3Ka’s kinase activity.

The kinase activity of the mutant PI3Ka H1047R and E545K proteins has already been
studied (51, 275), revealing both hotspot mutations increase kinase activity and activate
the PI3Ka pathway through distinct mechanisms. However, the E726K mutation and its
effect on the protein remains unknown. We wanted to use ADP glo kinase assays to
study and directly compare the kinase activity of the 3 PIK3CA variants with the mutant

PI3Ka enzyme.

We evaluated the intrinsic change in kinase activity between wild-type (WT) PI3Ka and
the mutants H1047R, E545K, and E726K, by creating recombinant proteins for each of
these variants. We transfected Sf9 insect cells with baculovirus containing the plasmids
for each catalytic subunit (p110a WT, H1047R, E545K, E726K) and co-transfected with
the regulatory subunit p85a. Protein was isolated and purified, and ADP Glo assays were
performed to measure the enzyme velocity (nmol ADP generated per nmol enzyme per
second), by mixing enzyme with 75 uM of substrate (PIP2) and 100 uM ATP.

First, we identified a concentration range where the enzymatic velocity remains within
the linear phase for each variant enzyme. Here, the increase in product formation (ADP)
remains proportional to time, and the enzymatic activity will be primarily determined by
the rate of the reaction (velocity), not the enzyme concentration. We selected 4
concentrations for each variant ranging from 40 to 1.25 nM (Figure 2.1.1.A). We
confirmed that the velocity remained similar within each concentration range for each
variant. Based on these findings, optimal concentrations of 20 nM for WT and E726K, 10
nM for E545K, and 5 nM for H1047R were selected for the activity assays.
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Then, we measured the velocity for each variant and compared it to the WT using
previously determined enzyme concentrations (Figure 2.1.1.B). We observed an
increase in basal kinase activity in H1047R compared to the WT. Also, the kinase activity
of E545K showed an increased tendency compared to the WT. In contrast, the E726K

variant showed no significant change.
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Figure 2.1.1. Determination of optimal enzyme concentration and comparison of enzyme activity for
wild-type and mutant PI3Ka in basal conditions.

(A) ADP Glo enzyme titration experiment to identify the appropriate enzyme concentration within the linear
range. Various concentrations of WT and mutant (H1047R, E545K, E726K) PI3Ka proteins ranging from 40
nM to 1.25 nM were tested. Datapoints represent mean values with s.e.m. for one assay. Graph is
representative for n = 2. (B) Quantification of ADP glo activity assays comparing enzyme velocity between
WT and mutant (H1047R, E545K, E726K) PI3Ka proteins. Enzyme concentrations were 20 nM for WT and
E726K, 10 nM for E545K, and 5 nM for H1047R. Data represented as fold change values relative to WT with
s.e.m. Statistical analysis was performed by parametric one-way ANOVA. *p < 0.05 was considered
statistically significant. n = 3 per variant.

Stimulation via RTKs plays an important role in the activation of the PI3Ka complex. This
stimulation is dependent on an interaction between p85 and phosphotyrosines (pY) on
the receptors. With ADP Glo, we can administer 1 yM of pY to the reaction mixture to
imitate this activation stimulus. As for the basal condition, here too we first identified a
concentration range where the enzymatic velocity remains within the linear phase for
each enzyme. We selected 4 concentrations for each variant ranging from 8 to 0.25 nM
(Figure 2.1.2.A). We confirmed that the velocity remained similar within each
concentration range WT, E545K, and E726K. However, H1047R showed a decreased
velocity with decreased enzyme concentration. Based on these findings, optimal

concentration of 4 nM for WT and all variants was selected for the activity assays.

When we measured the velocity for each variant in the pY-stimulated conditions and

compared it to the WT, we overall observed no significant changes (Figure 2.1.2.B). For
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the H1047R mutation, this was surprising, since its activating mechanism has been
reported to be dependent on p85-RTK interaction and similar experiments revealed a
strong increase of H1047R kinase activity in the pY-stimulated condition (51, 275, 276).
For E545K, it is described that the activating mechanism is RTK independent. Therefore,
it is not surprising that the kinase activity is not changed. Lastly, it appears the E726K

mutations has little effect on the kinase activity.
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Figure 2.1.2. Determination of optimal enzyme concentration and comparison of enzyme activity for
wild-type and mutant PI3Ka in pY-stimulated conditions.

(A) ADP Glo enzyme titration experiment to identify the appropriate enzyme concentration within the linear
range. Various concentrations of WT and mutant (H1047R, E545K, E726K) PI3Ka proteins were tested.
Datapoints represent mean values with s.e.m. for one assay. Graph is representative for n = 2. (B)
Quantification of ADP glo activity assays comparing enzyme velocity between WT and mutant (H1047R,
E545K, E726K) PI3Ka proteins. Enzyme concentrations were 4 nM for WT, H1047R, E545K, and E726K.
Data represented as fold change values relative to WT with s.e.m. Statistical analysis was performed by
parametric one-way ANOVA. *p < 0.05 was considered statistically significant. n = 3 per variant.

2.2. Characterization of recombination between the different Pik3ca mutant
constructs in vitro.

To study the effects of expressing the PIK3CA variants in cultured ECs, we used an in
vitro model where we isolated heart ECs from the Pdgfb-CreER™; Pik3ca’™"T mice
(referred to as EC-Pik3cal"04"RWT EC-Pik3cat>***WT and EC-Pik3caf’?6kWT) We control
activation of the Pik3ca mutation in these cultured ECs by inducing recombination by

supplying 4-OHT in the medium.

The recombination of EC-Pik3cat%4’R"T was already confirmed in our laboratory in vitro
with a treatment of 2 uM 4-OHT for 6 hours (73). To assess if EC-Pik3caf5**"T and EC-
Pik3caf726K"T recombined at similar rates, we treated them with 2 or 5 yM 4-OHT for 6

or 24 hours and used ethanol-treated cells as controls. We wanted to verify
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recombination by immunoblotting and measured p-AKT (S473) levels and p-S6
(S235/236) levels, downstream effectors of the PI3Ka pathway. For both EC-
Pik3caf545K"T and EC-Pik3cafF7?WT we noticed elevated levels of p-AKT (S473) and p-
S6 (S235/236), which confirmed the recombination in both variants (Figure 2.2.1). We
already observed increased PI3Ka signalling in both with 2 and 5 uM 4-OHT after 6
hours. However, we used 2 uM of 4-OHT during 24 hours in future experiments to allow
more time to pass for recombination to occur and increase the amount of recombination,

without inducing dose-related 4-OHT toxicity.
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Figure 2.2.1. Determination of recombination in EC-Pik3caf%**"WT and EC-Pik3caf72°K"T with different
treatments of 4-OHT.

(A) PI3Ka signalling pathway assessment by immunoblotting of ethanol (etOH) and 4-OHT treated
Pik3caF5**"T mouse heart ECs. Cells were treated with etOH for 24 hours with 2 or 5 M, or with 4-OHT
for 6 or 24 hours with 2 or 5 pM. Immunoblot is representative for n = 2. (B) PI3Ka signalling pathway
assessment by immunoblotting of ethanol (etOH) and 4-OHT treated Pik3cat"?*"T mouse heart endothelial
cells. Cells were treated with etOH for 24 hours with 2 or 5 yM, or with 4-OHT for 6 or 24 hours with 2 or 5
UM. Immunoblot is representative forn = 1.

Next, we validated that recombination took place in each variant line with the previously
determined 4-OHT treatment regimen. We designed various primer pairs that can detect
DNA from cultured ECs through PCR and which can differentiate between the WT or
mutated sequences for each construct (Figure 2.2.2). We used 4-OHT-treated Pdgfb+;
Pik3ca"™T cells (WT) and etOH-treated Pik3ca™"T cells as controls for each variant.
These were included to ensure the observed recombination were specific to the Pik3ca
mutations and not a result of 4-OHT treatment itself, and so we could verify the
recombination from etOH-treated to 4-OHT treated ECs. For EC-Pik3ca""%4’RWTand EC-
Pik3caf7?5kT we detected the excision of the mini-gene in the 2 uM 4-OHT-treated cells.
The primer pairs were located to include the whole mini-gene, intron sequence

differences between the mini-gene and the endogenous sequence allow to differentiate
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them when recombination takes place. In EC-Pik3caf5**WT e detected the excision of
the LoxP-STOP-LoxP sequence in the 4-OHT-treated cells.

Pik3ca""%4’R construct Pik3caf>*¥ construct Pik3caf7?%K construct
H wr H etoHHaoHThH - WT H etoH | 4oHT b H wr | etoH [H 40HT |
L e |- 826 bp R
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¢ | 608 bp
D e e
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Figure 2.2.2. Validation of the recombination in the three heterozygous EC-Pik3ca"’%4’RWT EC.-
Pik3caF545KWT and EC-Pik3caf726KWT,

For each variant, WT cells and etOH-treated cells from mice heterozygous with the mutant constructs are
used as controls. In EC-Pik3ca"047RWT the mutant construct without recombination is detected at 826 bp.
When the mini-gene gets excised, the band appears at 375 bp. In EC-Pik3caf>**WT when the LoxP-STOP-
LoxP is excised, the band appears at 755 bp. The WT sequence is visible at 639 bp. In EC-Pik3cat726KkWT,
the mutant construct without recombination is detected at 2442 bp (not visible on gel). When the mini-gene
gets excised, the band appears at 608 bp. The WT sequence is visible at 533 bp.

2.3 Signalling differences between the PIK3CA variants in vitro.

Upon determining the appropriate 4-OHT regimen in vitro, we wanted to compare the
degree of PI3Ka-AKT activation between the 3 variants in ECs. To clearly appreciate
signalling differences and to mimic activating cues, we used 3 different conditions: full
medium, starvation, and iFBS stimulation. EC-Pik3ca%4’RWT EC-Pik3ca3#«WT and
EC-Pik3caf7?6kWT were treated with 2 uM etOH (controls) or 4-OHT for 24 hours. With
immunoblotting, p-AKT (S473) was used as a readout of PI3Ka pathway activation
(Figure 2.3.1.A). Cells were left to expand for 24 hours after recombination in full
medium, then either kept in full medium, or starved overnight. iFBS stimulation was done
by treating cells in medium supplemented with 20% iFBS for 15 mins after overnight

starvation.

In the full medium condition, both EC-Pik3ca"'%47"WT and EC-Pik3caf*#KWT showed
significantly increased p-AKT (S473) levels, whereas EC-Pik3caf"26k"Tdid not, although
a tendency to increase p-AKT (S473) levels was observed (Figure 2.3.1.B). In the
starvation condition, only EC-Pik3ca"%4""WT showed significantly increased p-AKT
(S473) levels, whereas and Pik3ca**"T and EC-Pik3caf"?*"T did not, although a
tendency to increase p-AKT (S473) levels was observed (Figure 2.3.1.C). In iFBS-
stimulated conditions, no variants showed significant changes in p-AKT (S473) levels

(Figure 2.3.1.D). These data suggest that expression of Pik3ca'%4’”"T and to a lesser
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extent Pik3caf5*¥"T impact the PI3Ka-AKT pathway in endothelial cells, while

Pik3caf"26KWT does not.
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Figure 2.3.1. Comparison of PI3Ka pathway activation between EC-Pik3ca'%47RWT EC-Pik3caF345KWT,
and EC-Pik3caf7?5kVT jn vitro.

(A) Immunoblot of etOH-treated control and 4-OHT-treated mutant EC-Pik3ca"1047~RWT  EC-Pik3cafo**WT,
and EC-Pik3caf"2"" mouse heart ECs. Immunoblot is representative for n = 4. FM = full medium, starv. =
starvation, iFBS is iFBS stimulation. (B) Quantification of relative p-AKT/t-AKT expression in full medium
conditions. Data represented as fold change values relative to etOH-treated controls with s.e.m. Statistical
analysis was performed by parametric paired t-test. *p < 0.05 was considered statistically significant. n = 4
per genotype. (C) Quantification of relative p-AKT/t-AKT expression in starved conditions. Data represented
as fold change values relative to etOH-treated controls with s.e.m. Statistical analysis was performed by
parametric paired t-test. *p < 0.05 was considered statistically significant. n = 4 per genotype. (D)
Quantification of relative p-AKT/t-AKT expression in iFBS-stimulated conditions. Data represented as fold
change values relative to etOH-treated controls with s.e.m. Statistical analysis was performed by parametric
paired t-test. *p < 0.05 was considered statistically significant. n = 4 per genotype.

To better understand how PIK3CA variant expression affects signalling in ECs, we also
examined the impact of expressing Pik3cal04’RWT  Pjk3caF54*WT and Pik3caf"?%WT on
other intracellular pathways. The MAPK plays an important role in EC function; therefore,
we analysed p-ERK (T202/204) levels in EC-Pik3ca"047~RWT EC-Pik3caf**"WT and EC-
Pik3caf7?6*""T and compared them to etOH-treated controls. Cells were treated with 2
MM etOH (controls) or 4-OHT for 24 hours and left to expand for 24 hours after

recombination in full medium, then either kept in full medium, or starved overnight. iFBS
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stimulation was done by treating cells in medium supplemented with 20% iFBS for 15

mins after overnight starvation.

In the full medium condition, EC-Pik3ca'%4"”R"T showed significantly decreased p-ERK
(T202/204) levels, whereas and EC-Pik3caf5**"T and EC-Pik3caf"?*"T did not,
although a tendency to decrease p-ERK (T202/204) levels was observed (Figure
2.3.2.B). In the starvation condition, only EC-Pik3caf*KWT showed significantly
decreased p-ERK (T202/204) levels, whereas and Pik3ca'%4"”RWT and EC-Pik3caf726kWTt
did not, although a tendency to decrease p-ERK (T202/204) levels was observed (Figure
2.3.2.C). In iFBS-stimulated conditions, no variants showed significant changes in p-ERK
(T202/Y204) levels (Figure 2.3.2.D). These data suggest that expression of the strong
PI3Ka-AKT activators Pik3cal’04/RWT and Pik3caf***"T can negatively impact the
MAPK pathway in endothelial cells, while weak PI3Ka-AKT activation by Pik3caf726kWT

expression does not.
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Figure 2.3.2. Comparison of MAPK pathway activation between EC-Pik3ca"'%47”RWT EC-Pik3caf545KWT,
and EC-Pik3caf726KVT n vitro.

(A) Immunoblot of etOH-treated control and 4-OHT-treated mutant EC-Pik3ca104/~RWT EC-Pik3calfo+kWT,
and EC-Pik3caf7?6""T mouse heart ECs. Immunoblot is representative for n = 4. FM = full medium, starv. =
starvation, iFBS is iFBS stimulation. (B) Quantification of relative p-ERK/t-ERK expression in full medium
conditions. Data represented as fold change values relative to etOH-treated controls with s.e.m. Statistical
analysis was performed by parametric paired t-test. *p < 0.05 was considered statistically significant. n = 4
per genotype. (C) Quantification of relative p-ERK/t-ERK expression in starved conditions. Data represented
as fold change values relative to etOH-treated controls with s.e.m. Statistical analysis was performed by
parametric paired t-test. *p < 0.05 was considered statistically significant. n = 4 per genotype. (D)
Quantification of relative p-ERK/t-ERK expression in iFBS-stimulated conditions. Data represented as fold
change values relative to etOH-treated controls with s.e.m. Statistical analysis was performed by parametric
paired t-test. *p < 0.05 was considered statistically significant. n = 4 per genotype.
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PI3Ka signaling regulates the expression of key endothelial cell (EC) genes, such as
Ang2 and Cxcr4, which are rapidly downregulated upon activation, while EphB4 and
ltga9 are upregulated in these conditions (73). To investigate whether the extent of these
transcriptional changes depends on the specific Pik3ca variant or its intrinsic signaling
strength, we examined gene expression in heart ECs expressing Pik3cat047~RWT
Pik3caf* T and Pik3caf?*"T \We used 2 timepoints after induction of recombination
to allow more time for the activation of the transcriptional programmes and to measure
the kinetic changes in RNA expression of the target genes. We treated heart ECs with 2
MM of 4-OHT for 24 hours and used etOH-treated cells as a control for each variant.
Then, we either froze the cells directly after 4-OHT treatment, or left the cells to expand
for another 48 hours in full medium (72 hours timepoint). RNA extraction was followed
by cDNA synthesis and gPCR analysis, where the RNA levels of Ang2, Cxcr4, EphB4,

and ltga9 were measured.

At 24 hours, Ang2 and Cxcr4 expression both showed a decreasing trend in EC-
Pik3cat1947RWT - with Cxcr4 significantly reduced. By 72 hours, Ang2 expression was
significantly decreased, while Cxcr4 remained consistently downregulated. In contrast,
EC-Pik3caf>**"WT and EC-Pik3caf?*"T displayed no significant changes in Ang2 or
Cxcr4 expression at 24 hours, although both showed a decreasing trend at 72 hours
(Figures 2.3.3.A and 2.3.3.C). For EphB4, no changes were observed in EC-
Pik3cat047RWT at 24 hours, but expression significantly increased by 72 hours. However,
EC-Pik3caf>**WT and EC-Pik3caf"?6KkWT exhibited no changes at either time point
(Figure 2.3.3.B). Meanwhile, ltga9 expression remained largely unchanged across all
conditions, except for a slight increasing trend observed in EC-Pik3ca'%"”R"WTat 72 hours
(Figure 2.3.3.D). Together, these findings show that EC-Pik3ca''%"RWT consistently
exerts a strong influence on the transcriptional regulation of the 4 target genes.
Particularly, EC-Pik3ca'"%4"”RWT reduces Ang2 and Cxcr4 while upregulating EphB4,
compared to EC-Pik3caf>**WTand EC-Pik3caf7?*"T This is likely related to the degree
in which these variants activate the PI3Ka pathway, where EC-Pik3ca''%47~”WT is stronger

compared to EC-Pik3caf5*WT and EC-Pik3caf7?6kWT,
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Figure 2.3.3. Impact of EC-Pik3cat1%47RWT EC-Pik3caFf5***WT and EC-Pik3caf’?6KWT on transcription
of Ang2, EphB4, Cxcr4, and Itga9.

(A) Comparison of Ang2 gene expression in 24 or 72 hours expanded heart ECs from EC-Pik3ca'1047RWT,
EC-Pik3caf***WT and EC-Pik3caf"?K"T by quantitative PCR. Gene expression was normalized to the MI32
housekeeping gene. Data represented as log2 fold change values relative to etOH-treated controls with
s.e.m. Statistical analysis was performed by parametric unpaired t-test. *p < 0.05 was considered statistically
significant. n = 4 per genotype. (B) Comparison of EphB4 gene expression in 24 or 72 hours expanded heart
ECs from EC-Pik3cal047RWT EC-Pik3caf>**"T and EC-Pik3cat’?*"T py quantitative PCR. Gene
expression was normalized to the MI32 housekeeping gene. Data represented as log2 fold change values
relative to etOH-treated controls with s.e.m. Statistical analysis was performed by parametric unpaired t-test.
*p < 0.05 was considered statistically significant. n = 4 per genotype. (C) Comparison of Cxcr4 gene
expression in 24 or 72 hours expanded heart ECs from EC-Pik3ca"047RWT  EC-Pik3caFo**"T and EC-
Pik3cafT?kT by quantitative PCR. Gene expression was normalized to the MI32 housekeeping gene. Data
represented as log2 fold change values relative to etOH-treated controls with s.e.m. Statistical analysis was
performed by parametric unpaired t-test. *p < 0.05 and **p < 0.01 was considered statistically significant. n
=4 per genotype. (D) Comparison of /lf{ga9 gene expression in 24 or 72 hours expanded heart ECs from EC-
Pik3ca1047RWT - EC-Pik3cafo**WT and EC-Pik3caf’?*WT by quantitative PCR. Gene expression was
normalized to the MI32 housekeeping gene. Data represented as log2 fold change values relative to etOH-
treated controls with s.e.m. Statistical analysis was performed by parametric unpaired t-test. *p < 0.05 was
considered statistically significant. n = 4 per genotype.

Now we have studied the effects of expressing Pik3ca04"RWT  Pijk3caf#sKWT  and
Pik3caf7?6""T on intracellular signalling in mouse heart ECs. However, signalling cues
from the environment are crucial to the function of PI3Ka. Therefore, we wanted to

explore how the signalling changes caused by expression of Pik3ca variants would be
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influenced by VEGFC and EGF stimulation, 2 important growth factors for ECs. Since
EC-Pik3caf"?%V did not cause strong malformations (Objective 1) and did not strongly
activate PI3Ka-AKT signalling, we decided to only explore the two strong activators EC-

Pik3cat1047RWT gnd EC-Pik3caf545KkwWT,

To optimize our signalling data, we changed our approach by using 4-OHT-treated
Pdgfb+; Pik3ca’™Tmouse heart ECs (referred to as EC-Pik3ca"WT') as controls for 4-
OHT-treated EC-Pik3ca"%47RWT and EC-Pik3cafF5#*WT_After the 2 uM 4-OHT treatment
of 24 hours, cells were starved overnight and subsequently stimulated with 75 ng/mL
VEGFC or 75 ng/mL EGF for 10 mins. Starved cells and 20% iFBS-treated cells were
used as internal controls for each Pik3ca variant. With immunoblotting, p-AKT (T308)
and p-ERK (T202/204) levels were measured as readouts for PI3Ka-AKT and MAPK
signalling, respectively (Figure 2.3.4. and Figure 2.3.5.).

To evaluate PI3Ka-AKT pathway activation, we compared p-AKT (T308) levels between
the two mutant variants and the control across different conditions (starved, iFBS,
VEGFC, and EGF stimulation). No significant changes in p-AKT (T308) levels were
observed in any condition. However, EC-Pik3ca''%4’RWT consistently showed a tendency
toward increased p-AKT (T308) levels under all conditions, whereas EC-Pik3caf545*WT
displayed this tendency only under EGF-stimulated conditions (Figure 2.3.4.B). Then,
we compared differences in p-AKT (T308) levels across the conditions within each cell
line. In EC-Pik3ca””"T controls, a slight tendency for increased p-AKT (T308) levels was
observed under iFBS stimulation, but no such tendencies were evident under VEGFC or
EGF stimulation. In EC-Pik3cat’047RWT  p-AKT (T308) levels remained unchanged
across all conditions. By contrast, EC-Pik3caf5**"T showed a tendency for increased p-
AKT (T308) levels under both iIFBS and EGF stimulation, but not under VEGFC
stimulation (Figure 2.3.4.C).

Together, these findings suggest that PI3Ka-AKT signalling is mildly enhanced in EC-
Pik3cal1947RWT gcross all conditions, indicating a baseline activation independent of
growth factor stimulation. In EC-Pik3caf****WT PI3Ka-AKT signalling enhancement is
more context-dependent, with a tendency to activate primarily under EGF and iFBS

stimulation.
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Figure 2.3.4. Regulation of PI3Ka-AKT pathway activation in EC-Pik3ca"'%47”RWT and EC-Pik3caf54sKWT
in VEGFC and EGF-stimulated conditions in vitro.

(A) Immunoblot of 4-OHT-treated control EC-Pik3ca’™T and mutant EC-Pik3ca’%4’"”"WT and EC-
Pik3caf5#*K"T mouse heart ECs. Immunoblot is representative for n = 4. starv. = starvation, iFBS is iFBS
stimulation. (B) Quantification of relative p-AKT/t-AKT expression in the 4 conditions. Data represented as
fold change values relative to EC-Pik3ca”’’”"T controls with s.e.m. Statistical analysis was performed by
parametric one-way ANOVA. n = 4 per genotype. (C) Quantification of relative p-AKT/t-AKT expression in
the 3 variants for each condition. Data represented as fold change values relative to each Pik3ca variant’s
starvation condition with s.e.m. Statistical analysis was performed by parametric one-way ANOVA. n = 4 per
genotype.

To assess MAPK pathway activation, we compared p-ERK (T202/204) levels between
the mutant and the control under different conditions (starved, iFBS, VEGFC, and EGF
stimulation). No significant changes in p-ERK (T202/204) levels were observed across
any condition. However, in the starved condition, both EC-Pik3cat’%4’RWT and EC-
Pik3caf*5""T exhibited a tendency for reduced p-ERK (T202/204) levels compared to
the control (Figure 2.3.5.B). Next, we compared p-ERK (T202/204) levels across
different conditions within each cell line (Figure 2.3.5.C). In EC-Pik3ca"WT controls, a
tendency for reduced p-ERK (T202/204) levels was observed under VEGFC stimulation,
while no notable changes were seen with iFBS or EGF stimulation compared to
starvation. In EC-Pik3cal"04’RWT p-ERK (T202/204) levels significantly increased under
EGF stimulation and showed a tendency to increase with iFBS stimulation, but no

changes were observed under VEGFC stimulation compared to starvation. Similarly, in
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EC-Pik3caf5#*WT  significant increases in p-ERK (T202/204) levels were observed

under both iFBS and EGF stimulation, with no changes under VEGFC stimulation.

Together, these findings suggest that in the starved condition, both EC-Pik3ca"?047~RWT
and EC-Pik3caf>**WT exhibit a trend toward decreased MAPK signalling compared to
the control. However, MAPK pathway activation is significantly enhanced in response to
iFBS and EGF stimulation in both variants compared to starvation, whereas VEGFC

stimulation does not result into a similar response.
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Figure 2.3.5. Regulation of MAPK pathway activation in EC-Pik3ca"’%4’"”RWT and EC-Pik3caf*4*KWT in
VEGFC and EGF-stimulated conditions in vitro.

(A) Immunoblot of 4-OHT-treated control EC-Pik3ca’™T and mutant EC-Pik3ca'’%4"”WT and EC-
Pik3caf5#*K"T mouse heart ECs. Immunoblot is representative for n = 4. starv. = starvation, iFBS is iFBS
stimulation (D) Quantification of relative p-ERK/t-ERK expression in the 4 conditions. Data represented as
fold change values relative to EC-Pik3ca”’’”"T controls with s.e.m. Statistical analysis was performed by
parametric one-way ANOVA. n = 3 per genotype, and n = 2 for starved EC-Pik3ca’™T controls. (E)
Quantification of relative p-ERK/t-ERK expression in the 3 variants for each condition. Data represented as
fold change values relative to each Pik3ca variant’s starvation condition with s.e.m. Statistical analysis was
performed by parametric one-way ANOVA. *p < 0.05 and **p < 0.01 was considered statistically significant.
n = 3 per genotype, and n = 2 for starved EC-Pik3ca’V7"T controls.

It appeared that Pik3cat'%47"RWT and Pik3caf>*""T can respond differently to upstream
VEGFC and EGF stimulation. We hypothesized that expression of the variants could
sensitize the ECs to these stimuli by upregulation of the receptors of VEGFC and EGF,
namely Vegfr1, Vegfr2, Vegfr3, and Egfr. Therefore, we examined the RNA levels of
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these receptors with qPCR in starved and EGF-stimulated cells in 4-OHT-treated EC-
Pik3cat1%47RWT and EC-Pik3caf**"T and compared them with 4-OHT-treated EC-
Pik3ca"™T_ After the 2 uM 4-OHT treatment of 24 hours, cells were starved for 6 hours

and subsequently stimulated with 75 ng/mL EGF for 10 mins (Figure 2.3.6).

Vegfr1, a negative regulator of VEGF signalling, exhibited no changes in expression
across all conditions, remaining unchanged in both EC-Pik3ca’%4’RWT and EC-
Pik3caf5#sKT compared to EC-Pik3ca’™T in both starved and EGF-stimulated
conditions (Figure 2.3.6.A). In contrast, Vegfr2 and Vegfr3 expression showed clear
differences between the variants. In EC-Pik3ca’%4/RWT  Vegfr2 expression was
significantly upregulated in both starved and EGF-stimulated conditions. However, in EC-
Pik3caf5#sK"T only a tendency to increase Vegfr2 expression was observed in both
conditions (Figure 2.3.6.B). Similarly, Vegfr3 expression was significantly upregulated in
EC-Pik3ca'047RWT ynder starved conditions and showed a tendency to increase in the
EGF-stimulated condition. In EC-Pik3caf®*5*WT Vegfr3 expression demonstrated only a
slight tendency to increase under both conditions (Figure 2.3.6.C). Then, Egfr
expression displayed a distinct pattern compared to the VEGF receptors. In EC-
Pik3cat1047RWT _ Egfr levels were unchanged in the starved condition but showed a slight
tendency to decrease in the EGF-stimulated condition. In contrast, EC-Pik3caf54<WT
exhibited a tendency to upregulate Egfr expression in both the starved and EGF-

stimulated conditions (Figure 2.3.6.D).

Together, these findings highlight notable differences between the 2 variants: EC-
Pik3cal1947RWT ypregulates Vegfr2 and Vegfr3 expression in both starved and EGF-
stimulated conditions, while EC-Pik3caf5***"T shows only mild increases for these
genes. Conversely, EC-Pik3caf>***WT gppears to uniquely upregulate Egfr expression
under both starved and EGF-stimulated conditions, whereas EC-Pik3ca047~WT
displayed no changes in starved conditions, and downregulation of Egfr in EGF-

stimulated conditions.
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Figure 2.3.6. Impact of EC-Pik3ca""%47RWT and EC-Pik3caf>4"WT on transcription of Vegfr1, Vegfr2,
Vegfr3, and Egfr expression in starved and EGF-stimulated conditions.

(A) Comparison of Vegfr1 gene expression in control EC-Pik3cat’%4"”"T and mutant EC-Pik3ca"04"”""T and
EC-Pik3caf***"T mouse heart ECs by quantitative PCR. Gene expression was normalized to the MI32
housekeeping gene. Data represented as log2 fold change values relative to EC-Pik3caV™T with s.e.m.
Statistical analysis was performed by parametric one-way ANOVA. n = 4 per genotype. (B) Comparison of
Vegfr2 gene expression in control EC-Pik3ca'’’%47”"T and mutant EC-Pik3ca"%4"”RWT and EC-Pik3cato4okWT
mouse heart ECs by quantitative PCR. Gene expression was normalized to the MI32 housekeeping gene.
Data represented as log2 fold change values relative to EC-Pik3ca”’”"T with s.e.m. Statistical analysis was
performed by parametric one-way ANOVA. *p < 0.05 and **p < 0.01 was considered statistically significant.
n = 4 per genotype. (C) Comparison of Vegfr3 gene expression in control EC-Pik3cat’%4’’RWT and mutant
EC-Pik3cal1047RWT and EC-Pik3caf****WT mouse heart ECs by quantitative PCR. Gene expression was
normalized to the MI32 housekeeping gene. Data represented as log2 fold change values relative to EC-
Pik3ca"™ T with s.e.m. Statistical analysis was performed by parametric one-way ANOVA. *p < 0.05 was
considered statistically significant. n = 4 per genotype. (D) Comparison of Egfr gene expression in control
EC-Pik3cal1047RWT and mutant EC-Pik3ca'%47”WT and EC-Pik3caf****WT mouse heart ECs by quantitative
PCR. Gene expression was normalized to the MI32 housekeeping gene. Data represented as log2 fold
change values relative to EC-Pik3ca”’”"T with s.e.m. Statistical analysis was performed by parametric one-
way ANOVA. n = 4 per genotype.
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2.4 Cellular processes affected by PIK3CA variants in vitro.

Next, we wanted to examine the effects of the strong activating PIK3CA mutations on
cellular processes such as growth, proliferation, and migration. These processes are
important for EC function and therefore influential in the formation of vascular
malformations. First, to study the effects of expressing Pik3ca"’%47”WT and Pik3cat>+kWT
on EC growth and proliferation, we performed a IncuCyte assay on 4-OHT-treated control
EC-Pik3ca’™T and mutant EC-Pik3ca"%4"”"T and EC-Pik3caf***"T in normal growth
conditions where the confluency was measured for 96 hours (Figure 2.4.1). When we
examined the confluency curves, no significant changes between the mutants and
controls were observed for the first 48 hours (Figure 2.4.1.A). Interestingly, EC-
Pik3cal1947RWT grows more confluent from 48 hours onward. Growth medium was not
refreshed during the experiment, so with time, nutrients deplete, and waste accumulates
in the wells. When we compare the confluency at the end of the 96 hours between the
variants and controls, we noticed no significant changes, yet EC-Pik3ca"'%4"”"T showed
a tendency for increased confluency (Figure 2.4.1.B). To explore if there are growth
differences before and after the 48 hours, we studied the slopes of the confluency curves
within the timeframes of 0 to 48 hours, and 48 to 96 hours (Figure 2.4.1.C). From 0 to
48 hours, there are no significant differences between the slopes of the variants
compared to control. After 48 hours, EC-Pik3ca'’%4’RWT shows a tendency to increase
the slope, while EC-Pik3caf54**WT does not compared to controls. These data suggest
that expressing Pik3ca%4’”R"T and Pik3caf>#**"T in ECs does not affect the cell growth
or proliferation in normal growing conditions compared to Pik3ca’"™T controls. However,

when nutrients are depleted, Pik3ca'%4"”RWT showcased a steeper growth curve.
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Figure 2.4.1. Impact of EC-Pik3ca"1%4’RWT and EC-Pik3caf54**VT on confluency in normal growth
conditions in vitro.

(A) EC-Pik3ca"047RWT EC-Pik3caf5#5KWT and EC-Pik3ca’7WT were plated at similar cell densities and left
to grow for 96 hours, with images being taken every 2 hours. Data represents mean confluency % values in
the well. n = 3 per genotype. (B) Comparison of confluency at 96 hours. Data represents mean confluency
% values in the well with s.e.m. Statistical analysis was performed by parametric one-way ANOVA. n = 3 per
genotype. (C) Linear regression analysis to compare the slope of the curves in (A). We analysed the slopes
between 0 to 48 hours and from 48 to 96 hours. Data represents mean slope values. Statistical analysis was
performed by parametric one-way ANOVA. n = 3 per genotype.

To study more in detail the growth behaviour of EC-Pik3ca''%4"”R"T and EC-Pik3caf>4kWT
in medium-depleted conditions, we repeated the experiment by changing to starvation
conditions 20 hours after plating (Figure 2.4.2). First, we compared the confluency at
the timepoint before changing to starvation conditions. Although there is no significant
difference, EC-Pik3cat'%4"RWT showed a non-significant tendency to increase, while EC-
Pik3caf*#*K"T did not (Figure 2.4.2.B). When we compared the confluency at the final
endpoint of 96 hours, we observed that EC-Pik3ca"'%4"*"T showed a significant increase,
while EC-Pik3caf**¥"T showed a non-significant tendency to increase. Then, we
compared the slopes of the confluency curves before the change to starvation conditions.
Here, EC-Pik3ca'%4’”RWT showed a non-significant tendency to increase, while EC-
Pik3caf*5*"T did not (Figure 2.4.2.C). When we looked at the slopes from the start of

starvation onward, we observed that EC-Pik3ca''%4"”R"T showed a significant increase,
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while EC-Pik3caF54*"T showed a non-significant tendency to increase. Together, these
data indicate that PIK3CA mutant expressing ECs withstand starvation conditions better

than controls.
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Figure 2.4.2. Impact of EC-Pik3ca’%4’”RWT and EC-Pik3caf***"T on confluency in starvation
conditions in vitro.

(A) EC-Pik3ca"047RWT EC-Pik3caf5#5KWT and EC-Pik3ca’7WT were plated at similar cell densities and left
to grow for 20 hours before changing to starvation medium, with images being taken every 2 hours. Data
represents mean confluency % values in the well. n = 3 per genotype. (B) Comparison of confluency at 20
and 96 hours. Data represents mean confluency % values in the well with s.e.m. Statistical analysis was
performed by parametric one-way ANOVA. *p < 0.05 was considered statistically significant. n = 3 per
genotype. (C) Linear regression analysis to compare the slope of the curves in (A). We analysed the slopes
between 0 to 20 hours and from 20 to 96 hours. Data represents mean slope values. Statistical analysis was
performed by parametric one-way ANOVA. *p < 0.05 was considered statistically significant. n = 3 per
genotype.

We wanted to study more specifically the impact of the Pik3ca mutations on proliferation.
We did so by comparing the actively proliferating cells between etOH and 4-OHT-treated
EC-Pik3ca'047RWT and EC-Pik3caf5#*WT by EdU staining in normal growth conditions
(Figure 2.4.3). Neither variant showcased a significant increase in proliferation
compared to their etOH-treated control, though non-significant tendencies can be

observed for both variants.
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Figure 2.4.3. Impact of EC-Pik3ca'1%4’”R"WT and EC-Pik3cat>KVT on proliferation in normal growth
conditions in vitro.

(A) etOH and 4-OHT-treated EC-Pik3cal’4’RWT were plated at similar cell densities and used for the EdU-
incorporation assay. Data represents mean EdU+/DAPI+ % values in the well. Statistical analysis was
performed by parametric unpaired t-test. n = 3 per genotype. (B) etOH and 4-OHT-treated EC-Pik3caf545KWT
were plated at similar cell densities and used for the EdU-incorporation assay. Data represents mean
EdU+/DAPI+ % values in the well. Statistical analysis was performed by parametric unpaired t-test. n = 3
per genotype.

Cell migration is another cellular process that could be relevant in the formation of
vascular malformations. We studied the effect of EC-Pik3cat’%4’RWT and EC-
Pik3caf*5""T expression on migration via scratch wound assays in normal growing
conditions and compared them to 4-OHT-treated EC-Pik3ca"”""' controls (Figure 2.4.4).
In normal growing conditions, we observed no differences in wound closure at the end
point of the assay between EC-Pik3ca"’%"”WT and EC-Pik3caf>4*"T with the control
EC-Pik3ca”™T (Figure 2.4.4.A). Full wound closure was reached around 50 hours.
When we compared the wound healing throughout the experiment, we noticed no
differences (Figure 2.4.4.B and C). These data suggest Pik3ca"’%’”"T and EC-

Pik3caF5#5K"T expression do not affect migration in ECs in normal growth conditions.
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Figure 2.4.4. Impact of EC-Pik3ca1%’”RWT and EC-Pik3ca>#*"T on migration in normal growth
conditions in vitro.

EC-Pik3cat1047”RWT EC-Pik3cafo***WT and EC-Pik3ca”’’""T were plated at similar cell densities and left to
grow until 100% monolayer confluency. Then, a scratch was performed, and images were taken every 2
hours. (A) Comparison of wound closure between variants at 50 hours. Data represents mean wound closure
% values in the well at 50 hours. Statistical analysis was performed by parametric one-way ANOVA. n = 3
technical replicates per experiment, n = 2 per genotype. (B) Wound closure curves between variants. n = 3
technical replicates per experiment, n = 2 per genotype. (C) Linear regression analysis to compare the slope
of the curves in (B). Data represents mean slope values. Statistical analysis was performed by parametric
one-way ANOVA. n = 3 technical replicates per experiment, n = 2 per genotype.

To study exclusively the PIK3CA mutant effect on migration without growth factor
influence, we repeated the experiment in starvation conditions and examined any
changes in wound closure (Figure 2.4.5). In starvation conditions, we observed a
significant increase in wound closure for EC-Pik3cat"%4’RWT and not EC-Pik3cat545kWT
(Figure 2.4.5.A). When we compared the wound healing throughout the experiment, we
noticed a significant increase in wound closure for EC-Pik3ca'%4’""T and not EC-
Pik3ca**"T (Figure 2.4.5.B and C). This data suggests Pik3ca'’%4’”R"T can enhance
migration compared to Pik3ca’”T in starvation conditions in ECs, while EC-

Pik3ca**"T does not affect migration.
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Figure 2.4.5. Impact of EC-Pik3ca"'%’”RWT and EC-Pik3cat>4**VT on migration in starvation conditions
in vitro.

EC-Pik3ca"1047RWT EC-Pik3cafo**WT and EC-Pik3caV"T were plated at similar cell densities and left to
grow until 100% monolayer confluency. A scratch was performed and the medium changed to starvation
medium, and images were taken every 2 hours. (A) Comparison of wound closure between variants at 50
hours. Data represents mean wound closure % values in the well at 50 hours. Statistical analysis was
performed by parametric one-way ANOVA. *p < 0.05 and **p < 0.01 were considered statistically significant.
n = 3 technical replicates per experiment, n = 2 per genotype. (B) Wound closure curves between variants.
n = 3 technical replicates per experiment, n = 2 per genotype. (C) Linear regression analysis to compare the
slope of the curves in (B). Data represents mean slope values. Statistical analysis was performed by
parametric one-way ANOVA. *p < 0.05 and **p < 0.01 were considered statistically significant. n = 3 technical
replicates per experiment, n = 2 per genotype.

To conclude objective Il, we determined kinase activity under basal and pY-stimulated
conditions and tested for signalling differences between the PIK3CA variants in different
conditions in heart ECs in vitro. ADP glo assays showed that H1047R strongly increases
basal kinase activity compared to the WT PI3Ka enzyme, E545K also enhanced kinase
activity, but to lesser extent than H1047R. Lastly, E726K showcased no significant
difference. In pY-stimulated conditions, to mimic RTK interaction, we witnessed no further
activation for any of the variants, although for H1047R, these results are questionable
and not in line with what is known about this variant. In vitro, we first performed
immunoblotting to verify PI3Ka and MAPK activation and gPCR of PI3Ka-controlled
genes. It appeared that mainly EC-Pik3ca’%4’RWT enhanced PI3Ka-AKT signalling in
basal, starved, and iFBS-stimulated conditions. Meanwhile, EC-Pik3caf54**"T and EC-
Pik3caf?5*"T did not significantly upregulate the PI3Ka-AKT signalling pathway or
showed the same extent of transcriptional control over the tested genes. For EC-
Pik3caf7?6*"T this was in line with our results from objective I, namely, this variant likely
activates the PI3Ka-AKT signalling pathway to a lesser extent than the other variants,
and therefore only results into mild phenotypes when expressed in the ECs of mice

retinas. For EC-Pik3caf>#5¥WT this was more surprising, since this variant caused strong
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phenotypes when expressed in retinas and is known to be a strong and oncogenic
activator of PI3Ka-AKT signalling. This led us to compare the downstream signalling of
the EC-Pik3ca"047RWT and EC-Pik3caf*#5*"T under conditions relevant to EC biology
and function. Namely, we tested how they respond to stimulation with VEGFC and EGF.
Here, we found that EC-Pik3ca''04"RWT gctivates the PI3Ka-AKT signalling pathway in all
conditions, in contrast to EC-Pik3caf*""T which scarcely activates PI3Ka-AKT
signalling, and mostly with EGF stimulation. Interestingly, MAPK signalling seemed to
respond to EGF stimulation as well, although it was not clear if the variants played a
major role in its activation. As a possible mechanism for these responses to the growth
factors, we wanted to know if expression of the variants had any influence on the
expression of the receptors for these growth factors. Interestingly, it appeared that EC-
Pik3cat1947RWT ypregulated expression of Vegfr2 and Vegfr3 and showed a tendency to
downregulate Egfr expression. EC-Pik3cal’%4"”"T showed a tendency to upregulate
Vegfr2 and Vegfr3 and significantly upregulated Egfr expression in EGF-stimulated

conditions. We will explore the involvement of the MAPK pathway in vivo in objective Ill.

In vitro, we showed that the expression of these variants improved survival under
nutrient-deprived circumstances. Proliferation did not seem to be affected upon
expression of the variants, however, other research in many cell types showed that
proliferation is enhanced with expression of either variant (277, 278). In vivo, it was
shown that Pik3cat’%47RWT expression in the retinal vasculature also increased
proliferation (73, 89). Scratch-wound assays revealed no enhanced migration, although
under starved condition, Pik3ca%’"”"Tshowed a more migratory phenotype compared

to Pik3cat>#KWT or Pik3caV7WT controls.

lll. Objective 3: Exploring the signalling differences between Pik3ca"1%4’R
and Pik3caf®#K jn vivo during vascular malformation development.

3.1. Validation of PI3Ka activation in Pik3caf®#K,

In objective Il, we studied signalling differences between the PIK3CA variants under
different circumstances in vitro. We noticed that Pik3ca'’%4’R and Pik3caf>*°K expression
can affect the expression of certain receptors differently, which could influence certain
signalling pathways in cultured ECs. The effect of Pik3ca'’%4’R and Pik3caf54K
expression on the MAPK pathway has never been studied in the blood vasculature.

Hence, we wanted to study the effect of Pik3ca’%4’R and Pik3caf%#°K expression on the
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PI3Ka and MAPK signalling in the developing vasculature of the mouse retina, to

understand if there are signalling differences in an in vivo context.

To study the signalling in the developing vasculature, we injected pdgfb-CreER'?;
Pik3ca'"94’R and Pik3caf%*°K (EC-Pik3ca™@T with Rosa26-mTmG reporter line) mice at
P1 with 4-OHT and isolated the retinas at P6. To study the signalling, it is ideal to study
smaller lesions with a select number of mutated cells and comparing to controls,
therefore, full recombination such as in objective | is not required. We targeted less cells
by adjusting to lower doses of 4-OHT. Recombination with lower 4-OHT doses was
already performed in Pik3ca'047RWT in (73). We tested the same doses (2.5, 0.25, and
0.125 mg/kg) in retinas expressing Pik3ca>#**"T in the ECs of the vasculature (Figure
3.1.1). We found that for both 0.125 and 0.25 mg/kg, there was little recombination in the
mutant Pik3caf545¥"T retinas. The low number of recombined ECs did not result into any
observable phenotype. With the higher dose of 2.5 mg/kg, there was more
recombination, and hyperplasia of the vasculature was observed. To study the signalling
differences, we require a clear phenotype, therefore we opted for the 2.5 mg/kg in future

experiments (Figure 3.1.2).

2.5 mg/kg 0.25 mg’kg 0.125 mg/kg

EC-Pik3caf#skwr

=
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Figure 3.1.1. Recombination in Pik3ca®54**WT mouse retinas with different doses of 4-OHT.

(A) P1 Pik3caf***¥WT mutant mice were injected with 2.50, 0.25, or 0.125 mg/kg 4-OHT, and retinas were
isolated on P6 and immunostained with anti-IB4 and anti-GFP. Representative confocal ages are shown.
Scale bar = 100 ym. n = 6 retinas per genotype.

2.50 mg/kg Retina
4-OHT isolation
Y A
PO P1 P6

Figure 3.1.2. In vivo injection scheme to study overactivation of PIK3CA with Pik3ca mutant mouse
models.

We induced recombination by intragastric injection of 2.50 mg/kg at postnatal day 1 (P1) and isolated the
mouse retinas at P6.
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We studied the formation of vascular malformations and quantified the rate of
recombination in EC-Pik3cat947”R"T retinas using 2.5 mg/kg 4-OHT. We immunostained
the retinas for IB4 and GFP to quantify the vascular area and recombined endothelium.
We used 4-OHT-injected Pik3caW™WT-expressing retinas as controls. With the 2.5 mg/kg
4-OHT dose, Pik3cal047RWT expression resulted in massive hyperplasia of the vascular
bed (Figure 3.1.3.A). We noticed a significantly enlarged vascular area (IB4+ area) in
mutants compared to controls (Figure 3.1.3.B). Recombination (GFP+/IB4+ area) was
not significantly altered in mutants compared to controls (Figure 3.1.3.C). These data
show that even with less 4-OHT, Pik3ca''04’RWT expression still results in widespread

recombination and a massive vascular lesion in the mouse retina.
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Figure 3.1.3. Pik3ca'1%4’R-driven vascular malformations in mouse retinas with 2.5 mg/kg 4-OHT
injection.

(A) P1 Pik3ca"™T control and Pik3ca'%4"”’"T mutant mice were injected with 2.50 mg/kg 4-OHT, and
retinas were isolated on P7 and immunostained with anti-IB4 and anti-GFP. Representative confocal images
are shown. Scale bar = 100 um. n 2 6 retinas per genotype. (B) Quantification of IB4+ area per 180000 pum?
area per petal. Statistical analysis was performed by parametric unpaired t-test. ****p < 0.0001 was
considered statistically significant. n = 6 retinas per genotype. (C) Quantification of GFP+/IB4+ area per
180000 um? area per petal. Statistical analysis was performed by parametric unpaired t-test. n 2 6 retinas
per genotype.

116



Then, we studied the formation of vascular malformations and the rate of recombination
in EC-Pik3caf5#5K"T retinas with the injection strategy from Figure 3.1.1. With the 2.5
mg/kg 4-OHT dose, Pik3caf5*K"T expression resulted into hyperplasia of the vascular
bed, characterized by enlargement of ECs in the capillaries and sprouting front, and
enlargement of the vein. Arteries remained unaffected, although they were less
elongated due to the disorganized and hyperplastic tissue towards the sprouting ront
(Figure 3.1.4.A). We noticed a significantly enlarged vascular area (IB4+ area) in
mutants compared to controls (Figure 3.1.4.B). Recombination (GFP+/IB4+ area) was
not significantly altered in mutants compared to controls (Figure 3.1.4.C). These data
show that with less 4-OHT, Pik3caf>*KWT expression still results in vascular lesions in
the retina, though, to a lesser extent compared to the malformations found in EC-

Pik3ca"1%47R retinas.
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Figure 3.1.4. Pik3ca5**K-driven vascular malformations in mouse retinas with 2.5 mg/kg 4-OHT
injection.

(A) P1 Pik3ca”’™ T control and Pik3caf>***WT mutant mice were injected with 2.50 mg/kg 4-OHT, and retinas
were isolated on P7 and immunostained with anti-IB4 and anti-GFP. Representative confocal images are
shown. Scale bar = 100 um. n 2 9 retinas per genotype. (B) Quantification of IB4+ area per 180000 um?
area per petal. Statistical analysis was performed by parametric unpaired t-test. ****p < 0.0001 was
considered statistically significant. n = 9 retinas per genotype. (C) Quantification of GFP+/IB4+ area per
180000 ym? area per petal. Statistical analysis was performed by parametric unpaired t-test. n = 9 retinas
per genotype.
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Then, we wanted to verify PI3Ka-AKT pathway activation in vivo with the expression of
the PIK3CA variants. PI3Ka-AKT pathway overactivation has already been studied in our
lab by immunostaining with p-S6 (S235/236), a downstream effector of PI3Ka-AKT (73,
89). It appeared p-S6 (S235/236) levels increased with expression of Pik3cat1047~RWT,
Next, we examined the p-S6 (S235/236) levels in EC-Pik3caf#¥WT retinas by taking
high-magnification images of 4 different areas in the retinal vasculature: vein and
surrounding capillaries, artery and surrounding capillaries, at the capillary plexus, and
capillaries at the sprouting front (Figure 3.1.5.A). When we compared the p-S6
(S235/236) intensity fold changes, no significant differences were observed by
combining the data of the 4 areas (Figure 3.1.5.B). These data suggest that EC-
Pik3caf5#sKWT expression does not increase PI3Ka-AKT pathway signalling via p-S6
(S235/236) in mouse retinas.
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Figure 3.1.5. P-S6 (S235/236) levels in Pik3caf%**K-expressing mouse retinas with 2.5 mg/kg 4-OHT
injection.

(A) P1 Pik3ca’™WT control and Pik3caf®**KWT mutant mice were injected with 2.50 mg/kg 4-OHT, and retinas
were isolated on P7 and immunostained with anti-IB4 and anti-p-S6 (S235/236). Representative confocal
images are shown. Scale bar = 50 um. n = 9 retinas per genotype. (C) Quantification of p-S6 (S235/236)
intensity per 180000 um? area per petal. Data represented as fold change values relative to Pik3ca?7WT
controls. Statistical analysis was performed by parametric unpaired t-test. n = 9 retinas per genotype.
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3.2. Study of MAPK signalling in Pik3ca"'%’R and Pik3caf**X.

Next, we wanted to study MAPK pathway activation in vivo with the expression of the
PIK3CA variants. First, we examined the p-ERK (T202/Y204) levels in EC-
Pik3cat1047RWT retinas by taking high-magnification images of 4 different areas in the
retinal vasculature: vein and surrounding capillaries, artery and surrounding capillaries,
at the capillary plexus, and capillaries at the sprouting front (Figure 3.1.6.A). When we
compared the p-ERK (T202/Y204) levels in mutants relative to controls, the p-ERK
(T202/Y204) levels were significantly increased (Figure 3.1.6.B). Additionally, to get a
better of idea of the p-ERK (T202/Y204) distribution, we measured the p-ERK+/GFP+
area. Here, we observed no significant differences between mutants and controls,
although mutants show a tendency for higher p-ERK+ area. These data suggest that EC-
Pik3cal1947RWT expression increases MAPK pathway signalling in the ECs of mouse

retinas.
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Figure 3.1.6. P-ERK (T202/Y204) levels in Pik3ca"'%’R-expressing mouse retinas with 2.5 mg/kg 4-
OHT injection.

(A) P1 Pik3ca’™WT control and Pik3cat’%4’RWT mutant mice were injected with 2.50 mg/kg 4-OHT, and
retinas were isolated on P7 and immunostained with anti-IB4 and anti-p-ERK. Representative confocal
images are shown. Scale bar = 50 pm. n = 6 retinas per genotype. (B) Quantification of p-ERK intensity per
180000 um? area per petal. Data represented as fold change values relative to Pik3ca””7 controls.
Statistical analysis was performed by parametric unpaired t-test. **p < 0.01 was considered statistically
significant. n 2 6 retinas per genotype. (C) Quantification of p-ERK+/GFP+ area in Pik3ca’%4"”RWT retinas
per 180000 um? per petal. Data represented as mean area %. Statistical analysis was performed by
parametric unpaired t-test. n = 6 retinas per genotype.
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Next, we examined the p-ERK (T202/Y204) levels in EC-Pik3caf5**WT retinas, as
described above (Figure 3.1.7.A). We noticed no significant changes in the relative
intensity of p-ERK (T202/Y204) expression in mutants relative to controls (Figure
3.1.7.B). When we measured the p-ERK+/GFP+ area, we saw a significant decrease in
the p-ERK+ area. (Figure 3.1.7.C). These data suggest that EC-Pik3caf54kWT
expression affects MAPK signalling differently compared to EC-Pik3ca!'%4’/RWT in the
ECs of the mouse retina. It is possible that the p-ERK (T202/Y204) levels are generally
downregulated or redistributed to more localized area in EC-Pik3caf54*WT expression,

hence the decrease in area while the intensity stays relatively similar.
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Figure 3.1.7. P-ERK levels in Pik3caf%4’K-expressing mouse retinas with 2.5 mg/kg 4-OHT injection.
(A) P1 Pik3ca""™™T control and Pik3caf>#*WT mutant mice were injected with 2.50 mg/kg 4-OHT, and retinas
were isolated on P7 and immunostained with anti-IB4 and anti-p-ERK. Representative confocal images are
shown. Scale bar = 50 um. n 2 8 retinas per genotype. (B) Quantification of p-ERK intensity per 180000 ym?
area per petal. Data represented as fold change values relative to Pik3ca”’™T controls. Statistical analysis
was performed by parametric unpaired t-test. n = 8 retinas per genotype. (C) Quantification of p-ERK+/GFP+
area in Pik3cafo**T retinas per 180000 um? per petal. Data represented as mean area %. Statistical
analysis was performed by parametric unpaired t-test. n = 6 retinas per genotype.

124



To conclude objective lll, we first established a different 4-OHT treatment regimen in
retinas to obtain a less severe phenotype for the study of the signalling pathways in vivo.
We observed that 4-OHT concentrations are not always directly proportional to the
number of recombined cells. To still see phenotype with EC-Pik3caf>*KWT retinas, we
opted to inject with 2.5 mg/kg of 4-OHT. Using this regimen, we still observed widespread
recombination and hyperplasia of the vasculature in both EC-Pik3ca"’%4’"”RWT and EC-
Pik3caf*5 T retinas. In EC-Pik3cal’04’RWT retinas, previous research established that
expression of this mutant results in augmented p-S6 (S235/236) levels, used as a
readout for PI3Ka activation (73, 89). In the EC-Pik3caf3*KWT retinas, we observed no
activation of this pathway in vivo, in line with our results from objective Il, where we
observed relatively low PI3Ka-AKT pathway activation compared to the Pik3ca"047~RWT
variant. Interestingly, the PIK3CA mutations displayed a different pattern when studying
their effect on the MAPK pathway, namely EC-Pik3ca’%4’RWT retinas showed an
activation of this pathway, while EC-Pik3caf®#*WT retinas showed predominantly no
activation, or downregulation of p-ERK (T202/Y204) expression. Whether this difference
plays a role in the pathology caused by the variants in vascular malformations remains

unknown.
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Discussion

Since the discovery of the PI3K family in 1988, extensive research has shed light on
many aspects of the role of this family of kinases in physiology. PI3K’s proved crucial for
many cellular processes, such as survival, metabolism, migration, and proliferation, in
various cell types. Over the years, mutations in the class IA PIK3CA gene have been
associated with several cancers, ultimately revealing that PIK3CA is one of the most
frequently mutated genes in cancer (41, 42). With time, the most common oncogenic
mutations or “hotspots” of PIK3CA were discovered, and the mechanism by which they
activate the PI3Ka signalling pathway. Step by step, different pathway components were
revealed and their crucial function in physiology and oncogenic transformation. This

paved the way for the formation of molecular therapies.

Then, in 2008, Graupera et al. revealed that PI3Ka is crucial for embryonic development,
specifically due to its indispensable role in the formation of the vasculature (222).
Additional studies revealed that PIK3CA is a key regulator of endothelial function,
angiogenesis, and the maintenance of arteriovenous identity in ECs. By using a genetic
mouse model for the oncogenic hotspot mutation Pik3ca"'%47’R, Castillo et al. discovered
that overactivation of the PI3Ka pathway during embryonic development resulted in the
formation of VMs (89). Then, activating PIK3CA mutations were observed in patients
with VMs. Since then, many overgrowth disorders have been associated with oncogenic
mutations in PIK3CA, and grouped under the umbrella term of PROS. Advances in
sequencing techniques over the years have revealed many PIK3CA variants in patients
with VMs and PROS, spanning the entirety of the gene. However, this field of study is
young, and new discoveries are still being made about the relationship between PIK3CA
variants and the phenotypic outcome. For many variants, the mechanism of activation
and their impact on the associated pathology remains underexplored. Distinct activating

mechanisms for the oncogenic hotspot variants H1047R and E545K (and E542K) have
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been demonstrated, although how these distinct mechanisms influence downstream
signalling remains elusive (46, 48). Notably, emerging epidemiological studies on VMs
and PROS reveal a distinct pattern of mutation prevalence across PROS disorders (53-
55). Namely, oncogenic hotspots were overrepresented in isolated lesions affecting a
limited amount of tissue types, while non-hotspot variants such as E726K resulted in
more widespread phenotypes. This led to the hypothesis that some mutational variants
are tolerated at different stages throughout embryonic development depending on their

activating potential.

In this thesis, we aimed to explore unanswered questions about how PIK3CA variants
contribute to VM phenotypes. Our objective was to gain a deeper understanding of the
genotype-phenotype relationship for three PIK3CA variants H1047R, E545K, and
E726K. We employed several mice models and investigated variant expression in the
endothelium during different stages of blood vessel development. First, we modelled the
vascular phenotypes by expressing the variants in the endothelium of the developing
retina during active angiogenesis and during vascular remodelling. After, we compared
embryonic lethality between Pi3kca"'%4’R (studied in 71) and Pik3caf%*k. Then, we
explored the intracellular signalling pathway effects of variant expression in mouse
cultured heart ECs. In vitro, we mimicked different conditions relevant during
angiogenesis and compared distinct signalling events. Lastly, we attempted to translate
the findings from the in vitro data to in vivo by comparing the PI3K and MAPK signalling
in vascular malformations in the retina model of mice expressing the hotspot variants

Pi3kca"1%47R and Pik3caf5*oK.

I. Objective 1: Studying the activating PIK3CA mutations in the developing
vasculature in mice.

The vast diversity of phenotypes in patients with VMs presents a challenge in modelling
these diseases, to study their progression, and to conduct clinical testing. Some models
to study VMs have been developed in the past, by introducing the oncogenes by viral
transduction or by xenotransplantation of ECs expressing a mutation (279, 280).
Although these models pioneered the study of VMs in mice, they do not recapitulate the
natural disease progression in patients accurately. Moreover, the extensive process
necessary for these models makes them unsuitable to efficiently model disease

progression or for clinical applications.
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Other models have since been developed to study the vasculature. The postnatal retina
model is suitable for the study of VMs due to its reproducible nature and relative simplicity
compared to xenograft models (281). The generation of conditional mice models that
allow for spatiotemporal control of expression of the mutated gene under the
endogenous locus further improved the possibilities of studying VMs (282). For PIK3CA-
related VMs, Castillo et al. demonstrated that heterozygous expression of Pik3ca'%4’R
in the mesoderm resulted in the formation of venous malformations (89). Then, Kobialka
et al. demonstrated preclinical use of the inducible, EC-specific Pdgfb-CreER™ system
in combination with heterozygous expression of Pik3ca"’%4’Rin the mice retina (73).
Specifically, they were able to control the number of recombined ECs and therefore
elegantly recapitulate the mosaic aspect of VM onset and use this model for preclinical
testing of the AKT inhibitor Miransertib.

We used the same conditional mouse model as Kobialka et al.; namely Pdgfb-CreER™?;
Pik3cat1947RWT To achieve our objectives, we expanded this system to other PIK3CA
variants by crossing the Pdgfb-CreER™ system with other Pik3ca mutant constructs.
First, Robinson et al. generated a knock-in mouse model with a
conditional Pik3caf>**K allele controlled by the endogenous Pik3ca promotor to study
medulloblastomas development (269). This model has since been used to study brain
overgrowth and epilepsy (274). We employed this Pik3caf>*K construct for the study of
PIK3CA-related VMs. Lastly, the Pik3caf7?%k was developed by us, using the same mini-

gene strategy that Kinross et al. used when they constructed Pik3ca%47R (268).

In objective I, we employed these models to study and compare VMs generated by the
variants. Yet, there are limitation to this approach. We used different Pik3ca constructs,
each with distinct mechanisms for expressing the mutation. Although all constructs are
controlled by the endogenous Pik3ca promoter, their recombination efficiency may vary.
Therefore, when comparing phenotypes, we must account for the possibility that
differences in recombination efficiency results in varying numbers of recombined clones,
which could influence lesion formation. Also, the timepoint at which the mutation takes
place plays an important role in the generation of a lesion; if some constructs recombine
slower than others, the recombined cells will not have the same amount of time to
expand. We tried several approaches to mitigate these effects. First, Kobialka et al.
already established a dose-response effect in Pik3ca’%4’R by treatment with increasing
concentrations of 4-OHT. We used their highest dose of 25 mg/kg 4-OHT to compare the
VMs, using 4-OHT-injected Pik3ca’™Tmice as controls for each variant. This way, we
guarantied maximum recombination in all variant constructs. To verify the activity of Cre

recombinase, we crossed each Pik3ca variant line with the mTmG reporter line, which
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allowed us to compare the recombination rates between the variants and their respective
controls. We measured GFP+/IB4+ area to quantify the recombination rates between all
variants and their respective controls. We observed a similar recombination rate of 80%
or higher for all variants and controls. Interestingly, the oncogenic variants Pik3ca047~WT
and Pik3caf5#*WT showcased an increase in recombined area, suggesting a clonal
expansion of the recombined clones. This increase was not observed in Pik3caf54KWT,
These results suggest ECs carrying an oncogenic hotspot variant gain a competitive
advantage resulting in their rapid expansion in the vascular tissue compared to control
ECs. Nonetheless, the expression of GFP does not signify recombination of the mutant
Pik3ca allele since the mTmG reporter line is located on a different locus. In the future,
other methods can be applied to verify similar recombination rates between the Pik3ca
variant constructs in the retina. For instance, simultaneous immunostaining for PI3Ka
could help assess the amount of PI3Ka protein present in recombined clones. However,
while this approach could indicate overall PIK3CA expression, it would not distinguish
between wild-type and mutant PIK3CA. As a result, it would provide only a semi-
quantitative assessment of whether the different variant constructs are expressed at
similar levels. A more thorough approach would be the isolation of ECs from the retina
tissue for subsequent downstream applications. Specifically, GFP+ clones are selected
by FACS, and the number of recombined cells is counted. Further transcriptomic or
proteomic analysis could be employed to study PI3Ka pathway activation in detail. This

is currently being attempted in our laboratory.

Injecting the high 25 mg/kg 4-OHT dose at P1 and studying the vascular architecture at
P7 in retinas showed us that Pik3ca'%4"”"T and Pik3caf>4*"T expression resulted into
a massive hyperplasia of the vasculature due to increased amounts of ECs, while
Pik3caF?5K"T expression only resulted into mild hyperplasia and more focal vascular
malformations, due to locally increased numbers of ECs. This is accordance with the
knowledge that PIK3CAH%47R and PIK3CAE54°K are highly potent activators of the PI3Ka
pathway with oncogenic potential (52-54). Here, we showed that both caused similar
severity of VM phenotype. PIK3CAE72¢K has not been studied in many contexts and was
hypothesized to cause less severe activation of the PI3Ka pathway (69, 70). Together,
these data enforce the knowledge about these variants and their behaviour in patients.
Namely, the oncogenic hotspot variants PIK3CAM947R and PIK3CAE%#K are powerful
activators and give rise to strong VM and PROS phenotypes, such as isolated VMs and
LMs (69-71). Meanwhile, PIK3CAE”26K is not as often represented in isolated VMs, but
more commonly found in widespread PROS phenotypes such as MCAP and CLOVES
(58, 59, 84, 94).
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Another genetic tool, the iSure-Cre model, can ensure recombination in mutated clones
by inducing a second wave of Cre expression upon recombination. We used this model
in the Pik3caf"26KWT retina to confirm that the milder phenotype was due to the mutation's
lower activity rather than poor recombination of the mutant construct (data not shown).
Although the comparison was limited to one mutant and one control animal, the retinas
did not show any additional phenotype with this approach. This supports the conclusion
that Pik3caf"?6""T expression causes focal lesions, unlike the more extensive
phenotypes observed with Pik3cat'%4"”RWT and Pik3caf>**¥WT and that increasing

recombination does not enlarge the lesions.

Studies revealed an important mechanistic difference between PIK3CAH%47R and
PIK3CAE*K_ As discussed, PIK3CAH1047R strongly activates intrinsic kinase activity of
the enzyme, while its oncogenic potential can be further increased by RTK activation and
is independent of Ras activation (46, 48, 49). PIK3CAF>#K on the other hand, reduces
the enzyme to a basal activity, independent of further RTK activation, while still being
activated further by Ras interaction (46, 48, 49, 238). PIK3CAE26K's mode of activation
is not explored, although we hypothesize that this variant increases membrane
interactions to negatively charged regions of the plasma membrane, this is based on the
evidence that E726 is positioned in a flexible loop at the protein’s surface, and structural
data showed that this area interacts with the membrane (19, 46, 51). Knowing this, we
theorised that Pik3ca>**"T could produce a vascular lesion even when environmental
growth cues were low during the final stage of retinal blood vessel formation. However,
it appeared that during this remodelling phase, Pik3caf%4*WT expression was not more
likely to cause VMs compared to Pik3ca’%4"”RWT Meanwhile, Pik3caf’?6KWT expression
did not result into any lesion at all, likely because of its low activation potential. We
speculate that the vascular remodelling process does not rely on PI3Ka signalling as
much, or other factors could mitigate PI3Ka pathway activity during this developmental
phase. We mentioned the lower amounts of mitogenic factors during vascular
remodelling, this could result into a general decrease in PI3K activity while the ECs shift
from a proliferative to a quiescent state (221). PTEN is active during vascular
remodelling, so its activity might be mitigating the effects of PIK3CA variant expression
during vascular remodelling (283). Moreover, when the vessel develops, blood flow will
induce the activity of other signalling elements such as eNOS and Notch (284). These
have been shown to inhibit PI3Ka pathway activity in certain contexts (285). Additional
research regarding the interplay between these pathways in developmental context is
required to understand why PI3K overactivation during vascular remodelling does not

commonly manifest a malformation. All together, we conclude that active angiogenesis
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is important for the generation of vascular malformations caused by PI3Ka

overactivation.

Even though we can distinguish phenotypic differences between the variants in the
developing retina, there are drawbacks to using the 25 mg/kg 4-OHT. Mainly, VMs in
patients are typically characterized by a high degree of mosaicism. This mosaic pattern
is not reflected well when we maximize recombination. Furthermore, VMs in patients
don’t typically occur in the eye, but in skin, adipose, brain, or muscular tissues. Given
the large heterogeneity of blood vessels within different tissues, the mouse retina does
not necessarily translate into the different disease phenotypes that occur in patients in
these tissues. Other factors, such as interaction with the immune system, have been
shown to contribute to VMs (81), and remain underexplored in the retinal model.
Regardless of its limitations, the retinal model remains an important tool to study vascular
lesions in a reproducible manner. In combination with other experimental techniques, the
retina model can be employed to examine specific cellular processes relevant for VM
development in vivo. For instance, EdU-incorporation assays in the Pik3cat%47”"Tretina
model already revealed increased EC proliferation in PIK3CA-related VMs (73, 89).
Moreover, the retina model can be combined with other genetic tools to further advance
our understanding of VMs in patients. Recently, the iFlu-mosaic Pik3ca"'%4’R model was
developed by Dr. Rui Benedito, in which the WT and mutant Pik3ca gene are expressed
on the same allele, both coupled to a different fluorophore. This will introduce a higher
level of mosaicism in the lesion but also allow tracing of the mutant clones. This model
is already being used in our lab to better understand certain aspects of VM pathology
caused by PI3Ka overactivation, specifically, why PIK3CA mutant clones don’t populate
the artery. However, since we lack similar models for the other variants, we can’t use this

model to compare lesion properties with other variants.

VMs in patients typically occur during embryonic development. Mouse models to express
the variants during the embryonic development have been generated as well, including
to target the endothelium using the Tie2-Cre system (271). Hare et al. already used the
constitutive Tie2-Cre system in combination with the endogenous Pik3cat’047"~RWT to
study the lethality in mouse embryos and the related vascular properties. We found that
when we expressed Pik3caf5***WT jn all ECs of the developing mouse embryo, we
observed embryonic death around E10.5 and full embryonic lethality at E11.5, similar as
Hare et al. observed with Pik3ca%47RWT \We conclude that expression of both oncogenic
hotspot variants in the vasculature results into embryonic lethality at mid-gestation due
to vascular defects. Due to the similar timing of lethality, we conclude these variants

possess a similar PI3Ka pathway activating potential. This confirmed our findings in
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retinas, namely that Pik3cat4"RWT and Pik3caf5**WT expression are similarly capable
of generating massive vascular lesions. Even though we studied 47 embryos in total, we
only performed immunofluorescence on a couple of these embryos to demonstrate some
obvious developmental differences between mutants and controls. Immunostaining a
higher number of embryos or examining cross-sections to observe the vessel sizes at
certain locations, could reveal more details about the disease phenotype generated by
Pik3caf*5 T expression. We wanted to explore lethality with Pik3caf726"T as well. This
could have demonstrated that this “weaker” mutation could be tolerated earlier
throughout embryonic development and therefore support the hypothesis that “weaker”
mutations can be tolerated at earlier developmental stages, hence, giving rise to more
widespread phenotypes as observed in patients (58, 59, 84, 94). However, due to

breeding problems with this mouse model, these experiments could not be performed.

Il. Objective 2: Elucidating PIK3CA variant kinase activity and signalling
differences in cultured endothelial cells.

In objective Il, we first explored the intrinsic changes in the PI3Ka enzyme when the
mutations are present in basal and pY-stimulated conditions to mimic RTK activation
cues. Previous studies revealed increased kinase activity for some variants (and
combinations of those variants) and increased lipid binding (51, 275). Specifically, Vasan
et al. performed radioactive in vitro kinase assays and showed increased kinase activity
for H1047R and E545K, and less for E726K, compared to WT. However, their research
question was more focused on double PI3Ka mutants, and although these data provide
interesting qualitative data for these double mutants, it is lacking a quantitative approach
to compare the kinase activity for our variants of interest. ADP glo provides a more
quantitative approach and was used by Gong et al. to study the kinase activity in basal
and pY-stimulated conditions for E545K and H1047R. With their help, we repeated the
ADP glo experiments and included E726K. Of note, one important difference is that Gong
et al. used PIP2 embedded in liposomes to perform the enzymatic reaction, which mimics
the natural environment of the plasma membrane. We used soluble PIP2 instead,
because these specialized liposomes are expensive and time-consuming to produce.
The data in basal conditions revealed that H1047R had the strongest lipid kinase activity,
followed by E545K, and lastly E726K, which barely displayed an increased kinase activity
compared to WT. Therefore, it appears that H1047R and E545K can cause
conformational changes in the protein complex that intrinsically enhance kinase activity,

whereas E726K does not. This corroborates the hypothesis that E726K improved kinase

133



activity by enhanced binding to the plasma membrane, though this cannot be tested by
ADP glo. Additional membrane-binding assays should be performed to verify this, though
Vasan et al. already performed such assays and indeed saw improved membrane
binding for every variant. In pY-stimulated conditions, we saw no enhanced kinase
activity for any of the variants compared to WT. For E545K, this was expected because
of its activation mechanism and in line with Gong et al. E726K did not improve kinase
activity in basal conditions compared to WT, therefore it is not surprising that pY
stimulation does not increase the kinase activity further. The results for H1047R were
most surprising, Gong et al. clearly showed a significant increase in lipid kinase activity
for H1047R in pY-stimulated conditions. During the kinase titration, we did not witness a
linear phase for this variant, instead we witnessed velocity directly correlated with
enzyme concentration. One explanation could be the depletion of ATP during the
reaction. However, this depletion was not observed, therefore we likely encountered
technical problems during this replicate. Perhaps we used too little substrate for the
reaction, there were pipetting errors, or the protein was not stable at these low
concentrations. Of note, the Sf9 cells displayed high lethality when we expressed
H1047R in contrast to the other variants or the WT. Therefore, we were not able to isolate
this variant ourselves, and it was kindly given to us by Dr. Grace Gong. Technical

problems could have occurred during the handling of this protein.

Kobialka et al. studied the transcriptomic profile of isolated mouse lung ECs with
Pik3cal1947RWT expression and revealed up- and downregulation of genes important for
cell division, mitosis and cell cycle progression (73). We explored the signalling related
to these cellular processes in heart ECs expressing Pik3cal047~RWT  pjk3caf54*WT and
Pik3caf2kWT by studying the activation of PI3K or MAPK pathway components under
different developmental conditions. First, the same limitation as in objective | needs to
be discussed, namely, we compared signalling differences between 3 variant constructs
that might recombine at different rates. Therefore, we first attempted to verify that PI3Ka
pathway activation took place with different 4-OHT treatment regimens. Then, using
primers designed to bind specific regions of the variant constructs, which produce
different DNA fragments upon Cre-mediated excision, we confirmed recombination
occurred in each variant after treatment with 2 uM 4-OHT for 24 hours. However, this
does not reveal quantitative data about the number of cells that are recombined, neither
about the kinetics of recombination for each variant construct in vitro. Surely, more

characterization is necessary to fully understand these constructs’ properties.

Next, the isolation of ECs from mice provides a compelling model to study intracellular

signalling or to perform cell functional assays. However, there are limitations to what an

134



in vitro model can recapitulate about complicated physiological processes. Angiogenesis
and vessel maturation during embryonic development are complicated processes that
rely heavily on growth factor signalling in the context of their specific environments. Here,
we isolated ECs from adult mice and hereby removed them from their natural
environment. Moreover, the process of isolation is damaging to the ECs since they
undergo multiple rounds of digestion and lysation before the culture is pure. Usually,
cultured ECs can only be passaged 6/7 times before experiencing significant
senescence. Therefore, we need to remain vigilant when translating in vitro data to an in
vivo context. Additionally, because we isolated the entire heart tissue, we could not
precisely control the specific tissues or cell types included in our cultures. This could
result in a mix of EC subpopulations, ranging from arterial to lymphatic ECs and from
differentiated cells to progenitors. Previous work in our lab attempted to identify these
subpopulations through marker immunostaining in lung and heart ECs (unpublished
data). However, the findings were inconclusive due to the heterogeneity of the
populations. Moreover, we hypothesize that ECs in culture may alter their expression of
certain markers when transitioned to an in vitro environment. This could lead to less-
defined specification or a loss of key identity characteristics, further complicating the

interpretation of their properties and behaviour.

Nonetheless, our signalling study in cultured ECs did reveal some interesting differences
between the variants. Mainly, immunoblotting and transcriptomic analysis of PI3Ka-
controlled genes revealed that Pik3cat’%4’RWT expression activated the PI3Ka-AKT
pathway in full medium and starvation conditions, while Pik3caf#*KWT and Pik3caf726kWT
expression showed little activation. We already demonstrated in objective | that
Pik3caf?5K"T expression did not cause massive lesions in the vasculature compared to
Pik3cal1%47RWT and Pik3caf>#*WT expression. From the kinase activity assays, we also
showed no increase in kinase activity for E726K compared to WT. Therefore, we propose
a correlation between E726K’s poor activation of the enzyme, resulting into little PI3Ka-
AKT pathway activation, causing only a mild phenotype in the retina model. With this
conclusion, we ended our investigation of this variant. Surprisingly, Pik3caf45WT
expression did not show a strong increase in p-AKT (S473) levels either. Since this
variant showed strong vascular lesions and high kinase activity, we expected PI3Ka-AKT
pathway activation similar to Pik3ca"%47"RWT expression. Consequently, we hypothesized
this variant might be inducing VMs by manipulating different pathways than PI3Ka-AKT.
However, when we studied the MAPK pathway, we showed that both Pik3ca'"%4"R"Tand

Pik3caf*""T expression decreased MAPK pathway signalling in full medium and
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starvation conditions. This is supported by previous research showing that augmented

PI3K activity can downregulate MAPK signalling by multiple interactions (226-228).

As a consequence, we examined how Pik3caf5#*WT expression could generate a strong
phenotype in the vasculature without strong activation of the PI3Ka-AKT pathway. We
hypothesized that in vivo, Pik3caF54*WT-expressing ECs receive specific growth factors
from their environment contributing to the formation of a VM, which is not recapitulated
well in the in vitro context in normal or starvation medium. Supplying these growth factors
in vitro might therefore reveal further pathway activation in Pik3caf5**WT-expressing
ECs. We treated cultured ECs with VEGFC and EGF, 2 important growth factors for
vascular development. Both families of receptors for these ligands (VEGFR and EGFR)
have been shown to regulate PI3K signalling directly or indirectly (56, 175, 232, 237,
286) Specifically, VEGFRs can activate PI3Ka-AKT pathway signalling, however, they
typically don’t do this directly and navigate the pathway via Ras. EGFR has pY-sites that
can activate both Ras-ERK signalling and PI3Ka-AKT pathway signalling depending on

the adaptor molecules (242).

We found that Pik3ca'%4’R"WT expression increased PI3Ka-AKT pathway signalling in all
conditions (starved, iFBS-, VEGFC-, and EGF-stimulated) compared to control cells.
However, p-AKT (T308) levels were not significantly changed between the conditions in
Pik3ca1047RWT_expressing ECs, showing that the PI3Ka-AKT pathway is not further
activated by these growth factors. Pik3ca®>**"T-expressing ECs showed little PI3Ka-
AKT pathway activation, only with EGF stimulation is there a mild increase in p-AKT
(T308) levels. Therefore, EGFR could play an important role in the activation of this
variant. Before, we observed downregulation of MAPK signalling with activated PI3Ka
signalling. Since both VEGFC and EGF activation have been associated with MAPK
pathway activation through Ras, we explored p-ERK(T202/Y204) levels as well. When
we compared the p-ERK(T202/Y204) levels in the variants to the control cells, we did
not witness any changes. However, when we compared the conditions within each
variant, we remarked that iFBS and EGF stimulation, and not VEGFC stimulation,
increased p-ERK(T202/Y204) levels.

We theorized the different signal activation with these growth factors could be influenced
by availability of the receptors for VEGFC and EGF. Namely, variant expression could
modify transcriptomic expression of these receptors and alter the response to their
stimulation. gPCR revealed that Pik3ca''%47~*"T expression significantly upregulated the
expression of VEGFR2 and VEGFR3, while Pik3caf**WT expression only slightly

augmented expression of these receptors. Interestingly, increased VEGFA and VEGFR2
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expression levels have been shown in embryos expressing Pik3ca%47RWT ybiquitously
(71). Interestingly, the EGFR was negatively regulated by Pik3ca''%4"RWT expression and
upregulated with Pik3caf54*"Texpression. This distinct control of Egfrin ECs could have
interesting implications for the intracellular signalling activation by these variants.
Interestingly, paracrine upregulation of EGF signalling by PIK3CA mutations has been
observed in breast cancer cell lines (287). Whether the upregulation of Egfr expression,
plays any role in the phenotypes generated by the Pik3caf>#***WT variant remains to be

explored.

It should be noted that treatments in cultured ECs and subsequent western blotting are
subjected to high variation between replicates. In-well confluency, the number of
recombined ECs, the timing of treatment, and the western blot procedure all influence
the outcome. Although we kept experimental handling as uniformly as possible, variation
between replicates is evident, and therefore, we propose more replicates should be

added to these results to solidify our conclusions.

In the cell functional assays, we mainly noted a difference in EC survival with
Pik3cat1947RWT and Pik3caf#KWT expression in nutrient-deprived conditions. No
changes in proliferation or migration were observed. It is important to acknowledge that
these experiments were conducted at a different institute due to the availability of
specialized expertise and access to the IncuCyte system. As a result, the ECs were
subjected to cryopreservation and transport prior to experimentation. Based on prior
experience, the ECs exhibited altered behaviour at the external location, including slower
growth and a less healthy morphology compared to their typical behaviour at the home
institute. These factors may have influenced the experimental observations and should
be considered when interpreting the results. We expected an increase in proliferation
with expression of the variants in ECs, as has been observed in other cell types (277,
278). Yet, we observed no significant proliferation in the cultured ECs. In contrast to our
findings, research on vascular malformations caused by PI3Ka overactivation in vivo did
reveal increased proliferation of ECs (73, 89). Therefore, we propose that in vitro EdU-
incorporation assays might not be optimal to study cellular proliferation. The confluency
of the ECs and the timing of EdU-incorporation can influence the outcome and could
explain why we don’'t see increased levels of proliferation. Further optimization is

required to determine the optimal conditions for this experimental technique.

Next, we observed no changes in migratory capacity in the Pik3cat’047RWT and
Pik3caf545K"T expression ECs. In starvation, Pik3cat04"RWT_expressing ECs did migrate

better than Pik3caf5#5K"T_expressing ECs or controls, this could be due to the high PI3Ka
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activity we observed for this variant. Of note, PIK3CAF>#K expression in HelLa and

cervical cancer (CaSki) cell lines did increase their migratory phenotype (288).

As mentioned, other assays could reveal important characteristics of the vascular
phenotypes generated by the variants. In vitro, paxillin immunostaining could be used to
study cell adhesion, and beta-catenin immunostaining could be used to measure EC
size. These processes could be influenced by variant expression and reveal important
aspects of PIK3CA pathology. As mentioned, in vivo models might be more useful to
study functional differences in mutated clones. For example, EdU-incorporation assays
in the retina model are useful to study proliferation. The use of certain reporter mouse
lines and combinations with different doses of 4-OHT can reveal other characteristics,
such as clonal expansion, cell size, cell differentiation into different subpopulation, etc.
Therefore, we conclude additional research could reveal new insights in the specific

pathogenicity of the studied variants.

lll. Objective 3: Exploring the signalling differences between Pik3caf1947R
and Pik3caf®#°K in vivo during vascular malformation development.

We employed the retina model for the purpose of translating the signalling differences
from objective Il. The 4-OHT dose we used in objective | was to promote maximum
recombination to accurately compare the severity of the phenotype between variants. To
study the signalling, maximum recombination is not required, and more isolated lesions
are preferred to measure certain markers in recombined clones. Kobialka et al. already
tested several 4-OHT doses to achieve more isolated lesions for Pik3cat’047RWT (73).
They still noticed vascular lesions when reducing the 4-OHT dose to 0.125 mg/kg. We
attempted to study the dose-response for Pik3caf**KWT and detected no vascular
lesions and only a small number of recombined clones with 0.125 and 0.25 mg/kg 4-OHT
doses. This could be attributed to Pik3caf***WT-expressing ECs not being as potent to
expand and generate a vascular phenotype like Pik3ca%4’RWT or it could be that the
Pik3caf>#*KWT construct does not recombine as well as the Pik3ca''%47"~FWT construct with
these low 4-OHT concentrations. However, we required vascular lesions to study the
signalling differences, so we opted for the 2.5 mg/kg 4-OHT dose, where lesions were
observed with Pik3caf**KWT expression. Though, these lesions were massive and
similar to the full dose (25 mg/kg) lesions from objective I. This substantiates that 4-OHT
dose is not always directly correlated to the number of recombined clones. Due to time

constraints, we could not explore other 4-OHT doses, although it would be interesting to

138



have tried several more and compare the phenotypes between Pik3ca’%4’”RWT and
Pik3caf5#5K"T to better understand dose-responses for both variants. This approach
could provide valuable insights into the recombination kinetics of both constructs, the
expansion dynamics of recombined cells, and their contribution to lesion size and

preferred endothelial subpopulations.

First, we examined PI3Ka-AKT pathway activation by staining for p-S6 (S235/236). Of
note, S6 is a downstream effector of AKT, but there are several molecular regulators
between PI3Ka and S6. More direct markers would be more insightful to study PI3Ka-
AKT activation. Staining for p-AKT (S473) was attempted, but not successful. Increased
PI3Ka-AKT pathway activation by immunostaining for p-S6 (S235/236) in Pik3cat047RWT
mouse retinas was already confirmed (73, 89). We managed to do the immunostaining
for p-S6 (S235/236) in Pik3caf5**"T mouse retinas and observed no increase in p-S6
(S235/236) intensity compared to controls. The lack of increased p-S6 (S235/236) levels
could indicate that Pik3caf54*"T expression does not activate p-S6 but may signal
through alternative pathways and therefore immunostaining for this marker may not
reflect PI3Ka activation. Otherwise, perhaps the experimental conditions and
immunostaining protocol were not optimal to verify p-S6 activation. However, this does
corroborate our in vitro results, where we observed little PI3Ka-AKT pathway activation
with Pik3caf5#*WT expression. Ideally, more biological replicates should be added to

confirm if there is indeed no augmentation of p-S6 (S235/236) levels.

Differences in MAPK signalling were observed with variant expression in vivo, which
highlight distinct pathway activation patterns for Pik3ca’%4"”RWT and Pik3caFf345KkWT,
Specifically, we observed augmented p-ERK (T202/Y204) intensity levels relative to
controls in Pik3ca’%4’”RWT and not Pik3ca®**"T When we quantified p-ERK+/GFP+
area to measure the distribution of p-ERK (T202/Y204) signalling, we observed no

significant change in Pik3ca"'%4"”RWT and a decrease in Pik3cafo4Wr,

In objective Il, we noticed a decrease in p-ERK (T202/Y204) levels in vitro with
Pik3cat1947RWT expression starved conditions, however, in contrast to what we observe
in the retina. We did notice increased expression of Vegfr2 and Vegfr3, perhaps this
upregulation is present in mouse retinas as well and could for MAPK pathway activation
in this context. The activation of both PI3Ka-AKT and MAPK pathway in the mouse retina
with Pik3cal1%47RWT signalling might explain why this variant generates massive vascular

lesions.

Objective Il showed little PI3Ka-AKT and MAPK pathway activation in cultured ECs for

the Pik3caf>*"WT variant, and in vivo we observed no PI3Ka-AKT or MAPK pathway
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activation. The significant decrease in p-ERK+/GFP+ area is interesting though, this
could indicate an overall downregulation of MAPK signalling. This could be possible due
to previous research in cultured EC lines that demonstrated that activated PI3Ka-AKT
can inhibit Raf1 phosphorylation (226-228). Immunostaining in vivo or western blotting
in cultured ECs for p-Raf1 could corroborate this hypothesis and explain why MAPK
signalling is downregulated with Pik3caf54*WT expression. Another explanation for the
decrease in p-ERK+/GFP+ area could be the redistribution of p-ERK in the ECs of the
retina, with p-ERK becoming more concentrated in certain areas, for example in lesions,
or in the nuclei of recombined ECs. Interestingly, nuclear translocation of p-ERK is
essential for promoting proliferation (289). However, we didn’t observe the concentration
of p-ERK in any regions when inspecting the generated images. This phenomenon could
be quantified by co-staining with ERG (a marker for EC nuclei) and measurements of p-
ERK+/ERG+ area.

The conditional mouse retina model we employed during this thesis are helpful tools to
study VM onset in a reproducible manner. Kobialka et al. already showed the preclinical
use of the Pik3ca’%4’R retina model for the treatment of VMs with the AKT inhibitor
Miransertib (73). The retina models for the other variants can be exploited for this
purpose as well. Specifically, the distinct mechanisms of signalling activation between
Pik3cat1947RWT and Pik3caf5**WT could be of interest when considering the treatment of
VMs. We wanted to test the impact of Trametinib, a MEK1/2 inhibitor, on the rescue of
the vascular phenotype in both variants, unfortunately, we did not manage to include it
in this thesis due to time constraints. In Pik3ca"'%4"”RWT mouse retinas, treatment with
trametinib could have been used to verify that the MAPK pathway plays a role in the
formation of the vascular lesions caused by the variant’'s expression. Potentially,
Trametinib could prove beneficial for the treatment of lesions caused by Pik3ca"?047RWT
expression. Interestingly, Trametinib already proved beneficial in the treatment of
arteriovenous malformations caused by oncogenic KRAS mutations in mice, and in some
rare cases with patient with arteriovenous malformations or advanced CCLA (central

conducting lymphatic anomaly) (290-293).

Other approaches could be beneficial as well, we have seen in vitro that Pik3ca'047RWT
expression, and to a lesser extent Pik3caf54*WT expression, upregulates Vegfr2 and
Vegfr3 gene expression. VEGFR inhibitors have already been used to treat certain
cancers, and over 340 clinical trials related to VEGFR inhibitors in cancer are ongoing
(294). Perhaps, VEGFR inhibitors could be useful as well in the treatment of PIK3CA-
related VMs, with or without the combination of PI3Ka inhibitors. The same could be

considered for Pik3ca>**WI_related VMs, where we noticed upregulation of Egfr gene
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expression with this variant in cultured ECs. EGFR inhibitors are already approved by
the FDA for the treatment of non small cell lung carcinoma, breast cancer, and pancreatic
cancer among other, and several clinical trials for EGFR inhibitors to treat other cancers
are still ongoing (295). So far, neither VEGFR nor EGFR inhibitors have been tested for
treatment of VMs.

To conclude, this thesis investigated three PROS hotspots by use of conditional mouse
models allowing spatiotemporal control of variant expression. in vivo, Pik3ca'%47~”"T and
Pik3caF5#5K"T expression revealed massive hyperplasia and increased EC number. We
also revealed that active angiogenesis is required for VM formation. Interestingly, these
variants showcased distinct activation pathways intracellularly, with Pik3ca!’047~RWT
expression strongly activating PI3Ka-AKT and MAPK signalling, upregulating VEGFR2
and VEGFR3, and slightly downregulating EGFR. Pik3caf5**WT expression, on the other
hand, showed less PI3Ka-AKT activation and potentially downregulation of MAPK in
vivo, while slightly upregulating VEGFR2 and VEGFR3 and EGFR. These signalling
differences could be exploited for therapeutic intervention. Pik3caf726KWT expression only
resulted in mild vascular phenotypes, and mild PI3Ka-AKT activation, supporting the
hypothesis that this variant results in milder PROS phenotypes because of earlier

embryonic tolerance, though this should be further investigated.
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Conclusions

Expression of Pik3ca’%4’R and Pik3caf5#°Kin ECs during retinal angiogenesis
results in profound vascular malformations. Instead, expression of these variants
during vascular remodelling leads to minor phenotypes in vessels.

Expression of Pik3caf”?%Kin ECs only results in minor vascular overgrowth when
the mutation is expressed during retinal angiogenesis.

Expression of Pik3caf>#Kin all ECs during embryonic development results in
embryonic lethality at mid-gestation.

Kinase activity assays, and signalling and transcriptomic analyses showed that
PIK3CAH1047R " compared to PIK3CAE*K and PIK3CAE72¢K| is the strongest
activating PIK3CA mutation.

VEGFC and EGF prominently activate PI3K signalling upon expression of
Pik3ca"1%47’R in cultured ECs. Instead, EGF but not VEGFC activates PI3K
signalling downstream of Pik3caf#°K in cultured ECs.

Expression of Pik3ca'%4’R and Pik3caf4°K improve endothelial cell survival in
starved medium conditions.

Pik3cat1047RWT  retinas show robust MAPK pathway activation, while
Pik3caf*5"T retinas exhibit minimal PI3Ka-AKT and MAPK activation.
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