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Abstract

PI3Ks belong to a family of lipid kinases that comprises eight isoforms. They phosphorylate 
the third position of the inositol ring present in phosphatidylinositol lipids and, in turn, 
activate a broad range of proteins. The PI3K pathway regulates primal cellular responses, 
including proliferation, migration, metabolism and vesicular traffic. These processes are 
fundamental for endothelial cell function during sprouting angiogenesis, the most common 
type of blood vessel formation. Research in animal models has revealed key functions of 
PI3K family members and downstream effectors in angiogenesis. In addition, perturbations 
in PI3K signalling have been associated with aberrant vascular growth including tumour 
angiogenesis and vascular malformations. Together, this highlights that endothelial cells 
are uniquely sensitive to fluctuations in PI3K signalling. Here, we aim to update the current 
view on this important signalling cue in physiological and pathological blood vessel growth.

Tissue homeostasis is maintained through a functional 
network of blood vessels that provide nutrients and 
oxygen and remove the metabolic waste and carbon 
dioxide. Therefore, it is of little surprise that the 
cardiovascular system is one of the first to develop during 
mammalian embryogenesis. While the primitive vascular 
plexus arises de novo from mesoderm-derived cells (the 
so-called angioblasts), the majority of vessels develop by 
sprouting angiogenesis, a process of vessel formation from 
existing ones (1, 2). Upon exposure to proangiogenic 
stimuli, endothelial cells, which line up the inner part 
of the vascular tubes, undergo dynamic and complex 
morpho-biochemical changes that allow them to invade 
and expand in avascularised tissues. Endothelial cells 
that acquire migratory properties, referred to as tip cells, 
are followed by proliferative stalk cells that make up the 
structure of the nascent vessel. This unique plasticity of 

endothelium to respond, adapt and rearrange requires 
rigorous regulatory mechanisms which prevent from 
uncontrolled vascular growth, a pathological situation 
frequently occurring in diseases (e.g. tumour growth, 
vascular eye disease or overgrowth syndromes) (1, 2).

PI3K (phosphatidylinositol 3-kinase) signalling 
constitutes one of the key nodes that control a plethora 
of cellular functions, including growth, migration, actin 
cytoskeleton remodelling, metabolism and vesicular 
traffic (3, 4, 5). PI3Ks generate a pool of different 
phosphatidylinositol derivates, all phosphorylated at the 
third position of the inositol headgroup, that mediate the 
transduction of extracellular signals as well as the sorting 
of membrane vesicles (3, 4). This highly conserved family 
of lipid enzymes consists of eight catalytical isoforms 
that, based on their substrate preferences, are grouped 
into three main classes.
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Class I PI3Ks are heterodimers, composed of one 
of the p110 catalytic subunits in complex with one 
of the regulatory subunits. Based on the type of the 
regulatory subunit that they bind, class I PI3Ks are 
further subdivided into class IA (PI3Kα, PI3Kβ, PI3Kδ) 
that binds to one of the five p85 regulatory isoforms 
and class IB (PI3Kγ) that couples with either p84 or 
p101 regulatory subunits. Despite differences in ways of 
activation, all class I PI3Ks produce phosphatidylinositol 
3,4,5-trisphosphate (PtdIns(3,4,5)P3, also known as PIP3). 
On the other hand, the three class II isoforms, PI3K-C2α, 
PI3K-C2β and PI3K-C2γ, give rise to two distinct lipid 
products – phosphatidylinositol 3-phosphate (PtdIns3P) 
and phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)
P2) – while the only class III isoform – Vps34 – forms only 
PtdIns3P (3, 4, 5).

This review focuses on the current knowledge on the 
role of the PI3K pathway in angiogenesis. Moreover, we 
will highlight the pathological consequences, when this 
signalling hub is deregulated in the endothelium in vivo. 
For more detailed aspects of the PI3K pathway and its 
modes of activation, we refer the reader to Ref (3, 4, 6).

The PI3K pathway in 
developmental angiogenesis

Genetic targeting of PI3K components and downstream 
effectors in mice has shed light onto the role of this 
signalling pathway in angiogenesis (Table 1). Overall, 
these series of publications have revealed important 
observations: (i) which genes of the PI3K pathways are 
essential for angiogenesis, (ii) whether they play a selective 
role or some redundancy exists between isoforms, (iii) how 
this signalling pathway orchestrates the different steps of 
the angiogenic cascade. Details on these phenotypes are 
described in the next section (Fig. 1).

Class I PI3K subunits and PTEN

Among class I PI3Ks, PI3Kα predominantly governs 
endothelial cell behaviour during vessel growth. This is 
illustrated by the severe vascular defects and embryonic 
lethality induced by constitutive and endothelial-
specific inactivation of PI3Kα (7, 8, 9, 10), a phenotype 
that does not occur when other class I PI3K subunits 
are inactivated (7). Several key functions during the 
expansion of the vasculature have been ascribed to 
PI3Kα. During vasculogenesis, it was shown that PI3Kα 
regulates the venous identity of endothelial cells (11). 

Conversely, arteriogenesis requires the suppression of 
PI3K signalling (12). Using mouse and zebrafish models 
of sprouting angiogenesis, it was identified that PI3Kα 
regulates endothelial cell rearrangements and junctional 
remodelling within the nascent tube (8, 13).

There are emerging evidences showing that other 
class I PI3K isoforms play a role in endothelial cells. This 
is the case for PI3Kβ in ischaemic hearts (14) and for 
PI3Kδ in inflammation (15). The inactivation of PI3Kβ in 
endothelial cells results in enhanced vascular endothelial 
growth factor (VEGF)-stimulated PI3Kα/AKT signalling 
and angiogenesis and, in turn, the reduction of myocardial 
ischaemic injury in vivo (14). This led to hypothesise that 
in the endothelium PI3Kβ exerts a feedback inhibition 
on PI3Kα. While this holds promises for PI3Kβ-targeted 
therapy to revascularise tissues, it still needs to be 
demonstrated experimentally. PI3Kδ is expressed at low 
levels in the endothelium under physiological status (7). 
Nevertheless, inflammatory cues enhance its expression, 
which suggest that PI3Kδ may regulate endothelial cell 
functions in these conditions (15). Further experiments 
to decipher the role of PI3Kδ in the inflamed endothelium 
are required.

The production of PtdIns(3,4,5)P3 is counteracted by 
lipid phosphatases such as PTEN (phosphatase and tensin 
homolog), a pivotal tumour suppressor gene (16). This is 
in line with the observation that the endothelial-specific 
loss of PTEN in mice results in deadly haemorrhages 
and cardiac dysfunction during early embryogenesis 
(17). Mechanistic studies revealed that PTEN restrains 
endothelial cell proliferation during critical steps of the 
angiogenic process. Specifically, PTEN-mediated cell cycle 
arrest enables both Notch-dependent stalk specification 
and Alk1-mediated vessel patterning (18, 19). Interestingly, 
PTEN regulates endothelial cell proliferation through its 
catalytic and nuclear scaffolding properties (18).

PI3K protein effectors

The activation of class I PI3Ks by extracellular stimuli 
results in the formation of PtdIns(3,4,5)P3 at the 
plasma membrane. This lipid transduces the chemical 
information by interacting with lipid-binding pleckstrin 
homology (PH) domains in a range of protein effectors 
to regulate their localisation and/or activity (3). Amongst 
them, the protein kinase AKT constitutes a key class I PI3K 
protein effector (20). This dominant role, which includes 
the activation of multifunctional signalling nodes such as 
GSK3, FOXO (Forkhead box O) and mTOR (mammalian 
target of rapamycin), is partially explained by the large 
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number of AKT substrates (>100) identified until now 
(20). Endothelial selectivity for AKT isoforms during 
angiogenesis also occurs, with AKT1 playing a major role 
in this process (21). However, constitutive AKT1 knockout 
mice are viable, suggesting a certain degree of overlapping 
functions between AKT isoforms during vascular 
embryonic development (22). In sharp contrast, AKT1 is 
essential to sustain vessel integrity during adulthood (23).

mTOR represents another key signalling hub 
that converges many distinct signals, both extra- and 
intracellular. Amongst several inputs, mTOR can signal 
downstream of PI3K/AKT and act in two different multi-
protein complexes referred to as mTORC1 and mTORC2, 
respectively (24). The generation of constitutive knockout 
mice of several components of mTORC1 and mTORC2 
have contributed in establishing a central role of this hub 
in a regulation of fundamental organismal functions, 
including angiogenesis (24). Indeed, endothelial-specific 
deletion of several components of mTORC has shed 
light onto the autonomous role of mTOR cell in the 
vessel growth (25, 26). However, this is still insufficient 
to fully understand how and in which contexts mTOR 
regulates angiogenesis. Given the key role of mTOR as a 
metabolic sensor and the unique metabolic requirements 
of endothelial cells during angiogenesis, it is tempting to 
speculate that mTOR signalling also sustains the metabolic 
behaviour of the endothelium during angiogenesis.

FOXO transcription factors, another crucial 
component of the PI3K/AKT cascade, have also emerged 

as key effectors of angiogenesis. While FOXOs constitute 
a family of four isoforms, FOXO1 plays the main role in 
vascular development, with the global genetic inactivation 
of FOXO1 in mice leading to aberrant vascular growth 
and embryonic lethality (27, 28, 29). Recent data using a 
tamoxifen-inducible Cre strategy has showed that FOXO1 
restricts endothelial cell proliferation by hampering 
glycolysis and oxidative phosphorylation through  
MYC (30).

Several studies have also showed that class I PI3K 
signalling regulates angiogenesis beyond AKT (8, 31). 
This is not surprising as it is estimated that around 10–30 
proteins respond to class I PI3K lipids (4). Amongst 
them, a critical role of PI3Kα in regulating components 
of the actin machinery in the endothelium is emerging 
(8, 31). Noteworthy, this regulation was shown to be 
multifactorial, enabling a fine-tuning of the myosin 
light chain activity and, in turn, actin contractility. This 
includes both activation of the small GTPase RhoA (7, 31) 
and the myosin light chain phosphatase (8). Together, this 
highlights that the understanding of the PI3K function in 
the endothelium is still in its infancy and calls for the 
development of better tools which allow to elucidate how 
this signalling pathway governs angiogenesis.

Class II PI3K isoforms

The three, rather unexplored and enigmatic, isoforms of 
class II PI3Ks have recently received more attention (4).  

Figure 1
PI3K signalling in endothelium. (A) Receptors activation attracts class I PI3Ks to the plasma membrane through its regulatory subunit, where the 
enzymatic conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 occurs. This lipid transduces the information by activating protein kinases, such as AKT, which in 
turn can activate and mediate the function of mTOR as well as FOXO transcription factors, thus triggering a multitude of cellular responses. Both, in vivo 
and in vitro endothelial cell-specific functions of PI3K signalling components are depicted. RTK – receptor tyrosine kinase, GPCR – G protein-coupled 
Receptor. (B) Activatory inputs of class II PI3Ks in the endothelium are not clear. PI3K-C2α and PI3K-C2β isoforms act as single holoenzymes at vesicular 
membranes, producing PtdIns(3)P and PtdIns (3,4)P2 phospholipids. While the role of PI3K-C2α in endothelial cell biology in vivo has been determined, the 
function of PI3K-C2β still remains obscure as most studies involved other cell types.
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In particular, PI3K-C2α isoform was shown to be crucial 
for vasculature development in an endothelial cell-
autonomous manner (32, 33). Indeed, endothelial-specific 
deficiency of PI3K-C2α led to embryonic lethality in mice 
as a result of defective angiogenesis and vessels integrity 
(32). The lipid kinase activity of PI3K-C2α appears to 
be necessary to regulate vascular development (34). On 
a cellular level, PI3K-C2α regulates the delivery of an 
essential junctional protein, VE-cadherin (CD-144), to 
the endothelial plasma membrane and the internalisation 
of activated VEGF receptors by controlling endosomal 
traffic (32). PI3K-C2α was also involved in primary cilium 
function, thus suggesting a role in shear stress sensing 
(33). In vitro studies have provided some insights into 
the role of PI3K-C2β on endothelial cells. It was shown 
that this isoform is required for sphingosine-1-phosphate 
(S1P)- and high-density lipoprotein (HDL)-induced 
migration (35). However, others reported that S1P-
induced endothelial cell migration requires the activity 
of PI3K-C2α as well (36), suggesting that both isoforms 
might have partial overlapping functions in those cells. 
The expression of PI3K-C2γ is restricted to liver, pancreas 
and kidney, and therefore it is unlikely that it plays a role 
in the endothelium.

The class I PI3K pathway in pathological 
vessel growth

Perturbations in class I PI3K signalling have been linked to 
aberrant vascular growth including tumour angiogenesis 
and vascular malformations.

The impact of PI3K inhibitors on tumour vessels

Angiogenesis is a rate-limiting step in tumour growth; 
therefore, the concept of eradicating cancer by inhibiting 
neoangiogenesis was conceived as a unique opportunity. 
Nevertheless, blocking VEGF failed to improve survival as 
a monotherapy. Instead, a combination of anti-angiogenic 
drugs with a classical (untargeted) chemotherapy showed 
improved anti-tumour properties (37, 38, 39). These 
strategies were proved beneficial in renal cell carcinoma 
and ovarian and neuroendocrine tumours. However, 
other tumours such as prostate cancer, pancreatic 
adenocarcinoma and melanoma were resistant to  
anti-angiogenic therapy (37, 38). Together, this highlights 
the need to understand the organotypic tumour–
endothelium interactions in order to improve current 
anti-vascular therapies.

Several studies documented that PI3K signalling 
sustains tumour angiogenesis either by regulating 
endothelial cell functions or by stimulating VEGF 
production (40). In line with this notion, inhibition of 
PI3K was shown to have an anti-angiogenic impact on 
a variety of preclinical models of cancer, resulting in 
different effects depending on the type and the dose 
of PI3K inhibitor used (40). A large proportion of these 
studies used pan-class PI3K inhibitors at high-doses, 
which mainly showed vascular pruning effects (41, 42, 43, 
44, 45). However, PI3K inhibitors displayed a weaker anti-
vascular impact than VEGF-targeted therapies (45, 46), 
indicating reduced applicability in these settings. Instead, 
low doses of PI3K inhibitors were shown to enhance 
vascular function and, in turn, enhance the delivery 
of chemotherapy to the tumour (47, 48). These studies 
suggest that low doses of these inhibitors may result in 
the so-called vessel normalisation effect (49), an approach 
that could be exploited to enhance drug delivery and 
immunotherapy influx. Yet there is no clinical data on 
the impact of PI3K inhibitors on tumour vessels (40). A 
recent clinical study combining radiotherapy and PI3K 
inhibitors has shown that this combination reduced 
tumour hypoxia compared to radiotherapy alone (50). 
Given that enhanced oxygenation has been proposed 
to be a critical biomarker for vessel normalisation 
(39), it is tempting to speculate that PI3K inhibitors  
induce a vascular normalisation effect under certain 
conditions (50).

Mutations of PI3K pathway in vascular malformations

Somatic genetic activation of class I PI3K is a common event 
in cancer, including mutational activation of PI3Kα, AKT1 
and inactivation of PTEN (4, 5). Similar genetic alterations 
have now been found in vascular malformations, a 
heterogenous group of congenital diseases in which 
mutations are either acquired postzygotically or are present 
in the germline (51, 52). Activating mutations in PIK3CA 
and AKT mainly occur somatically as the expression of the 
so-called hotspots in the germline results in embryonic 
lethality due to vascular defects (53, 54). In contrast, 
germline loss of function mutations in PTEN is tolerated 
and leads to PTEN hamartoma tumour syndromes (PHTSs) 
(55). The mosaic vs germline tolerance of mutations of 
PI3K pathway is quite likely explained by their impact 
on the perturbations of the pathway, with mutations in 
PIK3CA and AKT1 resulting in higher aberrant activation 
of PI3K signalling. Thus, it is not surprising that rare and 
weak germline PIK3CA mutations have been detected 
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in patients with brain overgrowth and megalencephaly-
capillary malformation syndrome (MCAP) (56).

PIK3CA-driven vascular malformations are grouped 
under the umbrella of PIK3CA-realted overgrowth 
spectrum (PROS) and can manifest in three forms: (i) 
in single lesions such as isolated venous (54, 57, 58) 
and lymphatic malformations (59, 60); (ii) in combined 
vascular anomalies which comprise the overgrowth of 
more than one vascular component such as capillaries, 
venous an lymphatic beds (59, 61, 62); and (iii) as 
complex syndromes, characterised by a combination 
of vascular, adipose, muscle and skin overgrowth (63). 
This suggests that PIK3CA mutations appear at different 
stages during embryonic development, affecting different 
cell types (51, 64). Similar to epithelial cancer, the most 
common mutations found in vascular malformations 
are high activating mutations either in the helical 
(E542K, E545K) or in the kinase (H1047R, H1047L) 
domains of PIK3CA (64). Yet, there is no well-established 
correlation between any particular PIK3CA mutation 
and a phenotype. The mutational pattern is particularly 
interesting in megalencephaly-capillary malformation 
syndrome (MCAP), a condition included in the PROS 
classification. MCAP encompasses more widespread, but 
less severe, overgrowth affecting both mesoderm- and 
neuroectoderm-derived tissues and is usually caused 
by any of the wide range of less prevalent mutations 
that are predicted to be weakly activating. Based on the 
pattern of overgrowth in MCAP, causal mutations likely 
appear earlier in development before the divergence of 
mesoderm and ectoderm (65). In line with the presence of 
weak PIK3CA mutations, MCAP patients develop capillary 
malformations, a phenotype that is much less severe 
than venous malformations or lymphatic malformations. 
This suggests that the cellular consequences of activating 
PIK3CA mutations are dose (allele) dependent. In line 
with this notion, it has been recently documented that 
PIK3CA dose-dependent molecular reprogramming 
(two copies vs a single copy of PIK3CAH1047R) of humans 
induced pluripotent stemness (66). Mutations in other 
PI3K catalytic isoforms in vascular malformations have 
not been yet reported. For more detailed aspects of PIK3CA 
mutations in vascular malformations, we refer the reader 
to Ref (64, 67).

Similar to PIK3CA, somatic mutations in AKT were 
identified in vascular malformations. AKT mutations 
may also manifest as isolated lesions or within a 
complex syndrome known as Proteus syndrome (54, 68). 
Interestingly, activating mutations in AKT are not restricted 
to one isoform, as mutations in all three AKT isoforms 

were identified as a cause of vascular malformations, 
with only mutations in AKT1 being described in Proteus 
syndrome (54, 68).

PHTS is a severe tumour risk syndrome caused by a 
wide spectrum of germline-inactivating mutations in 
the PTEN gene with an autosomal dominant inheritance 
pattern. More than 30% patients with PHTS suffer from 
multiple vascular malformations, being predominantly of 
arteriovenous malformation (AVM) nature (69, 70, 71, 72, 
73). These lesions consist of a direct connection between 
arteries and veins, which bypass the formation of the 
capillary network between them. In some PHTS patients, 
vascular malformations are noted at birth. Yet, since these 
malformations grow with the patient, they might not be 
apparent until the patient reaches an older age or a grave 
episode happens, such as intracranial haemorrhage. Until 
now, it remains elusive whether vascular malformations 
in PHTS patients are a result of an endothelial-intrinsic 
effect. It is also not known whether specific PTEN 
genotypes (referred to as the spectrum of PTEN mutations 
identified in PHTS patients) lead to the development of 
vascular malformations in PHTS patients. Indeed, it has 
been shown that PHTS patients with similar germline 
PTEN mutations are discordant for the appearance of 
vascular malformations, supporting the hypothesis 
of a ‘second hit’ for the development of these vascular  
lesions (69, 70, 73).

Activation of PI3K signalling in 
vascular malformations

There is some evidence that aberrant activation of PI3K 
is also linked to genetic alterations of extracellular 
receptors in vascular malformations. For instance, 
between 50 and 60% of sporadic venous malformations 
are caused by somatic activating mutations in the TEK 
gene, which encodes for the endothelial tyrosine-protein 
kinase receptor (TIE2) (74), with another 25% caused by 
mutations in PIK3CA (described earlier) (54, 57, 58, 64, 
67). TEK mutations result in the enhanced activation 
of PI3K, and the inhibition of this signalling pathway 
prevents the growth of these lesions (75). The co-existence 
of TEK and PIK3CA mutations in venous malformation 
is rare (54, 57), which indicates that only one mutation 
is sufficient to cause vascular malformations. Also, it 
suggests that TIE2 mainly signals through PI3Kα in the 
endothelium. Based on this, it is tempting to speculate 
that orphan venous malformations (around 20%) are 
caused by mutations in other members of the same 
pathway. In a few cases in which both TEK and PIK3CA 
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mutations have been detected in the same patient (64), it 
is possible that the less activating mutation arose earlier 
and that the endothelial cell acquired the more potent 
hotspot mutation later. Another possibility is that these 
mutations do not co-exist in the same cell. This would 
imply that these lesions are genetically heterogenous, as 
documented for cerebral cavernous malformations (76).

Another example of aberrant PI3K activation in 
vascular malformation was described in hereditary 
haemorrhagic telangiectasia (HHT), an inherited 
autosomal dominant vascular disorder characterised by 
the appearance of AVM (77). Around 90% of HHT patients 
were diagnosed by heterozygous inactivating mutations 
in members of the transforming growth factor beta (TGFβ) 
family. So far, inactivating mutations in the endothelial 
surface receptors endoglin (ENG, mutated in HHT1) and 
ACVRL1 (referred to as ALK1, mutated in HHT2) and the 
transcriptional factor SMAD4 (mutated juvenile polyposis 
HHT syndrome) were described (78, 79, 80). Modelling 
HHT in mice showed that genetic and pharmacologic 
inhibition of ENG, ALK1 and SMAD4 promoted aberrant 
activation of PI3K/AKT in endothelial cells (19, 81, 82, 
83). Notably, this was also documented in human HHT1 
and HHT2 lesions (83, 84). Mechanistically, the loss of 
expression of ALK1 in endothelial cells showed decreased 
PTEN activity, thus resulting in the hyperactivation of 
PI3K (19, 83). Intriguingly, while mutations in ALK1 
and PTEN result in AVM (69), no mutations in PIK3CA 
or AKT1 have been reported in AVM. It is tempting to 
speculate that PI3K-related vascular disease manifestation 
is determined by the strength in the aberrant activation 
of the pathway.

Conclusion

Much progress has been made in the understanding of 
PI3K signalling pathway in the endothelium during 
vessel growth. Recent discoveries have demonstrated that 
endothelial cells are extremely sensitive to PI3K signalling 
and that even small perturbations in this pathway have a 
strong impact on the vasculature. This is further confirmed 
by lessons learnt from targeting this pathway in tumour 
angiogenesis in preclinical models where acute vs chronic 
inhibition of PI3K results in different outcomes. An 
emerging theme is that the aberrant activation of PI3K 
signalling as a cause of vascular malformations is more 
common than anticipated. Yet the origin of mutations 
in the PI3K pathway, when occurring somatically, 
remains unknown. There is a general consensus that they 

largely occur during embryonic development involving 
endothelial cells and early endothelial cell precursors. 
Critically, the association between aberrant PI3K activation 
and vascular anomalies goes beyond mutations; therefore, 
extending the list of patients who may benefit from PI3K-
targeted pharmacological approaches. Of note, clinical 
data on the use of several inhibitors targeting different 
components of the PI3K pathway to treat vascular 
disorders is emerging (64, 67, 85, 86). Thus, the field calls 
for a debate to define the best targeted therapy for each 
patient. This will quite likely involve work in preclinical 
models to explore the efficacy, the route of administration, 
the dose and the duration of these treatments.
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