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Objectives: Upon completion of this article, the reader will
be able to discuss the common intracellular signaling path-
ways that are often activated bymutations, causing endothe-
lial cell dysfunction.
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Vascular anomalies arise as a consequence of improper
development and maintenance of the vasculature. Effective
treatment options are limited and commonly do not provide
a cure. Identifying the causes of vascular anomalies and

understanding the underlying pathophysiological mechan-
isms could give new means to develop novel therapies.

Vascular anomalies usually occur sporadically. Yet, rarer
familial forms have been instrumental in initiating the dis-
covery of underlying pathophysiology. Inherited loss-of-func-
tion (LOF) mutations have been discovered in three genes
encoding bone morphogenic protein/transforming growth
factor-β (TGFβ) receptor signaling complex linked factors in
hereditary hemorrhagic telangiectasia (HHT),1–5 in glomulin
in inherited glomuvenous malformations (GVM),6 in three
genes producing an endothelial cell signaling complex in
cerebral cavernous malformations (CCMs),7–9 and in RASA1
in capillary malformation-arteriovenous malformation (CM-
AVM).10 In contrast, weakly activating mutations in TIE2/TEK
have been discovered underlying inherited cutaneomucosal
venous malformations (VMCMs).11 As 50% of alleles are
affected in these dominantly inherited forms, the mutations
were detectable by linkage analyses and Sanger sequencing.

These inherited cases share the following features: multi-
focality, small size, and an increase in the number of lesions
over time.Moreover, somemutation carriers do not have any
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Abstract Vascular anomalies arise as a consequence of improper development and maintenance
of the vasculature. Our knowledge on the pathophysiological bases of vascular
anomalies has skyrocketed during the past 5 years. It is becoming clear that common
intracellular signaling pathways are often activated by mutations, causing endothelial
cell dysfunction. These mutations cause hyperactivation of two major intracellular
signaling pathways that may be controlled by inhibitors developed for cancer treat-
ment. Although we do not know yet all the downstream effects, it has become evident
that normalization of the abnormal signaling is an interesting target for therapy. This is
a major paradigm change, as developmental malformations were considered to be
inert to any molecular treatment.
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lesions. The bases of this variability has been shown to be the
need of a tissular second-hit, that is, another noninherited
mutation that appears on the second allele of the gene.6,12–15

Such a tissular event occurs in selected cells of the body,
leaving them completely devoid of the encoded protein’s
normal activity.

The demonstration of this phenomenon to take place led
to the hypothesis that the much more frequent, sporadically
occurring lesions could be due to somatic changes alone. This
was first shown for sporadic venous malformations (VMs),
60% of which have a somatic mutation in TIE2/TEK.12 These
mutations activate the receptor more strongly than the
inherited mutations. Since somatic mutations have been
identified in all major categories of vascular anomalies,
including VMs, capillary malformations (CMs), lymphatic
malformations (LMs), as well as certain vascular tumors
(pyogenic granuloma [PG], rapidly involuting congenital
hemangioma [RICH], and noninvoluting congenital heman-
gioma [NICH]). However, since the distribution of the muta-
tions is mosaic (not present in all cell types within the
lesion), the frequency is sometimes very low (down to 1%),
reflecting the inter-cell-type and even intra-cell-type het-
erogeneity. Therefore, studying a resected tissue fragment

needs sensitive techniques. This became possible by the
recent development of next-generation sequencing (mas-
sively parallel sequencing).

Studies of the majority of genes associated with various
familial cases of vascular anomalies indicated that the af-
fected genes/proteins were vascular cell type specific. TIE2/
TEK is a tyrosine kinase receptor that is specifically ex-
pressed on endothelial cells (EC), and RASA1 and glomulin
are enriched in blood vessels.16–19 Functional studies also
largely viewed pathogenetic mechanisms as singular/sepa-
rate signaling pathways according to the corresponding
disorder. Interestingly, many of the genes identified in
sporadic cases are ubiquitously expressed and code for
proteins in major pathways with no specificity to the vascu-
lature. Rather, they are also linked to cancers. This surprise
can likely be explained by the fact that the somaticmutations
that give rise to an isolated vascular anomaly occur in
vascular ECs only. This is underscored by the fact that
more extensive mosaicism can be seen in syndromic forms,
such as Klippel–Trenaunay syndrome (capillary-lymphatic-
venous malformation with overgrowth). Most of the acti-
vated proteins play a role in two major signaling pathways:
the PI3K/AKT and the RAS/MAPK pathways (►Fig. 1). This

Fig. 1 Hyperactivation of the RAS/MAPK or PI3K/AKT/mTOR pathways seen in the majority of vascular anomalies. Schematic of the two
pathways displays location of associated protein with names of disorders in boxes. Proteins with loss-of-function mutations indicated in red;
those with gain of function in green. Rapamycin (in bright red) is a mammalian target of rapamycin (mTOR) inhibitor effective in treating VMs
and LMs.
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opens the possibility that drugs/inhibitors currently being
used in cancer patients may be used to treat vascular
anomalies.

PI3K/AKT/mTOR Signaling Pathways

The phosphoinositide 3-kinase (PI3K)/AKT pathway plays a
role in many cellular processes from cell cycle regulation to
proliferation and migration. It is often referred to as the
“anti-apoptosis pathway” (►Fig. 1). It is triggered when a
ligand binds to a receptor tyrosine kinase, which becomes
phosphorylated and attracts a PI3K to the plasmamembrane.
The PI3K interacts either directly to the phosphotyrosine
residues on the receptor or adaptors (e.g., p85)within its SH2
domain, turning on the catalytic subunit. The substrate
phosphatidylinositol-4,4-bisphosphate (PI-4,5-P2) (PIP2) is
converted to phosphatidylinositol-3,4,5-triphosphate (PI-
3,4,5-P3) (PIP3), which recruits pleckstrin homology (PH)
domain-containing proteins, protein kinase B (PKB), and AKT
to the membrane. This complex can regulate cell cycle
directly, but in many cases will continue on to initiate the
mammalian target of rapamycin (mTOR) signaling. Conse-
quently, several types of proteins involved in a variety of
cellular processes are turned on.20

The discovery that genes mutated in vascular anomalies
code for proteins involved in the PI3K/AKT/mTOR signaling
pathway underscores its importance in the vasculature, in
particular the ECs. The majority of all four classes of VMs
(VM, MIM 600221; VMCM, MIM 600195; blue rubber bleb
nevus syndrome [BRBN], MIM 112200; and multifocal ve-
nousmalformation [MVM]) are caused by activating changes
in TIE2/TEK (MIM 600221).11,17,21 In human umbilical vein
endothelial cells (HUVECs) that have been transfected with
specific TIE2 mutations, AKT activation was induced.21,22

Thus, the canonical signaling pathway for VMs downstream
of TIE2 is the PI3K/AKT signaling pathway. In support of this
assertion, it was found that gain-of-function (GOF) muta-
tions in the class I PI3K catalytic subunit p110α (PIK3CA,
MIM 171834) were responsible for another 20% of VM
patients.23

Several additional vascular anomalies were found to have
somatic mutations in PIK3CA, with five substitutions (c.
C420R, p.E542K, p.E545K, p.H1047R, p.H1044L) being the
most frequently observed.24 These changes were also found
in isolated LMs and in complex syndromes, such as Klippel–
Trenaunay syndrome/capillary-lymphatic-venous malfor-
mation with overgrowth (KTS, MIM 149000), congenital
lipomatous overgrowth vascular malformation, epidermal
nevi, scoliosis/skeletal and spinal (CLOVES, MIM 612918)
syndrome, and megalencephaly-capillary malformation
(MCM, 602501).25–27 This could be partially explained by
differences in the time-point of occurrence of the postzygotic
mutation; yet, other instigators, such as environmental cues,
or variants in additional genes, should be taken into
consideration.

PI3K/AKT/mTOR signaling is negatively regulated by
phosphatase and tensin homolog (PTEN, MIM 601728)28

(►Fig. 1). It is a dual specificity phosphatase that suppresses

PI3K lipid activity. The loss of PTEN leads to lack of depho-
sphorylation of the lipid substrate PIP3, causing permanent
stimulation of the PI3K/AKT/mTOR pathway. Germline LOF
mutations in PTEN cause PTEN hamartoma tumor syndrome
(PHTS), which includes Cowden (CS, MIM 158350) and
Bannayan–Riley–Ruvalcaba (BRRS, MIM 153480) syn-
dromes. These patients have variable vascular hamartomas,
now referred to as PTEN hamartomas of soft tissue
(PHOST).26

The PI3K/AKT/mTOR signaling pathway is overtly acti-
vated in many cancers, and several inhibitors have been
developed and used in clinical trials, with variable effects,
often due to the tumor being a constellation of numerous
independent clones, only some of which are responsive.
Interestingly, vascular anomalies, even when caused by
activation of the same pathway, and by the same driver
mutations, do not degenerate into cancer. There is likely less
(epi)genetic instability. Therefore, it seems of great interest
to test if these inhibitors were relevant for treating vascular
anomalies, in which lesional clonality is less pronounced. As
a mouse model was developed for MVs, using HUVECs
transfected with the most common TIE2/TEK mutation as-
sociated with VMs (L914F), preclinical testing could be
performed.29 It was shown that not only was rapamycin
capable of normalizing the morphology of the mutant HU-
VECs in vitro, but it also stopped the growth of the vascular
lesions in the xenograft mouse model of VM. Additionally,
administrating rapamycin in VM patients successfully ame-
liorated symptoms and their quality of life.29 Rapamycinwas
also effective in improving the quality of life in LM
patients.30,31

Ras/MAPK Signaling Pathways

RAS viral oncogene homolog (Ras) proteins, small guanosine
nucleotide bound GTPases, can act within many different
intracellular pathways. The class I PI3Ks have a Ras-binding
domain in the N-terminal end; thus, RAS can activate the
PI3K/AKT signaling pathway. However, the predominant
mode is via the RAS/mitogen-activated protein kinase
(MAPK) pathway (►Fig. 1). Binding of a growth factor to a
receptor tyrosine kinase leads to its activation and recruit-
ment of an adaptor protein, growth factor receptor-bound
protein-2 (GRB2). GRB2 then attracts a nucleotide exchange
factor, son-of-sevenless (SOS) to the plasma membrane. SOS
induces activation of GFP-bound Ras form. This leads to the
cascade of activation of Raf phosphorylation of mitogen-
activated protein kinase (MAPKK/MEK), then MEK of extra-
cellular signaling regulated kinase (ERK). ERK eventually
regulates the functions of a multitude of downstream cyto-
solic and nuclear molecules.32

The RAS/MAPKpathway is vital inmany cellular processes
from cell cycle regulation to proliferation andmigration. It is
often referred to as the “proliferation pathway.” As the Ras/
MAPK signaling pathway plays a major role in development,
several disorders in which mutations within different genes
that code for members of this pathway have been identified.
These “rasopathies” essentially result from hyperactivation
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of the RAS/MAPK pathway and are fairly common, affecting
more than 1 in 1,000 people. Rasopathies may share over-
lapping phenotypes, such as growth defects and vascular
malformations.33

Mutations affecting the RAS/MAPK signaling pathway are
also found in isolated vascular anomalies (►Fig. 1). LOF
mutations in the p120 rasGTPase-activating protein RASA1
are found in capillary malformation-arteriovenous malfor-
mations (CM-AVM, MIM 139150) and Parkes Weber syn-
drome.10,14,34 p120RASGAP negatively regulates RAS
activity by converting GTP-bound RAS to GDP-bound RAS.
Thus, lesions with RASA1 mutations have chronic activation
of the RAS/MAPK pathway. Mice in which Rasa1 was homo-
zygously knocked out were embryonic lethal at E10.5, while
mice mosaic for homozygously absent cells developed ab-
normal cutaneous vessels.35

Other vascular anomalies are also linked to RAS/MAPK
signaling. Somatic activating mutations in the guanine nu-
cleotide–binding protein G (q/11) (GNAQ, MIM 600998 or
GNA11, MIM 139313) are associated with CMs (MIM 16300)
and Sturge Weber syndrome (SWS, MIM 185300), as well as
RICH and NICH. The most frequent change seen in CM and
SWS is an arginine183-to-glycine (R183Q) substitution in
GNAQ,36–38 while a glutamine substitution at position 209
(Glu209) in GNAQ and GNA11 is seen in RICH/NICH pa-
tients.39As the same c.626A > T change in GNAQ and GNA11
was seen in all four anomalies, additional factors (environ-
mental, genetic, cell type, etc.) could still be involved. All
these mutations have a weak activating effect and seem to
activate ERK more than the PIK3/AKT40 (►Fig. 1).

PGs can have a mutation in different canonical members
of the pathway (►Fig. 1). A BRAF (MIM 164757) mutation
was seen in PG associated with CM, the latter caused by the
GNAQ_R183Q change.41 The same BRAF c.1799T > A muta-
tion is a known “hot-spot” mutation in multiple types of
benign nonmelanocytic skin lesions and the specific change
in 90% of BRAF-linked human cancers. It leads to chronic
ERK1/2 activity. Some PG-associated mutations have been
found in N-RAS (neuroblastoma-RAS, MIM 164790) and K-
RAS (Kirsten rat sarcoma RAS, MIM 190070).42 This under-
scores the implication of overactive RAS/MAPK signaling in
these lesions.

The pathophysiological bases of cerebral cavernous mal-
formations (CCM1,MIM116860; CCM2,MIM607929; CCM3,
MIM 603285) were also recently suggested to be linked to
RAS/MAPK signaling. The LOF of three associated proteins
(Krev interaction trapped-1 [KRIT, MIM 604214], malcaver-
nin [CCM2, MIM 607929], and programmed cell death 10
[PDCD10, MIM 609118]) results in CCM formation.43 KRIT1
LOF also causes hyperkeratotic capillary-venous malforma-
tion (HCCVM). These molecules likely form a complex near
the plasma membrane, with CCM1 interacting with CCM2,
and CCM2 with CCM3. CCM2 is a scaffolding protein for
MEKK3/MAP3K3.44 It was found that when Krit1 and CCM2
were deleted in ECs, it resulted in inappropriate activation of
MEKK3/MAP3K3.45 Moreover, MEKK3/MAP3K3 GOF muta-
tions are found in verrucous venous malformations, which
mimic HCCVMs.46 Thus, these malformations may be closely

related and specifically inhibiting MAP3K3 may be the best
effective treatment option.

TGF-β Signaling Pathway

The TGF-β signaling is ubiquitously present and involved in
the regulation of many biological processes. In the vascula-
ture, two main types of ligands, TGF-β and bone morpho-
genetic proteins (BMPs), can bind to a type II and I serine/
threonine kinase receptor complex. In some cases, a type III
coreceptor can aid ligand binding. The activated type I
receptor then phosphorylates intracellular SMADs (2/3 or
1/5/8) that propagate the signal to the nucleus with the help
of the common mediator SMAD447 (►Fig. 2).

Mutations in several members of the TGF-β signaling
superfamily are responsible for HHT. LOF of the type I
receptor, activin receptor-like kinase1 (ACVRL1, MIM
601101) and coreceptor endoglin (ENG, 131195), accounts
for the majority of HHT cases (HHT2, 600376 and HHT1,
187300).4,5,48 LOF of SMAD4 (MIM 600993) is linked to a
combined syndrome of HHT and juvenile polyposis (JP-HT,
MIM 175050).3 It is BMP signaling that is perturbed in HHT,
as BMP9 and BMP10 bind ACVRL1 in vitro,49 and BMP9/GDF2
(MIM 605120) mutations were identified in three patients
withHHT-like phenotypes.50 Several drugs (e.g., thalidomide

Fig. 2 Predicted TGF-β signaling pathway underlying hereditary
hemorrhagic telangiectasia (HHT). Loss-of-function mutations within
several signaling members. It is uncertain whether pathophysiological
pathways underlying HHT overlap with those of other vascular
anomalies.
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and bevacizumab) have been used to alleviate symptoms of
HHT, such as bleeding; however, the mechanisms of how
these potent antiangiogenic agents help is unknown.51,52

Overall, how the pathogenic mechanisms of HHT link to
those of other vascular anomalies remains unclear.

Conclusion

Our knowledge on the pathophysiological bases of vascular
anomalies has skyrocketed during the past 5 years. From
deciphering the causes of rare inherited forms, we have
moved to unravel those of the most common forms. It is
becoming clear that the common intracellular signaling
pathways are often activated by mutations, causing EC
dysfunction. Although we do not yet know all the down-
stream effects, it has become evident that normalization of
the abnormal signaling is an interesting target for therapy.
Rapamycin showed its efficacy for LMs and VMs, and larger
studies, such as VASE (Vascular Anomaly—Sirolimus, Eur-
ope), have been initiated (L. M. Boon, MD, PhD, unpublished
data). It is exciting that the pathways overlap with those
related to cancers, as it opens the possibility to study
repurposing of cancer drugs for vascular anomalies. This is
a major paradigm change, as developmental malformations
were considered to be inert to any molecular treatment.
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