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Introduction
Capillary malformations (CMs), or port wine birthmarks, are 
congenital slow-flow vascular malformations characterized by 
increased numbers of dilated capillary blood vessels (Figure 1). CM 
occurs in 0.1%–2% of all newborns, with no sex differences (1).

CMs can occur on skin and mucosal surfaces anywhere in the 
body and are most noted on the face. CMs localized on the skin 
appear as light pink–to-red patches during childhood, with chang-
es over time including darkening, thickening, and development of 
nodularity. CM can result in functional concerns such as lip over-
growth, resulting in difficulties eating or dental complications; or 
with thickening of the eyelid, making it difficult to close completely. 
CM has negative impact on health-related quality of life (2) and rep-
resents a source of stigma for many patients (3), resulting in psycho-
logical morbidity (4) and distress for both patients and families (5).

While isolated CM skin lesions are not life-threatening, they 
may indicate underlying pathology, depending on their location. 
The appearance of CMs on the face, particularly on the upper 
face and forehead area (6), can be associated with Sturge-Weber 
syndrome (SWS). CM lesions that occur over the midline back 
can be associated with spinal anomalies (7, 8). Furthermore, CM 
in combination with other vascular anomalies and overgrowth 
or undergrowth can be part of other syndromes, including Klip-
pel-Trenaunay syndrome and other PIK3CA-related overgrowth 
spectrum (PROS) disorders. For purposes of this Review, we will 
focus on “cutaneous and/or mucosal CMs,” as described in the 
most recent classification from the International Society for the 
Study of Vascular Anomalies (9).

SWS is a known association between facial CM and involve-
ment of the eye, brain, or both on the ipsilateral side(s). Eye 
involvement most commonly manifests as glaucoma, or increased 
intraocular pressure, but can also present with choroidal heman-
gioma, a proliferation of capillaries within the eye that can lead 
to retinal detachment and loss of vision. Untreated glaucoma can 
lead to optic nerve damage and loss of visual acuity. Sometimes 
increased intraocular pressure develops prenatally and buphthal-
mos, an enlarged eyeball, can be present at birth. Brain involve-
ment in individuals with SWS appears as capillary venous malfor-
mation most commonly of the leptomeninges. This is classically 
visualized as leptomeningeal enhancement on contrast MRI and 
can present with a range of severity, from focal areas to involve-
ment of full hemispheres. Cortical atrophy and intracranial calci-
fications may also be present, although not always visible on ini-
tial imaging (10, 11). Additional vascular abnormalities, including 
choroid plexus enlargement, with or without venous anomalies, 
and/or extensive deep draining vessels, are also suggestive of 
SWS. Brain involvement in SWS can manifest as seizure, head-
ache, stroke or stroke-like episodes, developmental delays, cogni-
tive limitations, and attention difficulties.

Histopathology of CM
CMs are composed of immature venule-like channels that are neg-
ative for glucose transporter 1 (GLUT-1), which is an immunodiag-
nostic marker for infantile hemangioma (12, 13). The malformed 
blood vessels exist primarily in the papillary layer and upper retic-
ular dermis, rarely extending into the deep dermis or subcutane-
ous fat layer. The histopathology of CM lesions is characterized by 
dilated vessels with irregular shapes (Figure 1). In a study from Tan 
et al., analysis of vessel size in CM lesions in comparison to normal 
skin showed a decreased number of small vessels (circumference 
0–150 μm), which was associated with an increased number of 
large vessels (circumference 500–1000 μm) (14). This study also 
revealed that CM vessels are characterized by multiple layers of 

Capillary malformation (CM), or port wine birthmark, is a cutaneous congenital vascular anomaly that occurs in 0.1%–2% of 
newborns. Patients with a CM localized on the forehead have an increased risk of developing a neurocutaneous disorder called 
encephalotrigeminal angiomatosis or Sturge-Weber syndrome (SWS), with complications including seizure, developmental 
delay, glaucoma, and vision loss. In 2013, a groundbreaking study revealed causative activating somatic mutations in the gene 
(GNAQ) encoding guanine nucleotide–binding protein Q subunit α (Gαq) in CM and SWS patient tissues. In this Review, we 
discuss the disease phenotype, the causative GNAQ mutations, and their cellular origin. We also present the endothelial Gαq-
related signaling pathways, the current animal models to study CM and its complications, and future options for therapeutic 
treatment. Further work remains to fully elucidate the cellular and molecular mechanisms underlying the formation and 
maintenance of the abnormal vessels.

Capillary malformations
Adrienne M. Hammill1,2 and Elisa Boscolo2,3

1Division of Hematology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA. 2Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, Ohio, USA. 3Division of 

Experimental Hematology and Cancer Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA.

Conflict of interest: AMH reports income from Novartis Pharmaceutical for Steering 
Committees/Advisory Board participation exceeding $10,000 for the preceding 12 months.
Copyright: © 2024, Hammill et al. This is an open access article published under the 
terms of the Creative Commons Attribution 4.0 International License.
Reference information: J Clin Invest. 2024;134(8):e172842.  
https://doi.org/10.1172/JCI172842.

https://doi.org/10.1172/JCI172842


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  V A S C U L A R  M A L F O R M A T I O N S

2 J Clin Invest. 2024;134(8):e172842  https://doi.org/10.1172/JCI172842

In the case of CM, a groundbreaking study in 2013 by Shirley 
and colleagues discovered a hyperactive, somatic nonsynony-
mous single-nucleotide variant (c.548G>A; p.R183Q) in the gene 
(GNAQ) encoding guanine nucleotide–binding protein Q subunit 
α (Gαq) in affected tissue from 88% of syndromic (SWS) and 92% 
of nonsyndromic CMs. The prevalence of the mutant allele, also 
called variant allele frequency (VAF), in affected tissues ranged 
from 1.0% to 18.1% (19). Couto, Huang, et al. further confirmed 
the presence of the GNAQ p.R183Q mutation in 10 of 13 CM/SWS 
patient tissues. Additionally, they reported two novel substitutions 
in the same locus: c.548G>T; p.R183L and c.547C>G; p.R183G 
(20). To date, multiple studies have confirmed the presence of 
mutations at the GNAQ p.R183 locus in approximately 71%–80% 
of the CM patients with VAF between 1.2% and 33.3% (21–23).

Mutations in GNA11, a highly related member of the Gαq pro-
tein family, have also been identified in CM patients at the same 
conserved site, p.Q183, although they are preferentially associated 
with reticulated CM in extremities, which present with hypotro-
phy or hypertrophy (24–26).

Recently, a somatic missense mutation in GNB2 (c.232A>G; 
p.K78E) was identified in 1 patient with CM/SWS. GNB2 encodes the 
β subunit of the heterotrimeric G protein and the p.K78E mutation 
promotes constitutive activation of the Gαq signaling pathway (27).

Finally, additional mutations have been identified in a few 
CM/SWS cases, such as GNAQ p.Q209R. The p.Q209R mutation 
has been shown to be a stronger activator compared with p.R183Q 
and a milder activator compared with the p.Q209L mutation that 
is associated with vascular tumors (28).

GNAQ mutations in other vascular anomalies
Somatic hyperactive GNAQ mutations have also been identified 
in other types of vascular anomalies, including benign and locally 
aggressive vascular tumors. GNAQ/11 mutations have been report-
ed in approximately 75% of congenital hemangioma (CH), includ-
ing both noninvoluting CH and rapidly involuting CH. In these 
patients, the most frequent substitution is at the p.Q209 site (29, 30). 
Other vascular tumors associated with hyperactive GNAQ/11/14 
mutations include tufted angioma, kaposiform hemangiothelio-
ma, pyogenic granuloma, and anastomosing, papillary, and cherry 
hemangioma subtypes (31–36). While GNAQ/11/14 mutations were 
identified with high frequency in patients with benign neoplasms, 
these gene mutations have not been reported in aggressive vascu-
lar tumors such as angiosarcoma or Kaposi’s sarcoma, suggesting 
hyperactive Gαq signaling in the endothelium does not participate 
in oncogenic transformation (33).

GNAQ gene function
The GNAQ gene (37) encodes Gαq, a member of the heterotri-
meric G-protein superfamily that exert a crucial function as prox-
imal effectors of G protein–coupled receptor (GPCR) signaling, 
which is initiated by ligand binding.

There are four classes of Gα protein (Gαs, Gαq, Gαi, Gα12/13) 
and each class interacts with different downstream effectors. 
GPCRs can signal through more than one type of Gα protein (38). 
Vascular GPCRs signaling through Gαq include endothelin recep-
tors (39), protease-activated-receptors (40), bradykinin receptors 
(40), and angiotensin-II type I receptor (41).

pericytes, thickened basement membrane, and disorganized col-
lagen and elastic fibers, resulting in an overall thickened blood 
vessel wall. These pathological changes in the vessel walls are 
believed to occur prior to the dilation of the CM blood vessels. Sec-
tions of adult CM patient tissue have shown thin-walled blood ves-
sels surrounded by flat, elongated endothelium (14). These find-
ings would suggest that thick-walled rather than thin-walled blood 
vessels could be the primary pathological phenotypes during the 
early development of CM.

Tan and colleagues suggested that CM originates from imma-
ture endothelial cells (ECs), as CM blood vessels express stem 
cell markers such as CD133 and CD166. Additionally, ECs in CM 
show expression of both venous and arterial markers EphrinB1 
and EphrinB2, respectively (14). It is interesting to speculate that 
the causative mutation happens during development in the pri-
mary capillary plexus and impairs definitive differentiation into 
dermal arterioles and venules.

Genetic mutations in CM
In CM, as in other vascular malformations and tumors, vascular 
lesions usually have an asymmetric pattern or involve a defined 
body region. Rudolf Happle hypothesized that these types of sporad-
ic lesions are caused by somatic mosaic mutations (15). Mosaicism 
in an individual denotes the presence of 2 or more clones of cells 
with distinct genetic variants, all of which are derived from a single 
fertilized egg. Mosaicism can be the result of an early mutational 
event happening during embryonic development or after birth. As 
a result of this process, cells expressing the postzygotic variant can 
then undergo clonal selection and proliferation to generate the vas-
cular lesion (16). In 2009, a study led by Miikka Vikkula reported 
the discovery of somatic mutations in the TEK gene in venous mal-
formation tissue from patients (17). This finding propelled the field 
to multiple subsequent discoveries of somatic mosaic mutations in 
most types of vascular anomalies (reviewed in ref. 18).

Figure 1. Histopathology of capillary malformation tissue. Tissue from a 
CM/SWS patient (left) and control normal skin (right), stained with H&E 
(top) and for CD31 (red)/αSMA (green)/DAPI to label nuclei (blue) (bottom). 
Scale bars: 100 μm.
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defined by the presence of both pigmentary and vascular birth-
marks (55, 56). In mice, activating GNAQ/11 germline mutations 
(GNAQ p.V179M and GNA11 p.I63V) can cause dermal hyperpig-
mentation (57). The abnormal early melanocytic development 
resulting from these mutations in neural crest cells is mediated 
through endothelin. Endothelin has important roles in vasculo-
genesis and vascular tone, implying that dysregulation of this 
GPCR signaling pathway could be a contributor to vascular mal-
formations with Gαq/11 mutations. In addition, SWS, CM, and 
melanocytic nevi are likely to originate during development; 
therefore, the effects of the same GNAQ somatic mutation may 
be different depending on the cell type and timing of the muta-
tional event during development.

Cellular origin of GNAQ mutation
GNAQ is expressed in different cell types, including ECs, neu-
rons, alveolar cells in the lung, and blood mononuclear cells.

In CM patients, GNAQ/11 mutations are somatic (i.e., nonin-
herited) and the allelic frequency in the patients’ affected tissue 
is generally quite low, suggesting the mutational event affects 
only one cell or a small cell population. The origin of the GNAQ 
mutation in CM lesions was first identified in a study from Couto 
et al. (20). In this study, lesional cells from CM patients were ana-
lyzed by FACS and four cell populations were sequenced: hema-
topoietic cells (CD45+); ECs expressing VE-cadherin, CD31, 
VEGFR2, and/or CD34; pericytes/smooth muscle cells (PDG-
FRβ+); and stromal cells (endothelial cell marker–, PDGFRβ–). 
The ECs showed the highest VAF, ranging from 2.8% to 42.9%. 
A follow-up study with lesional brain samples also demonstrated 
significant enrichment of mutational allelic frequencies in ECs 
compared with the other cell populations (58). Another study by 
Couto and colleagues established a positive correlation between 
the mutant allele frequency in the EC population and the disease 
severity (20). This could have important implications for predict-
ing the natural history of a lesion based on analysis of CM tissue 
biopsies. It is worth noting that in a small subset of the patients 
analyzed for both skin and brain lesions, the heterogeneous stro-
mal cell population (which may contain fibroblasts and undiffer-
entiated cells) also contained mutant cells. This could be due to 
(a) possible presence of uncaptured ECs and/or (b) existence of 
mutant pluripotent cells. The second hypothesis is substantiated 
by other studies reporting the GNAQ mutation in connective tis-
sues, hair follicles, and glands in CM (59).

Models of CM/SWS and other GNAQ-related 
vascular anomalies
Animal models are essential tools for understanding disease pro-
cesses and for testing novel therapeutic targets. Since the identi-
fication of the CM causative mutation, few animal models have 
been reported to date. The first animal model of CM, reported 
by Huang and colleagues, is a xenograft (60). Xenograft mod-
els consist of the injection or transplantation of patient-derived 
cells or tissues into mice or utilize patient-specific platforms 
such as human cells expressing the genetic mutation identified 
in patients. Xenografts have proven to be very valuable tools in 
the cancer and vascular anomalies fields to test drug treatments 
for precision medicine (61, 62).

The Gαq protein family includes ubiquitously expressed Gαq 
and Gα11, and their closely related members Gα14 and Gα15, which 
show tissue-specific distribution. Knockout of any combination of 
both Gnaq and Gna11 can be lethal in mice (42–44), suggesting 
that Gαq and Gα11 have redundant roles. Studies on EC-restricted 
deficiency of Gαq or Gαq/11 showed reduced EC proliferation and 
retinal angiogenesis (45), establishing the important role of Gαq 
signaling during vascular development.

The Gαq protein is composed of two structural domains: a 
highly conserved nucleotide-binding domain (Ras-like GTPase 
domain) and a helical domain. Nucleotide-dependent conforma-
tional changes occur primarily within three flexible regions called 
switch I, switch II, and switch III (46). The GNAQ/11 mutation at 
p.R183 is localized in the switch I region. In the resting state, the 
Gαq subunit is anchored to the cell membrane and forms a hetero-
trimeric complex with the β and γ subunits. In response to GPCR 
activation, the α subunit serves as a molecular switch for the G pro-
tein, which is active when bound to GTP and is inactivated when 
GTP is hydrolyzed to GDP (47, 48). The enzymatic activity of the 
α subunit promotes its dissociation from the heterotrimeric com-
plex (49). Both GTP-bound Gα and free Gβγ are capable of initiat-
ing signals by interacting with downstream effector proteins. The 
unbound Gα subunit can mediate signaling until its GTP is hydro-
lyzed back to GDP and it reassociates with the β and γ subunits. 
This inactivation step is modulated by regulators of G-protein sig-
naling proteins, which accelerate the rate of GTP hydrolysis and 
thereby limit the half-life of the activated signals (50). β-Arrestins 
can also bind to GPCRs to inhibit binding to heterotrimeric G-pro-
teins and promote GPCR endocytosis (51).

Gain-of-function hyperactive mutant forms of Gαq and Gα11 
are known oncogenic drivers in uveal melanoma, an aggressive 
cancer of the eye (52). In uveal melanoma, approximately 95% of 
the GNAQ or GNA11 mutations affect the p.Q209 site, while 5% 
affect p.R183. Although GNAQ p.R183Q is an oncogenic mutation, 
in CM there is no evidence of accumulating mutations or meta-
static events. While both GNAQ p.R183Q and p.Q209L are gain-
of-function constitutively active mutants, they are located in the 
switch I and switch II protein domains, respectively, and computa-
tional studies revealed that these mutations may confer a differen-
tial impact on the Gαq protein structure (53). The p.R183Q muta-
tion was predicted to abolish hydrogen bonds between the R183 
residue and GDP molecule, destabilizing the inactive GDP-bound 
conformation of Gαq. The p.Q209L mutation was instead predict-
ed to affect the molecular interaction between Gαq and Gβ subunit, 
impairing formation of the inactive heterotrimeric complex. These 
findings, in association with protein-protein interaction network 
analysis, indicate that p.R183Q and p.Q209L mutations may result 
in the overactivation of different downstream effectors, which in 
turn will determine the distinct cell responses and phenotype.

Similarly, the GNB2 mutation identified in one CM patient is 
predicted to disrupt a salt bridge bond between the Gα and the Gβγ 
subunits, impairing GTP hydrolysis and promoting a constitutive 
Gαq signaling pathway (27).

Activating somatic GNAQ mutations have also been iden-
tified in melanocytic blue nevi and nevi of Ota (52). Postzy-
gotic activating mutations in GNA11 or GNAQ can also cause 
phakomatosis pigmentovascularis (54), a group of conditions 
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additionally formed vascular tufts, a common histopathological 
feature of vascular tumors with the GNAQ p.Q209L mutation.

Another model of Gαq hyperactivation in ECs is the Gαq-DRE-
ADD mice (69) (DREADDs are designer receptors exclusively 
activated by designer drugs; ref. 70), which express a modified M3 
muscarinic receptor (hM3Dq) crossed with Pdgfb-iCreERT2. In this 
model, Cre+ mutant pups treated with clozapine N-oxide (specific 
activator of Gαq-DREADD) showed increased vascularity and ves-
sel dilation in the skin, a phenotype resembling CM (65).

To better understand the cellular and molecular mechanisms 
underlying CM formation, future efforts should focus on genet-
ic models with mosaic endothelial expression of GNAQ p.R183Q 
during embryonic development. It will be important to test the 
consequences of mutant GNAQ expression starting at different 
developmental time points and in different tissues. Furthermore, it 
is possible that targeting mutant allele expression to ECs may not 
be sufficient to recapitulate CM pathogenesis, suggesting that a pro-
genitor or a stromal cell type could contribute to the origin of CM.

Mutant-GNAQ signaling pathways
Canonical and noncanonical signaling. GTP-bound Gαq can exert 
canonical signaling through phospholipase C-β (PLCβ) (71). 
Phosphorylation of PLCβ catalyzes the conversion of phosphati-
dylinositol 4,5-bisphosphate (PIP2) to inositol trisphosphate (IP3) 
and diacylglycerol (DAG). IP3 can then activate its receptor on 
the endoplasmic reticulum, stimulating the release of calcium 
into the cytoplasm. The concomitant production of DAG with the 
release of calcium leads to the activation of PKC. PKC can in turn 
activate RAS, a GTPase that can promote recruitment of RAF 
kinase on the membrane. Activated RAF acts on MEK, which 
phosphorylates the kinases ERK1 and -2 (Figure 2). Additional 
MEK effectors are c-Jun, JNK, and p38 kinase (72).

In ECs expressing GNAQ p.R183Q, PLCβ3 is constitutively 
activated by phosphorylation at Ser537 (60). Although increased 
MEK and ERK1/2 phosphorylation was documented in SWS 
patient tissue biopsies (73), the activation of the MAPK/ERK path-
way in cultured ECs with the p.R183Q mutation is mild compared 
with ECs expressing GNAQ p.Q209L (19, 36, 54). Furthermore, 
the GNAQ p.R183Q substitution does not activate p38 or JNK in 
the same way that p.Q209L does (19, 54). The moderate activa-
tion of ERK, and differential effect on p38 and JNK pathways in 
ECs during fetal development, may explain the CM phenotype, as 
opposed to a vascular tumor.

Parallel to the canonical PLCβ-mediated signaling axis, Gαq 
has been shown to control noncanonical signaling through mem-
bers of the Trio family of guanine nucleotide exchange factors 
for Rho, such as Trio, Kalirin, p63RhoGEF (74–76), and G protein 
receptor kinase 2 (GRK2), which bind to activated Gαq with high 
affinity (77, 78). In melanocytes expressing GNAQ p.Q209L, the 
activation of Trio leads to the phosphorylation of FAK, promoting 
the aberrant activation of YAP and PI3K pathways to drive tumor 
growth (79–83). To date, the activation of the noncanonical path-
ways, including YAP and PI3K, has not been established in ECs 
with hyperactive mutant GNAQ.

Calcium signaling. The role of mutant Gαq protein family 
members in calcium signaling is highlighted by the presence of 
inherited germline GNA11 mutations in patients with hypopara-

In generating their model of CM, Huang and colleagues uti-
lized endothelial colony-forming cells (ECFCs) engineered to 
express GNAQ p.R183Q (60). ECs were mixed with bone marrow 
mesenchymal progenitor cells to serve as blood vessel–supporting 
cells and mixed with a solubilized basement membrane matrix 
prior to subcutaneous injection into immunocompromised nude 
mice. Compared with ECs expressing WT GNAQ, mutant ECs 
formed blood vessels of increased circumference. Vessel size dis-
tribution analysis showed that in ECFC-R183Q versus ECFC-WT, 
the percentage of small-sized vessels (<100 μm circumference) is 
reduced, while the percentage of larger-sized vessels (101–300 μm 
circumference) is increased, mirroring CM patient vessels com-
pared with normal skin (14, 60). This xenograft model was the 
first to show that endothelial GNAQ p.R183Q is sufficient to drive 
formation of CM-like vessels.

A second xenograft model by Sasaki and colleagues, based 
on murine ECs expressing GNAQ p.Q209L, confirmed that the 
GNAQ-mutant ECs could form enlarged, ectatic vessels upon sub-
cutaneous injection into mice (63).

While xenografts have proven very useful for modeling the 
mosaic nature of the vascular lesions, additional strategies to 
model the congenital nature of CM formation should focus on 
genetic models that can recapitulate early events happening 
during embryonic development. Recently, Wetzel-Strong and col-
leagues (64) developed a mouse system allowing for conditional 
expression of Gnaq p.R183Q from the endogenous Gnaq locus. 
In this model, expression of the mutant allele is regulated by Cre 
recombination. Gnaq p.R183Q mice were crossed with a mosaic 
global E2a-Cre or ubiquitous global β-actin-Cre mouse line. Anal-
ysis of mutant embryos at E13.5–14.5 showed disease-relevant 
vascular defects such as edema, dilated vascular channels, and 
hemorrhage. Of interest, while ubiquitous global expression of 
Gnaq p.R183Q with the β-actin-Cre mouse line resulted in com-
plete embryonic lethality, use of the mosaic E2a-Cre mouse line 
produced partial embryonic lethality. These findings strongly sup-
port Happle’s hypothesis that germline inheritance of the GNAQ 
p.R183Q mutation would be lethal, while somatic mosaic expres-
sion can allow for survival.

Similar findings by Schrenk and colleagues (65) showed that 
global ubiquitous expression (driven by CMV-Cre) of the GNAQ 
p.Q209L allele resulted in embryonic lethality. In this model, 
lethality occurred before E8.5, compared with Gnaq p.R183Q in 
which lethality occurred between E14.5 and P0. This suggests 
that ubiquitous expression of the p.Q209L mutation, which is a 
stronger activating mutation, leads to a more severe phenotype 
leading to lethality earlier than p.R183Q. However, it is important 
to keep in mind that different ubiquitous Cre-driver mouse lines 
were used in the two studies and the genetic murine model based 
on p.Q209L is a transgenic model with possible overexpression 
of the mutant allele by the endogenous Rosa26 promoter. In the 
Schrenk et al. study (65), the GNAQQ209L allele was also induced 
specifically in ECs by crossing Rosa26-floxed stop-GNAQQ209L 
mice (66) with Cdh5-iCreERT2 (67) or Pdgfb-iCreERT2 (68) mice. 
Tamoxifen-mediated activation of the mutant GNAQ in pups or 
adult mice resulted in aberrant vascular morphogenesis in the 
subcutaneous tissue, brain, and retina. Blood vessels of capil-
lary-venous origin were dilated, similar to those seen in CM, and 
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Furthermore, Zecchin and colleagues determined that expres-
sion of the GNAQ or GNA11 p.R183Q mutation in human ECs 
increased the GPCR-induced intracellular calcium signaling, 
which is potentiated by the calcium release–activated calcium 
(CRAC) channels (93). Treatment with a short interfering RNA 
(siRNA) targeting the mutant allele or with a CRAC channel inhib-
itor promoted rescue of the increased calcium signaling.

Combined, these findings suggest that the progressive miner-
al deposition in the microvasculature contributes to the abnormal 
cerebral perfusion and neurological symptoms of SWS.

Angiogenesis pathway signaling. G-protein noncanonical func-
tions include RTK signaling. VEGF-A signaling is a well-known 
regulator of EC mitogenic responses and promotes vascular migra-
tion and permeability by binding to its receptor KDR (kinase insert 
domain receptor). KDR was shown to be overexpressed in CM ves-
sels, suggesting increased pathway activation that could contrib-
ute to the proangiogenic phenotype (94). Gαq/11 proteins can play 
a role in VEGF-induced EC migration by promoting KDR-mediat-
ed RhoA and Rac1 activation. Upon VEGF stimulation, KDR can 
form a rapid but transient complex with Gaq/11 (95). Next, upon 
Gαq/11 activation, the release of free Gβγ subunits can phosphor-
ylate PLC and subsequently PKC, which in turn, leads to RhoA 
activation (96). Interaction between Gαq/11 proteins and KDR 
has also been shown to promote EC proliferation by mediating 
concomitant MAPK activation and intracellular calcium mobi-
lization. While KDR activation by VEGF-A can promote Gαq/11 
signaling, the stimulation of the bradykinin B2 receptor, a GPCR 
coupled with Gαq/11, induces tyrosine phosphorylation of KDR, 
and can promote increased endothelial nitric oxide (NO) synthase 
activity, which is a known regulator of vasodilation (97). This body 
of literature documents the important role of Gαq signaling during 
vascular development and supports the notion that excessive or 
reduced Gαq signaling leads to vascular abnormalities.

Angiogenesis and vascular permeability are also mediated by 
angiopoietin-2 (ANGPT2) (98, 99). ANGPT2 is expressed at low 
levels in quiescent ECs and is increased during angiogenesis and 
in response to inflammatory mediators, which leads to permeable 

thyroidism and hypocalciuric hypercalcemia. Different types 
of amino acid substitution in GNA11 have been shown to con-
tribute to the altered sensitivity of cells to extracellular calcium 
levels (84). In particular, loss-of-function GNA11 mutations lead 
to elevated serum calcium concentrations, while gain-of-func-
tion mutations result in the opposite calcium signaling pheno-
type, which consists of low levels of calcium in the serum. Mice 
with biallelic germline deletion of Gna11 and parathyroid-spe-
cific loss of Gnaq alleles also developed hypercalcemia, strongly 
implicating GNAQ/11 signaling in extracellular calcium homeo-
stasis in both humans and mice (85). Molecular analysis of the 
mutation GNA11 p.R60L, which was identified in a patient with 
hypoparathyroidism, revealed it is less activating than GNA11 
p.Q209L (86). This supports the hypothesis that GNA11 p.R60L 
leads to a less severe phenotype that is compatible with life 
when expressed in the germline compared with substitutions at 
p.Q209 and most likely at p.R183.

It is important to note that approximately 50% of patients with 
hypocalcemia type 1 are affected by seizures, which is a phenotyp-
ic manifestation of SWS (84). In most of these patients, seizures 
were associated with ectopic and basal ganglia calcifications. Fur-
thermore, serum hypocalcemia has been associated with seizures, 
as low calcium concentrations in the cerebrospinal fluid can lead 
to increased excitability in the central nervous system (87).

Brain cortical calcifications have been reported in the majority of 
patients with SWS, as well as in other vascular anomalies such as cere-
bral cavernous malformation (CCM) and in genetic disorders affect-
ing the RAS/MAPK pathway such as neurofibromatosis (88, 89).

In past years, conflicting reports made it unclear whether 
the calcifications in SWS patients are localized in the walls of the 
angiomatous vessels or are free parenchymal deposits within the 
superficial or deep cortex (90, 91). A recent study by Knöpfel and 
colleagues revealed that SWS patients have an abnormal calcium 
metabolic profile resulting in hypocalcemia (92), which correlated 
with neurological symptoms. Histopathological analysis of tissue 
biopsies determined that the calcium deposits were mostly in the 
vessel wall of cortical capillaries and small venules.

Figure 2. Mutant GNAQ p.R183Q signaling in ECs. 
Schematic of the molecular pathways involved in 
CM. The GNAQ activating mutation p.R183Q pro-
motes disassembly of the heterotrimeric complex 
subunit αq from the β and γ subunits, impairing the 
hydrolysis of GTP to GDP. The Gαq bound to GTP 
promotes phospholipase C-β3 (PLCβ3) signaling, 
which catalyzes the conversion of phosphatidyli-
nositol 4,5-bisphosphate (PIP2) to inositol trisphos-
phate (IP3) and diacylglycerol (DAG). DAG leads to 
the activation of protein kinase C (PKC), which can 
in turn induce RAF (rapidly accelerated fibrosarco-
ma) kinase activation and MEK, which phosphory-
lates ERK1 and -2, promoting translocation into the 
nucleus and gene transcription. PKC can also induce 
NF-κB translocation into the nucleus, inducing 
ANGPT2 expression to promote proangiogenic sig-
naling. The IP3 metabolite can activate its receptor, 
IP3R, on the endoplasmic reticulum, stimulating 
the release of calcium into the cytoplasm.
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and destabilized blood vessels. Although the precise molecular 
regulation of ANGPT2 by Gαq/11 is not known, several studies 
showed the overexpression of ANGPT2 in ECs expressing hyper-
active mutant GNAQ (28, 60, 65). Knockdown of ANGPT2 in 
GNAQ-mutant (R183Q) ECs reduced blood vessel diameter in a 
xenograft model of CM, indicating an important role for ANGPT2 
in the dilated vascular phenotype. Importantly, ANGPT2 has also 
been implicated in several other vascular anomalies such as arte-
riovenous malformations (AVMs) (100), CCM (101), and kapo-
siform lymphangiomatosis (KLA) (102, 103). Combined, these 
studies establish ANGPT2 as a promising potential common tar-
get for these vascular diseases.

ANGPT2 is also overexpressed during inflammation (104). 
Inflammatory markers such as NF-κB, IL-1β, and E-selectin were 
reported to be increased in ECs expressing GNAQ p.R183Q or 
p.Q209L (28, 60, 65). This suggests that EC-autonomous inflam-
matory processes are a common feature of ECs expressing hyperac-
tive GNAQ and may in turn regulate ANGPT2 expression. Although 
different GNAQ mutations such as p.R183Q and p.Q209L are asso-
ciated with different classes of vascular anomalies (as CM and 
vascular tumors, respectively), recent studies highlighted that the 
transcriptional consequences of these mutations in ECs are similar 
and include upregulation of pathways such as MAPK, angiogene-
sis, inflammation, and upregulation of ANGPT2 (28, 60, 65). This 
would suggest that the differences between hyperactive GNAQ 
mutation types may affect the level of activation/expression rather 
than the specific downstream targets (28).

Finally, while the precise mediators of NF-κB activation in the 
context of CM are not known, one interesting possibility is that it 
can be activated by shear stress upon Gαq activation by mechano-
sensing GPCRs (105).

Mechanosensing. ECs can sense hemodynamic forces in a 
process termed mechanosensing, which is indispensable for vas-
cular function. Disruptions in hemodynamics or in EC mecha-
nosensing could significantly contribute to blood vessel dilation 
and/or CM lesion formation. Gαq/11-coupled GPCRs (GqPCRs) 
can participate in the mediation of mechanochemical signaling 
by (a) direct activation of PI3K/AKT, which can promote vaso-
dilation via NO synthesis; (b) via PIP2, DAG, and IP3 metabolites 
that can modulate ion channels; and (c) by inducing membrane 
hyperpolarization.

Shear stress can activate bradykinin 2 (B2) receptors (106), 
leading to an increase in intracellular calcium levels that promote 
increased NO production or membrane hyperpolarization (107, 
108). G protein–coupled receptor 68 (GPR68) and histamine H1 
receptor (H1R) can instead mediate flow-induced vasodilation by 
enhancing NO production (109, 110).

GqPCR-initiated changes in intracellular metabolite levels 
can signal via EC-specific ion channels such as TRPV4, TREK-
1, and Kir2.1 (111). Endothelial PIEZO1 is a mechanosensory 
ion channel activated by laminar flow. PIEZO1 can influence 
GqPCR activity and subsequent NO production by the release 
of ATP (105). Recent studies have implicated PIEZO1 in endo-
thelial calcium signaling in the brain microvasculature (112). 
Therefore, dysregulation of PIEZO1 may be involved in CM 
vessel blood flow abnormalities and in vascular calcifications 
identified in SWS patients.

Studies on the effects of the GNAQ mutations in EC mechano-
sensors and mechanotransductors could reveal important associa-
tions and dysfunctions. Devising in vitro microfluidic systems with 
the use of GNAQ p.Q183R mutant ECs subjected to different types 
of flow dynamics and shear stress could advance our understanding 
of the regulation of the mechanosensing machinery in CM.

Treatments, targets, and future therapies
Treatment for CM, particularly on the face, is focused on the pre-
vention of progressive skin changes, including darkening and thick-
ening that can result in disfigurement and even functional issues 
with age. Facial CMs are often treated with laser therapy, the most 
common of which is pulsed-dye laser. More recently, laser has been 
combined with therapeutic drugs such as sirolimus, delivered top-
ically (113) or orally (114). The goal is to decrease rebound vasculo-
genesis after laser treatment and thereby increase efficacy of treat-
ments. Treatment of SWS is also largely symptomatic, focused on 
seizure control with antiepileptics and on preventing thrombosis in 
the alternate draining vessels with antiplatelet treatment such as 
aspirin. Presymptomatic treatment with antiepileptics and/or aspi-
rin is a recent focus among neurologists (115, 116), with hopes to 
delay or ameliorate seizure onset (11). This is of particular interest 
since later onset of seizure has been correlated with improved cog-
nitive outcomes as compared with earlier-onset seizures (117, 118).

The identification of pathogenic variants in GNAQ in SWS 
and CM represents a potential new target for therapy. While the 
majority of therapies and trials for SWS to date have aimed at 
treating and controlling symptoms, usually seizures, identifica-
tion of the underlying pathogenesis opens the door to develop-
ment of new targeted therapies, or repurposing of existing drugs 
from oncology, as many of these same pathways are upregulated 
in human cancers.

One potential concern with any systemic therapy for SWS, 
with its most severe manifestations occurring in the brain, is the 
blood-brain barrier (BBB) and the ability to deliver medications 
to affected areas. However, one of the manifestations of vascular 
dysregulation in affected vascular beds is vessel instability and 
leakiness (VEGF-A–induced permeability and increased ANGPT2 
expression). This has been described in epilepsy in general (119) 
and hypothesized in SWS. This localized breakdown of the BBB 
could be leveraged to deliver medications preferentially to the 
abnormal, affected vascular beds.

As discussed above, Gαq classically signals through PKC to 
activate the MAPK pathway and mild ERK activation was demon-
strated in GNAQ p.R183Q mutant ECs and in patient samples (19, 
73). It is well understood, however, that there is significant cross-
talk between the RAS/RAF/MAPK and PI3K/AKT/mTOR path-
ways. While AKT was not shown to be upregulated in ECs express-
ing GNAQ p.R183Q (19), phospho-S6, a known effector of mTOR, 
was enriched in SWS brain tissue as compared with non-SWS 
epilepsy controls (120). A small pilot trial of 10 patients with SWS 
treated with sirolimus demonstrated safety in the SWS population 
(121). Furthermore, this study suggested that sirolimus might have 
a positive effect on patients with frequent stroke-like episodes, 
with decreased severity and duration of stroke-like symptoms, as 
well as neurocognitive changes, including improved processing 
speed and improvement in asymmetry on quantitative EEG.
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MEK-directed therapies have now been used in a number of 
vascular anomalies, including for AVMs with KRAS mutations 
(122) or CM-AVM syndrome with EPHB4 mutation (123), and in 
KLA with NRAS (124) and CBL (125) mutations. However, this has 
not been applied to patients with SWS to date.

Ideal future therapies would include agents that are more spe-
cifically targeted to upstream effectors of the dysregulated path-
ways. While direct Gαq inhibitors are still in preclinical develop-
ment for uveal melanoma (126), PKC inhibitors are currently in 
phase I/II trials (reviewed in ref. 127).

In SWS patients, the frequency and intensity of the calcifica-
tions are likely to increase with age (128, 129), suggesting that ear-
ly therapeutic intervention to prevent microvascular calcification 
could be efficacious in these patients. CRAC channel inhibitors 
are currently in early-phase clinical trials for inflammatory/auto-
immune indications (130) and may be further investigated in the 
setting of SWS in the future.

As our understanding of the genetic origins and signaling con-
sequences of CM continue to evolve, our therapeutic options will 
also continue to expand. New therapies may one day allow us to 
substantially improve the lives of people severely affected by SWS, 

as well as their families, and provide hope to halt or even reverse 
this often progressive process.

Acknowledgments
Research reported in this manuscript was supported by the National 
Heart, Lung, and Blood Institute, NIH, under award number 2R01 
HL117952 (to EB). The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the 
NIH. Additional funding supporting the study was provided by the 
Gap funding program (to EB) and Center for Pediatric Genomics 
(CpG) at Cincinnati Children’s Hospital (to EB). We thank the Dis-
cover Together Biobank and Hemangioma & Vascular Malforma-
tions Registry for support for this study, as well as participants and 
their families. We thank the Confocal Imaging Core (CIC) at Cincin-
nati Children’s Hospital Medical Center for providing state-of-the-
art instrumentation, services, training, and education.

Address correspondence to: Elisa Boscolo, Division of Experimen-
tal Hematology and Cancer Biology, Cincinnati Children’s Hospi-
tal Medical Center, 3333 Burnet Avenue, Cincinnati, Ohio 45229-
3039, USA Phone: 513.803.7267; Email: elisa.boscolo@cchmc.org.

 1. Jacobs AH, Walton RG. The incidence of birthmarks 
in the neonate. Pediatrics. 1976;58(2):218–222.

 2. Nguyen HL, et al. Vascular malformations 
and health-related quality of life: a systematic 
review and meta-analysis. JAMA Dermatol. 
2018;154(6):661–669.

 3. Wanitphakdeedecha R, et al. Quality of life and 
psychological effects of port-wine stain: a review 
of literature. Clin Cosmet Investig Dermatol. 
2021;14:681–690.

 4. Lanigan SW, Cotterill JA. Psychological disabili-
ties amongst patients with port wine stains. Br J 
Dermatol. 1989;121(2):209–215.

 5. Kerr AM, et al. Memorable messages parents of 
children with vascular birthmarks receive from 
others: implications for stigma and identity. 
Health Commun. 2020;35(6):685–695.

 6. Waelchli R, et al. New vascular classifica-
tion of port-wine stains: improving predic-
tion of Sturge-Weber risk. Br J Dermatol. 
2014;171(4):861–867.

 7. Ben-Amitai D, et al. Sacral nevus flammeus 
simplex: the role of imaging. Pediatr Dermatol. 
2000;17(6):469–471.

 8. Guggisberg D, et al. Skin markers of occult spinal 
dysraphism in children: a review of 54 cases. Arch 
Dermatol. 2004;140(9):1109–1115.

 9. Wassef M, et al. Vascular anomalies classifica-
tion: recommendations from the international 
society for the study of vascular anomalies. Pedi-
atrics. 2015;136(1):203–214.

 10. Bachur CD, Comi AM. Sturge-Weber syndrome. 
Curr Treat Options Neurol. 2013;15(5):607–617.

 11. Yeom S, Comi AM. Updates on Sturge-Weber 
syndrome. Stroke. 2022;53(12):3769–3779.

 12. Huang L, et al. Glucose transporter 1-positive 
endothelial cells in infantile hemangioma exhibit 
features of facultative stem cells. Stem Cells. 
2015;33(1):133–145.

 13. North PE, et al. GLUT1: a newly discovered 
immunohistochemical marker for juvenile 

hemangiomas. Hum Pathol. 2000;31(1):11–22.
 14. Tan W, et al. Coexistence of Eph receptor B1 

and ephrin B2 in port-wine stain endothelial 
progenitor cells contributes to clinicopatho-
logical vasculature dilatation. Br J Dermatol. 
2017;177(6):1601–1611.

 15. Happle R. Lethal genes surviving by mosa-
icism: a possible explanation for sporadic birth 
defects involving the skin. J Am Acad Dermatol. 
1987;16(4):899–906.

 16. Martinez-Glez V, et al. A six-attribute clas-
sification of genetic mosaicism. Genet Med. 
2020;22(11):1743–1757.

 17. Limaye N, et al. Somatic mutations in angiopoie-
tin receptor gene TEK cause solitary and multiple 
sporadic venous malformations. Nat Genet. 
2009;41(1):118–124.

 18. Queisser A, et al. Genetic basis and therapies for 
vascular anomalies. Circ Res. 2021;129(1):155–173.

 19. Shirley MD, et al. Sturge-Weber syndrome and 
port-wine stains caused by somatic mutation in 
GNAQ. N Engl J Med. 2013;368(21):1971–1979.

 20. Couto JA, et al. Endothelial cells from capillary 
malformations are enriched for somatic GNAQ 
mutations. Plast Reconstr Surg. 2016;137(1):77e–82e.

 21. Frigerio A, et al. Genetic variants associated with 
port-wine stains. PLoS One. 2015;10(7):e0133158.

 22. Lee KT, et al. Phenotypic association of presence 
of a somatic GNAQ mutation with port-wine 
stain distribution in capillary malformation. 
Head Neck. 2019;41(12):4143–4150.

 23. Nakashima M, et al. The somatic GNAQ muta-
tion c.548G&gt;A (p.R183Q) is consistently 
found in Sturge-Weber syndrome. J Hum Genet. 
2014;59(12):691–693.

 24. Couto JA, et al. A somatic GNA11 mutation is asso-
ciated with extremity capillary malformation and 
overgrowth. Angiogenesis. 2017;20(3):303–306.

 25. Dompmartin A, et al. GNA11-mutated 
Sturge-Weber syndrome has distinct neurolog-
ical and dermatological features. Eur J Neurol. 

2022;29(10):3061–3070.
 26. Martinez-Glez V, et al. Segmental undergrowth is 

associated with pathogenic variants in vascular 
malformation genes: a retrospective case-series 
study. Clin Genet. 2022;101(3):296–306.

 27. Fjaer R, et al. A novel somatic mutation in GNB2 
provides new insights to the pathogenesis 
of Sturge-Weber syndrome. Hum Mol Genet. 
2021;30(21):1919–1931.

 28. Galeffi F, et al. A novel somatic mutation in 
GNAQ in a capillary malformation provides 
insight into molecular pathogenesis. Angiogenesis. 
2022;25(4):493–502.

 29. Ayturk UM, et al. Somatic activating muta-
tions in GNAQ and GNA11 are associated with 
congenital hemangioma. Am J Hum Genet. 
2016;98(4):789–795.

 30. Funk T, et al. Symptomatic congenital hemangio-
ma and congenital hemangiomatosis associated 
with a somatic activating mutation in GNA11. 
JAMA Dermatol. 2016;152(9):1015–1020.

 31. Bean GR, et al. Recurrent GNAQ mutations 
in anastomosing hemangiomas. Mod Pathol. 
2017;30(5):722–727.

 32. Gestrich CK, et al. Papillary hemangioma harbors 
somatic GNA11 and GNAQ mutations. Am J Surg 
Pathol. 2024;48(1):106–111.

 33. Jansen P, et al. GNA14, GNA11, and GNAQ 
mutations are frequent in benign but not malig-
nant cutaneous vascular tumors. Front Genet. 
2021;12:663272.

 34. Le Guin CHD, et al. GNAQ Q209R mutations 
are highly specific for circumscribed choroidal 
hemangioma. Cancers (Basel). 2019;11(7):1031.

 35. Liau JY, et al. High frequency of GNA14, GNAQ, 
and GNA11 mutations in cherry hemangioma: 
a histopathological and molecular study of 85 
cases indicating GNA14 as the most commonly 
mutated gene in vascular neoplasms. Mod Pathol. 
2019;32(11):1657–1665.

 36. Lim YH, et al. GNA14 somatic mutation 

https://doi.org/10.1172/JCI172842
mailto://elisa.boscolo@cchmc.org
https://doi.org/10.1542/peds.58.2.218
https://doi.org/10.1542/peds.58.2.218
https://doi.org/10.1001/jamadermatol.2018.0002
https://doi.org/10.1001/jamadermatol.2018.0002
https://doi.org/10.1001/jamadermatol.2018.0002
https://doi.org/10.1001/jamadermatol.2018.0002
https://doi.org/10.2147/CCID.S315804
https://doi.org/10.2147/CCID.S315804
https://doi.org/10.2147/CCID.S315804
https://doi.org/10.2147/CCID.S315804
https://doi.org/10.1111/j.1365-2133.1989.tb01800.x
https://doi.org/10.1111/j.1365-2133.1989.tb01800.x
https://doi.org/10.1111/j.1365-2133.1989.tb01800.x
https://doi.org/10.1080/10410236.2019.1582314
https://doi.org/10.1080/10410236.2019.1582314
https://doi.org/10.1080/10410236.2019.1582314
https://doi.org/10.1080/10410236.2019.1582314
https://doi.org/10.1111/bjd.13203
https://doi.org/10.1111/bjd.13203
https://doi.org/10.1111/bjd.13203
https://doi.org/10.1111/bjd.13203
https://doi.org/10.1046/j.1525-1470.2000.01824.x
https://doi.org/10.1046/j.1525-1470.2000.01824.x
https://doi.org/10.1046/j.1525-1470.2000.01824.x
https://doi.org/10.1001/archderm.140.9.1109
https://doi.org/10.1001/archderm.140.9.1109
https://doi.org/10.1001/archderm.140.9.1109
https://doi.org/10.1542/peds.2014-3673
https://doi.org/10.1542/peds.2014-3673
https://doi.org/10.1542/peds.2014-3673
https://doi.org/10.1542/peds.2014-3673
https://doi.org/10.1007/s11940-013-0253-6
https://doi.org/10.1007/s11940-013-0253-6
https://doi.org/10.1161/STROKEAHA.122.038585
https://doi.org/10.1161/STROKEAHA.122.038585
https://doi.org/10.1002/stem.1841
https://doi.org/10.1002/stem.1841
https://doi.org/10.1002/stem.1841
https://doi.org/10.1002/stem.1841
https://doi.org/10.1016/S0046-8177(00)80192-6
https://doi.org/10.1016/S0046-8177(00)80192-6
https://doi.org/10.1016/S0046-8177(00)80192-6
https://doi.org/10.1111/bjd.15716
https://doi.org/10.1111/bjd.15716
https://doi.org/10.1111/bjd.15716
https://doi.org/10.1111/bjd.15716
https://doi.org/10.1111/bjd.15716
https://doi.org/10.1016/S0190-9622(87)80249-9
https://doi.org/10.1016/S0190-9622(87)80249-9
https://doi.org/10.1016/S0190-9622(87)80249-9
https://doi.org/10.1016/S0190-9622(87)80249-9
https://doi.org/10.1038/s41436-020-0877-3
https://doi.org/10.1038/s41436-020-0877-3
https://doi.org/10.1038/s41436-020-0877-3
https://doi.org/10.1038/ng.272
https://doi.org/10.1038/ng.272
https://doi.org/10.1038/ng.272
https://doi.org/10.1038/ng.272
https://doi.org/10.1161/CIRCRESAHA.121.318145
https://doi.org/10.1161/CIRCRESAHA.121.318145
https://doi.org/10.1056/NEJMoa1213507
https://doi.org/10.1056/NEJMoa1213507
https://doi.org/10.1056/NEJMoa1213507
https://doi.org/10.1097/PRS.0000000000001868
https://doi.org/10.1097/PRS.0000000000001868
https://doi.org/10.1097/PRS.0000000000001868
https://doi.org/10.1371/journal.pone.0133158
https://doi.org/10.1371/journal.pone.0133158
https://doi.org/10.1002/hed.25962
https://doi.org/10.1002/hed.25962
https://doi.org/10.1002/hed.25962
https://doi.org/10.1002/hed.25962
https://doi.org/10.1038/jhg.2014.95
https://doi.org/10.1038/jhg.2014.95
https://doi.org/10.1038/jhg.2014.95
https://doi.org/10.1038/jhg.2014.95
https://doi.org/10.1007/s10456-016-9538-1
https://doi.org/10.1007/s10456-016-9538-1
https://doi.org/10.1007/s10456-016-9538-1
https://doi.org/10.1111/ene.15452
https://doi.org/10.1111/ene.15452
https://doi.org/10.1111/ene.15452
https://doi.org/10.1111/ene.15452
https://doi.org/10.1111/cge.14095
https://doi.org/10.1111/cge.14095
https://doi.org/10.1111/cge.14095
https://doi.org/10.1111/cge.14095
https://doi.org/10.1093/hmg/ddab144
https://doi.org/10.1093/hmg/ddab144
https://doi.org/10.1093/hmg/ddab144
https://doi.org/10.1093/hmg/ddab144
https://doi.org/10.1007/s10456-022-09841-w
https://doi.org/10.1007/s10456-022-09841-w
https://doi.org/10.1007/s10456-022-09841-w
https://doi.org/10.1007/s10456-022-09841-w
https://doi.org/10.1016/j.ajhg.2016.03.009
https://doi.org/10.1016/j.ajhg.2016.03.009
https://doi.org/10.1016/j.ajhg.2016.03.009
https://doi.org/10.1016/j.ajhg.2016.03.009
https://doi.org/10.1001/jamadermatol.2016.2365
https://doi.org/10.1001/jamadermatol.2016.2365
https://doi.org/10.1001/jamadermatol.2016.2365
https://doi.org/10.1001/jamadermatol.2016.2365
https://doi.org/10.1038/modpathol.2016.234
https://doi.org/10.1038/modpathol.2016.234
https://doi.org/10.1038/modpathol.2016.234
https://doi.org/10.1097/PAS.0000000000002127
https://doi.org/10.1097/PAS.0000000000002127
https://doi.org/10.1097/PAS.0000000000002127
https://doi.org/10.3389/fgene.2021.663272
https://doi.org/10.3389/fgene.2021.663272
https://doi.org/10.3389/fgene.2021.663272
https://doi.org/10.3389/fgene.2021.663272
https://doi.org/10.3390/cancers11071031
https://doi.org/10.3390/cancers11071031
https://doi.org/10.3390/cancers11071031
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1038/s41379-019-0284-y
https://doi.org/10.1016/j.ajhg.2016.06.010


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  V A S C U L A R  M A L F O R M A T I O N S

8 J Clin Invest. 2024;134(8):e172842  https://doi.org/10.1172/JCI172842

causes congenital and sporadic vascular 
tumors by MAPK activation. Am J Hum Genet. 
2016;99(2):443–450.

 37. Dong Q, et al. Molecular cloning of human Gαq 
cDNA and chromosomal localization of the Gαq 
gene (GNAQ) and a processed pseudogene. 
Genomics. 1995;30(3):470.

 38. Conklin BR, Bourne HR. Structural elements of G 
alpha subunits that interact with G beta gamma, 
receptors, and effectors. Cell. 1993;73(4):631–641.

 39. Sandoval YH, et al. Endothelin-1 signaling in vas-
cular physiology and pathophysiology. Curr Vasc 
Pharmacol. 2014;12(2):202–214.

 40. Goddard LM, Iruela-Arispe ML. Cellular and 
molecular regulation of vascular permeability. 
Thromb Haemost. 2013;109(3):407–415.

 41. Barki-Harrington L, et al. Dual inhibition of 
beta-adrenergic and angiotensin II receptors by 
a single antagonist: a functional role for recep-
tor-receptor interaction in vivo. Circulation. 
2003;108(13):1611–1618.

 42. Offermanns S, et al. Impaired motor coordi-
nation and persistent multiple climbing fiber 
innervation of cerebellar Purkinje cells in mice 
lacking Galphaq. Proc Natl Acad Sci U S A. 
1997;94(25):14089–14094.

 43. Offermanns S, et al. Defective platelet acti-
vation in G alpha(q)-deficient mice. Nature. 
1997;389(6647):183–186.

 44. Offermanns S, et al. Embryonic cardiomyo-
cyte hypoplasia and craniofacial defects in 
G alpha q/G alpha 11-mutant mice. EMBO J. 
1998;17(15):4304–4312.

 45. Sivaraj KK, et al. Endothelial Gαq/11 is required for 
VEGF-induced vascular permeability and angio-
genesis. Cardiovasc Res. 2015;108(1):171–180.

 46. Lambright DG, et al. Structural determinants for 
activation of the alpha-subunit of a heterotrimeric 
G protein. Nature. 1994;369(6482):621–628.

 47. Landis CA, et al. GTPase inhibiting mutations 
activate the alpha chain of Gs and stimulate ade-
nylyl cyclase in human pituitary tumours. Nature. 
1989;340(6236):692–696.

 48. Markby DW, et al. Separate GTP binding and 
GTPase activating domains of a G alpha subunit. 
Science. 1993;262(5141):1895–1901.

 49. Sondek J, et al. GTPase mechanism of Gproteins 
from the 1.7-A crystal structure of transducin alpha-
GDP-AIF-4. Nature. 1994;372(6503):276–279.

 50. De Vries L, et al. GAIP, a protein that specifically 
interacts with the trimeric G protein G alpha i3, 
is a member of a protein family with a highly 
conserved core domain. Proc Natl Acad Sci U S A. 
1995;92(25):11916–11920.

 51. Wu G, et al. Interaction of arrestins with intracellu-
lar domains of muscarinic and alpha2-adrenergic 
receptors. J Biol Chem. 1997;272(28):17836–17842.

 52. Van Raamsdonk CD, et al. Frequent somatic 
mutations of GNAQ in uveal melanoma and blue 
naevi. Nature. 2009;457(7229):599–602.

 53. Martins L, et al. Computational analysis for 
GNAQ mutations: new insights on the molecular 
etiology of Sturge-Weber syndrome. J Mol Graph 
Model. 2017;76:429–440.

 54. Thomas AC, et al. Mosaic activating mutations 
in GNA11 and GNAQ are associated with 
phakomatosis pigmentovascularis and exten-
sive dermal melanocytosis. J Invest Dermatol. 

2016;136(4):770–778.
 55. Happle R. Nevus roseus: a distinct vascular birth-

mark. Eur J Dermatol. 2005;15(4):231–234.
 56. Ota N. Phakomatosis pigmentovsacularis. Jpn J 

Dermatol. 1947;57:1.
 57. Van Raamsdonk CD, et al. Effects of G-pro-

tein mutations on skin color. Nat Genet. 
2004;36(9):961–968.

 58. Huang L, et al. Somatic GNAQ mutation is 
enriched in brain endothelial cells in Sturge- 
Weber syndrome. Pediatr Neurol. 2017;67:59–63.

 59. Tan W, et al. The somatic GNAQ mutation 
(R183Q) is primarily located within the blood 
vessels of port wine stains. J Am Acad Dermatol. 
2016;74(2):380–383.

 60. Huang L, et al. Endothelial GNAQ 7p.R183Q 
increases ANGPT2 (angiopoietin-2) and drives 
formation of enlarged blood vessels. Arterioscler 
Thromb Vasc Biol. 2022;42(1):27–43.

 61. Boscolo E, et al. Rapamycin improves TIE2-mutated 
venous malformation in murine model and human 
subjects. J Clin Invest. 2015;125(9):3491–3504.

 62. Greenberger S, et al. Corticosteroid suppression of 
VEGF-A in infantile hemangioma-derived stem 
cells. N Engl J Med. 2010;362(11):1005–1013.

 63. Sasaki M, et al. Introduction of mutant GNAQ 
into endothelial cells induces a vascular malfor-
mation phenotype with therapeutic response to 
imatinib. Cancers (Basel). 2022;14(2):413.

 64. Wetzel-Strong SE, et al. Developmental expres-
sion of the Sturge-Weber syndrome-associated 
genetic mutation in Gnaq: a formal test of 
Happle’s paradominant inheritance hypothesis. 
Genetics. 2023;224(4):iyad077.

 65. Schrenk S, et al. MEK inhibition reduced vascu-
lar tumor growth and coagulopathy in a mouse 
model with hyperactive GNAQ. Nat Commun. 
2023;14(1):1929.

 66. Huang JL, et al. Oncogenic G protein GNAQ 
induces uveal melanoma and intravasation in 
mice. Cancer Res. 2015;75(16):3384–3397.

 67. Sorensen I, et al. DLL1-mediated Notch activa-
tion regulates endothelial identity in mouse fetal 
arteries. Blood. 2009;113(22):5680–5688.

 68. Claxton S, et al. Efficient, inducible Cre-recombi-
nase activation in vascular endothelium. Genesis. 
2008;46(2):74–80.

 69. Armbruster BN, et al. Evolving the lock to fit the 
key to create a family of G protein-coupled recep-
tors potently activated by an inert ligand. Proc 
Natl Acad Sci U S A. 2007;104(12):5163–5168.

 70. Conklin BR, et al. Engineering GPCR sig-
naling pathways with RASSLs. Nat Methods. 
2008;5(8):673–678.

 71. Smrcka AV, et al. Regulation of polyphosphoinos-
itide-specific phospholipase C activity by purified 
Gq. Science. 1991;251(4995):804–807.

 72. Lin A, et al. Identification of a dual specificity 
kinase that activates the Jun kinases and p38-
Mpk2. Science. 1995;268(5208):286–290.

 73. Wellman RJ, et al. Gαq and hyper-phosphorylated 
ERK expression in Sturge-Weber syndrome lep-
tomeningeal blood vessel endothelial cells. Vasc 
Med. 2019;24(1):72–75.

 74. Lutz S, et al. The guanine nucleotide exchange 
factor p63RhoGEF, a specific link between 
Gq/11-coupled receptor signaling and RhoA.  
J Biol Chem. 2005;280(12):11134–11139.

 75. Lutz S, et al. Structure of Galph-
aq-p63RhoGEF-RhoA complex reveals a 
pathway for the activation of RhoA by GPCRs. 
Science. 2007;318(5858):1923–1927.

 76. Rojas RJ, et al. Galphaq directly activates 
p63RhoGEF and Trio via a conserved 
extension of the Dbl homology-associated 
pleckstrin homology domain. J Biol Chem. 
2007;282(40):29201–29210.

 77. Carman CV, et al. Selective regulation of 
Galpha(q/11) by an RGS domain in the G pro-
tein-coupled receptor kinase, GRK2. J Biol Chem. 
1999;274(48):34483–34492.

 78. Tesmer VM, et al. Snapshot of activated G proteins 
at the membrane: the Galphaq-GRK2-Gbetagam-
ma complex. Science. 2005;310(5754):1686–1690.

 79. Arang N, et al. High-throughput chemoge-
netic drug screening reveals PKC-RhoA/
PKN as a targetable signaling vulnerability in 
GNAQ-driven uveal melanoma. Cell Rep Med. 
2023;4(11):101244.

 80. Arang N, et al. Whole-genome CRISPR screen-
ing identifies PI3K/AKT as a downstream 
component of the oncogenic GNAQ-focal 
adhesion kinase signaling circuitry. J Biol Chem. 
2023;299(2):102866.

 81. Feng X, et al. A platform of synthetic lethal gene 
interaction networks reveals that the GNAQ uveal 
melanoma oncogene controls the hippo pathway 
through FAK. Cancer Cell. 2019;35(3):457–472.

 82. Feng X, et al. Hippo-independent activation of 
YAP by the GNAQ uveal melanoma oncogene 
through a Trio-regulated rho GTPase signaling 
circuitry. Cancer Cell. 2014;25(6):831–845.

 83. Yu FX, et al. Mutant Gq/11 promote uveal mela-
noma tumorigenesis by activating YAP. Cancer 
Cell. 2014;25(6):822–830.

 84. Nesbit MA, et al. Mutations affecting G-protein 
subunit α11 in hypercalcemia and hypocalcemia. 
N Engl J Med. 2013;368(26):2476–2486.

 85. Wettschureck N, et al. Parathyroid-specific dou-
ble knockout of Gq and G11 alpha-subunits leads 
to a phenotype resembling germline knockout 
of the extracellular Ca2+ -sensing receptor. Mol 
Endocrinol. 2007;21(1):274–280.

 86. Li D, et al. Autosomal dominant hypoparathy-
roidism caused by germline mutation in GNA11: 
phenotypic and molecular characterization.  
J Clin Endocrinol Metab. 2014;99(9):E1774–E1783.

 87. Han P, et al. Hypocalcemia-induced seizure: 
demystifying the calcium paradox. ASN Neuro. 
2015;7(2):1759091415578050.

 88. De la Torre AJ, et al. A multidisciplinary con-
sensus for clinical care and research needs 
for Sturge-Weber syndrome. Pediatr Neurol. 
2018;84:11–20.

 89. Saade C, et al. Intracranial calcifications on 
CT: an updated review. J Radiol Case Rep. 
2019;13(8):1–18.

 90. Dimitri V. Tumor cerebral congenito (angioma 
cavernoso). Rev Assoc Med Argent. 1923;36:1029.

 91. Krabbe KH. Facial and meningeal angiomatosis 
associated with calcifications of the brain cortex: 
a clinical and anatomopathologic contribution. 
Arch Neurol Psych. 1934;32(4):737.

 92. Knöpfel N, et al. GNAQ/GNA11 mosaicism is 
associated with abnormal serum calcium indices 
and microvascular neurocalcification [published 

https://doi.org/10.1172/JCI172842
https://doi.org/10.1016/j.ajhg.2016.06.010
https://doi.org/10.1016/j.ajhg.2016.06.010
https://doi.org/10.1016/j.ajhg.2016.06.010
https://doi.org/10.1006/geno.1995.1267
https://doi.org/10.1006/geno.1995.1267
https://doi.org/10.1006/geno.1995.1267
https://doi.org/10.1006/geno.1995.1267
https://doi.org/10.1016/0092-8674(93)90245-L
https://doi.org/10.1016/0092-8674(93)90245-L
https://doi.org/10.1016/0092-8674(93)90245-L
https://doi.org/10.2174/1570161112666140226122054
https://doi.org/10.2174/1570161112666140226122054
https://doi.org/10.2174/1570161112666140226122054
https://doi.org/10.1160/TH12-09-0678
https://doi.org/10.1160/TH12-09-0678
https://doi.org/10.1160/TH12-09-0678
https://doi.org/10.1161/01.CIR.0000092166.30360.78
https://doi.org/10.1161/01.CIR.0000092166.30360.78
https://doi.org/10.1161/01.CIR.0000092166.30360.78
https://doi.org/10.1161/01.CIR.0000092166.30360.78
https://doi.org/10.1161/01.CIR.0000092166.30360.78
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1073/pnas.94.25.14089
https://doi.org/10.1038/38284
https://doi.org/10.1038/38284
https://doi.org/10.1038/38284
https://doi.org/10.1093/emboj/17.15.4304
https://doi.org/10.1093/emboj/17.15.4304
https://doi.org/10.1093/emboj/17.15.4304
https://doi.org/10.1093/emboj/17.15.4304
https://doi.org/10.1093/cvr/cvv216
https://doi.org/10.1093/cvr/cvv216
https://doi.org/10.1093/cvr/cvv216
https://doi.org/10.1038/369621a0
https://doi.org/10.1038/369621a0
https://doi.org/10.1038/369621a0
https://doi.org/10.1038/340692a0
https://doi.org/10.1038/340692a0
https://doi.org/10.1038/340692a0
https://doi.org/10.1038/340692a0
https://doi.org/10.1126/science.8266082
https://doi.org/10.1126/science.8266082
https://doi.org/10.1126/science.8266082
https://doi.org/10.1038/372276a0
https://doi.org/10.1038/372276a0
https://doi.org/10.1038/372276a0
https://doi.org/10.1073/pnas.92.25.11916
https://doi.org/10.1073/pnas.92.25.11916
https://doi.org/10.1073/pnas.92.25.11916
https://doi.org/10.1073/pnas.92.25.11916
https://doi.org/10.1073/pnas.92.25.11916
https://doi.org/10.1074/jbc.272.28.17836
https://doi.org/10.1074/jbc.272.28.17836
https://doi.org/10.1074/jbc.272.28.17836
https://doi.org/10.1038/nature07586
https://doi.org/10.1038/nature07586
https://doi.org/10.1038/nature07586
https://doi.org/10.1016/j.jmgm.2017.07.011
https://doi.org/10.1016/j.jmgm.2017.07.011
https://doi.org/10.1016/j.jmgm.2017.07.011
https://doi.org/10.1016/j.jmgm.2017.07.011
https://doi.org/10.1016/j.jid.2015.11.027
https://doi.org/10.1016/j.jid.2015.11.027
https://doi.org/10.1016/j.jid.2015.11.027
https://doi.org/10.1016/j.jid.2015.11.027
https://doi.org/10.1016/j.jid.2015.11.027
https://doi.org/10.1038/ng1412
https://doi.org/10.1038/ng1412
https://doi.org/10.1038/ng1412
https://doi.org/10.1016/j.pediatrneurol.2016.10.010
https://doi.org/10.1016/j.pediatrneurol.2016.10.010
https://doi.org/10.1016/j.pediatrneurol.2016.10.010
https://doi.org/10.1016/j.jaad.2015.09.063
https://doi.org/10.1016/j.jaad.2015.09.063
https://doi.org/10.1016/j.jaad.2015.09.063
https://doi.org/10.1016/j.jaad.2015.09.063
https://doi.org/10.1161/ATVBAHA.121.316651
https://doi.org/10.1161/ATVBAHA.121.316651
https://doi.org/10.1161/ATVBAHA.121.316651
https://doi.org/10.1161/ATVBAHA.121.316651
https://doi.org/10.1172/JCI76004
https://doi.org/10.1172/JCI76004
https://doi.org/10.1172/JCI76004
https://doi.org/10.1056/NEJMoa0903036
https://doi.org/10.1056/NEJMoa0903036
https://doi.org/10.1056/NEJMoa0903036
https://doi.org/10.3390/cancers14020413
https://doi.org/10.3390/cancers14020413
https://doi.org/10.3390/cancers14020413
https://doi.org/10.3390/cancers14020413
https://doi.org/10.1093/genetics/iyad077
https://doi.org/10.1093/genetics/iyad077
https://doi.org/10.1093/genetics/iyad077
https://doi.org/10.1093/genetics/iyad077
https://doi.org/10.1093/genetics/iyad077
https://doi.org/10.1038/s41467-023-37516-7
https://doi.org/10.1038/s41467-023-37516-7
https://doi.org/10.1038/s41467-023-37516-7
https://doi.org/10.1038/s41467-023-37516-7
https://doi.org/10.1158/0008-5472.CAN-14-3229
https://doi.org/10.1158/0008-5472.CAN-14-3229
https://doi.org/10.1158/0008-5472.CAN-14-3229
https://doi.org/10.1182/blood-2008-08-174508
https://doi.org/10.1182/blood-2008-08-174508
https://doi.org/10.1182/blood-2008-08-174508
https://doi.org/10.1002/dvg.20367
https://doi.org/10.1002/dvg.20367
https://doi.org/10.1002/dvg.20367
https://doi.org/10.1073/pnas.0700293104
https://doi.org/10.1073/pnas.0700293104
https://doi.org/10.1073/pnas.0700293104
https://doi.org/10.1073/pnas.0700293104
https://doi.org/10.1038/nmeth.1232
https://doi.org/10.1038/nmeth.1232
https://doi.org/10.1038/nmeth.1232
https://doi.org/10.1126/science.1846707
https://doi.org/10.1126/science.1846707
https://doi.org/10.1126/science.1846707
https://doi.org/10.1126/science.7716521
https://doi.org/10.1126/science.7716521
https://doi.org/10.1126/science.7716521
https://doi.org/10.1177/1358863X18786068
https://doi.org/10.1177/1358863X18786068
https://doi.org/10.1177/1358863X18786068
https://doi.org/10.1177/1358863X18786068
https://doi.org/10.1074/jbc.M411322200
https://doi.org/10.1074/jbc.M411322200
https://doi.org/10.1074/jbc.M411322200
https://doi.org/10.1074/jbc.M411322200
https://doi.org/10.1126/science.1147554
https://doi.org/10.1126/science.1147554
https://doi.org/10.1126/science.1147554
https://doi.org/10.1126/science.1147554
https://doi.org/10.1074/jbc.M703458200
https://doi.org/10.1074/jbc.M703458200
https://doi.org/10.1074/jbc.M703458200
https://doi.org/10.1074/jbc.M703458200
https://doi.org/10.1074/jbc.M703458200
https://doi.org/10.1074/jbc.274.48.34483
https://doi.org/10.1074/jbc.274.48.34483
https://doi.org/10.1074/jbc.274.48.34483
https://doi.org/10.1074/jbc.274.48.34483
https://doi.org/10.1126/science.1118890
https://doi.org/10.1126/science.1118890
https://doi.org/10.1126/science.1118890
https://doi.org/10.1016/j.xcrm.2023.101244
https://doi.org/10.1016/j.xcrm.2023.101244
https://doi.org/10.1016/j.xcrm.2023.101244
https://doi.org/10.1016/j.xcrm.2023.101244
https://doi.org/10.1016/j.xcrm.2023.101244
https://doi.org/10.1016/j.jbc.2022.102866
https://doi.org/10.1016/j.jbc.2022.102866
https://doi.org/10.1016/j.jbc.2022.102866
https://doi.org/10.1016/j.jbc.2022.102866
https://doi.org/10.1016/j.jbc.2022.102866
https://doi.org/10.1016/j.ccell.2019.01.009
https://doi.org/10.1016/j.ccell.2019.01.009
https://doi.org/10.1016/j.ccell.2019.01.009
https://doi.org/10.1016/j.ccell.2019.01.009
https://doi.org/10.1016/j.ccr.2014.04.016
https://doi.org/10.1016/j.ccr.2014.04.016
https://doi.org/10.1016/j.ccr.2014.04.016
https://doi.org/10.1016/j.ccr.2014.04.016
https://doi.org/10.1016/j.ccr.2014.04.017
https://doi.org/10.1016/j.ccr.2014.04.017
https://doi.org/10.1016/j.ccr.2014.04.017
https://doi.org/10.1056/NEJMoa1300253
https://doi.org/10.1056/NEJMoa1300253
https://doi.org/10.1056/NEJMoa1300253
https://doi.org/10.1210/me.2006-0110
https://doi.org/10.1210/me.2006-0110
https://doi.org/10.1210/me.2006-0110
https://doi.org/10.1210/me.2006-0110
https://doi.org/10.1210/me.2006-0110
https://doi.org/10.1210/jc.2014-1029
https://doi.org/10.1210/jc.2014-1029
https://doi.org/10.1210/jc.2014-1029
https://doi.org/10.1210/jc.2014-1029
https://doi.org/10.1177/1759091415578050
https://doi.org/10.1177/1759091415578050
https://doi.org/10.1177/1759091415578050
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.1016/j.pediatrneurol.2018.04.005
https://doi.org/10.3941/jrcr.v13i8.3633
https://doi.org/10.3941/jrcr.v13i8.3633
https://doi.org/10.3941/jrcr.v13i8.3633
https://doi.org/10.1001/archneurpsyc.1934.02250100059005
https://doi.org/10.1001/archneurpsyc.1934.02250100059005
https://doi.org/10.1001/archneurpsyc.1934.02250100059005
https://doi.org/10.1001/archneurpsyc.1934.02250100059005


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  V A S C U L A R  M A L F O R M A T I O N S

9J Clin Invest. 2024;134(8):e172842  https://doi.org/10.1172/JCI172842

online October 4, 2023]. J Invest Dermatol. 
https://doi.org/10.1016/j.jid.2023.09.008.

 93. Zecchin D, et al. GNAQ/GNA11 mosaicism 
causes aberrant calcium signalling susceptible 
to targeted therapeutics [published online 
October 4, 2023]. J Invest Dermatol. https://doi.
org/10.1016/j.jid.2023.08.028.

 94. Vural E, et al. The expression of vascular 
endothelial growth factor and its receptors in 
port-wine stains. Otolaryngol Head Neck Surg. 
2008;139(4):560–564.

 95. Zeng H, et al. Heterotrimeric G alpha q/G 
alpha 11 proteins function upstream of vascular 
endothelial growth factor (VEGF) receptor-2 
(KDR) phosphorylation in vascular perme-
ability factor/VEGF signaling. J Biol Chem. 
2003;278(23):20738–20745.

 96. Zeng H, et al. KDR stimulates endothelial cell 
migration through heterotrimeric G protein 
Gq/11-mediated activation of a small GTPase 
RhoA. J Biol Chem. 2002;277(48):46791–46798.

 97. Thuringer D, et al. Rapid transactivation of the 
vascular endothelial growth factor receptor 
KDR/Flk-1 by the bradykinin B2 receptor con-
tributes to endothelial nitric-oxide synthase acti-
vation in cardiac capillary endothelial cells. J Biol 
Chem. 2002;277(3):2028–2032.

 98. Gale NW, et al. Angiopoietin-2 is required for 
postnatal angiogenesis and lymphatic patterning, 
and only the latter role is rescued by angiopoie-
tin-1. Dev Cell. 2002;3(3):411–423.

 99. Maisonpierre PC, et al. Angiopoietin-2, a natural 
antagonist for Tie2 that disrupts in vivo angio-
genesis. Science. 1997;277(5322):55–60.

 100. Crist AM, et al. Vascular deficiency of Smad4 caus-
es arteriovenous malformations: a mouse model of 
hereditary hemorrhagic telangiectasia. Angiogene-
sis. 2018;21(2):363–380.

 101. Jenny Zhou H, et al. Endothelial exocytosis of 
angiopoietin-2 resulting from CCM3 deficiency 
contributes to cerebral cavernous malformation. 
Nat Med. 2016;22(9):1033–1042.

 102. Crane J, et al. Kaposiform lymphangiomatosis 
treated with multimodal therapy improves 
coagulopathy and reduces blood angiopoietin-2 
levels. Pediatr Blood Cancer. 2020;67(9):e28529.

 103. Le Cras TD, et al. Angiopoietins as serum bio-

markers for lymphatic anomalies. Angiogenesis. 
2017;20(1):163–173.

 104. Kim B, et al. Endothelial pyruvate kinase M2 
maintains vascular integrity. J Clin Invest. 
2018;128(10):4543–4556.

 105. Albarran-Juarez J, et al. Piezo1 and Gq/G11 pro-
mote endothelial inflammation depending on 
flow pattern and integrin activation. J Exp Med. 
2018;215(10):2655–2672.

 106. Chachisvilis M, et al. G protein-coupled receptors 
sense fluid shear stress in endothelial cells. Proc 
Natl Acad Sci U S A. 2006;103(42):15463–15468.

 107. Hu Y, et al. Flow-mediated vasodilation through 
mechanosensitive G protein-coupled receptors 
in endothelial cells. Trends Cardiovasc Med. 
2022;32(2):61–70.

 108. Liao JK, Homcy CJ. The G proteins of the G alpha i 
and G alpha q family couple the bradykinin recep-
tor to the release of endothelium-derived relaxing 
factor. J Clin Invest. 1993;92(5):2168–2172.

 109. Erdogmus S, et al. Helix 8 is the essential struc-
tural motif of mechanosensitive GPCRs. Nat 
Commun. 2019;10(1):5784.

 110. Xu J, et al. GPR68 senses flow and is essential for 
vascular physiology. Cell. 2018;173(3):762–775.

 111. Lim XR, Harraz OF. Mechanosensing by vascular 
endothelium. Annu Rev Physiol. 2024;86:71–97.

 112. Harraz OF, et al. Piezo1 is a mechanosensor chan-
nel in central nervous system capillaries. Circ Res. 
2022;130(10):1531–1546.

 113. Marqués L, et al. Topical rapamycin combined 
with pulsed dye laser in the treatment of capil-
lary vascular malformations in Sturge-Weber 
syndrome: phase II, randomized, double-blind, 
intraindividual placebo-controlled clinical trial.  
J Am Acad Dermatol. 2015;72(1):151–158.

 114. Nelson JS, et al. Observations on enhanced port 
wine stain blanching induced by combined 
pulsed dye laser and rapamycin administration. 
Lasers Surg Med. 2011;43(10):939–942.

 115. Day AM, et al. Hypothesis: presymptomatic treat-
ment of Sturge-Weber syndrome with aspirin 
and antiepileptic drugs may delay seizure onset. 
Pediatr Neurol. 2019;90:8–12.

 116. Valery CB, et al. Retrospective analysis of pre-
symptomatic treatment in Sturge-Weber syn-
drome. Ann Child Neurol Soc. 2024;2(1):60–72. 

https://doi.org/10.1002/cns3.20058.
 117. Day AM, et al. Physical and family history vari-

ables associated with neurological and cognitive 
development in Sturge-Weber syndrome. Pediatr 
Neurol. 2019;96:30–36.

 118. Powell S, et al. Neurological presentations and 
cognitive outcome in Sturge-Weber syndrome. 
Eur J Paediatr Neurol. 2021;34:21–32.

 119. Rempe RG, et al. Matrix metalloproteinase-medi-
ated blood-brain barrier dysfunction in epilepsy. 
J Neurosci. 2018;38(18):4301–4315.

 120. McCann M, et al. Phosphorylated-S6 expression 
in Sturge-Weber syndrome brain tissue. JoVA. 
2022;3(3):e046.

 121. Sebold AJ, et al. Sirolimus treatment in 
Sturge-Weber syndrome. Pediatr Neurol. 
2021;115:29–40.

 122. Edwards EA, et al. Monitoring arteriovenous 
malformation response to genotype-targeted 
therapy. Pediatrics. 2020;146(3):e20193206.

 123. Nicholson CL, et al. Successful management of an 
arteriovenous malformation with trametinib in a 
patient with capillary-malformation arteriovenous 
malformation syndrome and cardiac compromise. 
Pediatr Dermatol. 2022;39(2):316–319.

 124. Chowers G, et al. Treatment of severe kaposiform 
lymphangiomatosis positive for NRAS mutation by 
MEK inhibition. Pediatr Res. 2023;94(6):1911–1915.

 125. Foster JB, et al. Kaposiform lymphangiomatosis 
effectively treated with MEK inhibition. EMBO 
Mol Med. 2020;12(10):e12324.

 126. Ge Y, et al. Discovery of small molecule Gαq/11 
protein inhibitors against uveal melanoma. Acta 
Pharm Sin B. 2022;12(8):3326–3340.

 127. Lietman CD, McKean M. Targeting GNAQ/11 
through PKC inhibition in uveal melanoma. Can-
cer Gene Ther. 2022;29(12):1809–1813.

 128. Pilli VK, et al. Clinical and metabolic correlates of 
cerebral calcifications in Sturge-Weber syndrome. 
Dev Med Child Neurol. 2017;59(9):952–958.

 129. Wu J, et al. Cortical calcification in Sturge-Weber 
syndrome on MRI-SWI: relation to brain per-
fusion status and seizure severity. J Magn Reson 
Imaging. 2011;34(4):791–798.

 130. Stauderman KA. CRAC channels as targets for 
drug discovery and development. Cell Calcium. 
2018;74:147–159.

https://doi.org/10.1172/JCI172842
https://doi.org/10.1016/j.jid.2023.09.008
https://doi.org/10.1016/j.jid.2023.08.028
https://doi.org/10.1016/j.jid.2023.08.028
https://doi.org/10.1016/j.otohns.2008.07.015
https://doi.org/10.1016/j.otohns.2008.07.015
https://doi.org/10.1016/j.otohns.2008.07.015
https://doi.org/10.1016/j.otohns.2008.07.015
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M209712200
https://doi.org/10.1074/jbc.M206133200
https://doi.org/10.1074/jbc.M206133200
https://doi.org/10.1074/jbc.M206133200
https://doi.org/10.1074/jbc.M206133200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1074/jbc.M109493200
https://doi.org/10.1016/S1534-5807(02)00217-4
https://doi.org/10.1016/S1534-5807(02)00217-4
https://doi.org/10.1016/S1534-5807(02)00217-4
https://doi.org/10.1016/S1534-5807(02)00217-4
https://doi.org/10.1126/science.277.5322.55
https://doi.org/10.1126/science.277.5322.55
https://doi.org/10.1126/science.277.5322.55
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1038/nm.4169
https://doi.org/10.1038/nm.4169
https://doi.org/10.1038/nm.4169
https://doi.org/10.1038/nm.4169
https://doi.org/10.1002/pbc.28529
https://doi.org/10.1002/pbc.28529
https://doi.org/10.1002/pbc.28529
https://doi.org/10.1002/pbc.28529
https://doi.org/10.1007/s10456-016-9537-2
https://doi.org/10.1007/s10456-016-9537-2
https://doi.org/10.1007/s10456-016-9537-2
https://doi.org/10.1172/JCI120912
https://doi.org/10.1172/JCI120912
https://doi.org/10.1172/JCI120912
https://doi.org/10.1084/jem.20180483
https://doi.org/10.1084/jem.20180483
https://doi.org/10.1084/jem.20180483
https://doi.org/10.1084/jem.20180483
https://doi.org/10.1073/pnas.0607224103
https://doi.org/10.1073/pnas.0607224103
https://doi.org/10.1073/pnas.0607224103
https://doi.org/10.1016/j.tcm.2020.12.010
https://doi.org/10.1016/j.tcm.2020.12.010
https://doi.org/10.1016/j.tcm.2020.12.010
https://doi.org/10.1016/j.tcm.2020.12.010
https://doi.org/10.1172/JCI116818
https://doi.org/10.1172/JCI116818
https://doi.org/10.1172/JCI116818
https://doi.org/10.1172/JCI116818
https://doi.org/10.1038/s41467-019-13722-0
https://doi.org/10.1038/s41467-019-13722-0
https://doi.org/10.1038/s41467-019-13722-0
https://doi.org/10.1016/j.cell.2018.03.076
https://doi.org/10.1016/j.cell.2018.03.076
https://doi.org/10.1146/annurev-physiol-042022-030946
https://doi.org/10.1146/annurev-physiol-042022-030946
https://doi.org/10.1161/CIRCRESAHA.122.320827
https://doi.org/10.1161/CIRCRESAHA.122.320827
https://doi.org/10.1161/CIRCRESAHA.122.320827
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1016/j.jaad.2014.10.011
https://doi.org/10.1002/lsm.21141
https://doi.org/10.1002/lsm.21141
https://doi.org/10.1002/lsm.21141
https://doi.org/10.1002/lsm.21141
https://doi.org/10.1016/j.pediatrneurol.2018.04.009
https://doi.org/10.1016/j.pediatrneurol.2018.04.009
https://doi.org/10.1016/j.pediatrneurol.2018.04.009
https://doi.org/10.1016/j.pediatrneurol.2018.04.009
https://doi.org/10.1002/cns3.20058
https://doi.org/10.1016/j.pediatrneurol.2018.12.002
https://doi.org/10.1016/j.pediatrneurol.2018.12.002
https://doi.org/10.1016/j.pediatrneurol.2018.12.002
https://doi.org/10.1016/j.pediatrneurol.2018.12.002
https://doi.org/10.1016/j.ejpn.2021.07.005
https://doi.org/10.1016/j.ejpn.2021.07.005
https://doi.org/10.1016/j.ejpn.2021.07.005
https://doi.org/10.1523/JNEUROSCI.2751-17.2018
https://doi.org/10.1523/JNEUROSCI.2751-17.2018
https://doi.org/10.1523/JNEUROSCI.2751-17.2018
https://doi.org/10.1016/j.pediatrneurol.2020.10.013
https://doi.org/10.1016/j.pediatrneurol.2020.10.013
https://doi.org/10.1016/j.pediatrneurol.2020.10.013
https://doi.org/10.1542/peds.2019-3206
https://doi.org/10.1542/peds.2019-3206
https://doi.org/10.1542/peds.2019-3206
https://doi.org/10.1111/pde.14912
https://doi.org/10.1111/pde.14912
https://doi.org/10.1111/pde.14912
https://doi.org/10.1111/pde.14912
https://doi.org/10.1111/pde.14912
https://doi.org/10.1038/s41390-022-01986-0
https://doi.org/10.1038/s41390-022-01986-0
https://doi.org/10.1038/s41390-022-01986-0
https://doi.org/10.15252/emmm.202012324
https://doi.org/10.15252/emmm.202012324
https://doi.org/10.15252/emmm.202012324
https://doi.org/10.1016/j.apsb.2022.04.016
https://doi.org/10.1016/j.apsb.2022.04.016
https://doi.org/10.1016/j.apsb.2022.04.016
https://doi.org/10.1038/s41417-022-00437-6
https://doi.org/10.1038/s41417-022-00437-6
https://doi.org/10.1038/s41417-022-00437-6
https://doi.org/10.1111/dmcn.13433
https://doi.org/10.1111/dmcn.13433
https://doi.org/10.1111/dmcn.13433
https://doi.org/10.1002/jmri.22687
https://doi.org/10.1002/jmri.22687
https://doi.org/10.1002/jmri.22687
https://doi.org/10.1002/jmri.22687
https://doi.org/10.1016/j.ceca.2018.07.005
https://doi.org/10.1016/j.ceca.2018.07.005
https://doi.org/10.1016/j.ceca.2018.07.005

