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Abstract

Purpose of the Review—Capillary malformations (CM), the most common type of vascular
malformation, are caused by a somatic mosaic mutation in GNAQ, which encodes the Gaq
subunit of heterotrimeric G-proteins. How the single amino acid change — predicted to activate
Gaq - causes CM is not known but recent advances are helping to unravel the mechanisms.

Recent Findings—The GNAQ R183Q mutation is present in endothelial cells isolated from
skin and brain CMs, but also in brain tissue underlying the CM, raising questions about the origin
of CM-causing cells. Insights from computational analyses shed light on the mechanisms of
constitutive activation and new basic science shows Gaq plays roles in sensing shear stress and in
regulating cerebral blood flow.

Summary

Several studies confirm the GNAQ R183Q mutation in 90% of non-syndromic and Sturge-Weber
syndrome (SWS) CMs. The mutation is enriched in endothelial cells and blood vessels isolated
from skin, brain and choroidal CMs but whether the mutation resides in other cell types must be
determined. Further, the mechanisms by which the R183Q mutation alters microvascular
architecture and blood flow must be uncovered to develop new treatment strategies for SWS in
particular, a devastating disease for which there is no cure.
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Introduction

1duosnuey Joyiny

Capillary malformation (CM) is a slow flow vascular malformation composed of enlarged
capillaries and venules with thickened perivascular cell coverage[1]. The affected vessels

show abnormalities such as bulging, sprouting, discontinuities in the endothelium, uneven
perivascular coverage and blood stasis (Figure 1). Cutaneous CMs, often called port wine
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stains (PWS) or port wine birthmarks occur in 3/1000 infants; they can darken and form
nodules over time, and in 55-70% of cases soft tissue overgrowth is observed, especially if
the CM is located on the lip or cheek[1,2]. Vessel enlargement and wall thickness were
measured in infant PWS compared to adjacent normal skin[3], which revealed a bimodal
distribution of PWS vessels with increased circumferences. PWS vessels in the 25-200um
range showed a right shift towards larger circumference and a second peak of very large
vessels were seen in PWS but not in adjacent normal skin.

In Sturge-Weber syndrome (SWS), a rare neurocutaneous disorder that occurs in 1/20,000 —
1/50,000 infants, CMs in the ipsilateral leptomeninges and ocular choroid occur along with
PWS; see Images in Clinical Medicine[4]. Although a diagnosis of SWS is difficult to make
before one year of age, the location of the PWS on a newborn is a strong predictor. A PWS
located on the forehead, the midline of the face or in a hemifacial distribution increases risk
of SWS to 20-50%[5-7]. Waelchli and colleagues noted the association of where PWS are
located with embryonic vascular development of the face rather than trigeminal nerve
involvement, a long-held notion[5]. Children with SWS are at high risk for seizures, stroke-
like episodes and cognitive delays, which are thought to be due to the vascular stasis and
poor perfusion in the cortex beneath the leptomeningeal CM. Further, ipsilateral CM can
occur in the choroid plexus, leading to glaucoma, retinal detachment and choroidal bleeding.
There is a pressing need to accurately diagnose infants at high risk for SWS so that
preventative therapies may be considered. T1 weighted magnetic resonance imaging with
gadolinium contrast is currently the standard neuroimaging procedure but it is not ideal. A
new MRI-based approach that compares quantitative apparent diffusion coefficient (ADC)
maps to an atlas of ADC maps from age-matched controls shows promise as a safer method
to identify infants at high risk of SWS seizures[8].

The causal mutation in CM is firmly established as several laboratories have confirmed the
landmark finding by Shirley and colleagues that identified the same somatic mutation in
GNAQ - the arginine (R) at amino acid position 183 replaced by glutamine (Q) - in 90% on
non-syndromic PWS and SWS brain cases [9-12]. Recently the R183Q mutation was
identified in choroidal CM in SWS[13,14], linking the three sites — skin, brain and eye. The
R183Q mutation was documented in 4 cases of a rare form of SWS that presents without
skin or ocular involvement, called forme fruste or SWS type I11[15]. In a small number of
cases, the GNAQ mutation results in a different amino acid at R183 —e.g., glycine (G) or
leucine (L)[11,12]. The loss of the arginine R is likely most important, as this reduces
hydrogen bonding between Ga.q and guanosine diphosphate (GDP), a critical bond needed
for assembly of the GDP-Gap+y “inactive” complex[16]. Thus, R183Q activates Ga.g, which
in turn activates phospholipase C-g (PLCB)[17], (Figure 2).

As noted above, the R183Q is found in approximately 90% of PWS and SWS cases; this
leaves approximately 10% unaccounted for. Efforts are underway to identify genetic
alterations in R183Q-negative CMs as they will undoubtedly point to up and downstream
regulators of Gaq that are needed for proper capillary morphogenesis. Three of eight CM
cases without GNAQ mutations, all located on extremities, were found to have a R183C
(cysteine) mutation in GNA11[18], which encodes Ga.11, 8 Gag homolog. Therefore, it is
likely that the GNA11 R183C alters cellular function in a similar fashion to GNAQ R183Q.
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A much rarer form of CM, called CM-arteriovenous malformation (AVM) affects 1/100,000
individuals. The CMs are atypical: small, round, multifocal and fast flow, and associated
with AVMs or arteriovenous fistulas. RASA1 loss-of-function mutations are found in
approximately 50% of patients with CM-AVM [19], and recently, loss of function mutations
in EPHBA4, an upstream regulator of RASAL, were found in CM-AVM patients without
RASA1 mutation. [20]. RASAL inactivates Ras p21 by enhancing Ras-GTPase such that
loss of RASAL or EPHB4 function should result in chronic activation of the Ras/MAPK
pathway. Mice genetically engineered to be mosaic for Rasal loss-of-function were found to
develop abnormal cutaneous vessels, underscoring the critical role of Rasal and the Ras/
MAPK pathway in vascular development[21].

Recent developments/advances —

Our understanding of how the GNAQ R183Q somatic activating mutation causes CM is
emerging slowly. Here we will discuss recent findings in three areas that have made
important progress and at the same time opened up new questions.

1) Cellular origin —PWS and SWS brain tissue specimens are mosaic for the R183Q
mutation, evident from mutant allelic frequencies that range from 1-18%[9]. Endothelial
cells isolated from skin and brain CM tissue showed increased mutant allelic frequencies
compared to whole tissue indicating an endothelial enrichment and localization[12,22,23].
Hematopoietic and perivascular cell fractions were devoid of mutant cells, but not the
stromal fraction, which showed mutant allelic frequencies as high as 8-9% in SWS brain
[22]. Thus, there are unidentified cells that contain the GNAQ R183Q mutation. In a new
study, investigators separated SWS brain tissue blocks into leptomeningeal CM and adjacent
brain and tested for the GNAQ R183Q mutation. They found mutant alleles (0.16-2.9%) in
the CM-adjacent brain tissue, showing that mutant cells reside in areas outside of the
vascular malformation [24]. The authors suggest that R183Q mutant cells outside of the CM
may be responsible for the brain abnormalities in SWS. It is also conceivable that the GNAQ
R183Q mutation is “silent” in some cells and in certain locations due to microenvironmental
factors such hemodynamic shear forces and/or paracrine signals from surrounding cells, and
as such would have no functional impact. Such hypotheses may be tested when animal
models with cell-specific and mosaic mutant alleles are developed. In summary, a hypothesis
has emerged that the GNAQ R183Q mutation occurs in a progenitor cell that can give rise to
multiple lineages, including the endothelial lineage, and that descendent cells can migrate to
different locations in the developing embryo. Consistent with this, one report suggests the
mutation arises in a mesodermal progenitor cell based on detection of GMNAQ R183Q in
blood samples from SWS patients using an ultra-sensitive droplet digital PCR technique
[25].

2) Mutant Gaq signaling —There is very little known mechanistically about how the
GNAQ R183Q mutation affects signaling in endothelial cells, a cell that contains the mutant
allele in PWS and SWS CM lesions. The mutation has been expressed in immortalized cells
such as the human embryonic kidney cell line 293T and selected pathways analyzed based
on what is known about the GNAQ Q209L mutation that drives uveal melanoma[9]. In 293T
cells, GNAQ R183Q expression elicits a slight increase in phosphorylation of the mitogen-

Curr Opin Hematol. Author manuscript; available in PMC 2021 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bichsel and Bischoff

Page 4

activated protein kinase (MAPK) target ERK compared to expression of GNAQ Q209L
which increases phosphorylation of several targets (ERK, P38 and JNK) strongly.
Endothelial-localized phosphorylated ERK has been reported in SWS brain vessels
supporting the activation seen in 293T cells[26].

More investigation is needed to identify the Gaq signaling pathways impacted by the
R183Q mutation, the duration and magnitude of the signaling, and further which of the
perturbed pathways disrupt capillary morphogenesis, blood flow and neurovascular
coupling. While the GNAQ Q209L mutation provides a template, a recent computational
analysis predicts that the R183Q mutation drives activation of distinct downstream
targets[16]. Briefly, the loss of arginine (R) at amino acid position 183 abolishes hydrogen
bonding between the arginine and GDP, which effectively destabilizes the inactive GDP-
bound Gaq and favors the active guanosine-triphosphate (GTP)-bound form. The R183Q
mutation also affects the conformation of the switch 1 domain of Gaq which may alter
interaction with the ADP-ribosylation factor 6 (ARF6), an immediate downstream effector
that controls endocytosis of activated Ga.q complexes[27]. In contrast, the Q209L mutation
impairs reassociation of the Ga.q subunit with the Gp subunit which is needed to reform the
inactive heterotrimeric complex and shut off signaling (Figure 2). The Q209L mutation also
reduces hydrogen bonding between Q209 and negative regulators of G-protein signaling
(RGS) 2 and 8. In summary, the differential effects of R183Q and Q209L on GDP binding
affinity and heterotrimerization respectively may impact downstream signaling dynamics.
New compounds such as the cyclic depsipeptide FR9000359 that specifically inhibit
GDP/GTP exchange on Gaq and thereby favor the inactive GDP-bound Gapy
heterotrimer[28] may prove to useful in sorting out relevant pathways affected by the R183Q
mutation.

3) Cellular Effects —Recent studies have shown that Ga.q is involved in endothelial
cell sensing of shear stress imposed by blood flow. Human umbilical artery endothelial cells
exposed to either laminar or disturbed-flow shear stress activated the mechanosensor Piezol,
the G-protein coupled receptor (GPCR) P2Y and Gaq but then diverged [29]. Under laminar
flow, endothelial nitric oxide synthase (eNOS) was upregulated whereas disturbed flow
triggered the transcription factor nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and integrina.5, activating pro-inflammatory pathways. It is unclear how and
at what point the different pathways diverge given the same initial signaling via Gaq but it is
intriguing to speculate that the R183Q mutation in Ga.q may disrupt the endothelial cell’s
ability to distinguish between laminar and disturbed flow. Others showed that Ga.q, being
anchored in the lipid bilayer, can be activated solely by shear stress and independently from
GPCR signaling[30], which further points to a central role for Ga.q in sensing flow. Based
on these new findings, one might speculate that capillary malformations form because the
R183Q mutation in GNAQ alters the ability of Gaq to sense and integrate shear stress
signals. One may further speculate that the R183Q mutation uniquely impacts Ga.q sensing
in the capillary-venule microenvironment but may have a lesser or no impact on mutant
endothelial cells in large arteries or veins. That is, R183Q mutant endothelial cells residing
in large vessels may not have the same impact on vessel architecture.
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Recent studies have also connected Gaq to cerebral blood flow, which is known to be
altered in the brains of patients with SWS. Normally, local neuronal activity is relayed from
brain capillary endothelial cells to upstream to vasoactive feeding arterioles, which
vasodilate to increase local blood supply to meet the demand for oxygen. Harraz and
colleagues show that Ga.q is part of a molecular switch critical for this process based on its
ability to reduce phosphatidylinositol 4,5 biphosphate (PIP2) via its activation of
phospholipase-Cp (Figure 2). A Gag-stimulated drop in PIP2 blocks the capillary potassium
channel Kir2.1 and at the same time relieves inhibition of the calcium/sodium channel
TRPV4 [31,32]. In effect, the drop in PIP2 acts to reset capillary-initiated electrical
signaling, it reduces blood flow and prepares the cells to respond to subsequent neuronal
signals. Constitutively active R183Q Gag would likely disrupt this neurovascular coupling
mechanism, a speculation that is consistent with the poor regional cerebral perfusion and
chronic ischemia often seen in the brain of infants with SWS.

Conclusion —

At present, PWS and SWS are medically managed but there is no cure. The discovery of the
GNAQ R183Q mutation in ~90% of cases provides a focal point but the questions that arise
are immense. In what cell does the missense mutation occur and how do its progeny
distribute to the primary locations of CM in SWS. Does the mutation impart cell
autonomous or non-cell autonomous dysfunctions, or both? What are critical downstream
effectors that cause the brain, ocular and skin abnormalies and can they be blocked
specifically and without harm? Continued basic science — including the development of /n
vitro and in vivo models, computational studies, genomics and drug screens are essential in
order to accelerate discovery and translate them to new treatments for SWS.
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Key Bullet Points

. The GNAQ R183Q mutation is found in 90% of patients affected by CM and
is enriched in endothelial cells, but the originating cell in which the mutation
occurs is still unknown.

. Both R183Q and the GNAQ Q209L mutation in uveal melanoma are
“activating” but insights from G-protein structural biology indicate the precise
mechanisms by which the individual mutations cause overactivation may
differ, leading to differences in downstream signaling.

. Recent work has linked Ga.q signaling to regional blood flow regulation,
raising the question of whether and how the GNAQ R183Q mutation affects
neurovascular coupling in SWS.
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Figure 1.
Leptomeningeal blood vessels, stained for endothelium with Ulex Europaeus Agglutinin |

(red) and nuclei with Hoechst (blue). Left: Sturge-Weber brain. Right: normal brain, with
leptomeningeal vessels in a sulcus seen on the left side of the image, adjacent to a molecular
layer and dentate gyrus on the right. Scale bars: 50 ym.
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Figure 2.
The human Gaq polypeptide is 359 amino acids in length. It contains three a-helical

domains called switch I (SWI), switch 11 (SWII) and switch 111 (SWIII) shown as patterned
boxes. The location of amino acid residues R183 in SWI and Q209 in SWII are shown. The
amino-terminal domain of Gaq interacts with PLCB3[33]; Gaq activates PLCB3 to
hydrolyze PIP2 into inositol 1, 4, 5 triphosphate (IP3) and diacylglycerol (DAG). The SWI
region changes conformation upon receptor binding; the SWII region interacts with the By
subunits of the heterotrimer G-protein; and putative G-protein coupled receptor (GPCR)
binding is located in the C-terminal region.
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