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Abstract

Objective: Capillary malformation (CM) occurs sporadically and is associated with Sturge-
Weber syndrome (SWS). The somatic mosaic mutation in GNAQ (c.548G>A, p.R183Q) is
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enriched in endothelial cells (EC) in skin CM and SWS brain CM. Our goal was to investigate
how the mutant G-protein a-q subunit (Gaq) alters EC signaling and disrupts capillary
morphogenesis.

Approach and Results: We used lentiviral constructs to express p.R183Q or wild-type GNAQ
in normal human endothelial colony forming cells (EC-R183Q and EC-WT respectively). EC-
R183Q constitutively activated phospholipase C B3 (PLCB3), a downstream effector of Ga.q.
Activated PLCB3 was also detected in human CM tissue sections. Bulk RNA-seq analyses of
mutant versus wild-type EC indicated constitutive activation of protein kinase C (PKC), NF-xB
and calcineurin signaling in EC-R183Q. Increased expression of downstream targets in these
pathways, Angiopoetin-2 (ANGPT2) and Down Syndrome Critical Region Protein 1.4 (DSCR1.4)
were confirmed by gPCR and immunostaining of human CM tissue sections. The Gaq inhibitor
YM-254890 as well as siRNA targeted to PLCB3 reduced mRNA expression levels of these targets
in EC-R183Q while the pan-PKC inhibitor AEB071 reduced ANGPT2 but not DSCR1.4. EC-
R183Q formed enlarged blood vessels in mice, reminiscent of those found in human CM. shRNA
knockdown of ANGPT2 in EC-R183Q normalized the enlarged vessels to sizes comparable those
formed by EC-WT.

Conclusion: Gag-R183Q, when expressed in ECs, establishes constitutively active PLCB3
signaling that leads to increased ANGPT2 and a pro-angiogenic, pro-inflammatory phenotype.
EC-R183Q are sufficient to form enlarged CM-like vessels in mice, and suppression of ANGPT2
prevents the enlargement. Our study provides the first evidence that endothelial Gag-R183Q is
causative for CM and identifies ANGPT2 as a contributor to CM vascular phenotype.

Keywords

Sturge-Weber syndrome; capillary malformation; GNAQ ; endothelial cell; Angiopoietin-2; PKC;
PLC; DSCR1

INTRODUCTION

Capillary malformation (CM), also termed “port wine stain”, occurs sporadically in 0.3% of
newborns 1 and is a slow-flow vascular malformation. CMs consist of clusters of abnormal
capillary/venule-like blood vessels below the surface of skin that are often enlarged 2.
Sturge-Weber syndrome (SWS) is a rare congenital neurocutaneous disease characterized by
CMs in the leptomeninges in addition to facial and extra-craniofacial CMs 3. Patients with
SWS are at risk for seizures, stroke-like episodes, and cognitive impairments; symptomatic
treatments are available, but to date there are no targeted therapies for the underlying
malformation. In SWS, CMs can also occur in the choroidal vessels of the eye, increasing
the risk of glaucoma #°. A somatic, activating mutation in GNAQ (c.548G>A; p.R183Q)
was found in 92% of non-syndromic skin CMs and 88% of SWS skin and brain specimens
6. We subsequently showed that GNAQ p.R183Q is enriched in endothelial cells (ECs) in
skin CMs and SWS brain CMs 78, A somatic missense mutation (c.547C>T; p.R183C) in
GNA11, a GNAQ homologue, was reported in 3 patients with diffuse CM on extremities

9 and a somatic missense mutation in GNB2 (c.232A>G; p.K78E), the B subunit of the
heterotrimeric G protein, was recently reported in one patient with SWS 10,
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GNAQ encodes Gag, an alpha subunit of the heterotrimeric G protein that links G-protein
coupled receptors (GPCR) to activation of phospholipase Cp (PLCP). The latter hydrolyzes
phosphatidylinositol 4,5 biphosphate (PIP2) to generate diacylglycerol (DAG) and inositol
1, 4, 5 triphosphate (IP3), two potent signaling molecules. Several endothelial GPCRs are
known to signal through Gaq, and in many cell types mitogenic signaling through GPCRs is
conducted primarily through Ga.q 11. Gaq has inherent guanosine-5’-triphosphate hydrolase
(GTPase) activity. Loss of arginine (R) at position 183, located in the conserved GTP-
binding pocket, impairs GTPase activity and increases GTP-bound Ga.g, which promotes
constitutive activity 12,

The GNAQ p.Q209L mutation in uveal melanoma has a similar but stronger effect on Gaq
GTPase activity 1314, As such, the p.Q209L mutation provides a template for understanding
the p.R183Q mutation, although computational modeling studies suggest the two mutations
may alter Gaq signaling in distinct ways 1. In uveal melanoma, a small GTPase ADP-
ribosylation factor 6 (ARF6) functions as an immediate downstream effector of Ga.g-Q209L
to induce PLC/protein kinase-C(PKC) and Rho/Rac signaling, which in turn activates ERK,
p38, YAP and other signaling molecules 16-20, Because the endothelial cellular context is
distinct from the melanocytes, we sought to apply an unbiased approach to discover how the
p.R183Q mutation alters endothelial Ga.q signaling and determine if endothelial p.R183Q is
sufficient to drive CM formation /n vivo.

Towards this goal, we used lentiviral constructs to express either p.R183Q or wildtype
GNAQ in normal human endothelial colony forming cells (ECFC) isolated from umbilical
cord blood 2122 designated EC-R183Q and EC-WT, respectively. /7 vitro results were
corroborated by immunostaining human CM tissue specimens from sporadic CM and SWS
cases. Our results show activation of PLCB3 and increased expression of angiopoietin-2
(ANGPT2), a blood vessel destabilizer, and Down Syndrome Critical Region Protein
(DSCR) 1.4, an inhibitor of calcineurin that is induced in ECs by vascular endothelial
growth factor (VEGF)-A. We tested blood vessel-forming ability by injecting EC-R183Q
or EC-WT subcutaneously into immunodeficient mice using a well-established model

for building human microvascular networks in vivo 23-25, EC-R183Q formed enlarged
ANGPT2" blood vessels, reminiscent of the enlarged ANGPT2* vessels seen in human CM
2. shRNA knockdown of ANGPT2 in EC-R183Q reduced the size of the blood vessels,
indicating ANGPT2 contributes to the enlarged vascular phenotype. Taken together, our
study uncovers potential pathways and molecules that might provide therapeutic targets to
reverse the effects of endothelial Ga.g-R183Q on capillary morphogenesis.

MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding author
upon reasonable request. RNA-seq data are publicly available at the Gene Expression
Omnibus (GEO) archive at the National Center for Biotechnology Information under GEO
accession number GSE186998 (https://www.ncbi.nlm.nih.gov/geo/).
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Generation and Culture of EC-WT and EC-R183Q

Human umbilical cord blood-derived ECFCs were isolated, characterized and maintained

in our laboratory 2425 under an IRB-approved protocol. Human GNAQWT and R183Q
cDNA cloned into the pcDNA3.1+ plasmid at Kpnl (5’) and Xho | (3’) were kindly provided
by Dr. Kun-Liang Guan 20. Subsequently, WT and R183Q cDNA were inserted into the
lentiviral vector CSCW-Fluc-IRES-GFP (Massachusetts General Hospital (MGH) Vector
Core) at Nhe I (5%) and Xho | (3’) to replace the Fluc gene. The lentivirus was generated

by using 2"d generation packaging system at the MGH or Boston Children’s Hospital vector
core facility. The transduction was conducted followed by green fluorescent protein (GFP)
sorting. The GFP* ECs were harvested, expanded, and validated for mutant allelic frequency
(MAF) by ddPCR and for Gaq expression by western blot. Lentiviral-engineered ECFCs
that express full-length WT or R183Q GNAQ cDNA were designated as EC-WT and EC-
R183Q respectively. For expansion, EC-WT and EC-R183Q were plated on fibronectin (0.1
Hg/cm?)-coated tissue culture dishes at a density of 15,000 — 20,000 cells/cm? in Endothelial
Cell Growth Medium-2 (Lonza) which consists of Endothelial Cell Growth Basal Medium-2
(EBM-2), SingleQuot supplements (all except hydrocortisone), 10% heat-inactivated fetal
bovine serum (FBS, Hyclone) and 1X Glutamine-penicillin-streptomycin solution (GPS,
ThermoFisher). To promote quiescence Jn vitro, ECs were plated at 20,000 cells/cm? for 30
— 32 hours, then switched to 2% FBS- EBM2 without SingleQuot supplements for 16 hours.

siRNA and shRNA Knockdown

EC-WT and EC-R183Q were transfected with siRNA using INTERFERIN® siRNA
transfection reagent (Polyplus-transfection®) following the manufacturer’s instruction.
10nM GeneSolution siRNA targeted to PLCB1 and PLCB3 (Qiagen) and control non-target
siRNA (Qiagen) were used. Cells were lysed for RT-PCR at 48 hours after transfection and
the conditioned media were collected for ELISA at 72 hours after transfection.

EC-R183Q were transduced with ANGPT2 shRNA lentivirus (TRCN0000059223-
TRCNO000005922325, Sigma) or control lentivirus (Sigma) followed by puromycin (1
ug/mL) selection for 72 hours. Afterwards EC-R183Q sh-ANGPT2 and EC-R183Q sh-
CTRL were maintained in full media without puromycin. Knockdown efficacy was
confirmed by RT-qPCR and ELISA.

RNA Sequencing

Lentiviral engineered EC-WT and EC-R183Q, and human umbilical vein endothelial cells
(HUVEC) transduced in the same manner to create HUVEC-WT and HUVEC-R183Q,
were cultured in 2% FBS-EBM2 without SingleQuots for 16 hours to promote quiescence.
N=3 biological replicates for each cell type. Total RNA was isolated using the Qiagen
RNeasy Plus Mini Kit (Qiagen). RNA Integrity Number was assessed by the Agilent 2100
Bioanalyzer system (BCH IDDRC Molecular Genetics Core Facility) to ensure more than
1ug total RNA with RNA integrity number more than 9.0 was submitted for sequencing.
The mRNA library preparation (by Illumina TruSeq Strandard Total RNA with Ribo-Zero
kit) and RNA Sequencing (by HiSeq 2500 Rapid, 100 PE Sequencing Throughput) was
conducted by Psomagen, Inc (fee for service). Sequencing quality control was performed on
raw FASTQ files with FastQC (0.11.4). No samples failed quality thresholds, mean PHRED
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quality score less than 5 or median PHRED less than 20 for any base on either paired-end
read. FASTQ files were aligned with HiSAT?2 (2.0.4) to the human reference (hg19) 26.
Using GENCODE (release 19) annotations, gene coverage was calculated with StringTie
(1.2.4) and coerced into a gene count matrix by Ballgown (2.1.1). Library size normalization
was performed using trimmed mean of M-values (TMM) in edgeR (3.26.8). Differential
gene expression analysis was conducted on gene-level annotations with edgeR (3.26.8),
filtering genes with less than 5 counts in at least one diagnosis group, zero count genes,

and removing chromosome Y and mitochondrial genes. Genes were considered differentially
expressed with false discovery rate (FDR) less than 0.10. Differentially expressed genes
were analyzed for upstream regulators using Ingenuity Pathway Analysis (IPA, Qiagen)

to identify concordantly regulated effectors between R183Q mutants and WT samples.

Gene Ontology (GO) analyses were performed using the PANTHER Overrepresentation
Test (Released 20200407) ( http://geneontology.org), using known, concordant, differentially
expressed genes having FDR < 0.00005. Regulated pathways had an FDR correction <0.05.
The raw and processed data files are available at the Gene Expression Omnibus (GEO) at the
National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/gds/).

Histology and Immuno-staining

Human neonatal foreskin, infantile hemangioma, skin CMs (n=6) and SWS brain CM
specimens (n=6) (Table 1) were obtained under human subject protocols (IRB-P00003505,
S08-01-0013 and 09-02-0043) approved by the Committee on Clinical Investigation at
Boston Children’s Hospital. Informed consent was obtained for hemangioma, skin CM and
SWS brain lesions according to the Declaration of Helsinki. Foreskin was de-identified,
normally discarded tissue. Formalin-fixed, paraffin-embedded (FFPE) tissue sections (5um)
were deparaffinized and either directly stained with hematoxylin and eosin (H&E) or
immersed in an antigen retrieval solution (Citrate-EDTA buffer: 10mM Citric Acid,

2mM EDTA, 0.05% Tween-20, pH 6.2) for 20 minutes at 95°C to 99°C. Sections were
subsequently blocked for 30 minutes in TNB Blocking buffer (PerkinElmer) followed by
incubation with primary antibodies or the plant lectin Ulex europaeus agglutinin-1 (UEA

I; Vector). UEA | was fluorescently labeled with either DyLight 488, 594 or 649 and

used to stain human EC. Anti-human p-PLCB3(Ser537), ANGPT2, DSCR1, p-ERK1/2 and
Ki67 primary antibodies were used (Major Resources Table). Purified class- and species-
matched 1gGs (Vector Lab) were used as controls to assess non-specific antibody staining.
Sections were next incubated with appropriate biotinylated secondary antibodies followed
by DyL.ight 488 or 594 Streptavidin. All slides were mounted using DAPI (Molecular
Probe) to visualize nuclei. Images were acquired by a Zeiss Airyscan LSM 880 Fast
confocal microscope (Zeiss) and analyzed by Fiji ImageJ software (NIH). A limitation of the
immunostaining studies is the small number of skin CM and brain CM available for study, as
seen in Table 1 below.

RNA Isolation and Quantitative Reverse Transcriptase PCR (RT-gPCR)

Cells were starved in 2% FBS-EBM2 with and without inhibitors for 16 hours. Total cellular
RNA was extracted with a RNeasy Micro extraction kit (Qiagen). Reverse transcriptase
reactions were performed using an iScript™cDNA synthesis kit (BioRad). gPCR was
performed using iTaq Universal SYBR Green Supermix (BioRad). Amplification was
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carried out in an ABI 7500 (Applied Biosystems). A relative standard curve of each gene
amplification was generated to determine the amplification efficiency, with greater than 90%
considered acceptable. Gene expression was normalized to GNAQ 27. ATP5B and HPRTI
were used as housekeeping genes. Quantitative analysis was performed according to delta
CT based Pfaffl’s method 28. Primer sequences are shown in Table 2.

Western Blot

Cells were starved 16 hours in 2% FBS-EBM2 with or without inhibitors, lysed in a urea-
based lysis buffer (4M Urea, 5mM EDTA, 0.5% SDS, 0.5% NP-40, 100mM Tris, pH7.4)
with protease and phosphatase inhibitors (Roche). A nuclear extract Kit (Signosis) was
used to fractionate nuclear from cytoplasmic proteins. Cell extracts were electrophoresed
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose, and probed with antibodies (Major Resources Table). All signals detected by
enhanced chemiluminescence. The densitometric analysis was conducted using Image Lab
software (BioRad) or Fiji ImageJ software.

Enzyme-linked Immunosorbent Assay (ELISA)

Endothelial monolayers were washed with PBS twice, incubated in 0.5% BSA-EBM2 for 24
hours and supernatants collected. ANGPT2 in the media was measured with a commercial
human Angiopoietin-2 Quantikine ELISA Kit (R&D systems). An ANGPT2 standard curve
was run in parallel.

In Vivo Murine Model for Human Blood Vessel Formation

Animal experiments were conducted according to a protocol approved by the Institutional
Animal Care and Use Committee at Boston Children’s Hospital. 0.8x106 ECs (EC-WT

or EC-R183Q or EC-R183Q sh-ANGPT2 or EC-R183Q sh-CTRL) were combined with
1.2 x106 bone marrow mesenchymal progenitor cells (bmMPCs), suspended in 200pL
Matrigel™ (Corning) adjusted with 1pg/ml basic fibroblast growth factor (FGF2) and
1ug/ml erythropoietin (EPO) (ProSpec) and injected sub-cutaneously into anesthetized 6-
week-old male athymic nu/nu mice 23, Male nude mice were used because they are more
docile and easier to handle than female nude mice, which increased safety during animal
handling. N=8 for EC-WT, N=6 for EC-R183Q, N=10 for EC-R183Q sh-ANGPT2 and
N=12 for EC-R183Q sh-CTRL. After 12 days, mice were euthanized, implants removed and
analyzed by H&E staining and immuno-staining. Blood vessels (indicated by the luminal
structures containing one or more red blood cells) and UEA I* human vessels were counted
in fields of 0.18 mm?, 8 fields/section, 2 sections/implant. The perimeter of 150 UEA I*
vessels/implant in EC-WT group, 100 UEA I* vessels/implant in EC-R183Q group, 75
UEA 1* vessels/implant in EC-R183Q sh-CTRL group and 50 UEA I* vessels/implant in
EC-R183Q sh-ANGPT2 group was measured with Fiji ImageJ software.

ANGPT2 RNAscope

Human ANGPT2 specific RNAscope probe Hs-ANGPT2-No-XMn-C1 was designed
by Advanced Cell Diagnostics (ACD). RNAscope multiplex fluorescent v2 assay in
combination with anti-human VE-Cadherin (R&D) immuno-staining was conducted in
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FFPE Matrigel implant sections to detect ANGPT2 mRNA expression in human vessels.
RNA-Protein Co-Detection Ancillary kit (ACD) and Opal 570 reagent kit (Akoya
Biosciences) were used, and the detailed manufacturer’s instruction was followed for co-
detection assay. The human RNAscope 3-plex positive control probe (ACD) and RNAscope
3-plex negative control probe (ACD) were run in parallel. All slides were counterstained
with DAPI and mounted. Images were acquired by a Zeiss Airyscan LSM 880 Fast confocal
microscope (Zeiss) and analyzed by Fiji ImageJ software (NIH).

Statistical analysis

RESULTS

Data were analyzed and plotted by using GraphPad Prism v.8 (GraphPad Software). Results
were expressed as mean + the standard error for the study variables. The normality was

not tested due to the small sample size. Data have been analyzed for equal variance

across groups or samples by ANOVA and Student-t test unless adjustment was needed. The
gene expression differences between EC-R183Q and EC-WT were analyzed by two-tailed
Student-t test. For experiments in which cells were treated with inhibitors at multiple
concentrations or different siRNA, the differences were assessed by one-way ANOVA
followed by Dunnett’s test for multiple comparisons. For experiments in which cells were
treated with inhibitors at two concentrations (ELISA), the differences were analyzed by
one-way ANOVA followed by Tukey’s test for multiple comparisons. For experiments

in which time-dependent response to VEGF-A stimulation was measured, the differences
were analyzed by one-way ANOVA followed by Tukey’s test for multiple comparisons.
Significant differences were set at £<0.05.

The comparison of vessel density between EC-R183Q and EC-WT and between EC-
R183Q sh-ANGPT2 and sh-CTRL was evaluated by two-tailed Student-t test. The vessel
circumference distribution was analyzed by Mann-Whitney U test. Statistical significance
with Bonferroni adjustment was set as P<0.017.

Characterization of EC-R183Q and EC-WT

Lentiviral engineered EC-R183Q and EC-WT that express p.R183Q or WT GNAQ cDNA
were generated (Online Figure |1 A) and used for all experiments. GFP was co-expressed as
a selection marker. GFP-sorted EC-R183Q showed a MAF of 32%, which is consistent
with one mutant GNAQ allele in >96% of cells (Online Figure | B). Western blots

showed Gaq is over-expressed in EC-R183Q and EC-WT compared to non-transduced
EC (Online Figure I C), which was confirmed by gPCR (Online Figure | D). The closely
related gene, GNA11, and G protein coupled receptor kinases GRK2and GRK5 showed
similar expression in EC, EC-WT and EC-R183Q. The expression levels of endothelial
adhesion molecules VE-cadherin and CD31 were similar between EC-WT and EC-R183Q
but increased approximately 3-fold compared to non-transduced EC (Online Figure I D).
These data provide characteristics of the EC-WT and EC-R183Q and demonstrate similar
levels of GNAQ, GNA11, GRK2, GRKS5, VE-cadherin and CD31.
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Gaq-R183Q leads to constitutive activation of PLCB3

Gagq activates PLCP but not PLCy 2%-32 and VEGF-A stimulation of PLCB3 and PLCy1
have been rigorously studied in ECs 303133 To determine if PLCP3 is constitutively active
in response to Ga.g-R183Q, EC-WT and EC-R183Q were assayed after the culture for 16
hours in EBM-2 with 2% FBS only, i.e., without exogenous angiogenic factors that are
commonly used to expand primary human ECs. We examined PLCPB3 activation in the
quiescent cells by western blot detection of its phosphorylation at Ser537 (activation site)
and Ser1105 (inhibitory site) 34-36. p-PLCB3 (Ser537) was significantly increased in EC-
R183Q compared to EC-WT while p-PLCB3 (Ser1105) was significantly decreased (Figure
1A-B), indicating constitutive activation. In contrast, the activity of PLCy1, measured by
the phosphorylation of Ser1248 37:38 was similar in EC, EC-WT and EC-R183Q (Online
Figure | E-F). To verify the increased p-PLCB3 (Ser537) was due to Gag-R183Q, we
treated EC-WT and EC-R183Q cells with 0, 10, 50 or 100nM Y M-254890, a specific
Gag/11 inhibitor 39, YM-254890 at 10nM was sufficient to reduce p-PLCB3 (Ser537) to
the basal level (Figure 1C-D). Although there is some evidence that 30nM YM-254890
can inhibit other Ga proteins 40, the potent effect seen with 10nM strongly suggests the
activation of PLCB3 is Gag-R183Q dependent. We next measured the level of PIP2 (the
substrate of PLCB3) in the quiescent EC-WT and EC-R183Q. As seen in Online Figure |
G-H, there was increased PIP2 in EC-R183Q compared to EC-WT, suggesting the PIP2
levels in the mutant ECs may increase to adapt to constitutively activated PLCB3 — that is, as
more substrate is consumed, more is generated.

Next, endothelial p-PLCB3 (Ser537) was examined /7 vivoin CM skin sections by double-
labeling with anti-p-PLCPB3 (Ser537) and the human endothelial marker UEA 1 41, p-PLCPB3
(Ser537)* endothelial cells in CM sections were readily detected in some but not all vessels
(Figure 1E). Normal human skin was analyzed in parallel for comparison. The violin plots
show the percent p-PLCB3 (Ser537)* ECs in individual blood vessels in normal skin and

in three different patient CM tissue specimens (Figure 1F). The CM vessels showed a
bimodal distribution: some vessels had a high percentage of p-PLCB3 (Ser537)* EC and
others were negative for p-PLCB3 (Ser537)* EC. In normal skin, most blood vessels were
p-PLCB3 (Ser537) negative. Whether the p-PLCB3 (Ser537)* EC in CM vessels contain the
R183Q allele or non-mutant ECs express active PLCB3 when in proximity to mutant ECs is
not known and will require further investigation. Taken together, these results demonstrate
Gag-R183Q causes constitutive activation of PLCB3 in ECs.

Gaq-R183Q increases PKC and calcineurin signaling and confers an inflammatory

phenotype

To analyze the changes in endothelial gene expression caused by Gag-R183Q, we
performed bulk RNA-Seq on EC-WT and EC-R183Q cultured for 16 hours in EBM-2

with 2% FBS and without growth factors, as described above. We also generated HUVECs
expressing WT or R183Q GNAQ, as described in Online Figure 1, and carried out bulk
RNA-Seq on these cells in parallel. Ingenuity Pathway Analysis (IPA) of the RNA-Seq

data (n=3 biological replicates for each cell type) indicated PKC, NF-xB and calcineurin
signaling pathways are activated in EC-R183Q and HUVEC-R183Q (Online Figure 1l A).
An expression heatmap clustered wildtype and mutant HUVEC as well as ECs (with a single
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outlier, EC_R183Q_2) in Online Figure Il B. The connections among these molecules and
Gagq is shown in the schematic (Figure 2A). DAG and IP3, products of PLCB3, activate
PKC and calcineurin respectively. PKC can activate NF-kB while calcineurin activates
nuclear factor in activated T cells (NFAT); both transcription factors are expressed in ECs
and implicated in inflammatory and angiogenic responses. Downstream targets of NF-kB
and NFAT that were increased in the bulk RNA-Seq data set and increased in a SOMAscan
proteomic assay (data not shown) were further analyzed by gPCR, which showed ANGPT2,
DSCR1.4, E-selectin, granulocyte colony-stimulating factor (G-CSF) and interleukin-1p
(IL1B) were variably increased in EC-R183Q versus EC-WT (Figure 2B). Gene ontology
(GO) analysis partially recapitulated IPA results, with significant enrichment of the NF-kB
pathway (GO:0043123; Online Table I).

The Gaq inhibitor YM-254890 was again used to determine which transcripts were
increased due to Gaq activity (Figure 2C). YM-254890 at 10nM significantly reduced
ANGPT2 and DSCR1.4 but had no effect on E-selectin, G-CSF and IL1p (data not shown).
YM-254890 reduced ANGPT?2 protein significantly (Figure 2D). Cells treated with SiRNAs
targeted to PLCPB3 showed significantly decreased ANGPT2 and DSCR1.4 mRNA (Figure
2E) and ANGPT2 protein (Figure 2F). In contrast, when PLCB1 was knocked down by
SiRNA, there was no effect on ANGPT2 and DSCR1.4 expression (Online Figure I11A).
Additionally, PLCB3 knockdown did not change PLCP1 expression, and vice versa, (Online
Figure 111 A-B) and neither affected Ga.q expression (Online Figure 111 A-B). The pan-PKC
inhibitor AEB071 42 reduced ANGPT2, in a dose-dependent manner but had no effect

on DSCR1.4 (Figure 2G). ANGPT?2 protein was reduced by AEB071 (Figure 2H). The
calcineurin inhibitor Cyclosporine A (CsA) 4344 at 1uM reduced DSCR1.4 but not ANGPT2
(Online Figure 111 C). These results show activation of PLCB3 and its downstream signaling
is specifically due to Gaq-R183Q. The findings also demonstrate roles for endothelial PKC
and calcineurin in the pro-inflammatory/pro-angiogenic phenotype induced by Gagq-R183Q
and delineate the DAG/PKC/NF-xB from the IP3/calcineurin/NFAT pathway.

NF-xB, a critical regulator of inflammatory gene expression that increases expression of
ANGPT2 45, E-selectin, G-CSF and IL1p 46 was examined by western blot of nuclear and
cytosolic fractions of EC-WT and EC-R183Q. Canonical and non-canonical NF-xB proteins
were increased in EC-R183Q versus EC-WT, in both nuclear and cytoplasmic fractions
(Online Figure IV A-B). However, as measured, there did not appear to be consistent,
preferential activation of the NF-kB pathway in EC-R183Q, which would be indicated by
increased nuclear localization of P50 and P65 (canonical pathway) or P52 and RelB (non-
canonical pathway). Functionally blocking NF-xB with the proteasome inhibitor MG132 for
4 hours significantly decreased the elevated ANGPT2 in EC-R183Q and the basal ANGPT2
level in EC-WT (Online Figure 1V C), with the caveat that proteosome inhibition may affect
other pathways in addition to NF-xB.

DSCR1.4 and VEGF-A signaling in EC-R183Q

Endothelial Ga.q has been reported to play essential roles in VEGF-A induced angiogenesis
30.31,3347 DSCR1.4, which is induced by VEGF-A 4849 has also been implicated in
angiogenesis 5921, Given the increased DSCR1.4 mRNA in EC-R183Q (Figure 2B),
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we investigated DSCR1.4 and DSCRL1.1 (a constitutively expressed isoform of DSCR1)

by western blot. Figure 3A-B show DSCR1.4 protein, not DSCR1.1, was significantly
increased in EC-R183Q compared to EC-WT. DSCR1.4 was strongly induced in both
EC-R183Q and EC-WT one hour after VEGF-A treatment, with high levels sustained for up
to 4 hours (Figure 3C-D); this shows VEGF-A induction of DSCR1.4 is operative in both
EC-WT and EC-R183Q, confirmed at the mRNA level by qPCR (Figure 3E). In summary,
these experiments show DSCR1.4 protein is expressed in quiescent EC-R183Q and it can be
induced by VEGF-A in both EC-R183Q and EC-WT.

VEGF-A caused rapid and robust phosphorylation of VEGFR2 at Tyr1175 in both EC-
R183Q and EC-WT (Figure 3F). VEGF-A also caused robust activation of extracellular
signal related kinase (ERK1/2) and PLCPB3 in both EC-R183Q and EC-WT, as expected
given the strong VEGFR2-(Tyr1175) phosphorylation (Figure 3F-G). Western blots from
four biological replicates showed no constitutive activation of VEGFR2 or ERK1/2 in EC-
R183Q, i.e. at time=0 before VEGF-A addition, and did not reveal significant differences
in the time course or intensity of VEGF-A-induced phosphorylation of VEGFR2 (Tyr1175)
and ERK1/2. VEGF-induced phosphorylation of PLCB3 (Ser537) was similar between
EC-R183Q and EC-WT except at the 5 min time point wherein p-PLCB3 was higher in
EC-WT (Figure 3G). Increased expression of DSCR1.4 and p-PLCB3 (Ser537) at time=0 in
EC-R183Q was seen Figure 3C and 3F respectively, consistent with what was observed in
Figure 1A and Figure 3A. Taken together, these data show that Gaq-R183Q does not alter
the canonical endothelial response to VEGF-A.

ANGPT2 and DSCR1 detected in CM vessels in vivo

To determine if pro-inflammatory/pro-angiogenic molecules seen increased in EC-R183Q
are expressed in CM vessels /n vivo, we stained CM tissue specimens with the endothelial
marker UEA | and anti-ANGPT2 or -DSCR1 antibodies (Figure 4A-B). Although
immunofluorescence intensity is not strictly correlated with protein levels, it can be
appreciated that skin CM vessels were strongly positive for ANGPT2 compared to vessels in
normal human skin (Figure 4A). Anti-DSCR1, which recognizes both 1.1 and 1.4 isoforms
of DSCR1, also showed strongly positive vessels in CM compared to normal skin (Figure
4B). Infantile hemangioma, a vascular tumor of infancy displaying proangiogenic properties,
served as a positive control for both ANGPT2 52 and DSCR1. Isotype-matched control
antibodies for anti-ANGPT2 and DSCR1 are shown in Online Figure VV B-C. The mean
fluorescence intensity (MFI) of anti-ANGPT2 and DSCR1 stained vessels grouped by
increasing circumference was measured in normal skin and patient CM skin specimens
(Online Figure V D-E). The violin plots show increased expression of ANGPT2 and
DSCR1 in CM vessels compared to similarly sized vessels in normal skin. Note the paucity
of small ANGPT2* and DSCR1* vessels (<50um in circumference) in CM specimens.
Additionally, we measured vessel circumferences in skin CM and compared to those in
normal human skin (Online Figure V F); the results were strongly consistent with those
reported by Tan and colleagues 2. Collectively, the ANGPT2* and DSCR1* blood vessels in
human CM sections confirm our /n vitro studies on EC-R183Q versus EC-WT and provide
further support for increases in PKC and calcineurin signaling revealed by the RNA-Seq
study.
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CM sections from skin and SWS brain, and normal skin were further analyzed for p-ERK1/2
and the proliferating cell marker Ki67 to gain insight into the endothelial proliferative status
in CM. Infantile hemangioma again served as a positive control for both p-ERK1/2 and
Ki67 5354 Skin CMs and SWS brain CMs showed endothelial p-ERK1/2 staining, with
some vessels containing nearly 100% p-ERK1/2* ECs and others with very low percentage
of p-ERK1/2* ECs, a pattern akin to what was detected in normal human skin vessels
(Figure 4C-D). This finding confirms previous work that shows endothelial p-ERK1/2 in
port wine stain and SWS vessels %> and SWS brain > but does not indicate a substantial
difference from endothelial p-ERK1/2 in normal skin. Sections were stained with anti-Ki67
to detect and quantify proliferating endothelial cells in CMs from skin and brain (Figure
4E-F). Compared to the positive control and normal skin, CM vessels were largely devoid
of proliferating Ki-67* ECs. This suggests that on-going endothelial proliferation is not a
feature of established CM.

EC-R183Q form enlarged, CM-like blood vessels in vivo

We previously showed GNAQ p.R183Q is enriched in ECs in CM from skin and SWS
brain "8, To test whether endothelial GNAQ p.R183Q is sufficient to drive formation of
CM-like vessels, we suspended EC-R183Q or EC-WT with bone marrow mesenchymal
progenitor cells (bmMPC) in Matrigel and injected the cell/Matrigel mixture subcutaneously
on the flanks of nude mice, as described 23-25, After 12 days, the implants were removed,
photographed, and sectioned for histology and IF staining. Both EC-WT and EC-R183Q
implants appeared highly vascularized (Figure 5A, upper panels). H&E staining revealed
numerous red blood cell-filled vessels, indicating connection to the mouse circulation,
however EC-R183Q implants contained enlarged vessels (Figure 5A, middle panel). To
identify human endothelial-lined vessels, sections were stained with UEA 1, a plant lectin
that binds avidly to human endothelial cells but not to murine endothelial cells #1. As
expected, many vessels were stained with UEA |, indicating the vessels were lined with
human EC, and the UEA I* vessels appeared enlarged in EC-R183Q implants compared
to those formed by EC-WT (Figure 5A, lower panel). Counting total red blood cell-filled
lumens in H&E-stained sections from each implant showed that vessel density was reduced
in EC-R183Q sections compared to EC-WT (Figure 5C, left), which is consistent with the
enlarged vessels observed in EC-R183Q sections. Human vessel density was also reduced
in EC-R183Q sections (Figure 5C, right), likely due to the enlarged size of the human
vessels. UEA I* vessel circumference was measured in EC-WT and EC-R183Q sections
using ImageJ; the percentage of vessels in each circumference range is shown in Figure
5E. There is a significant decrease in the smallest vessels (<100um circumference) and a
significant increase in larger vessels (101-300um circumference) in EC-R183Q compared
to EC-WT (Figure 5E). A similar shift from small to large vessels is seen in Online Figure
V F, confirming findings reported by Tan and colleagues where they show increased vessel
circumferences in skin CM, aka port wine stain, compared to normal human skin 2. Thus,
the enlarged vessels formed by EC-R183Q are reminiscent of CM in patients.

We next tested whether shRNA knockdown of ANGPT2 would affect the enlarged vascular
phenotype. EC-R183Q were transduced with ANGPT2 shRNA (sh-ANGPT2) lentivirus or
control lentivirus (sh-CTRL). QPCR confirmed that ANGPT2 mRNA level was decreased
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while DSCR1.4 was unchanged (Online Figure VI A). ANGPT2 protein level was also
reduced (Online Figure VI B). When mixed with bmMPC in Matrigel and injected into nude
mice as described above, both EC-R183Q sh-ANGPT2 and EC-R183Q sh-CTRL formed
vessels (Figure 5B). H&E and UEA | staining revealed no significant difference in vessel
formation in EC-R183Q sh-ANGPT2 compared to EC-R183Q sh-CTRL (Figure 5B and
5D). Notably, EC-R183Q sh-ANGPT2 implants contained smaller vessels (Figure 5B, lower
panel).

UEA 1 vessel circumference was measured in EC-R183Q sh-ANGPT2 and sh-CTRL
sections; the percentage of vessels in each circumference range is shown in Figure 5E. There
is a significant increase in the smallest vessels (<100um circumference) and a significant
decrease in larger vessels (101-300um circumference) in EC-R183Q sh-ANGPT2 compared
to sh-CTRL (Figure 5E). Indeed, the vessel circumference distribution in EC-R183Q sh-
ANGPT2 (black) is similar to EC-WT (blue) (1-100 and 101-300um circumference, Figure
5E).

To examine ANGPT2 in EC-R183Q vessels, we double-stained cell/Matrigel sections with
anti-ANGPT2 and UEA | (Figure 5F). Both large and small UEA I* vessels were positive
for ANGPT2 in the EC-R183Q sections. In contrast, UEA I* vessels in the EC-WT sections
did not stain positive for ANGPT2. Note: the anti-ANGPT2 showed considerable staining
of Matrigel only implants, that is implants without cells at the time of subcutaneous
injection (Online Figure VV G—H). This background staining in the Matrigel sections is
clearly delineated from the UEA-1* human vessels.

We next visualized human ANGPT2 in the cell/Matrigel implants using a RNAscope

probe that does not cross-react with mouse Angpt2. Anti-human VE-cadherin staining was
conducted directly after the RNAscope. ANGPT2 mRNA was detected in the human VE-
cadherin+ vessels in EC-R183Q formed vessels (Figure 5G, top panel), in EC-R183Q-sh-
CTRL formed vessels (Figure 5G, middle panel) but was greatly diminished in EC-R183Q-
sh-ANGPT2 formed vessels (Figure 5G, bottom panel). Hence, knockdown of the increased
ANGPT2 in EC-R183Q normalized the enlarged CM-like vessels, suggesting ANGPT2 is
a potential therapeutic target. In summary, the cell/Matrigel implant model revealed that
EC-R183Q are sufficient to form blood vessels /n vivothat display two key features of CM:
enlarged vessels 2 and increased ANGPT2.

DISCUSSION

In this study, we demonstrate that endothelial-expressed Ga.g-R183Q causes constitutive
activation of PLCB3, which in turn increases the expression of ANGPT2, DSCR1.4, and
other inflammatory mediators. This establishes for the first time how Gag-R183Q alters
endothelial signaling and gene expression. In addition, we show that endothelial Ga.g-
R183Q is sufficient to form blood vessels /n vivo that display enlarged lumens and increased
ANGPT2, two features of CM. shRNA knock down of ANGPT2 in the mutant endothelial
cells resulted in vessel sizes akin to that seen in normal skin.
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ANGPT2 is not essential during embryonic development yet its over-expression in mice
causes poorly formed vessels and lethality °7. In adult life, ANGPT2 function is endothelial
context dependent. It is expressed at low levels in quiescent EC and is increased in
response to inflammatory mediators, which leads to permeable and destabilized blood
vessels 9860, ANGPT2 acts as an antagonist in most settings by blocking its related family
member, Angiopoietin-1, from binding to TIE2, an endothelial receptor tyrosine kinase.
Angiopoeitin-1 binding to TIE2 activates PI3K/AKT, a pathway that must be properly
titrated in endothelium: too much TIE2-PI13K-AKT signaling causes venous malformations,
too little can reduce endothelial survival 1. At high concentrations (800 ng/mL), ANGPT2
can activate TIE2, seen by increased phosphorylation of AKT at Ser473, yet lower ANGPT2
concentrations (50-400 ng/ml) had no agonistic effect 2. In EC-R183Q, ANGPT2 is

most likely acting as an antagonist because ANGPT2 levels measured by ELISA were

less than 30-40 ng/ml and p-AKT (Ser473) was not elevated (Online Figure IV D-E).
ANGPT2 has also been shown to destabilize vessels via B1 integrin binding, indicating

a TIE2-independent mode of action 3. TIE2 protein levels were comparable between
EC-R183Q and EC-WT but p-TIE2 (Tyr992) levels were below limits of western blot
detection (data not shown), which precluded our ability to determine if increased ANGPT2
suppresses the phosphorylation status of TIE2. Despite these limitations, our /n vitro and

in vivo data suggest that pro-inflammatory/pro-angiogenic ANGPT?2 is a driver of CM and
could therefore be a therapeutic target to prevent CM progression in both cutaneous and
intracranial CMs. In support of this speculation, recent literature connects Gaq to ANGPT2
via shear stress: Gaq is involved in EC sensing of shear stress 84; Ga.q activation by
disturbed shear stress activates NF-xB %°; and NF-xB increases endothelial ANGPT2 45,

DSCR1, also known as regulator of calcineurin 1 (RCAN1), is expressed in two forms

— constitutive DSCR1.1 and calcineurin-activated DSCR1.4. Calcineurin is activated by
calcium, which can be sourced from endoplasmic reticulum in response to IP3, a product of
PLCP3 (Figure 2A). We speculate DSCR1.4 is elevated in EC-R183Q and CM specimens
because of ongoing activation of calcineurin-NFAT pathway by constitutively active PLCPB3.
In normal ECs, DSCR1.4 is induced by VEGF-A-mediated calcineurin signaling, which
can increase sprouting and migration 50, two features of angiogenic ECs. Once induced

by VEGF-A, DSCR1.4 inhibits its own expression by binding to and inhibiting calcineurin
phosphatase activity. We speculate that increased DSCR1.4 due to Gg-R183Q is insufficient
to inhibit calcineurin because the latter is constantly being activated by the IP3-released
calcium. Inhibition of constitutive DSCR1.4 levels with Gaq inhibitor YM-254890 (Figure
2C), PLCB3 siRNA (Figure 2E) and calcineurin inhibitor CsA (Online Figure Il C) is
consistent with PLCB3 and calcineurin playing a role in the elevated DSCR1.4.

The inflammatory factors IL1B, E-selectin and G-CSF were also increased in EC-R183Q
under quiescent condition. IL-1p is a well-known cytokine that activates NF-xB, and in

turn IL-1p transcription is increased by activated NF-xB, yielding a self-amplification loop.
E-selectin mediates rolling of neutrophils and monocytes along inflamed endothelium; it is
transiently expressed within hours after endothelial exposure to inflammatory agents such as
IL1p 6. E-selectin has also been implicated in angiogenesis. The increased levels in NF-xB
proteins in EC-R183Q (Online Figure IV A-B) is consistent with increased levels of IL1B,
E-selectin and G-CSF (a growth factor used to mobilize bone-marrow to collect stem cells
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for hematopoietic stem cell transplants). If and how these molecules contribute to CM will
require further investigation.

Mitogen-activated protein kinase (MAPK) signaling integrates endothelial responses to
growth factor stimulation. A prototype is VEGF-A activation of VEGFR2 that results

in transiently increased phosphorylation of ERK1/2, which in turn regulates endothelial
proliferation, migration, and vessel integrity 87. While EC-R183Q and EC-WT do not
exhibit constitutive activation of p-VEGFR2 (Tyrl1175) or p-ERK1/2, both respond rapidly
and robustly to VEGF-A (Figure 3F-G), which indicates the initial steps of VEGFR2
signaling are not altered by Ga.g-R183Q. There was an expectation that Gag-R183Q would
cause increased levels of p-ERK1/2 668 hased on what was known about Ga.g-Q209L in
uveal melanoma. Previous studies showed p-ERK1/2 staining in EC of port-wine stains %°
and SWS brain 8. In this study, we detected nuclear-localized p-ERK1/2 in a set of 3 skin
CM and 3 brain CM from SWS patients at levels similar to normal human skin (Figure
4C-D) and we saw no constitutive p-ERK1/2 in EC-R183Q. This is in contrast to the
increased p-ERK1/2 seen in Ga.g-Q209L-driven uveal melanoma 8970, suggesting that the
two different gain-of-function mutations in Ga.q (R183Q versus Q209L) affect cell-specific
signaling in distinct ways, which has been suggested by computational studies 15. We also
found minimal endothelial proliferation in CM compared to normal infant skin or infantile
hemangioma (positive control). This suggests that at the time CM specimens were obtained,
p-ERK1/2 and endothelial proliferation were not prominent in CM. This does not rule out
the possibility of increased MAPK signaling and/or proliferation in nascent CM.

We tested how Gag-R183Q affects blood vessel formation /n vivo using a well-established
human xenograft model pioneered by our lab 2% and that proved useful for studies on venous
malformations caused by somatic activating mutation in 7/£271. EC-R183Q and EC-WT
formed perfused human vessels when implanted into nude mice, yet the EC-R183Q implants
had fewer vessels/mm?2 compared to EC-WT, and this appears to be due to enlargement of
some vessels (Figure 5A and 5C). Measuring vessel circumference revealed the percentage
of small-sized vessels was reduced and that of larger-sized vessels was increased in EC-
R183Q versus EC-WT implants (Figure 5E). This is similar to the enlargement of CM
vessels versus those in normal skin 2 (Online Figure V F). Thus, EC-R183Q form vessels
with a CM characteristic. Implants were removed from the mice at day 12 and it is possible
that further enlargement would occur over time, which could be tested in a time course
study. Human vessels formed by EC-R183Q stained positive for ANGPT2 whereas no
endothelial ANGPT2 was detected in the EC-WT implants (Figure 5F); this indicates the
EC-R183Q-formed vessels display a second characteristic of CM. The anti-ANGPT2 binds
to the Matrigel used to suspend the cells prior to sub-cutaneous injection (Online Figure

V G-H) and this likely accounts for the non-endothelial staining seen in Figure 5F. We
therefore developed an RNAscope assay with a human specific ANGPT2 probe that does not
cross-react with murine Angpt2. ANGPT2 was robustly detected in human vessels formed
by EC-R183Q (Figure 5G upper panel) but not in the EC-WT implants or in Matrigel
(Online Figure VI E).

We examined whether knockdown ANGPT2 in EC-R183Q by shRNA can restore the
normal capillary morphology. We confirmed that ANGPT2-shRNA decreased ANGPT2
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expression at mMRNA and protein levels in EC-R183Q (Online Figure VI A-B) as well as
in vivoat mMRNA level in the cell/Matrigel implants (Figure 5G lower panel). ANGPT2
knockdown did not reduce the number of EC-R183Q vessels but did shift the vessel size
distribution to smaller vessels similar to those formed by EC-WT cells or found in normal
skin. These findings indicate ANGPT2 drives at least one aspect of the CM phenotype and
thus could be targeted to restore a normal capillary phenotype in CMs.

There are several limitations to this model. An important one is that the human ECs

are suspended in an artificial environment that does not reflect tissue microenvironments
relevant for CM. Yet, the simplicity of the model allows us to determine what is sufficient
to form CM-like vessels in vivo. A second limitation is the lentiviral expression of Gag-
R183Q in human ECFCs. These highly proliferative ECs are isolated from umbilical

cord blood and thus may not represent the type of endothelial cell in which the somatic
R183Q mutation arises. SWS brain EC isolated and expanded in the culture show GNAQ
p.R183Q mutant allelic frequencies of 15-21% 8, i.e. the cultures are a mix mutant and
non-mutant endothelial cells, which to date we have not been able to separate. Thus, we
lack brain ECs that would provide the appropriate control for brain ECs with the R183Q
allele. In contrast, human EC engineered to express either WT or R183Q GNAQ provide,
prior to lentiviral transduction, genetically-matched cells, which allows one to identify
alterations driven by Gaq-R183Q. Lentiviral-transduced human EC were used previously to
show 1) endothelial-expressed 7/£2L914F, a somatic mutation found in sporadic venous
malformations 72, was sufficient to recapitulate venous malformations in mice, 2) 7/E2
L914F increases PI3K/AKT signaling and 3) blocking this signaling prevented and regressed
venous malformations 7. These findings have been expanded upon in subsequent studies
73-75 and provided the rationale for clinical trials to treat difficult venous malformations
71,76 Based on this precedence, the enlarged, ANGPT2* neovascular networks formed in
nude mice by EC-R183Q provide a starting point for functional studies and drug testing.

CM have much in common with other types of vascular malformations, which can

occur in capillary, venous, arterial, and lymphatic vessels throughout the body. Vascular
malformations can be familial or sporadic: CMs are sporadic. Vascular malformations can
result from loss of function mutations or gain of function mutations: CMs are caused by

a gain-of-function mutation in GMAQ. The mutations that cause vascular malformations
affect endothelial signaling, gene expression and behavior 61 as is shown here for Ga.g-
R183Q. Furthermore, ANGPT2 is implicated in many types of vascular malformations.
Hereditary hemorrhagic telangiectasia (HHT), an inherited disorder characterized by fragile
blood vessels prone to hemorrhaging and arteriovenous malformation (AVM), is caused

by germline loss of function mutations in TGFp signaling genes including SMADA4. Crist
and colleagues recently showed Smad4 represses Angpt2 transcription, such that loss of
endothelial Smad4 results in increased Angpt2 and AVMs. An inhibitor specific for mouse
Angpt2 prevented and even reversed AVM formation, and as well reduced enlarged vessels
that were prominent in the mouse model /7. Consistent with a role in AVM formation,
ANGPT2 was found increased in human brain AVM extracts, measured by ELISA 78,
ANGPT2 has also been implicated in cerebral cavernous malformations (CCMs); these
are initiated by bi-allelic inactivating mutations in one of three genes, CCM1, CCM2 or
CCM3, resulting in capillary-venous vessels with reduced endothelial barrier function and
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ectasia, which makes them prone to hemorrhage and focal neurological insults. Zhou and
colleagues reported CCM3 deficiency facilities exocytosis of ANGPT2 from Weibel-Palade
bodies, and CCM3 lesions exhibit enlarged vascular lumens, destabilized EC junctions and
disrupted pericyte coverage. An Angpt2 neutralizing antibody blunted CCM progression in
Ccm3ECKO mice 79, Another example of potential ANGPT2 involvement is the increased
serum levels found in kaposiform lymphangiomatosis (KLA) patients and kaposiform
hemangioendothelioma (KHE) patients with Kasabach-Merritt phenomenon coagulopathy
compared to normal controls. KLA and KHE patients treated with the mTOR inhibitor
sirolimus showed decreased levels of serum ANGPT2 compared to their baselines 12
months earlier 80, In summary, increased ANGPT2 is functionally implicated in cellular
and animal models of AVM and CCM wherein it causes ecstatic blood vessels with impacts
on blood flow, permeability and function of the underlying tissue or organ. This underscores
the importance of strict regulation of ANGPT2 to maintain vessel homeostasis throughout
life.

In conclusion, our study demonstrates that endothelial Ga.g-R183Q causes constitutive
activation of PLCP3 that leads to a pro-inflammatory/pro-angiogenic phenotype, and we
provide the first evidence that endothelial Gaq-R183Q is causative for CM, at least partially
driven by increased ANGPT2. At present, targeted drug therapies do not exist for CM and
SWS patients. Our discovery of key pathways altered by Ga.g-R183Q, the mutation that
occurs in ~90% of non-syndromic and SWS CMs, provide a starting point for deeper studies
into cellular mechanisms and drug testing that we hope will begin to address the tremendous
clinical needs of these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Boston Children’s Hospital and Harvard Stem Cell Institute flow cytometry research facility for cell
sorting, Boston Children’s Hospital viral core and Massachusetts General Hospital vector core (P30 - NS045776)
for lentivirus generation, BCH IDDRC Molecular Genetics Core Facility (P50 - HD105351) for evaluating RNA
Integrity Number of RNA samples prepared for RNA sequencing and providing technique support for ddPCR.
Boston Children’s Hospital Histology research laboratory and Dana-Farber/Harvard Cancer Center Pathology Core
for preparation of FFPE sections; Kristin Johnson for preparing figures.

Sources of Funding

Research reported in this manuscript was supported by the National Heart, Lung, and Blood Institute, part of

the National Institutes of Health, under Award Number RO1 HL127030 (J.B., A.K.G). The content is solely

the responsibility of the authors and does not necessarily represent the official views of the National Institutes

of Health. The research was also supported by a Sturge-Weber Foundation Lisa’s Fellowship Grant (L.H.), a
Translational Neuroscience Center Pilot Study Award, Boston Children’s Hospital (J.B., A.K.G); the Translational
Investigator Program, Boston Children’s Hospital (A.K.G.) and a Swiss National Science Foundation Postdoc
Mobility Grant (C.B.).

Funding:

Sturge-Weber Foundation Lisa’s Fellowship Grant (L.H.); NIH R01 HL127030 (J.B., A.K.G); Translational
Neuroscience Center Pilot Study Award (J.B., A.K.G); Boston Children’s Hospital; Translational Investigator
Program Boston Children’s Hospital (A.K.G.) and Swiss National Science Foundation Postdoc.Mobility Grant
(CB)

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al. Page 17
ABBREVIATIONS
ANGPT2 Angiopoietin 2
CM Capillary Malformation
DSCR1 Down Syndrome Critical Region Protein 1
G-CSF Granulocyte colony-stimulating factor
PKC Protein kinase C
PLC Phospholipase C
SWS Sturge-Weber syndrome
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HIGHLIGHTS

. Human endothelial cells (EC) engineered to express the GNAQ p.R183Q
mutation show constitutive activation of PLCB3.

. ANGPT2, a blood vessel destabilizer, and DSCR1.4, an angiogenic factor, are
increased in the mutation-expressing EC.

. Endothelial-expressed p.R183Q is sufficient to drive the formation of
enlarged blood vessels, reminiscent of what is observed in CM.

. shRNA knockdown of ANGPT2 prevents the enlarged vascular phenotype.
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Figure 1. Gag-R183Q leads to constitutive activation of PLCB3.
(A) p-PLCPB3 (Serb537) and p-PLCB3 (Ser1105), total PLCP3 and Ga.q detected by western

blot of non-transduced human EC and lentiviral engineered ECs. GAPDH used as the
loading control. (B) Levels of p-PLCB3 (Ser537) and p-PLCB3 (Ser1105) in EC-R183Q
shown as the fold change compared to EC-WT. N=10 for p-PLCB3 (Ser537) and N=7 for the
p-PLCRB3 (Ser1105). Bands in the western blot in (A) are highlighted in red in (B). Dash line
marks EC-WT=1. P-values calculated by unpaired two-tailed, Student-t test. (C-D): EC-WT
and EC-R183Q treated with increasing concentrations of the Gg/11 inhibitor YM-254890.
(C) p-PLCPB3 (Ser537), PLCB3, Gagq and Tubulin detected by western blot. (D) p-PLCB3
(Ser537) band intensities, expressed as the fold change to EC-WT without YM-254890
treatment (N=4). Data from western blot shown in C are highlighted by filled red symbols.
One-way ANOVA showed P=0.0372 for EC-WT and P=0.0025 for EC-R183Q. Dunnett’s
multiple comparison showed significant reduction of p-PLCB3 (Ser537) in EC-WT at 50nm
YM-254890, and in EC-R183Q at all concentrations tested. (E) UEA | (green, human EC)
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and anti-p-PLCP3 (Ser537) (red) staining of CM skin tissue (upper panel, CM1 in Table 1)
and normal human skin (lower panel). Nuclei counterstained with DAPI (blue). Scale bar,
100 pum. (F) The p-PLCPB3 (Ser537)-positive ECs and total ECs in individual vessels were
counted and the percent p-PLCB3 (Ser537)-positive EC/vessel were calculated and plotted.
100-150 vessels from 4-5 sections of each CM specimen (n=3, Table 1) and from 2 sections
of normal skin were analyzed. One-way ANOVA showed ~£<0.0001 and Dunnett’s multiple
comparison showed significant increase in percent p-PLCB3 (Ser537)-positive ECs in each
CM compared to normal skin.
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Figure 2. Ga.g-R183Q alters downstream signaling of PLCB3.
(A) Schematic of Gagq downstream signaling. PKC, NF-kB and calcineurin, highlighted in

yellow, were suggested to be increased in EC-R183Q by bulk RNA-Seq. (B) gPCR showed
the increased ANGPT2, DSCR1.4 and the NF-kB target genes E-selectin, G-CSF and IL-1B
in EC-R183Q compared to EC-WT. Data from 13 independent experiments were plotted. ~-
values calculated by unpaired two-tailed, Student-t tests. (C) EC-WT and EC-R183Q treated
with increasing concentrations of Gaq inhibitor YM-254890 showed reduced ANGPT2 and
DSCR1.4 (shown by gPCR, N=5). P-values calculated by one-way ANOVA followed by
Dunnett’s multiple comparison. In YM-254890-treated EC-WT, one-way ANOVA showed
P=0.0160 for ANGPT2 and P=0.1961 for DSCR1.4. In YM-254890-treated EC-R183Q,
one-way ANOVA showed £<0.0001 for ANGPT2 and £=0.0006 for DSCR1.4. (D) ELISA
(N=4) showed the increased ANGPT2 protein in EC-R183Q compared to EC-WT. ANGPT2
protein level was reduced by 100 nM YM-254890 both in EC-WT and EC-R183Q.

P-values calculated by one-way ANOVA followed by Tukey’s test. One-way ANOVA
showed P<0.0001. (E) EC-WT and EC-R183Q treated with 3 different PLCB3-siRNA as
well as non-targeted control sSiRNA. ANGPT2 and DSCR1.4 in EC-R183Q were reduced
(shown by qPCR, N=3). P-values calculated by one-way ANOVA followed by Dunnett’s
multiple comparison. In EC-WT, one-way ANOVA showed P=0.0773 for ANGPT2 and
P=0.0873 for DSCR1.4; in EC-R183Q one-way ANOVA showed P=0.0028 for ANGPT2
and P=0.0502 for DSCR1.4. (F) ELISA showed three different PLCB3-siRNA reduced
ANGPT?2 protein in both EC-WT and EC-R183Q. A-values calculated by one-way ANOVA
followed by Dunnett’s multiple comparison. One-way ANOVA showed P=0.0001 for EC-
WT and P=0.0002 for EC-R183Q. (G) EC-WT and EC-R183Q treated with increasing
concentrations of the PKC inhibitor AEB071; levels of ANGPT2 was decreased while
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DSCR1.4 was not (shown by qPCR, N=4). P-values calculated by one-way ANOVA
followed by Dunnett’s multiple comparison. In AEB071-treated EC-WT, one-way ANOVA
showed P=0.0415 for ANGPT2 and P=0.1489 for DSCR1.4; in AEBO71-treated EC-R183Q,
one-way ANOVA showed £<0.0001 for ANGPT2 and P=0.8156 for DSCR1.4. (H) ELISA
showed increased ANGPT2 protein in EC-R183Q compared to EC-WT; 5uM AEB071
reduced ANGPT2 protein in both EC-WT and EC-R183Q. AP-values calculated by one-way
ANOVA followed by Tukey’s test. One-way ANOVA showed ~<0.0001.
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Figure 3. Gag-R183Q does not alter endothelial response to VEGF-A.
(A-B) Western blot shows inducible DSCR1.4 increased in EC-R183Q compared to EC-WT

whereas DSCR1.1 is similar between the two. N=3, P-value calculated by unpaired, two
tailed Student-t test. (C-E) Time course of VEGF-A effect on DSCR1.4 and DSCR1.1
analyzed by western blot (C-D) and gPCR (E). Results from two independent experiments.
(F-G) Western blot shows p-VEGFR2 (Tyr1175), p-ERK1/2 and p-PLCPB3 (Ser537) in
response to VEGF-A over 30 minutes. The band intensities, expressed as the fold change
to EC-WT at Time 0 are shown in (G), N=4. P-values calculated by one-way ANOVA
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followed by Tukey’s multiple comparisons. One-way ANOVA showed P=0.0426 for p-
VEGFR2, P=0.0114 for p-ERK1/2, P=0.0171 for p-PLCpB3 and no significant difference
for total VEGFR2, ERK1/2 and PLCB3 over the 30-minute VEGF-A treatment. There
were no significant differences between EC-WT and EC-R183Q at each time point during
the 30 minutes of VEGF-A-induced p-VEGFR2 (Tyr1175) and p-ERK1/2. P-PLCB3 was
significantly increased in EC-WT at 5 minutes but no significant differences seen at other
time points.
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Figure 4. Characterization of vessels in CM skin and SWS brain.
(A-B) UEA 1 staining of human ECs (red) and anti-ANGPT2 (A, green) and anti-DSCR1

(B, green) staining of CM skin tissue sections (upper panels), normal skin sections (middle
panels) and hemangioma sections (a positive control, lower panels). (C) UEA I (red) and
the anti-p-ERK1/2 (green) staining of CM skin tissue sections (upper left), SWS brain CM
(upper right), normal skin (lower left) and a positive control (hemangioma, lower right).
The p-ERK1/2-positive ECs and total ECs in each vessel were counted and the percent
p-ERK1/2-positive EC/vessel was plotted in (D). One-way ANOVA showed AP<0.0001.
Dunnett’s multiple comparisons showed no difference between CM specimens and normal
skin except brain CM1 (Table 1 shows sex, age and MAF for CM specimens). (E) UEA |
(red) and anti-Ki67 (green) staining of skin CM (upper left), SWS brain CM (upper right),
normal skin (lower left) and a positive control (hemangioma, lower right). The Ki67-positive
ECs and total ECs in each vessel were counted and plotted in (F). P-values calculated by
one-way ANOVA (/<0.0001) followed by Dunnett’s multiple comparisons. For the anti-p-
ERK1/2 and Ki67 staining, total 50 vessels from 4-5 sections of each skin CM specimen
were analyzed, as were 2—3 sections of each SWS brain CM lesion and 2 sections of normal
skin. Nuclei counterstained with DAPI (blue). Scale bar, 100 um.
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Figure 5. ANGPT2 contributes to enlarged CM-like vessels.
(A) EC-WT and EC-R183Q as well as (B) EC-R183Q sh-CTRL and EC-R183Q sh-

ANGPT2 were suspended in Matrigel and injected into nude mice. Implants harvested
after 12 days are in the top panels. Scale bar, 10mm. H&E staining showed blood vessels
throughout the implants (middle panels) and appearance of enlarged vessels in EC-R183Q
implants compared to EC-WT (A) and in EC-R183Q sh-CTRL compared to sh-ANGPT2
(B). Scale bar, 50um. UEA 1 (red) staining confirmed enlarged human blood vessels
formed in EC-R183Q (A) and EC-R183Q sh-CTRL implants (B) (lower panels). Nuclei
counterstained with DAPI (blue). Scale bar, 1200um. Vessel density based on H&E staining
(C, left panel) and UEA I* human vessel density (C, right panel) was lower in EC-R183Q
versus EC-WT sections. There was no difference in vessel density between EC-R183Q
sh-CTRL and sh-ANGPT2 implants (D, left panel) or in UEA I" human vessel density (D,
right panel). P-values calculated by unpaired, two-tailed Student-t test. N=8 for EC-WT,
N=6 for EC-R183Q, N=10 for EC-R183Q sh-ANGPT2 and N=12 for EC-R183Q sh-CTRL.
The circumference of each UEA I* vessel was measured, categorized, and plotted in (E).
150 vessels/implant from EC-WT group, 100 vessels/implant from EC-R183Q group, 75
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vessels/implant from EC-R183Q sh-CTRL group and 50 vessels/implant from EC-R183Q
sh-ANGPT2 group were analyzed. Mann-Whitney U test with Bonferroni adjustment was
applied and P<0.017 set as statistical significance as we focused on 3 comparisons: EC-
WT vs. EC-R183Q, EC-R183Q sh-CTRL vs. EC-R183Q sh-ANGPT2 and EC-WT vs. EC-
R183Q sh-ANGPT2. (F) Anti-human ANGPT2 (cyan) and UEA | (red) staining of sections
from EC-R183Q and EC-WT implants. Nuclei counterstained with DAPI (blue). Scale bar,
100 pm. (G) Sections from implants EC-R183Q (upper), EC-R183Q sh-CTRL (middle) and
EC-R183Q sh-ANGPT2 (lower) were stained with human ANGPT2 RNAscope probe (red)
and anti-human VE-Cad (cyan) to confirm ANGPT2 expression in human vessels. Nuclei
counterstained with DAPI (blue). Scale bar, 100 pm.
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Table 1
Human Tissue Specimens
SkinCM | Sex | Age | MAF | p-PLCB3 | ANGPT2 | DSCR1 | p-ERK1/2 | Ki67
1 M | 12y | 74 v v v v
2 M | 18y | 53 v v v v
3 M | 28y | 111 v v v v
4 M | 16y | 64 v
5 Fl7y| 71 v
6 M | 12y | 74
SWS brain CM
1 M | 1om | 87 v
2 M | 12y | 62 v
3 F |2 | 56 v v
4 M | 11m | 50 v
5 M | 10m | 56 v
6 M| 2y | 01 v
Hemangioma
1 | F [ om | na | v v v v
Foreskin
1 | m || g | v v v v

MAF: mutant allelic frequency

n.d.: not done.
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gPCR Primers 5’-3’

Table 2

Gene Forward Reverse
ANGPT2 | actcagctaaggaccccactgtty tgtccaccegectectecag
ATP5B ccactaccaagaagggatctatca | gggcagggtcagtcaagtc
CD31 cacctggcccaggagtttc agtacacagccttgttgccatgt
DSCR1.4 | tgcgaccccagtcataaact gctgegtgcaattcatacttt
E-selectin | cacatctcagggacaatggacaga | gcttgaacattttaccacttggca
G-CSF tcccaccttggacacactg gggccattcccagttett
GNAQ aaaatcatgtattcccatctagtcy ggtccacgaacatcttcagaat
GNA11 gcatccaggaatgctacgac ggtcaacgtcggtcaggtag
GRK2 tgatggccatggagaagag catgacactgcggatgct
GRK5 ggtgggcactgttggcta ctcaggccgtacctctggt
HPRT1 tgaccttgatttattttgcatacc cgagcaagacgttcagtcct
IL-1B tacctgtcctgegtgttgaa tctttgggtaatttttgggatct
VE-Cad ccttgggtcctgaagtgacct cagggccttccttctgcaa
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