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GNA14 Somatic Mutation Causes Congenital
and Sporadic Vascular Tumors by MAPK Activation

Young H. Lim,1,2,3 Antonella Bacchiocchi,1 Jingyao Qiu,3 Robert Straub,1 Anna Bruckner,4

Lionel Bercovitch,5 Deepak Narayan,6 Yale Center for Mendelian Genomics, Jennifer McNiff,1,2

Christine Ko,1,2 Leslie Robinson-Bostom,5 Richard Antaya,1,7 Ruth Halaban,1 and Keith A. Choate1,2,3,*

Vascular tumors are among the most common neoplasms in infants and children; 5%–10% of newborns present with or develop lesions

within the first 3 months of life. Most are benign infantile hemangiomas that typically regress by 5 years of age; other vascular tumors

include congenital tufted angiomas (TAs), kaposiform hemangioendotheliomas (KHEs), and childhood lobular capillary hemangiomas

(LCHs). Some of these lesions can become locally invasive and unresponsive to pharmacologic intervention, leading to significant com-

plications. Recent investigation has revealed that activating mutations inHRAS, KRAS,NRAS, GNAQ, andGNA11 can cause certain types

of rare childhood vascular tumors, and we have now identified causal recurrent somatic activatingmutations inGNA14 by whole-exome

and targeted sequencing. We found somatic activating GNA14 c.614A>T (p.Gln205Leu) mutations in one KHE, one TA, and one LCH

and a GNA11 c.547C>T (p.Arg183Cys) mutation in two LCH lesions. We examined mutation pathobiology via expression of mutant

GNA14 or GNA11 in primary human endothelial cells and melanocytes. GNA14 and GNA11 mutations induced changes in cellular

morphology and rendered cells growth-factor independent by upregulating theMAPK pathway. Our findings identifyGNA14mutations

as a cause of childhood vascular tumors, offer insight into mechanisms of oncogenic transformation by mutations affecting Gaq family

members, and identify potential targets for therapeutic intervention.
Childhood vascular tumors are a heterogeneous group

of lesions. Most are benign infantile hemangiomas (IHs

[MIM: 602089]); other entities include congenital tufted

angiomas (TAs [MIM: 607859]), kaposiform hemangioen-

dotheliomas (KHEs [MIM: 141000]), and childhood

lobular capillary hemangiomas (LCHs [MIM: 140850]),

also known as pyogenic granulomas.1 Congenital heman-

giomas are divided into rapidly involuting (RICH [MIM:

602089]) and non-involuting (NICH [MIM: 602089]) sub-

types and, along with TAs, LCHs, and KHEs, are distin-

guished from IHs by their lack of glucose transporter 1

(GLUT-1) immunoreactivity.1,2 These lesions can rarely

be associated with Kasabach-Merritt syndrome (MIM:

141000), a potentially fatal complication characterized

by consumptive thrombocytopenia and coagulopathy.3

Diagnosis of vascular tumors remains challenging given

the histological overlap, and although beta-blockers and

steroids are efficacious for a large number of lesions, serious

side effects including hypotension, hypoglycemia, and

bradycardia can be encountered.4–7 Surgery remains the

most effective intervention for refractory lesions.

Postzygotic somatic mutations have been found in

specific classes of vascular tumors: activating mutations

in HRAS (HRas proto-oncogene, GTPase [MIM: 190020]),

KRAS (KRAS proto-oncogene, GTPase [MIM:190070]),

and NRAS (neuroblastoma RAS viral oncogene homolog

[MIM: 164790]) and downstream effectors, including

BRAF (B-Raf proto-oncogene, serine/threonine kinase
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[MIM: 164757]), are found in NICHs and in up to 10% of

sporadic LCHs.8,9 Recently, we and others discovered that

activating mutations in GNA11 (G protein subunit alpha

11 [MIM: 600998]) and GNAQ (G protein subunit alpha

q [MIM: 139313]) are present in RICHs, NICHs, and

placental chorangiocarcinomas.10,11 Other vascular le-

sions, including port-wine stains (PWSs [MIM: 163000])

and Sturge-Weber syndrome (SWS [MIM: 185300]), harbor

GNAQmutations, and changes in residueArg183are consis-

tently present in lesions from individuals with SWS.12,13

Activated GNA11 and GNAQmediate VEGFR2 phosphory-

lation inhumanumbilical vein endothelial cells (HUVECs),

inducing cell proliferation.14,15 GNA11 and GNAQ muta-

tions leading to p.Gln209Pro (c.626A>C) and p.Arg183Cys

(c.547C>T) changes are also detected in nearly 50% of pri-

mary uvealmelanomas, in 83%of bluenevi, and in affected

tissues of the mosaic disorder phakomatosis pigmentovas-

cularis, which features capillary malformations, dermal

melanocytosis, nevus spilus, and nevus of Ota.16,17

We studied a cohort of congenital vascular tumors

without evidence of GLUT-1 immunoreactivity, which

included four TAs and three KHEs. TAs and KHEs share

clinical and histological features and are considered to be

part of the same neoplastic spectrum.18 In addition, we

examined21 sporadic LCHs arising in childhood. The study

protocol was approved by the Yale Human Investigation

Committee, and subjects’ written consent was obtained

prior to participation. Genomic DNA was isolated from
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Table 1. Somatic GNA14 and GNA11 Mutations Cause Vascular Tumors

Sample
Age
(Years) Sex Site Diagnosis Somatic Mutation

No. of Reads in Tissue No. of Reads in Blood

p ValueRef. Non-ref. Ref. Non-ref.

V101 0 male neck KHE GNA14 c.614A>T
(p.Gln205Leu)

81 8 96 0 2.4 3 10�3

V102 0 male abdomen TA GNA14 c.614A>T
(p.Gln205Leu)

NAa NAa NAa NAa NA

V103 2 male cheek LCH GNA14 c.614A>T
(p.Gln205Leu)

NAa NAa NAa NAa NA

V104 12 male scalp LCH GNA11 c.547C>T
(p.Arg183Cys)

55 16 NAb NAb NA

V105 2 male cheek LCH GNA11 c.547C>T
(p.Arg183Cys)

NAa NAa NAa NAa NA

Abbreviations are as follows: KHE, kaposiform hemangioendothelioma; LCH, lobular capillary hemangioma; NA, not applicable; non-ref., non-reference; ref.,
reference; and TA, tufted angioma.
aMutation identified by Sanger sequencing.
bExome sequencing performed on tumor only.
lesions or unaffected epidermis via laser capture microdis-

section and then extracted with the DNeasy Blood& Tissue

Kit (QIAGEN). DNA from blood or saliva was obtained via

a standard phenol-chloroform protocol. All lesions were

screened via Sanger sequencing for mutations across all

exons of HRAS, KRAS, NRAS, BRAF, GNAQ, and GNA11.

An identical somatic GNA11 mutation, c.547C>T

(p. Arg183Cys) (GenBank: NM_002067.4), was found in

two LCHs (2/21 [10%]; subjects V104 and V105; Table 1

and Figure S1). This mutation has not been previously

identified in vascular tumors, although somatic mutation

c.548G>A (p.Arg183Gln) in paralog GNAQ is common in

capillary malformations and PWSs and has been found

in a single case of secondary LCH arising within a

PWS.8,12,19 A recent survey of 16 congenital hemangiomas

identified 12/16 (75%) lesions withGNA11 and GNAQmu-

tations, but all were Pro or Leu substitutions at Gln209.10

We further analyzed subjects without a detected

mutation. In these subjects, we employed whole-exome

sequencing (WES), performed by the Yale Center for

Genome Analysis, by using barcoded libraries from sheared

genomic DNA (Table S1). We pooled tumor DNA to run

four barcoded samples per lane and pooled blood samples

to run six barcoded samples per lane and ran all on the

Illumina HiSeq 2000 with 75 bp paired-end reads. Using

the Burrows-Wheeler Aligner (BWA-MEM), we aligned

reads to the hg19 human reference sequence (UCSC

Genome Browser) and trimmed them to targeted intervals

with Picard.20,21 We employed a Perl script to remove PCR

duplicates, recalibrated the resulting BAM files according

to the Genome Analysis Toolkit (GATK) Best Practices,

and called blood and tissue variants with the GATK

Haplotype Caller.21 We used MuTect to identify all single-

nucleotide variants (SNVs), deletions, and insertions and

used ANNOVAR to annotate all variants for functional

impact.22,23 Data were filtered for damaging mutations

(missense and nonsensemutations, splice sites, and indels)

that (1) had at least three non-reference reads in tissue
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and zero, one, or two non-reference reads in blood and

(2) were absent in 1000 Genomes (May 2011 release),

the National Heart, Lung, and Blood Institute (NHLBI)

Exome Sequencing Project (ESP) Exome Variant Server

(release ESP6500), and the Exome Aggregation Consortium

(ExAC) Browser control set of>134,000 exomes (v.0.3). We

used a one-tailed Fisher’s exact test to compare blood and

tissue read numbers and excluded variants with a p value

greater than 1.0 3 10�2 (Table S2). We examined the re-

maining mutations with the Broad Institute Integrative

Genomics Viewer (IGV) to screen for variants resulting

from alignment error.24

Our first subject, V101, was a male infant who had

a diffuse right supraclavicular mass complicated by

Kasabach-Merritt syndrome, which was identified as

a KHE by histologic examination (Figure 1).25 WES

identified in GNA14 (G protein subunit alpha 14 [MIM:

604397]) a single heterozygous somatic SNV, c.614A>T

(p.Gln205Leu),whichwas confirmedby Sanger sequencing

(Table 1 and Figure S2). There was no evidence of copy-

number variation, loss of heterozygosity, or secondary mu-

tation (Figure S2). Subsequent Sanger sequencing of all

seven exons of GNA14 in the remaining two KHEs, four

TAs, and 19 LCHs without mutations in HRAS, KRAS,

NRAS, BRAF, GNAQ, or GNA11 identified the same hetero-

zygous GNA14 c.614A>T (p.Gln205Leu) somatic muta-

tion (GenBank: NM_004297.3) in one TA (V102; Figure 1,

Table 1, and Figure S2) and one sporadic LCH (V103;

Figure 1, Table 1, and Figure S2). V102 was a male infant

who presented at 5 weeks of age with a 5.5 3 3.5 cm, firm,

reddish-blue abdominal lesion with prominent draining

vessels. Doppler ultrasound revealed fast-flow and high-

resistance vascular signals, and a punch biopsy diagnosed

the lesion as a TA. By 26months of age, the lesionhadmark-

edly regressed andappeared as a slightlydepressed, atrophic

telangiectatic patch. V103 was an archival specimen of a

sporadic LCH from the cheek of a 2-year-old boy. Our

discovery of three independent lesions with a recurrent
, 2016



Figure 1. Somatic Activating Mutations
in GNA14 Cause Congenital and Sporadic
Vascular Tumors
(A–D) Subjects V101 (A and B) and V102
(C and D) presented with a KHE (A, white
arrow) and a TA, respectively. (B and D)
Histology at 203 magnification demon-
strates infiltrating nodules of spindled
endothelial cells and intervening fibrous
bands.
(E and F) 103 (E) and 203 (F) histology
of V103, a sporadic lobular capillary hem-
angioma from the cheek of a 2-year-old
male, demonstrates encapsulated lobules
of proliferating vessels.
For samples where blood was unavai-
lable (V102 and V103), sequencing was
compared between laser capture microdis-
section of unaffected epidermis (E, blue
box) and tumor (E, red circle). Scale bars
represent 150 mm.
GNA14mutation identifies GNA14 as a driver of childhood

vascular tumors (Table 1).

GNA14, GNA11, and GNAQ encode Ga subunits that

form a heterotrimer with Gb and Gg subunits and bind to

the cytosolic side of inactive seven-transmembrane G-pro-

tein-coupled receptors (GPCRs).26,27 GPCRs bind a diverse

array of ligands that activate the receptor, promoting the

exchange of bound GDP to GTP on the Ga subunit. This

facilitates the release of the G protein heterotrimer from

the GPCR, as well as the dissociation of the activated Ga

subunit from the b/g dimer, leading to downstream acti-

vation of phospholipases, calcium channels, and other

cellular pathways, including AKT and MAPK.26,27

Given that a subunit hydrolysis of GTP initiates the

signaling cascade upon interaction with the GPCR, the

properties of the a subunit define the functional character-

istics of G proteins.28 The Ga subunits are divided into four

main families according to sequence homology: Gas, Gaq,

Gai, and Ga12 and Ga13.
29 Multiple members are within

each family, and GNA14, GNA11, GNAQ, GNA15, and

GNA16 belong to the Gaq family. Protein alignment of

GNA14 to GNA11 and GNAQ shows close conservation,

such that GNA14 Gln205 aligns with Gln209 of GNA11
The American Journal of Human G
and GNAQ and GNA14 Arg179 aligns

with Arg183 of GNA11 and GNAQ,

suggesting that mutations affecting

GNA14 Arg179 could also cause

vascular tumors (Figure S3). Of the

78 GNA14 mutations listed in the

Catalogue of Somatic Mutations in

Cancer (COSMIC), one (c.536G>A

[p.Arg179Gln]) was reported inmalig-

nant melanoma.30

To assess the molecular conse-

quence of GNA14 and GNA11 muta-

tions, we used Phyre231 to perform

structural modeling for GNA14 and
GNA11 andvisualized them inChimera32 (Figure S4). Using

an established structure of GNAQ as a template,33 we

inferred the structure of the GNA14 and GNA11 GTPase

domain, which shares 92% homology with that of GNAQ

(BLASTp). This revealed that all mutated residues fall at

positions necessary for stabilizing the interaction between

the GTPase catalytic domain and GTP. The GNAQ amide

group of Arg183, which corresponds to Arg179 of GNA14

and Arg183 of GNA11, stabilizes the leaving g-phosphate

to facilitate hydrolysis.34 GNAQ Gln209, corresponding to

Gln205 of GNA14 and Gln209 of GNA11, lies in the switch

II region and coordinates the critical nucleophilic water

moiety responsible for hydrolysis of the g-phosphate.28,34

Compared to their native states, GNA14 p.Arg179Cys

and GNA11 p.Arg183Cys increase the molecular distance

of the side chains from the g-phosphate by 3.766 and

3.002 Å, respectively, whereas GNA14 p.Gln205Leu and

GNA11 p.Gln209Pro are moved away from the water mole-

cule by 5.016 and 2.862 Å, respectively, destabilizing hydro-

lysis (Figure S4). Both substitutions are thus expected to

generate a constitutively active GTP-bound subunit.28,34

To examine the pathobiology of the GNA14 and GNA11

mutations causing vascular tumors,weperformed lentiviral
enetics 99, 443–450, August 4, 2016 445



Figure 2. NBMELs and HUVECs Express-
ing Mutant GNA14 and GNA11 Demon-
strate Morphological Changes
(A) 403 magnification of NBMELs with
GNA11 p.Arg183Cys or GNA14
p.Arg179Cys and GNA11 p.Gln209Pro
or GNA14 p.Gln205Leu demonstrate
elongation and black foci. Melanocytes
with GNA11 p.Arg183Cys or GNA14
p.Arg179Cys are more spindled and
dispersed than those with GNA11
p.Gln209Pro or GNA14 p.Gln205Leu,
which exhibit significant piling.
(B) HUVECs with activating mutations
in GNA14 and GNA11 lose the normal
cobblestone morphology seen in wild-
type cells and exhibit elongation and
disarray.
transduction of primary HUVECs and primary newborn

human melanocytes (NBMELs). Given the prevalence

of GNA11 and GNAQ mutations in uveal melanoma,

we considered melanocytes an important comparator.

NBMELs were isolated from human foreskin as previously

described,35 and HUVECs were purchased from the Yale

Vascular Biology and Therapeutics Core and maintained

in EGM-2 (Lonza). To analyze mutations identified within

our cohort and those predicted to be damaging via compar-

ison of amino acid conservation at mutated sites between

GNA14 and GNA11, we generated wild-type GNA14

and GNA11, GNA14 c.614A>T (p.Gln205Leu), GNA14

c.[535C>T; 537A>T] (p.Arg179Cys), GNA11 c.626A>C

(p.Gln209Pro), and GNA11 c.547C>T (p.Arg183Cys) via

the QuickChange Site-Directed Mutagenesis Kit (Agilent)

in the pLVX-Puro lentiviral expression vector (Clontech).

Lentiviral particles were packaged in 293T cells with

ViraPower Lentiviral Packaging Mix (Thermo Fisher Scien-

tific) according to the manufacturer’s instructions and

concentrated by centrifugation with the Amicon Ultra-15

Centrifugal Filter Unit with Ultracel-100 (UFC910024,

EMDMillipore) prior to adsorption.After 2days, the growth

medium was supplemented with puromycin at 5 mg/ml

(NBMELs) or 2 mg/ml (HUVECs) for 72 hr. Afterwards,

NBMELs and HUVECs were maintained at a lower puro-

mycin concentration of 1 and 0.5 mg/ml, respectively.
446 The American Journal of Human Genetics 99, 443–450, August 4, 2016
Less than 72 hr after trans-

duction, both HUVECs and NBMELs

expressing GNA14 or GNA11 mu-

tations demonstrated dramatic

changes in morphology in compari-

son to wild-type controls (Figure 2).

NBMELs with GNA11 p.Arg183Cys

and GNA14 p.Arg179Cys became

elongated, whereas those with

GNA11 p.Gln209Pro and GNA14

p.Gln205Leu grew over each other

in piles. Further, large black granules

surrounding the nucleus were noted

in all mutant NBMELs (Figure 2).
Electron microscopy with a FEI Tecnai transmission elec-

tron microscope at 80 kV accelerating voltage revealed

these foci to be large vacuolar structures resembling auto-

phagosomes containing degraded melanin or melano-

somes; indeed, cell pellets of NBMELs with GNA14 and

GNA11 mutations were lighter in color than those of

wild-type and untransduced parental controls (Fig-

ure S5).36 Amounts of tyrosinase and Pmel17, markers of

melanogenesis and intact melanosomes, respectively,

were also found to be reduced in response to themutations

(Figure S5).37,38 NBMELs transduced with KRAS c.35G>A

(p.Gly12Asp) and BRAF c.1799T>A (p.Val600Glu) did not

exhibit these black foci (Figure S6). HUVECs with GNA14

p.Arg179Cys and p.Gln205Leu and GNA11 p.Arg183Cys

and p.Gln209Pro also lost organized cobblestone mor-

phology characteristic of normal HUVECs and became

markedly elongated, whereas cells transduced with wild-

type constructs and vector controls showed normal

morphology (Figure 2). HUVECs with KRAS p.Gly12Asp

and both wild-type and p.Val600Glu BRAF were elongated

and dysplastic (Figure S6).

Given the morphologic changes in cells expressing

GNA14 and GNA11 mutations, we considered the possi-

bility that the cells were developing features of onco-

genic transformation, one in vitro hallmark of which is

prolonged survival and proliferation in the absence of



Figure 3. Activating Mutations in GNA14 and GNA11 Render
NBMELs and HUVECs Growth-Factor Independent
Mutant NBMELs (top) and HUVECs (bottom) are able to survive in
basal medium depleted of growth factors.
growth factors.39–41 Transduced NBMELs and HUVECs

were cultured in either basal medium without growth fac-

tors required for their proliferation (NBMELs: IBMX,

dbcCAMP, and bFGF; HUVECs: EGM-2 Bullets) or com-

plete medium and were assessed for cell viability after
The Amer
48 hr with the CellTiter-Glo Luminescent Cell Viability

Assay (Promega). NBMELs and HUVECs expressing wild-

type GNA14 and GNA11 and parental cells ceased growth

or died in medium without growth factors, whereas

NBMELs and HUVECs with GNA14 p.Arg179Cys and

p.Gln205Leu and GNA11 p.Arg183Cys and p.Gln209Pro

were successfully maintained and passaged in both con-

ditions, suggesting the acquisition of growth-factor inde-

pendence (Figure 3).

Assessment of the activity of the MAPK pathway showed

significant upregulation of activated ERK1/2 in HUVECs

and NBMELs expressing mutant but not wild-type GNA14

or GNA11 and no evidence of AKT activation (Figure 4). In

contrast, KRAS p.Gly12Asp showed increased amounts of

p-AKT (Figure 4). These findings suggest that the GNA14

and GNA11 mutations we found in KHEs, TAs, and LCHs

induce changes in cellular morphology and growth-factor

independence via MAPK activation.

To date, mutations in GNA14 have not been associated

with disease, although increased amounts of GNA14

were observed within pulmonary artery endothelial and

smooth muscle cells in subjects with pulmonary arterial

hypertension, as well as within the endothelial cells of

human placentas from pre-eclamptic pregnancies.42,43

A multiple-candidate-gene approach for surveying hyper-

tension susceptibility genes among a cohort of 3,305

hypertensive and 3,827 normotensive control subjects

identified a significant positive association between

GNA14 and RGS20 (regulator of G-protein signaling 20

[MIM: 607193]) and hypertension, further implicating

GNA14 in vascular biology.44 Recently, consistent with

our findings, constitutive activation of GNA14 was shown

to increase RAS activation and downstream phosphoryla-

tion of ERK.45
Figure 4. GNA14 and GNA11 Mutations
Upregulate theMAPK Pathway in NBMELs
and HUVECs Independently of AKT
Activation
Activating mutations in GNA14 and
GNA11 upregulate phosphorylation of
ERK1/2 in NBMELs (left) and HUVECs
(right). GNA14 p.Arg179Cys and GNA11
p.Arg183Cys induce lower p-ERK levels
in both cell types than do GNA14
p.Gln205Leu and GNA11 p.Gln209Pro.
The membranes were probed with anti-
bodies against GNA11 (D-17, Santa Cruz),
GNA14 (SAB4300771, Sigma-Aldrich),
BRAF (AF3424, R&D), KRAS (3B10-2F2
WH0003845M1, Sigma-Aldrich), pERK
p44/42K T202/Y204 (E10, 9106, Cell
Signaling Technology), ERK (4695, Cell
Signaling Technology), phospho AKT
S473 (9271, Cell Signaling Technology),
AKT (9272, Cell Signaling Technology),
and b-actin (A1978, Sigma-Aldrich) or
tubulin (T5168 Sigma-Aldrich) as controls
for protein loading.
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Vascular phenotypes resulting from mutations affecting

Gaq family members range from vascular stains, such

as PWSs and capillary malformations, to frank tumors.

Our identification of GNA14 mutations in KHEs, TAs, and

LCHs—three distinct classes of vascular tumors—also

highlights the pleiotropy of Gaq variants, as seen in

GNAQ and GNA11 mutations causing LCHs, PWSs, and

NICHs.10–12,16,19 Similarly, activating mutations in HRAS,

KRAS, and NRAS also demonstrate phenotypic heterogene-

ity within vascular anomalies, giving rise to both LCHs and

NICHs.8,9 It remains unclear how identical somatic muta-

tions can give rise to distinct clinical phenotypes. Although

GNA15 andGNA16mutations have not yet been identified,

they could, in theory, contribute to vascular pathology.

In summary, we have identified a recurrent somatic

activating GNA14 mutation in two congenital vascular

tumors and one LCH and found GNA11 c.547C>T

(p.Arg183Cys) in two LCHs. We have shown that muta-

tions in GNA14 and GNA11 induce changes in cellular

morphology and render cells growth-factor independent

via MAPK activation. These findings and recent discov-

eries that activating mutations in HRAS, KRAS, NRAS,

and BRAF also drive vascular tumors raise the possibility

that inhibition of the MAPK pathway could be an effective

therapeutic approach in congenital hemangiomas and

infantile vascular lesions unresponsive to conventional

therapy.
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Figure S1. Somatic GNA11 c.547C>T (p.Arg183Cys) mutation causes 
sporadic lobular capillary hemangiomas. (A-D) V104 and V105 are sporadic 
lobular capillary hemangiomas with histology at (A,C) 10X and (B,D) 20X 
magnification showing classic keratinized encapsulation of proliferating lobular 
capillaries. Areas where LCM was employed to isolate tissue for DNA is shown 
for unaffected epidermis (blue boxes), and tumor (red circles). (E) IGV of V104 
exome data demonstrates 16/71 (22%) non-reference reads corresponding to 
c.547C>T (p.Arg183Cys). (F) Sanger sequencing of unaffected epidermis and 
tumor of V104 and V105 shows GNA11 c.547C>T (p.Arg183Cys) in tumor only. 
Scale bars = 150µm. 



 
 
 
Figure S2. GNA14 c.614A>T (p.Gln205Leu) mutation in vascular tumors. (A) 
Sanger sequencing traces show somatic GNA14 c.614A>T (p.Gln205Leu) 
mutation in all 3 samples. (B) Integrated genome viewer (IGV) plots of exome 
sequencing data from V101 show 7/78 (9%) and 0/96 non-reference reads in 
tumor and blood, respectively. (C) Plot of B-allele frequency (BAF) demonstrates 
no segments of loss-of-heterozygosity or copy number variation in V101. Dotted 
lines separate individual chromosomes.  
 
 
 
 



 
 
 
 
Figure S3. Sequence homology among members of the Gαq family. Arginine 
at positions 179 (GNA14) and 183 (GNA11) and glutamine at positions 205 
(GNA14) and 209 (GNA11) (red asterisks) are conserved among all Gαq 
members.  
 
 



 
Figure S4. GNA14 and GNA11 mutations disrupt stabilization within the 
GTPase catalytic core. Phyre2 was employed to construct a theoretical model 
of GNA14 (A,B, blue) and GNA11 (C, D, pink) GTPase domains, which were 
overlaid with an established GNAQ template (A-D, grey). Residues in which 
mutation causes vascular tumors are highlighted in red (GNA14 and GNA11), 
and green (GNAQ). Molecular distance from stabilized moieties are labeled 
(yellow dashed lines). The transition state of bound GDP-AlF4

-
 (orange)—

representing GTP—undergoing hydrolysis is stabilized (purple dashed lines) by 
Mg2+ (pink sphere) and water moieties (red spheres) in the catalytic core. (A) 
Native GNA14 showing arginine 179 and glutamine 205, with corresponding 
GNAQ arginine 183 and glutamine 209. GNA14 arginine 179, like GNAQ arginine 
183, stabilizes the leaving γ-phosphate, and in its native state, is 4.172Å from 
AlF4

-. GNA14 glutamine 205, like GNAQ glutamine 209, stabilizes the water 
moiety driving hydrolysis of the γ-phosphate, and is 3.611Å away. (B) GNA14 
with both p.Arg179Cys and p.Gln205Leu protein changes, with corresponding 
native GNAQ residues. Cysteine 179 and leucine 205 are distanced further from 
the γ-phosphate at 7.938Å and 8.627Å, respectively, and lose their stabilizing 
amide groups. (C) Native GNA11 with arginine 183 and glutamine 209, and 
corresponding residues in GNAQ. GNA11 arginine 183 is 4.126Å from AlF4

-, 
while GNA11 glutamine 209 is 3.518Å from the nucleophilic water molecule. (D) 
GNA11 with p.Arg183Cys and p.Gln209Pro and corresponding native GNAQ 
residues shows GNA11 mutant residues are further away, with cysteine 183 at 
7.128Å, and proline 209 at 6.380Å.  



 
 
 
Figure S5. Activating GNA11 and GNA14 mutations result in loss of 
pigment in NBMELs. (A) Electron microscopy of NBMELs (GNA11 wild type, 
p.Arg183Cys, and p.Gln209Pro shown as representative) demonstrates 
melanosome degradation within vacuolar structures in the mutants, resulting in 
loss of cellular pigment (B). (C) GNA11 and GNA14 mutations lead to lower 
levels of tyrosinase and Pmel17, markers of melanogenesis and intact 
melanosomes, respectively. The membrane was probed with antibodies against 
tyrosinase (T311, NeoMarker) and Pmel17,1 and β-Actin (A1978, Sigma-Aldrich) 
as control for protein loading. 
 



 
 
 
Figure S6. Activating KRAS and BRAF mutation in NBMEL and HUVEC lead 
to changes in morphology. (A) NBMELs expressing KRAS wild type and 
c.35G>A (p.Gly12Asp) and BRAF wild type and c.1799T>A (p.Val600Glu) 
mutation. (B) HUVECs expressing KRAS and BRAF wild type and mutation.  
 
 
 
 
 
 
 
 
 
 
 



Sample Mean 
Coverage 

Bases 
Covered >8x 

Bases Covered 
>20x 

Mean Read 
Length 

V101 Tissue 94x 97% 92% 74 bases 
V101 Blood 89x 98% 91% 74 bases 
V104 Tissue 68x 97% 88% 74 bases 
 
Table S1. Exome coverage statistics. In all samples, >97% of coding regions 
are covered >8x, sufficient for analysis. 74bp paired-end sequencing of tissue 
and blood from V101 and tissue from V104 was performed by shearing and 
barcoding genomic DNA, followed by capture using Roche EZ Exome V3 capture 
probes. Sequencing was performed on the Illumina HiSeq 2500, with tissue 
samples run at 4 per lane, and blood run at 6 per lane. Sequence was aligned to 
the hg19 reference using BWA-MEM, trimmed, and PCR duplicates removed 
using Picard. BAM files were calibrated using GATK.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Filter V101 
All SSNVs 37 

In exons/splice Site 20 
Nonsynonymous 10 

<0.1% Prevalence in ExAC 1 (GNA14) 
Fisher’s Test p-value < 1.0x10-2 1 (GNA14) 

 
Table S2. Somatic single nucleotide variant (SSNV) filtering. Somatic 
mutations were identified by employing a Perl script alongside MuTect. Called 
SSNVs were filtered to exclude intronic and intergenic variants, synonymous 
mutations, and mutations listed in ExAC, 1000 Genomes, the NHLBI Exome 
Variant Server, and dbSNP control datasets. The remaining variants were 
visualized using Integrative Genome Viewer (IGV) to inspect for mismapped 
reads. The single remaining GNA14 mutation was validated with Sanger 
sequencing, and confirmed via laser capture microdissection in V102 and V103 
(Figure S2). 
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