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To the Editor:

Sturge-Weber syndrome (Online Mendelian Inheritance in Man #185300) is a capillary 

malformation condition (Bichsel and Bischoff, 2019, Comi, 2015). Affected regions 

include the skin (typically with facial cutaneous vascular malformations called port-wine 

birthmarks), brain (often resulting in seizures, intellectual disability, and recurrent stroke­
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like episodes), and eye (often causing glaucoma). We (Shirley et al., 2013) and others 

(Frigerio et al., 2015, Nakashima et al., 2014) reported that 90% of individuals with SWS 

or nonsyndromic PWB have a mosaic, activating mutation in GNAQ, encoding G protein 

subunit alpha q (Gαq). The same mutation at other sites on the skin can also result in 

cutaneous vascular and soft tissure overgrowth and underlying malformations (Gao et al., 

2017, Ma et al., 2018, Tan et al., 2016). Identification of other noncanonical pathogenic 

mutations may further elucidate the pathophysiology of SWS and/or PWB as well as define 

genetic subtypes.

Based on targeted next-generation sequencing, we identified five individuals with SWS 

and/or PWB who were negative for Gαq R183Q mutations (Table 1). These studies were 

performed with Johns Hopkins Institutional Review Board approval. Written informed 

consent was obtained by the NIH NeuroBioBank that provided samples. We set the lower 

threshold for calling mutations at 10 times the sequencing error rate for Q30 base quality 

scores, i.e. a 1% mutant allele frequency. One case (SWS 3) had mutant allele frequencies of 

0.58% and 0.22% in two independent affected brain samples. These values were below the 

1% threshold for calling a mutation but significantly above background frequencies of other 

samples (range 0.02% to 0.12%, n=10, p<0.00074 two-tailed t-test).

We next performed whole exome sequencing and somatic variant calling to identify 

candidate causal mutations (Table 1). Case SWS 3 had 20 reads covering the GNAQ 
p.R183Q locus with 18 reference C reads, one T (5%) predicted to produce the R183Q 

mutation, and 1 A (5%) predicted to be synonymous. Targeted amplicon sequencing of 

exon 4 of GNAQ validated a T minor allele frequency (MAF) of 0.27% (22/8,030 reads) 

in SWS 3, and revealed a 0.1% (9/8,028) MAF in a control (NA12878). We conclude that 

the mutant allele frequency was less than the conservative threshold of 1% or greater variant 

nucleotides, but this low-level mosaic variation was nonetheless pathogenic. We suggest 

that, in an appropriate clinical or research setting, a lower threshold of ≥0.25% for calling 

a mutation may be justified, particularly when supported by large read depth by targeted 

amplicon sequencing as reported here. Our results are consistent with those of Uchiyama et 

al. who suggested a minimum MAF threshold of 1% by next-generation sequencing, 0.25% 

using droplet digital PCR, and 0.1% using peptide nucleic acid combined with ddPCR 

(Uchiyama et al., 2016).

Case SWS 2, a 63-year old male, had negligible levels of GNAQ R183Q by targeted 

sequencing (0.02% and 0.06% in DNA from two separate brain samples) or by exome 

sequencing (22 C reads, 0 alternate alleles). However, we identified a 6.1% mutant 

allele frequency of GNA11 p.R183Q mutation (93 C residues, 6 T residues) by whole 

exome sequencing, a finding validated by targeted next-generation sequencing in three 

separate affected tissue samples (MAFs in three brain regions were 0.7%, 1.9%, and 1.9%; 

MAF was 5.9% in affected skin and 0.06% in unaffected skin, and 0.12% in control 

individual NA12878) (Table 2). The human GNA11 gene encodes G protein subunit alpha 

11 (Gα11, NP_002058.2, 359 amino acids) that shares 90% amino acid identity with 

Gαq (NP_002063.2; also 359 amino acids). Germline mutations in GNA11 can cause 

hypocalciuric hypercalcemia type II (HHC2; # 145981) and hypocalcemia dominant 2 

(HYPOC2; OMIM # 615361). Couto et al. (Couto et al., 2017) reported a mosaic, activating 
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missense mutation in GNA11 (c.547C >T; p.Arg183Cys) in three patients with a diffuse 

capillary malformation of an extremity, while Thomas et al. (Thomas et al., 2016) identified 

GNA11 p.R183C or p.R183S in four patients with phakomatosis pigmentovascularis (PPV), 

including sites of vascular and pigmentary skin lesions. Associated pigmentary lesions in 

PPV include melanocytic nevi, café au lait macules, dermal melanocytosis and epidermal 

nevi and vascular lesions including capillary and venous malformations and nevus anemicus 

(Fernandez-Guarino et al., 2008). GNA11 activating mutations have also been reported in 

uveal melanoma and blue nevi (Van Raamsdonk et al., 2010). Subject SWS 2 was diagnosed 

with “Meningeal Angiomatosis/clinical suspicion of Sturge-Weber syndrome” on post­

mortem pathology; however there were atypical features both clinically and pathologically. 

He had extensive port-wine involvement of the face and body on his right side, but 

no history of seizures, hemiparesis or neurologic deficits prior to his acute hypertensive 

event, left thalamic and right sub-arachnoid bleeds, and infarct. Post-mortem macroscopic 

neuropathologic evaluation revealed thickened, vascular congested leptomeninges, with what 

appeared to be an under-developed vascularity. Microscopic evaluation demonstrated dilated 

venules, degenerated arterial walls with thickening and myxoid substance, calcification, and 

evidence of macrophage accumulation. Additional patients exhibiting pathologic GNA11 
mutations and features which overlap with SWS are needed to determine if they all display 

a milder neurologic phenotype, and later neurologic onset with hemorrhage, than the typical 

patient with SWS and a R183Q somatic mutation in GNAQ.
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Figure 1. 
Hematoxylin and eosin stained sections from post-mortem cortex of Case SWS 2. A. Low 

magnification image of the superficial cerebral cortex and leptomeninges. Abnormally 

dilated venous vessels and degenerating arteriolar vessels seen, along with evidence 

of calcification. B. High magnification of thickened leptomeninges. C. Detailed image 

of meningeal calcification (arrows). D. High magnification images of leptomemingeal 

macrophages accumulated in the subarachnoid compartment (arrows). All images bar 

magnification 20 μM.
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Table 1.

Demographs and results of targeted GNAQ p.R183 sequencing and whole exome sequencing.

Case Age Sex Race
1 Sample region (source)

2
Status

3
GNAQ AF

4 WES WES Candidates
5

SWS 1 15y 89 d F C SWS1-B brain (surg) Aff 0.10 1 none

SWS 2 63y 235d M C SWS2-B brain (PM) Aff 0.06 2 none

SWS2-BPC brain (PM) Aff ND

SWS2-SA skin (PM) Aff 0.02 3 GNA11 p.R183C

SWS2-SA2 skin (PM) Aff ND

SWS2-SUA skin (PM) Unaff ND 4 none

SWS 3 2y 6mo M U SWS3-BA brain (surg) Aff 0.58

SWS3-B1 brain (surg) Aff 0.22 5 GNAQ p.R183Q

SWS3-B2 brain (surg) Aff ND

SWS 4 19y 352 d M C SWS4-B1 brain (PM) Aff 0.05 6 none

SWS4-B2 brain (PM) Aff 0.12

SWS 5 5y 12d F C SWS5-BU brain (PM) Unaff 0.05 7 none

SWS5-BA brain (PM)
Aff 0.07 8 GPRC6A

6

1.
Ethnicity was Caucasian (C) or unknown (U).

2.
Brain samples were from right hemisphere (SWS2) or bilateral (SWS1, SWS4, SWS5). Surg, surgical specimen; PM, postmortem.

3.
Samples were from regions presumed to be affected (Aff) or unaffected (Unaff).

4.
Targeted amplicon sequencing of GNAQ exon 4 was performed using forward primer 5’-GGGTATTCGATGATCCCTGTGGTGGG-3’ and 

reverse primer 5’-CCTTTCCGTAGACAGCTTTGGTGTGATG-3”.

5.
Whole exome sequencing was performed on eight samples using the Illumina HiSeq 2500 platform with Agilent SureSelect_V5 enrichment kit 

targeting 50,390,601 base pairs. Read length was 150 base pairs with total reads ranging from 35.9 to to 40.4 million. The mean depth of coverage 
of targeted regions was 69X.

6.
We identified a candidate gene mutation in case SWS 5, which had no evidence for mosaic mutations in GNAQ or GNA11. Utilizing DNA from 

affected brain tissue, we identified a mosaic mutation in G protein-coupled receptor class C group 6 member A (GPRC6A). DNA from affected 
brain tissue had a mosaic predicted nonsense mutation (63 C residues, 4 A residues; 6.0% mutant frequency). The GPRC6A G-protein coupled 
receptor senses high concentrations of extracellular calcium (and possibly amino acids and/or osteocalcin) and couples to Gαq (Pi et al., 2005). 
However, germline loss of function variants are extremely common (e.g. 6% population allele frequency for SNP rs550458778, and 39 loss of 
function variant alleles listed in the ExAC database (Exome Aggregation, 2019)). We therefore conclude that, while the mutation we observed 
appears somatic rather than germline, it is not pathogenic.
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Table 2.

Targeted sequencing data for GNA11.

Nucleotide call

Sample Region C A T G AF
1

SWS 2 brain 7990 4 6 1 0.07

SWS 2 brain 7813 9 151 3 1.9

SWS 2 brain 7831 7 157 1 1.9

SWS 2 skin (affected) 7471 6 469 4 5.9

SWS 2 skin (unaffected) 8011 7 5 0 0.06

NA12878 blood 7985 4 10 1 0.12

1.
AF, mutant allele frequency (percent of T/total). Targeted amplicon sequencing of GNA11 exon 4 was performed using forward primer 5’- 

GTGCTGTGTCCCTGTCCTG −3’ and reverse primer 5’- GGCAAATGAGCCTCTCAGTG −3”.
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