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Extra-axial cavernous

hemangiomas (ECHs) are complex

vascular lesions mainly found in

the spine and cavernous sinus, and

their genetic underpinnings

remain incompletely understood.

Here, we report somatic mutations

of GNA14, GNAQ, and GJA4 in ECH

lesions. Furthermore, we present

the utilization of rapamycin in

treating an individual with GNAQ

mutations.
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ARTICLE

GNA14 and GNAQ somatic mutations cause spinal
and intracranial extra-axial cavernous hemangiomas

Jian Ren,1,9 Ziwei Cui,1,9 Chendan Jiang,1,9 Leiming Wang,2 Yunqian Guan,3 Yeqing Ren,1

Shikun Zhang,1 Tianqi Tu,1 Jiaxing Yu,1 Ye Li,1 Wanru Duan,1 Jian Guan,1 Kai Wang,1

Hongdian Zhang,4 Dong Xing,5,6 Mark L. Kahn,7 Hongqi Zhang,1,* and Tao Hong1,8,*
Summary
Extra-axial cavernous hemangiomas (ECHs) are complex vascular lesions mainly found in the spine and cavernous sinus. Their removal

poses significant risk due to their vascularity and diffuse nature, and their genetic underpinnings remain incompletely understood. Our

approach involved genetic analyses on 31 tissue samples of ECHs employing whole-exome sequencing and targeted deep sequencing.

We explored downstream signaling pathways, gene expression changes, and resultant phenotypic shifts induced by these mutations,

both in vitro and in vivo. In our cohort, 77.4% of samples had somatic missense variants in GNA14, GNAQ, or GJA4. Transcriptomic anal-

ysis highlighted significant pathway upregulation, with the GNAQ c.626A>G (p.Gln209Arg) mutation elevating PI3K-AKT-mTOR and

angiogenesis-related pathways, while GNA14 c.614A>T (p.Gln205Leu) mutation led to MAPK and angiogenesis-related pathway upre-

gulation. Using a mouse xenograft model, we observed enlarged vessels from these mutations. Additionally, we initiated rapamycin

treatment in a 14-year-old individual harboring theGNAQ c.626A>G (p.Gln209Arg) variant, resulting in gradual regression of cutaneous

cavernous hemangiomas and improved motor strength, with minimal side effects. Understanding these mutations and their pathways

provides a foundation for developing therapies for ECHs resistant to current therapies. Indeed, the administration of rapamycin in an

individual within this study highlights the promise of targeted treatments in treating these complex lesions.
Introduction

Extra-axial cavernous hemangiomas (cavernous hemangi-

omas [MIM: 140850]) are benign vascular lesions charac-

terized by dilated blood vessels predominantly observed

in the spine and cavernous sinus.1 Specifically, spinal ex-

tra-axial cavernous hemangiomas, including vertebral

and epidural cavernous hemangiomas, are common

vascular anomalies capable of causing symptoms due to

neural compression.2,3 In contrast, intracranial extra-axial

cavernous hemangiomas primarily manifest within the

cavernous sinus and occasionally in dural sinuses.1,4

Extra-axial cavernous hemangiomas and cavernous mal-

formations (CMs [MIM: 116860]) intra-parenchymally

within the brain and intramedullary spinal cord present

differently in clinical symptoms, pathological characteris-

tics, and radiotherapy sensitivity.5 Regarding the limited

understanding of the extra-axial cavernous hemangiomas,

the terms of cavernous hemangiomas and cavernous mal-

formations have often been used interchangeably, causing

confusion among clinicians. The molecular basis of cere-

bral and intramedullary spinal cord CMs has been clearly

delineated, involving activating MAP3K3 (MIM: 602539)

and PIK3CA (MIM: 171834) somatic mutations in sporadic
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CMs and bi-allelic loss-of-function (LoF) mutations in one

of three cerebral cavernous malformation (CCM)-associ-

ated genes: KRIT1 (MIM: 604214), CCM2 (MIM: 607929),

and PDCD10 (MIM: 609118) in familial CMs.6–10 Recent

discoveries have identified GJA4 (MIM: 121012) somatic

mutations in orbital cavernous venous malformations

(MIM: 600195) and intracranial extra-axial cavernous

hemangiomas.11,12 However, the causative factors behind

spinal and intracranial extra-axial cavernous hemangi-

omas (ECHs) remain elusive.

We formulated the hypothesis that ECHs, encompassing

vertebral, epidural, andcavernous sinus cavernoushemangi-

omas, may stem from somatic mutations in the vasculature.

To test thishypothesis,weconductedcomprehensivewhole-

exome sequencing (WES) and targeted deep sequencing of

affected tissues. Our findings reveal a substantial percentage

(77.4%) of somatic GNA14 (MIM: 604397), GNAQ (MIM:

600998), and GJA4 activating mutations within tissue sam-

ples of spinal and intracranial extra-axial cavernous heman-

giomas (n¼ 31). To further explore the implications of these

mutations, we established xenograft models by subcutane-

ously implanting GNAQ c.626A>G (p.Gln209Arg) and

GNA14 c.614A>T (p.Gln205Leu) endothelial cells (ECs)

into immunodeficient mice, resulting in the formation of
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enlarged blood vessels. Recognizing the promise of rapamy-

cin as a potential agent for targeted pharmacologic manage-

ment of vascular malformations, particularly its demon-

strated benefits in GNAQ mutant Sturge-Weber syndrome

(MIM: 185300),13 we embarked on an investigation into its

therapeutic potential for individuals afflicted with GNAQ

mutant extra-axial cavernous hemangiomas.
Subjects and methods

Samples from human subjects
BetweenMarch 2007 and January 2023, a total of 43 consecutive in-

dividuals diagnosed with extra-axial cavernous hemangiomas un-

derwent surgical resection of these lesions at the Department of

Neurosurgery, Xuanwu Hospital, Capital Medical University. Tissue

samples were successfully obtained from 31 individuals following

surgical resection, including 28 with spinal cavernous hemangi-

omas and 3 with cavernous sinus hemangiomas (Table S1). The pro-

tocol was approved by the Ethics Committee of XuanwuHospital of

Capital Medical University (approval number 2019-044) and was

conducted in strict accordance with the ethical standards outlined

in the 1964 Declaration of Helsinki. Written informed consent

was obtained from all study participants.
Genetic analysis
We began our investigation by performing WES on a collection of

8 paraffin-embedded samples and 3 fresh-frozen tissue samples of

extra-axial cavernous hemangiomas derived from 11 individuals.

Furthermore, we incorporated 3 samples of associated cutaneous

cavernous hemangiomas, 1 sample of muscle vascular lesion,

and 1 sample of cutaneous wart lesion, all procured from a subset

of these individuals. The tissue samples were sent to the

sequencing facility of Nanjing Geneseeq Biotechnology Inc. for

NGS analyses. Commercially available DNeasy Blood and Tissue

Kit (Qiagen) with established protocols were used to isolate

genomic DNA for whole-exome sequencing and downstream ana-

lyses. 1–2 mg genomic DNA for each sample was processed through

fragmenting to 300–350 bp, end-repairing, A-tailing, and adaptor

ligation using the Covaris M220 sonication system and KAPA Hy-

per Prep Kit (KAPA Biosystems, KK8504), followed by size selection

and purification using Agencourt AMPure XP beads (Beckman

Coulter). Libraries were amplified by PCR and purified using

Agencourt AMPure XP beads. NanoDropTM 2000 (Thermo Fisher

Scientific) for A260/280 and A260/230 ratios was used for sample

quality control, Bioanalyzer 2100 with High Sensitivity DNA kit

(Agilent Technologies, 5067-4627) was used for size distribution

and Qubit 3.0 dsDNA HS Assays (Life Technology) was used for

sample and library quantification. All of the procedures were ac-

cording to the manufacturer’s recommended protocols. xGen

Exome Research Panel v.1.0 (Integrated DNA Technologies) was

used for hybridization capture. Manufacturer’s recommended pro-

tocol was followed. After target enrichment, the libraries were

quantified by qPCR using KAPA Library Quantification Kit (KAPA

Biosystems). Sequencing was performed on HiSeq4000 NGS plat-

forms (Illumina) with paired-end 150 bp sequencing chemistry ac-

cording to the manufacturer’s instructions.

In order to corroborate the findings of the whole-exome

sequencing, we performed targeted deep sequencing on genomic

DNA extracted from an additional 20 paraffin-embedded samples

of extra-axial cavernous hemangiomas. The targeted panel used
2 The American Journal of Human Genetics 111, 1–13, July 11, 2024
for sequencing these cavernous hemangiomas encompasses 77

genes, which include GNAQ, GNA14, GJA4, MAP3K3, PIK3CA,

AKT1, KRIT1, CCM2, and PDCD10. We targeted a sequencing

depth of 1,0003 for the tissue samples. Additionally, as a control

group, we incorporated 75 samples of spinal cord intramedullary

cavernous malformations and subjected them to whole-exome

sequencing.

The targeted panel was customized by our team and iGeneTech

Bioscience. The DNA was extracted with BunnyMag FFPE DNA

Isolation Kit (BunnyTeeth Technology, TQ02BT). The quantity of

extracted DNA was measured with Qubit 3.0 dsDNA HS Assays

(Life Technology). A minimum of 50 ng genomic DNA were

permitted to perform library preparation. The genomic DNA was

fragmentedmechanically to 150–250 bp segments with IGT Fast Li-

brary Prep Kit v.2.0. IGT Adapter & UDI Primer 1–96 (for Illumina,

plate) was used to perform end-repairing, A-tailing, and adaptor

ligation. The products were hybridized to biotin-labelled probes of

the customized TargetSeq Target Probes T725V2 (iGeneTech Biosci-

ence). Then, streptavidin-coated magnetic beads were used for spe-

cific capture of library fragments with targeted sequences (TargetSeq

One Hyb & Wash Kit v.2.0 with Eco Universal Blocking Oligo [for

Illumina], C10832 and TargetSeq Cap Beads & Nuclease-Free Water,

C10422, iGeneTech Bioscience). The library whose Qubit concen-

tration is larger than 25 ng/mL was regarded as qualified. Qsep 100

was also applied to ensure the peak of the size distribution was

locatedwithin 220–450 bp. The sequencingwas donewith Illunima

NovaSeq 6000 under PE150mode, with a data amount target of 1G.
Bioinfomatic processing
For our WES samples, demultiplexing was carried out using

bcl2fastq v.2.16.0.10 (Illumina). Adaptor nucleotides and low-

quality base cells were removed by Trimmomatics.14 Paired-end

sequencing reads were aligned to the human reference genome

hg19 (Genome Reference Consortium Human ref. 37, GRCh37)

using Burrows-Wheeler Aligner v.0.7.12 (BWA-MEM).15 Samtools

v.1.6 was used to sort and index the aligned bam file.16 The bam

file was further processed for PCR-duplicate removal by Picard

v.1.119 (https://broadinstitute.github.io/picard/) and for base re-

calibration and indel realignment by the Genome Analysis Toolkit

v.3.6 (GATK).17 MuTect somaticmode with default parameters was

used for single nucleotide variant (SNV) identification.18 SNVs dis-

playing 41% population frequency within the 1000 Genomes

project and dbSNP were also excluded.19,20 Small insertions and

deletions (indels) were detected using Scalpel.21 Identified SNVs

and indels were annotated with ANNOVAR22 and manually re-

viewed on Integrative Genomics Viewer (IGV, https://igv.org/).

The quality of panel sequencing was measured by FastQC

(v.0.12.1, https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/) and multiqc v.1.17.23 Adapters were removed by Trimmo-

maticv 0.39.14 BWA-MEM v.0.7.17 was used to map the reference

genome and samtools v.1.12 was used for format conversion and

indexing.15,16 Our reference genome was hg19 (Genome Refer-

ence Consortium Human ref. 37, GRCh37). Base recalibration

and duplicates removal were finished with GATK v.4.2.6.1.17 The

panel coverage was further measured with bamdst (https://

github.com/shiquan/bamdst). The variation calling was done

with VarScan v.2.4.3 and GATK.17,24 The variants was annotated

with ANNOVAR.22 Variants with high population frequency,

non-functional region were filtered.19,20,25

For RNA-seq, the genome of human genome version of hg38

(Genome Reference Consortium Human ref. 38, GRCh38) was

https://broadinstitute.github.io/picard/
https://igv.org/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/shiquan/bamdst
https://github.com/shiquan/bamdst
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used as reference. The sequencing quality was assessed with

FastQC and then low-quality data were filtered using NGSQC

v.2.3.3.26 The clean reads were then aligned to the reference

genome using HISAT2 v.2.1.0 with default parameters.27 The pro-

cessed reads from each sample were aligned using HISAT2 against

the reference genome. The expression analyses were performed

with StringTie v.1.3.3b.28 DESeq v.1.28.0 was used to analyze the

DEGs between samples.29 Thousands of independent statistical

hypothesis testing was conducted on DEGs, separately. Then a

p value was obtained, which was corrected by FDR method. Cor-

rected p value (q-value) was calculated by correcting using BH

method. p value or q-value were used to conduct significance anal-

ysis. Parameters for classifying significantly DEGs are R2-fold dif-

ferences (log2FC R 1, FC: the fold change of expressions) in the

transcript abundance and p % 0.05. The annotation of the DEGs

were performed based on the information obtained from the data-

bases of ENSEMBL, NCBI, Uniprot, GO, and KEGG.
Cell culture and transfection
Human umbilical vein endothelial cells (HUVECs) were cultured

on attachment factor-coated dishes and maintained in Endothe-

lial Cell Medium (Sciencells) supplemented with 10% FBS (Sigma

Aldrich). The HUVECs were generously provided by Shanghai

East Hospital. Furthermore, human retinal pigment epithelial cells

(h-RPEs) were cultured under similar conditions on attachment

factor-coated dishes and fed with Dulbecco’s Modified Eagle

Medium (Gibco) supplemented with 10% FBS (Sigma Aldrich),

provided by Sciencells. Lentiviruses carrying GNAQ c.626A>G,

GNAQ WT, GNA14 c.614A>T, GNA14 WT, or empty vector con-

structs were generated by OBiO Tech (Shanghai, China).

HUVECs were transfected with a transfection concentration of

MOI ¼ 10 following the manufacturer’s guidelines. Transfected

HUVECs were subsequently incubated at 37�C and 5% CO2 in a

humidified incubator for 16–24 h before being collected for

further experiments. The sequences of the lentiviruses are detailed

in Table S2.
Cell tube formation
To assess tube formation, a 96-well cell culture plate (Costa) was

coated with 50 mL/well (equivalent to 50 mL/cm2) of Matrigel Base-

ment Membrane Matrix (CORNING, #356237) and incubated for

30 min at 37�C. After 48 h post-transfection, cells were digested,

and cell suspensions (23 104 counts/well) were added to the plate,

followed by incubation at 37�C with 5% CO2 for 12 h. The total

length of the tube network was quantified at a 403 magnification

using a Retiga 1300 camera and a Nikon microscope (model

TE2000-U).
RNA sequencing
Total RNAwasmeticulously extracted fromHUVECs infected with

lentiviruses expressing GNAQ c.626A>G, GNAQ WT, GNA14

c.614A>T, GNA14 WT, or empty vector using Trizol (Invitrogen).

The quality of the RNA was diligently assessed using an Agilent

2100 BioAnalyzer (Agilent Technologies) and the Qubit Fluorom-

eter (Invitrogen). Only total RNA samples meeting the stringent

criteria of RNA integrity number (RIN) > 7.0 and a 28S:18S

ratio >1.8 were deemed suitable for subsequent experiments.

RNA-seq libraries were meticulously generated and subsequently

sequenced by CapitalBio Technology. Notably, each of the tripli-

cate samples from all assays underwent independent library con-

struction, sequencing, and analysis. To construct the libraries for
Th
sequencing, the NEB Next Ultra RNA Library Prep Kit for Illumina

(NEB) was employed. Furthermore, the NEB Next Poly(A) mRNA

Magnetic Isolation Module (NEB) kit facilitated the enrichment

of poly(A)-tailed mRNA molecules from 1 mg of total RNA. The

mRNA was then judiciously fragmented into approximately 200

base pair fragments. Subsequently, the first-strand cDNA was syn-

thesized from the mRNA fragments utilizing reverse transcriptase

and random hexamer primers, followed by the synthesis of the

second-strand cDNA employing DNA polymerase I and RNaseH.

To complete the process, the end of the cDNA fragment was sub-

jected to an end-repair process that included the addition of a sin-

gle ‘‘A’’ base, followed by adapter ligation. The resulting products

underwent purification and enrichment through polymerase

chain reaction (PCR) amplification to augment the library DNA.

The final libraries were meticulously quantified employing the

KAPA Library Quantification kit (KAPA Biosystems) and an Agilent

2100 Bioanalyzer. Following quantitative reverse transcription-po-

lymerase chain reaction (RT-qPCR) validation, the libraries were

subjected to paired-end sequencing with a pair-end reading length

of 150 base pairs on an Illumina NovaSeq sequencer (Illumina).

The annotation of the DEGs (differentially expressed genes) was

meticulously carried out based on the information sourced from

the ENSEMBL, NCBI, UniProt, GO, and KEGG databases. Compar-

ative data analysis was conducted by integrating self-test samples

(GNAQ p.Gln209Arg and GNAQ WT) with RNA-sequencing data

(GNAQ p.Gln209Arg, GNAQ p.Gln209Leu, GNAQ p.Arg183Gln,

and GNAQ WT) from the GEO data repository (GEO:

GSE199978) (http://www.ncbi.nlm.nih.gov/geo/),30 following

the removal of batch effects with ComBat algorithm.31 The DEG

method was limma.32
Western blotting
Proteins were carefully extracted from HUVECs infected with lenti-

viruses carrying GNAQ c.626A>G, GNAQ WT, GNA14 c.614A>T,

GNA14 WT, or empty vector. Subsequent to cell lysis, protein anal-

ysis was performed through western blotting using established pro-

tocols. The following antibodieswere employed: Ga(q) (CST, 14373,

1:1,000, rabbit); Angiopoietin-2 (R&D Systems, AF6231, goat); AKT

(pan) (CST, 2920, 1:1,000, mouse); Phospho-AKT(Ser473) (CST,

4060, 1:1,000, rabbit); ERK 1/2 (Proteintech, 11257-1-AP, 1:2,000,

rabbit); Phospho-ERK1/2 (Thr202/Tyr204) (Proteintech, 28733-1-

AP, 1:1,000, rabbit); GAPDH (CST, 2118, 1:2,000, rabbit); anti-rabbit

IgG (CST, HRP-linked Antibody #7074, 1:3,000, rabbit); anti-mouse

IgG (CST, HRP-linked Antibody #7076, 1:3,000, mouse); and anti-

Goat IgG (ZSGB-BIO, ZB-2306, 1:3,000).
Histological staining and immunohistochemistry
Tissue samples were collected, and sections (6 mm thick) were pre-

pared after embedding in paraffin. These sections were then

stained with hematoxylin and eosin (H&E), as well as antibodies

against CD31 (Abcam, # [JC/70A] ab9498,1:200) and Ki67

(ZSGB-Bio, #ZM-0166, 1:200) following a standard protocol. Imag-

ing of the stained sections was conducted using a VS120 Virtual

Slide Microscope (Olympus).
Immunofluorescence
Frozen sections of subcutaneous implants from nude mice with

different groups were immunofluorescent stained following a

standard protocol. Briefly, sections were incubated with anti-

ANGPT2 (R&D Systems, #AF623, 1:200) and anti-CD31 antibodies

(Abcam, # [JC/70A] ab9498, 1:200) 3 days 4�C, followed by
e American Journal of Human Genetics 111, 1–13, July 11, 2024 3
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incubation with second antibodies 2 h at room temperature, and

then mounted with fluorescent mounting medium with DAPI

(ZSGB-Bio, #ZLI-9557) and analyzed using a confocal laser-scan-

ningmicroscope (Nikon AXR laser scanningmicroscope). Sections

of each anti-human CD31-positive implant were analyzed and

evaluated by immunofluorescence staining, with 3–4 fields of

view selected from each specimen. Quantitative measurements

were performed for each group using Fiji.33

Xenograft model for cavernous hemangiomas
For the creation of an in vivo murine model simulating human

blood vessel formation, we combined 1.53 106 HUVECs producing

GNAQ p.Gln209Arg, GNAQ WT, GNA14 p.Gln205Leu, or GNA14

WT along with 1.5 3 106 human retinal pigment epithelial cells

(h-RPEs). The main role of h-RPEs is to provide support and nutri-

tion to the blood vessels formed in the implants. This cellular

mixture was suspended in 300 mL of Matrigel (Corning) and then

subcutaneously injected into anesthetized 5-week-oldmale athymic

BALB-nude mice. The selection of male nude mice was based on

their docile nature and ease of handling compared to female coun-

terparts, thereby enhancing overall safety during animal care and

experimentation. Each experimental group consisted of n ¼ 5

mice. After a 12-day period, the mice were humanely euthanized,

and the implants were carefully excised for subsequent analysis.

The experimental procedures involving mice in this study were

approved by the Animal Experimental Ethical Inspection in

Xuanwu Hospital of Capital Medical University.

Rapamycin treatment for one person
A 14-year-old female diagnosed with GNAQ c.626A>G (GenBank:

NM_002072.5; p.Gln209Arg) mutant spinal epidural cavernous

hemangiomas and associated cutaneous lesions received a treat-

ment recommendation involving oral administration of rapamy-

cin at a dosage of 1.5 mg per day. Dosage adjustments were

made based on monthly serum levels of rapamycin, with a target

range of 4–12 ng/mL. Throughout the course of treatment, span-

ning one year, spinal MRI scans and photographs of cutaneous

lesions were performed every three months. Any side effects

observed during treatment were meticulously recorded. The

protocol of the rapamycin treatment was approved by the Ethics

Committee of Xuanwu Hospital of Capital Medical University

(approval number: 2019-071) and was conducted in strict accor-

dance with the ethical standards outlined in the 1964 Declaration

of Helsinki. Written informed consent was obtained from the

affected individual and her guardian.

Statistical analysis
Our statistical analysis encompassed the utilization of Fisher’s

exact test or Pearson’s c2 test (with or without Yates continuity

correction) for categorical variables and Student’s t test for contin-

uous variables. All statistical analyses were conducted under the

guidance of an epidemiologist utilizing SPSS software (v.25, IBM

Corp.). All p values were calculated as 2-sided, and statistical signif-

icance was defined as a p value less than 0.05.
Result

Detection of somatic GNAQ and GNA14 mutations

Among the 31 tissue samples obtained from extra-axial

cavernous hemangiomas in our study, we identified somatic
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missense variants in GNA14, GNAQ, or GJA4 in 24 samples,

accounting for 77.4% of cases (Figure 1). Of these 24 sam-

ples, 14 exhibited a GNA14 missense variant (GenBank:

NM_004297.4; c.614A>T [p.Gln205Leu]) with variant fre-

quencies ranging from 7.4% to 27.0%. This group included

10 cases of spinal pure epidural cavernous hemangiomas, 3

cases of vertebral epidural cavernous hemangiomas, and 1

case of cavernous sinus hemangiomas. Nine extra-axial

cavernous hemangiomas exhibited somatic mutations in

GNAQ. Specifically, we identified 7 cases of vertebral

epidural cavernous hemangiomas and 2 cases of spinal

pure epidural cavernous hemangiomas with GNAQ muta-

tions. These mutations included GNAQ (GenBank:

NM_002072.5; c.627A>C [p.Gln209His]) in 4 cases,

GNAQ (GenBank: NM_002072.5; c.626A>G [p.Gln209Arg])

in 3 cases, GNAQ (GenBank: NM_002072.5; c.626A>T

[p.Gln209Leu]) in 1 case, and GNAQ (GenBank: NM_002

072.5; c.548G>A [p.Arg183Gln]) in 1 case. Variant fre-

quencies for GNAQ somatic mutations ranged from 2.4%

to 17.3%. In addition, we identified a GJA4 somatic muta-

tion (GenBank: NM_002060.3; c.121G>T [p.Gly41Cys]) in

1 case of cavernous sinus hemangiomas, with a variant fre-

quency of 16.0%. Notably, in these samples of cavernous

hemangiomas, we identified that the mutations in GNAQ,

GNA14, and GJA4 were mutually exclusive. None of the in-

dividuals have a family history of cavernous hemangiomas,

and the variant frequency indicated that all the individuals

displayed a sporadic form with somatic mutations.

Moreover, of the 3 individuals diagnosed with GNAQ

mutant spinal cavernous hemangiomas, whole-exome

sequencing of associated cutaneous cavernous hemangi-

omas, associated paravertebral muscle vascular lesion,

and cutaneous wart lesion in these 3 individuals revealed

identical GNAQ mutations as observed in the epidural le-

sions (Table S1). No pathological mutations in GNAQ,

GNA14, or GJA4 were found in the 75 control samples ob-

tained from spinal cord cavernous malformations.

Clinicopathological features

In order to facilitate a comprehensive comparison of clini-

copathological features between extra-axial cavernous hem-

angiomas carrying GNAQ or GNA14 mutations and spinal

cord cavernous malformations characterized by CCM1

germlinemutations, orMAP3K3 and PIK3CA somatic muta-

tions, we conducted H&E staining, CD31, and Ki67 immu-

nohistochemical staining on paraffin-embedded samples.

Histologically, both spinal epidural cavernous hemangi-

omas and cavernous sinus hemangiomas exhibited similar

pathological features, characterized by widely dilated thin-

walled vessels lined by a single layer of CD31-positive ECs,

interspersed among adipocytes, indicative of cavernous

hemangiomas (Figure 2). In contrast, when compared to

spinal cord intramedullary cavernous malformations, ex-

tra-axial cavernous hemangiomas lacked obvious hemosid-

erin deposits. Ki67 staining revealed rare occurrences of

Ki67þ ECs in both extra-axial cavernous hemangiomas

and spinal cord cavernous malformations.



Figure 1. Detection of pathogenic mutations in samples ob-
tained from individuals with extra-axial cavernous hemangiomas
(A) The MRI appearance of a case of spinal cavernous hemangi-
omas that involved the vertebra and epidural space in thoracic seg-
ments (yellow arrowhead). The lesions appear hypointense on T1-
weighted images and hyperintense on T2-weighted images, with
obvious enhancement following the administration of contrast
medium.
(B) The MRI appearance of a case of cavernous sinus cavernous
hemangiomas located at the right cavernous sinus (yellow arrow-
head) with mass effect to the right temporal lobe.
(C) The detection of the pathogenic mutations on WES or deep
targeting panel. Among the 31 tissue samples obtained from ex-
tra-axial cavernous hemangiomas in our study, somatic missense
variants in GNA14, GNAQ, or GJA4 in 24 samples were identified,
accounting for 77.4% of cases.
(D) The allele frequency of the pathogenic mutations on WES or
deep targeting panel.
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Phenotype of ECs with GNAQ and GNA14 mutations

To investigate the influence of GNAQ p.Gln209Arg and

GNA14 p.Gln205Leu expression on ECs, we transfected

HUVECs with lentiviruses expressing GNAQ c.626A>G,

GNAQ WT, GNA14 c.614A>T, GNA14 WT,or empty vector

constructs. In the in vitro cell-tube formation assay, we

observed that total length of the blood vessels formed by

cells with GNAQ p.Gln209Arg was significantly increased

compared to GNAQ WT (Figures 3A and 3B). However,

ECs with GNA14 p.Gln205Leu did not induce significant

increase of total length of the blood vessels compared to

ECs with GNA14 WT (Figures 3C and 3D). Previous litera-
Th
ture has indicated the enrichment of GNAQ p.Arg183Gln

in ECs within capillary malformations found in skin and

Sturge-Weber syndrome-affected brains.34 To investigate

whether endothelial expression of GNAQ p.Gln209Arg or

GNA14 p.Gln205Leu alone is sufficient to induce the for-

mation of enlarged blood vessels, we co-cultured ECs

with GNAQ p.Gln209Arg, GNA14 p.Gln205Leu, GNAQ

WT, or GNA14 WT cells with human retinal pigment

epithelial cells within Matrigel and subsequently injected

this cell/Matrigel mixture into the flanks of nude mice. Af-

ter a 12-day period, the implanted constructs were excised,

photographed, and sectioned for histological examination

through H&E staining. Both ECs with GNAQ p.Gln209Arg

and GNA14 p.Gln205Leu implants displayed a signifi-

cantly higher degree of vascularization compared to ECs

with GNAQ WT or ECs with GNA14 WT implants. H&E

staining revealed the presence of numerous red blood

cell-filled vessels, indicative of a connection with the

mouse circulatory system (Figures 3E and 3F). The results

showed that the expressions of GNAQ p.Gln209Arg and

GNA14 p.Gln205Leu in ECs result in significant dilation

of vascular lumen.

To identify the impact of signaling pathways on ECs

with GNAQ p.Gln209Arg and GNA14 p.Gln205Leu,

we performed RNA sequencing of HUVECs expressing

GNAQ p.Gln209Arg and GNA14 p.Gln205Leu, or GNAQ

WT and GNA14 WT (with n ¼ 3 biological replicates per

group) (Figures 4A–4D). Kyoto Encyclopedia of Genes

and Genomes (KEGG) and Gene Ontology Biological Path-

ways (GO-BP) revealed an enrichment of genes involved

in the categories of angiogenesis, blood vessel develop-

ment, and MAPK pathways in the ECs with GNAQ

p.Gln209Arg (Figure 4C), ECs with GNA14 p.Gln205Leu

group compared to the ECs with GNAQ WT, or ECs with

GNA14 WT (Figure 4D). Particularly, we observed signifi-

cant upregulation of the PI3K-AKT-mTOR pathways in

ECs expressing GNAQ p.Gln209Arg compared to the

wild type, and significant upregulation of the MAPK and

angiogenesis-related pathways in the transcriptomic data

of ECs with GNA14 p.Gln205Leu (Figures 4C and 4D).

The expression of angiogenesis-related genes was found

to be up-regulated (Figure S4). Additionally, we conducted

a comparative analysis of RNA-sequencing data between

ECs with GNAQ p.Gln209Arg and those with GNA14

p.Gln205Leu (Figures 4E and 4F). Our findings revealed

significant differences in the PI3K-AKT-mTOR pathway,

MAPK pathway, TGF-beta pathway, and angiogenesis-

related pathways in ECs expressing GNAQ p.Gln209Arg

compared to those with GNA14 p.Gln205Leu (Figure

4G). Comparative data analysis was also performed by

integrating self-test samples (GNAQ p.Gln209Arg and

GNAQ WT) with RNA-sequencing data obtained from

the GEO data repository (GEO: GSE199978), after miti-

gating batch effects. This analysis highlighted similar sig-

nificant differences in the expression of the aforemen-

tioned pathways, including the PI3K-AKT signaling

pathway, MAPK signaling pathway, TGF-beta signaling
e American Journal of Human Genetics 111, 1–13, July 11, 2024 5



Figure 2. Pathological characterization of
ECHs with GNAQ or GNA14 mutations, in
comparison with spinal cord intramedul-
lary cavernous malformations with
MAP3K3, PIK3CA, or CCM1 mutations
(A) H&E staining andCD31 and Ki67 immu-
nohistochemical staining on paraffin-
embedded samples of spinal epidural
cavernous hemangiomas with GNAQ or
GNA14 mutations. The lesions exhibited
widely dilated thin-walled vessels lined by
a single layer of CD31-positive endothelial
cells, interspersed among adipocytes, indic-
ative of cavernous hemangiomas. Ki67
staining revealed rare occurrences of posi-
tive Ki67þ endothelial cells (scale bar,
100 mm).
(B) The H&E staining, CD31, and Ki67
immunohistochemical staining on paraffin-
embedded samples of cavernous sinus
cavernous hemangiomas with GNA14 mu-
tations. The lesions exhibited widely dilated
thin-walled vessels lined by a single layer of
CD31-positive endothelial cells, inter-
spersed among adipocytes, indicative of
cavernous hemangiomas. Ki67 staining re-
vealed rare occurrences of Ki67þ endothelial
cells (scale bar, 100 mm).
(C) The H&E staining, CD31, and Ki67
immunohistochemical staining on
paraffin-embedded samples of spinal cord
intramedullary cavernous malformations
withMAP3K3, PIK3CA, or CCM1mutations.
Spinal cord intramedullary cavernous mal-
formations exhibited widely dilated thin-
walled vessels lined by a single layer of
CD31-positive endothelial cells with
obvious hemosiderin deposits (scale bar,
100 mm).
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pathway, focal adhesion, fluid shear stress and atheroscle-

rosis, and angiogenesis-related pathways (Figure S3). The

potential role of ANGPT2 overexpression had been identi-

fied in vascular malformations, and raises the possibility

that it contributes to the enlargement of blood vessels

observed in the extra-axial cavernous hemangiomas.35–37

ANGPT2 abundance was notably elevated in GNAQ

p.Gln209Arg ECs compared to GNAQ WT ECs(Figure S4).

Rapamycin treatment in one person with GNAQ mutant

ECH

A14-year-old female experienced progressive weakness in

both her lower extremities and numbness in the bilateral

plantar region for two months before admission. She had

no specific personal or family medical history. Upon phys-

ical examination, multiple port-wine stain skin nevi were

observed on her bilateral extremities, chest, and midback
6 The American Journal of Human Genetics 111, 1–13, July 11, 2024
(Figure 4). Neurological examination

revealed grade 3/5 motor strength in

the bilateral lower extremities, positive

bilateral Babinski signs, and decreased

superficial sensation in response to

pain, temperature, and touch. Mag-
netic resonance imaging of the thoracic and lumbar spine

revealed multiple enhancing epidural lesions between T4-

T6 and T11-S3, causing severe compression of the spinal

cord. Additionally, the vertebral bodies at the same meta-

mere were also affected (Figure 5B). Due to the extensive

lesion distribution and the associated high surgical risk,

surgical resection of the lesions was deemed to be unsuit-

able for the person. Consequently, the person underwent

biopsy procedures on both the epidural lesions and

associated cutaneous lesions. Pathological examination re-

vealed that both the epidural and cutaneous lesions

featured blood-filled sinusoidal channels lined by a single

layer of flattened ECs interspersed among adipocytes, indi-

cating cavernous hemangiomas (Figure 5C). WES was con-

ducted on fresh-frozen tissue samples from both the

epidural and cutaneous lesions. The average sequencing

depth reached 3003. Pathogenic mutations in the GNAQ



Figure 3. Phenotype of GNAQ
p.Gln209Arg and GNA14 p.Gln205Leu ECs
(A) In the cell-tube formation assay, GNAQ
p.Gln209Arg ECs showed an increase in
the total length of the forming vessel
compared to GNAQ WT ECs (scale bar,
100 mm).
(B) Quantification of cell-tube formation
assay of GNAQ p.Gln209Arg ECs compared
to GNAQ WT ECs. The biological replicates
were three for each group, n ¼ 3.
*p < 0.05, unpaired two-sided Student’s t
test. Data are represented as the mean5 SD.
(C) There were no significant changes be-
tween ECs with GNA14 p.Gln205Leu or
GNA14 WT (scale bar, 100 mm).
(D) Quantification of cell-tube formation
assay of the ECs with GNA14 p.Gln205Leu
compared to ECs with GNA14 WT. The
biological replicates were three for each
group, n ¼ 3. Data are represented as the
mean 5 SD.
(E) The enlarged blood vessel lesions assem-
bled by ECs with GNAQ p.Gln209Arg and
GNA14 p.Gln205Leu in xenograft models.
H&E staining showed enlarged blood vessels
throughout the implants and appearance of
enlarged vessels in GNAQ p.Gln209Arg im-
plants compared with GNAQ WT implants
(scale bar, 50 mm).
(F) Implants with GNA14 p.Gln205Leu
showed significantly more blood vessels
compared with implants with GNA14 WT
(scale bar, 50 mm).
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(GenBank: NM_002072.5; c.626A>G [p.Gln209Arg]) were

identified in both the epidural and cutaneous lesions, with

an allele frequency of 2.7% in epidural cavernous heman-

giomas and 4.3% in cutaneous cavernous hemangiomas.

Rapamycin, an mTOR inhibitor approved by the US

Food and Drug Administration, has shown promise as a

targeted pharmacological treatment for vascular malfor-

mations, including low-flow venous malformations and

GNAQ mutant Sturge-Weber syndrome.10,38,39 Based on

our in vitro findings showing a notable upregulation of

the PI3K-AKT-mTOR and angiogenesis-related pathways

in ECs expressing GNAQ p.Gln209Arg (Figure 4C), the per-

son received a prescription for an oral rapamycin regimen

at 1.5 mg per day, subsequent to obtaining written con-

sent. Dose adjustments were determined by monthly

monitoring of serum rapamycin levels, aiming to achieve

a targeted range of 4–12 ng/mL. Over the course of one

year of treatment, a gradual regression of cutaneous

cavernous hemangiomas in terms of both volume and co-

lor was observed (Figure 5D). Furthermore, the motor

strength of the bilateral lower extremities improved from

grade 3 to grade 4. We utilized the SF-36 health survey to

evaluate the person’s recovery. After 340 days of treatment

with rapamycin, the person exhibited a noteworthy

enhancement in physical functioning, role-physical, gen-

eral health, social functioning, and health transition

(Table S3). Serial spinal MRIs during follow-up showed
Th
no significant changes in the vertebral and epidural lesions

(Figure 5E). Throughout the treatment period, the person

experienced occasional oral ulcers as the primary side ef-

fect, with no other significant adverse effects noted. These

results suggest that targeted therapymay represent a viable

therapeutic approach for individuals with complex GNAQ

mutant cavernous hemangiomas.
Discussion

GNAQ and GNA14 belong to the same gene family of

G protein a-subunit genes. They encode the a-subunit of

heterotrimeric G proteins (Gaq).40 These proteins play a

crucial role in intracellular signaling pathways, particularly

those involving G protein-coupled receptors (GPCRs).41

Our data show that spinal and intracranial extra-axial

cavernous hemangiomas mainly result from activating

mutations in GNAQ and GNA14. Mutations in GNAQ

and GNA14 dysregulate angiogenesis and cause enlarged

blood vessels in the extra-axial cavernous hemangiomas.

The regression of the lesions in the person with complex

GNAQ mutant spinal epidural cavernous hemangiomas

after the treatment of rapamycin showed that targeted

therapy may represent a viable therapeutic approach,

especially for individuals with complex and inoperable

cavernous hemangiomas.
e American Journal of Human Genetics 111, 1–13, July 11, 2024 7



Figure 4. Bulk RNA-sequencing GNAQ p.Gln209Arg and GNA14 p.Gln205Leu ECs
(A) The heatmaps display differentially expressed transcripts asmeasured by bulk RNA sequencing in ECs withGNAQp.Gln209Arg (left)
and GNA14 p.Gln205Leu (right) compared to ECs with GNAQWTand GNA14WT. DEGs are defined as having a log2 (fold change)R 1
and an adjusted p value of <0.05. Each group consisted of three biological replicates.
(B) Volcano plots illustrate downregulated (blue) and upregulated (red) genes in ECs with GNAQ p.Gln209Arg compared to ECs with
GNAQ WT (left) and in ECs with GNA14 p.Gln205Leu compared to ECs with GNA14 WT (right).
(C) KEGG and GO-BP enrichment analyses of DEGs in ECs with GNAQ p.Gln209Arg compared to ECs with GNAQ WT. KEGG analysis
reveals increased expression of relevant genes in the PI3K-AKT-mTOR pathway in ECs with GNAQ p.Gln209Arg compared to ECs with
GNAQ WT. GO-BP analysis shows increased expression of relevant genes in the MAPK and angiogenesis-related pathways in GNAQ
p.Gln209Arg Ecs compared to GNAQ WT ECs.
(D) KEGG andGO-BP pathway analyses of DEGs in GNA14 p.Gln205Leu ECs compared to GNA14WT ECs. KEGG analysis demonstrates
increased expression of relevant genes in the MAPK pathway and NF-kB pathway in GNA14 p.Gln205Leu ECs compared to GNA14WT
ECs. GO-BP analysis indicates increased expression of relevant genes in the MAPK and angiogenesis-related pathways in GNA14
p.Gln205Leu ECs compared to GNA14 WT ECs.
(E) The heat maps display differentially expressed transcripts as measured by bulk RNA sequencing in GNAQ p.Gln209Arg ECs (left)
compared to GNA14 p.Gln205Leu ECs (right).
(F) Volcano plot illustrates downregulated (blue) and upregulated (red) genes in GNAQ p.Gln209Arg ECs compared to GNA14
p.Gln205Leu ECs.
(G) KEGG and GO-BP enrichment analyses of DEGs in GNAQ p.Gln209Arg ECs compared to GNA14 p.Gln205Leu ECs. KEGG analysis
reveals differential expression of relevant genes in the PI3K-AKT-mTOR pathway and MAPK pathway. GO-BP analysis shows differential
expression of relevant genes in angiogenesis-related pathways.

8 The American Journal of Human Genetics 111, 1–13, July 11, 2024

Please cite this article in press as: Ren et al., GNA14 and GNAQ somatic mutations cause spinal and intracranial extra-axial cavernous hem-
angiomas, The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.05.020



Figure 5. Rapamycin treatment in one individual with GNAQ mutant spinal epidural cavernous hemangiomas
(A) Multiple port-wine stain skin nevi on the proband’s bilateral extremities, chest, and midback.
(B) The MRI of the thoracic and lumbar spine revealed multiple enhancing epidural lesions between T4-T6 and T11-S3 in a 14-year-old
female.
(C) The epidural lesions featured blood-filled sinusoidal channels lined by a single layer of flattened endothelial cells interspersed among
adipocytes, indicative of cavernous hemangiomas (scale bar, 500 mm).
(D) A gradual regression of cutaneous cavernous hemangiomas in terms of both volume and color during the treatment of rapamycin.
(E) Serial spinal MRIs during follow-up identifying no significant changes in the vertebral and epidural lesions.
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Prior research has established that mutations in GNA14,

GNA11, and GNAQ are mutually exclusive.42 Among the

GNAQ homologs, GNA11 and GNA14 exhibit the highest

amino acid sequence similarity to GNAQ.43 Activating mu-

tations in G protein a-subunit genes has been implicated

in melanocytic tumors and vascular lesions.34,43–48

Notably, within melanocytic tumors, a majority of uveal

melanomas and blue nevi harbor activating mutations at

codon 183 or 209 of GNAQ.46 While GNA14 mutations

have not been detected in melanocytic tumors, GNA14

c.614A>T mutations have been identified in various

vascular tumors.42,43 Our data show that extra-axial

cavernous hemangiomas, including spinal epidural

cavernous hemangiomas and cavernous sinus cavernous
Th
hemangiomas also result from activating mutations in G

protein a-subunit genes.

Gaq connects seven-transmembrane domain receptors

on the cell membrane to intracellular signaling path-

ways.46 Gaq activation is known to be associated with

various signaling pathways, including PI3K-AKT-mTOR

and MAPK pathways, promoting functions such as cell

proliferation and protein synthesis.49 Our transcriptomic

data showed pronounced upregulation of the PI3K-AKT-

mTOR Ras and angiogenesis-related pathways in ECs ex-

pressing GNAQ p.Gln209Arg compared to the wild type.

Among individuals with GNAQ mutant cavernous heman-

giomas at our center, a 14-year-old female undergoing one

year of rapamycin treatment, targeting PI3K-AKT-mTOR
e American Journal of Human Genetics 111, 1–13, July 11, 2024 9
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pathways, experienced gradual regression in size and color

of GNAQ mutant cutaneous cavernous hemangiomas.

These results suggest that targeted therapy may be a viable

therapeutic option for individuals with complex GNAQ

mutant cavernous hemangiomas.

We foundGJA4 c.121G>T somaticmutations in one case

of cavernous sinus hemangiomas, yet no instances of GJA4

c.121G>T somatic mutations were detected in spinal

epidural cavernous hemangiomas. GJA4 c.121G>T muta-

tions have been observed in orbital cavernous venous mal-

formations and intracranial extra-axial cavernous heman-

giomas in prior studies.11,12 GJA4 encodes connexin 37, a

protein integral to gap junctions that forms intercellular

channels between ECs and regulates cell cycle in the vascu-

lature.50–53 Prior studies demonstrated that the GJA4

c.121G>T mutations correlated with dysregulation of the

Cx37-SGK1 pathway, leading to endothelial cell hyperpro-

liferation, abnormal venous angiogenesis, and dilated

venous lumens.11,12 While direct interactions between

Cx37-SGK1 signaling and GNA proteins lack extensive

documentation, unraveling the mechanisms behind the

comparable phenotype observed in GNAQ, GNA14, and

GJA4 mutant cavernous hemangiomas demands further

investigation.

The classification of ECHs as either vascular tumors or

vascular malformations, akin to cavernous malformations,

has sparked debate within the medical community.54

Cavernous malformations are well-defined venous

malformations found within the central nervous system

(CNS) and are generally considered non-neoplastic.55

Conversely, extra-axial cavernous hemangiomas exhibit

progressive growth over time, resulting in distortion and

compression of surrounding tissues—a behavior more

characteristic of neoplastic lesions. Unlike intra-axial

cavernous malformations, extra-axial cavernous hemangi-

omas typically do not present with acute bleeding but

rather become symptomatic due to lesion compression.56

Histologically, both cavernous malformations and extra-

axial hemangiomas feature dilated channels lined with a

single layer of endothelium and lack smooth muscle or

elastic fibers. However, extra-axial hemangiomas may be

larger and contain vascular channels devoid of thrombosis,

calcification, and hemosiderin-laden macrophages, indica-

tive of a high-flow state.54 Therapeutically, there was also a

difference in sensitivity to radiotherapy between extra-

axial hemangiomas and intra-axial cavernous malforma-

tions.57,58 Furthermore, genetic studies have revealed

distinct mutations in extra-axial cavernous hemangiomas

(such as GNAQ, GNA14, and GJA4) compared to those in

intra-axial cavernous malformations (such as CCM1-3,

MAP3K3, and PIK3CA), further highlighting their differ-

ences.6–10 To mitigate confusion and enhance clarity, phy-

sicians commonly refer to lesions occurring within the

CNS as ‘‘cavernous malformations’’ and those in extra-

axial locations as ‘‘cavernous hemangiomas.’’54,56,59 This

terminology helps delineate the distinct nature of these

two entities and aids in their understanding among medi-
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cal professionals. Given the efficiency of radiotherapy

in treating cavernous sinus cavernous hemangiomas

and the identification of similar somatic mutations and

pathological characteristics in both spinal epidural

cavernous hemangiomas and cavernous sinus cavernous

hemangiomas in our study, we suggest that radiotherapy

might also be effective for spinal epidural cavernous

hemangiomas.

In our cohort, we also observed individuals with cuta-

neous cavernous hemangiomas harboring the same

GNAQ somatic mutations as those found in spinal epidural

cavernous hemangiomas. This metameric phenotype re-

sembles previously reported conditions such as Cobb syn-

drome (spinal arteriovenous metameric syndrome) and

cerebrofacial vascular metameric syndrome.60–64 However,

the mechanisms underlying metameric vascular syn-

dromes remain unclear. We hypothesize that the common

somatic mutations observed in both spinal epidural

cavernous hemangiomas and cutaneous cavernous hem-

angiomas may originate from precursor cells with GNAQ

mutations during embryonic development and migrate

along the mesoderm during vasculogenesis.65

Our research sheds light on the biological mechanisms

underlying extra-axial cavernous hemangiomas. Rather

than germline mutations in the CCM1, CCM2, CCM3,

and somatic mutations in MAP3K3 and PIK3CA playing a

major causative role in cerebral and spinal cord cavernous

malformations, somatic mutations in GNA predominated

in ECHs. This result, which was supported by findings in

a preclinical model, and off label use of rapamycin in an in-

dividual with GNAQ mutant cavernous hemangiomas of-

fers potential for the development of targeted therapies

for the treatment of complex extra-axial cavernous heman-

giomas that are refractory to surgery and radiotherapy.
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