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Extracranial Vascular Anomalies Driven 
by RAS/MAPK Variants: Spectrum and 
Genotype–Phenotype Correlations
Vanessa F. Schmidt , MD*; Friedrich G. Kapp , MD*; Constantin Goldann , MD; Linda Huthmann, MD; 
Beatrix Cucuruz, MD; Richard Brill , MD; Veronika Vielsmeier, MD; Caroline T. Seebauer, MD; 
Armin- Johannes Michel , MD; Max Seidensticker , MD; Wibke Uller , MD; Jakob B. W. Weiß, MD; 
Alena Sint, MD; Beate Häberle, MD; Julia Haehl , MD; Alexandra Wagner , MD; Johanna Cordes, MD; 
Annegret Holm , MD; Denny Schanze , PhD; Jens Ricke, MD; Melanie A. Kimm , PhD; 
Walter A. Wohlgemuth, MD, PhD; Martin Zenker, MD*; Moritz Wildgruber , MD, PhD*; for the APOLLON 
Investigators†

BACKGROUND: We aimed to correlate alterations in the rat sarcoma virus (RAS)/mitogen- activated protein kinase pathway in 
vascular anomalies to the clinical phenotype for improved patient and treatment stratification.

METHODS AND RESULTS: This retrospective multicenter cohort study included 29 patients with extracranial vascular anomalies 
containing mosaic pathogenic variants (PVs) in genes of the RAS/mitogen- activated protein kinase pathway. Tissue samples 
were collected during invasive treatment or clinically indicated biopsies. PVs were detected by the targeted sequencing of 
panels of genes known to be associated with vascular anomalies, performed using DNA from affected tissue. Subgroup 
analyses were performed according to the affected genes with regard to phenotypic characteristics in a descriptive manner. 
Twenty- five vascular malformations, 3 vascular tumors, and 1 patient with both a vascular malformation and vascular tumor 
presented the following distribution of PVs in genes: Kirsten rat sarcoma viral oncogene (n=10), neuroblastoma ras viral on-
cogene homolog (n=1), Harvey rat sarcoma viral oncogene homolog (n=5), V- Raf murine sarcoma viral oncogene homolog B 
(n=8), and mitogen- activated protein kinase kinase 1 (n=5). Patients with RAS PVs had advanced disease stages according 
to the Schobinger classification (stage 3–4: RAS, 9/13 versus non- RAS, 3/11) and more frequent progression after treatment 
(RAS, 10/13 versus non- RAS, 2/11). Lesions with Kirsten rat sarcoma viral oncogene PVs infiltrated more tissue layers com-
pared with the other PVs including other RAS PVs (multiple tissue layers: Kirsten rat sarcoma viral oncogene, 8/10 versus 
other PVs, 6/19).

CONCLUSIONS: This comparison of patients with various PVs in genes of the RAS/MAPK pathway provides potential associa-
tions with certain morphological and clinical phenotypes. RAS variants were associated with more aggressive phenotypes, 
generating preliminary data and hypothesis for future larger studies.
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Vascular anomalies comprise 2 large entities: vas-
cular tumors and vascular malformations. They 
are currently categorized mainly on the basis of 

biological, histopathological, hemodynamic, and clin-
ical findings, as provided by the International Society 
for the Study of Vascular Anomalies.1 While vascular 
malformations are already present at birth and do 
not regress spontaneously, vascular tumors develop 
at different ages after birth and may regress on their 
own. Sporadic vascular malformations are congen-
ital anomalies that are further classified into slow 

flow malformations (predominantly venous and lym-
phatic) as well as high- flow arteriovenous malforma-
tions (AVMs). While isolated, nonsyndromic slow- flow 
malformations in most cases follow a benign clinical 
course, AVMs are characterized by high morbidity, high 
progression rates, and thus challenging treatment,2–4 
as complete therapy is frequently not possible and the 
residual lesions continue to progress. The International 
Society for the Study of Vascular Anomalies classifi-
cation was last updated in 2018 predominantly on the 
basis of novel descriptions of genes involved in the de-
velopment of these rare lesions. More recently, rapidly 
increasing knowledge about the genetic and molec-
ular basis of vascular malformations has transformed 
the understanding of the disease mechanisms, poten-
tially allowing improved patient stratification with indi-
vidualized treatment options.5 It has been found that 
sporadic vascular malformations are often caused by 
somatic gain- of- function variants in genes encoding 
components of key cellular signaling pathways that reg-
ulate growth and differentiation.6 The wide variability in 
the clinical phenotype is thought to depend on the cell 
type affected, the timing of the mutational event, and 
the degree and nature of pathway activation. In condi-
tions caused by mutations affecting the phosphatidy-
linositol 3- kinase/protein kinase B/mammalian target 
of rapamycin signaling pathway, genotype- based 
stratification has led to early clinical trials of targeted 
therapies.7 Somatic activating variants affecting the rat 
sarcoma virus (RAS)/mitogen- activated protein kinase 
(MAPK) pathway were first described in intra-  and ex-
tracranial,8–10 and preliminary phenotypic correlations 
were reported.11–13 The activation of certain signaling 
pathways not only occurs in vascular endothelial cells 
but similarly in adjacent soft tissue involving fibro-
blasts with altered extracellular matrix formation and 
increased extravascular inflammation.14 While vascular 
malformations were formerly regarded as mere dys-
plastic diseases, the increasing evidence of activated 
signaling pathways, controlling growth and prolifera-
tion, suggests that vascular malformations instead are 
able to proliferate, which may in part explain the high 
progression rate reported after incomplete treatment. 
Therefore, it is currently under debate that malforma-
tions instead should be viewed as inborn malforma-
tive tumors, and that the dichotomous classification 
of vascular anomalies into tumors, on the one hand, 
and vascular malformations, on the other hand, is not 
accurate anymore.15 Within this framework, more in-
formation is needed comparing the genotype of vas-
cular anomalies with their associated phenotype. We 
present a cohort of vascular anomalies with mosaic 
pathogenic variants (PVs) in the V- Raf murine sarcoma 
viral oncogene homolog B (BRAF ), mitogen- activated 
protein kinase kinase 1 (MAP2K1), and RAS genes 
detected by ultra- deep next- generation sequencing 

CLINICAL PERSPECTIVE

What Is New?
• This study reveals preliminary associations of 

rat sarcoma virus/V- Raf murine sarcoma viral 
oncogene homolog B/mitogen- activated pro-
tein kinase kinase 1 mosaicism with clinical 
phenotypes of extracranial vascular anomalies.

• Lesions with Kirsten rat sarcoma viral oncogene 
pathogenic variants showed more aggressive 
infiltrative growth patterns across multiple tis-
sue layers, whereas RAS variants were charac-
terized by more advanced disease stages and 
more aggressive phenotypes.

What Are the Clinical Implications?
• The potential benefit of combining clinical and 

genetic diagnostics may promote more indi-
vidualized treatment regimens according to the 
underlying pathogenic variant, such as adding 
targeted therapeutics to multidisciplinary care.

Nonstandard Abbreviations and Acronyms

BRAF V- Raf murine sarcoma viral oncogene 
homolog B

CM capillary malformation
HRAS Harvey rat sarcoma viral oncogene 

homolog
KRAS Kirsten rat sarcoma viral oncogene
MAPK mitogen- activated protein kinase
MAP2K1 mitogen- activated protein kinase kinase 1
NRAS neuroblastoma ras viral oncogene 

homolog
PI3K phosphatidylinositol 3- kinase
PV pathogenic variant
RAS rat sarcoma virus
VM venous malformation
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of affected tissue. Phenotypic and clinical associa-
tions including treatment response and recurrence are 
reported.

METHODS
The data sets used and analyzed during the current 
study are available from the corresponding author on 
reasonable request.

Primary Aim of the Study
This study aimed to correlate certain clinical pheno-
types to genetic alterations in the RAS/MAPK pathway 
in a descriptive manner. Clinical features,16–18 lesion ex-
tension, and progression rates are included as part of 
the phenotype.

Patient Cohort and Sample Collection
This retrospective multicenter cohort study was con-
ducted by multidisciplinary vascular anomaly centers 
of 5 university hospitals in Germany, seeing a minimum 
of 150 new patients with vascular anomalies annually. 
Retrospective analyses were approved by the local 
ethics committee (University Hospital, LMU Munich), 
Project No. 23- 0337 (06/29/2023). All patients signed 
informed consent to participate. The Strengthening the 
Reporting of Genetic Association Studies19 guidelines 
were used for appropriate reporting.

Core needle biopsies were collected between 
January 2019 to March 2023 under ultrasound guid-
ance close to the center/nidus of the vascular lesion 
during invasive treatment or clinically indicated biop-
sies (before planned targeted therapy). Patients not 
receiving therapy do not routinely undergo biopsies 
for genetic testing at the participating institutions. 
Patients were eligible for this study, if a pathogenic 
variant in the RAS (Kirsten rat sarcoma viral oncogene 
[KRAS], Harvey rat sarcoma viral oncogene homolog 
[HRAS], neuroblastoma ras viral oncogene homolog 
[NRAS]), V- Raf murine sarcoma viral oncogene homo-
log B (BRAF ), or MAP2K1 genes was proven in fresh 
or formalin- fixed paraffin- embedded tissue biopsies 
from the vascular lesion. Exclusion criteria were clini-
cal, pathological, or radiological doubts regarding the 
diagnosis of a vascular anomaly. Demographics, med-
ical history, and clinical and radiological data, as well 
as treatment course and follow- up assessments, were 
collected. Disease recurrence, when suspected clini-
cally, was evaluated by magnetic resonance imaging. 
Increase or reoccurrence of clinical symptoms after 
treatment as well as increased lesion size or newly per-
fused vessels on magnetic resonance imaging com-
pared with imaging findings after the last treatment 
was defined as progression.

DNA Extraction
Genomic DNA was extracted from native tissue 
samples and deparaffinated formalin- fixed paraffin- 
embedded samples using the QIAamp DNA Mini Kit 
(Qiagen, Hilden, Germany) following the manufactur-
er’s instructions. DNA concentration was measured 
using a Qubit 4 fluorometer (Invitrogen, Carlsbad, CA) 
and adjusted according to the requirements of subse-
quent experiments.

Mosaic Variant Screening
Methods for mosaic variant detection evolved during 
the course of this project. Initially, Sanger sequenc-
ing of KRAS, HRAS, NRAS, BRAF, and MAP2K1 hot-
spot exons was used, reaching a mosaic detection 
threshold of 10% to 15% variant allele frequency. To 
this end, mutation hotspot exons with flanking introns 
were amplified by polymerase chain reaction (PCR), 
and bidirectional Sanger sequencing was performed 
using a Big Dye Terminator Cycle Sequencing Kit on a 
3500xl Genetic Analyzer (Applied Biosystems, Foster 
City, CA). Sequences were aligned using the Seqpilot 
analysis software (JSI Medical Systems, Kippenheim, 
Germany). Mosaic level for mutations was estimated 
by comparing the area under the curve of electro-
pherograms for the wild type and mutant peaks in the 
forward and reverse sequencing directions.

The majority of samples were investigated by ultra- 
deep sequencing of targeted multigene panels. This 
was carried out by paired- end sequencing with 2×151 
bp reads on a MiSeq system or NextSeq 550 system 
(Illumina, San Diego, CA) to obtain for each sample an 
average of 2.5M or 20M reads, respectively. Different 
target enrichment kits either with or without molec-
ular barcoding by unique molecular identifiers were 
used during the course of this project: Illumina TruSeq 
Custom Amplicon Panel; Agilent SureSelect XT HS2 
DNA Custom Panel with unique molecular identifiers 
(random 3- bp duplex) (Agilent Technologies, Santa 
Clara, CA); Twist EF Custom Library Prep 2.0 of a Twist 
Custom Panel with Twist UMI Adapter (fixed 5- bp or 
6- bp duplex) (Twist Bioscience, South San Francisco, 
CA). The target sequence comprised a panel of genes/
gene hotspots that are known to be involved in vas-
cular malformations or regional overgrowth. The gene 
content evolved over time (a complete list of genes/
gene hotspots covered by the employed enrichment 
kit is available in Table  S1). Library preparation was 
performed according to the respective manufacturer’s 
instructions. Indexed sample libraries were equimolarly 
pooled for final multiplexed sequencing. Samples that 
underwent initial screening by Sanger sequencing and 
remained negative were not systematically reassessed 
by next- generation sequencing later. Therefore, we 
may have missed cases with RAS/MAPK pathway 
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mosaic variants, because variant allele frequencies for 
causative variants in mixed- tissue DNA samples from 
vascular malformations are often <15%. However, as 
only mutation- positive cases are reported and an-
alyzed in this article, the results and conclusions are 
unlikely to be affected by false- negative cases in the 
baseline cohort.

Genomic Data Analyses
Raw data (bcl format, binary base call sequence files) 
were uploaded to the varvis software package (Limbus 
Medical Technologies GmbH, Rostock, Germany) and 
processed (demultiplexing, read alignment, error cor-
rection) using the GRCh37 reference genome and the 
bioinformatics pipeline from varvis software version 
1.23.3 with the manufacturer’s standard settings. For 
unique molecular identifiers analysis (duplex sequenc-
ing data processing), duplex barcode sequences were 
extracted from the read sequence according to the 
manufacturer’s user manual (Agilent SureSelect XT 
HS2 DNA Kits Protocol or Twist EF Library Preparation 
Kit, respectively) and reads were aligned to the refer-
ence genome. A minimum of 2 reads were required 
to define a strand- specific consensus read. Strand- 
specific consensus reads were then combined to cre-
ate a final consensus read. Variant consensus reads 
were called down to a minimum variant allele fre-
quency of 0.5% with a minimum of 2 aberrant con-
sensus reads, thereby reaching a detection threshold 
for mosaic variants of at least 0.5% for most samples. 
The target regions typically had a mean sequencing 
depth of >2000× after demultiplexing, except for DNA 
samples from formalin- fixed paraffin- embedded tis-
sue, which yielded variable but usually lower coverage.

Variant Confirmation By Digital PCR
Variants with an allele frequency close to the detec-
tion threshold were verified by digital PCR. Digital 
PCR was performed on a QIAcuity Four Digital PCR 
System (Qiagen, Hilden, Germany) on 26 k nanoplates 
using the QIAcuity Probe PCR Kit and digital PCR LNA 
Mutation Assays (QIAGEN GmbH, Hilden, Germany) 
containing specific probes for wild type as well as mu-
tant alleles. Data analysis was performed using the 
QIAcuity Software Suite 2.1.8.23. The detection limit 
for the target variants was 0.1%.

Statistical Analysis
To analyze age and follow- up time, the data were 
presented as median (range, minimum–maximum). 
Subgroup analyses were performed related to the af-
fected genes. We used Fisher’s exact test for categorial 
data and small sample sizes to assess the association 
of the different PV carriers with clinical phenotypes 

defined as lesion localization, lesion tissue involve-
ment, Cho classification,16 Schobinger classification,17 
extremity length discrepancy (yes/no), and associated 
segmental overgrowth (yes/no), as well as with therapy 
response defined as progression (yes/no). Analysis 
was conducted using SPSS version 26.0 (IBM Corp., 
Armonk, NY); all P values reported were 2- tailed.

RESULTS
Patient Characteristics and Clinical 
Presentation
All patients included presented with clinically and ra-
diologically confirmed extracranial vascular anomalies, 
had a somatic mutation in genes of the RAS pathway, 
and received multimodal treatment according to the 
anomaly type, clinical presentation, and patient pref-
erence (embolization, sclerotherapy, surgery, targeted 
medical therapy). Twenty- nine patients were included 
in the study (Table  1) with a median age of 20 years 
(range, 5–55 years) at the time of genetic testing. The 
cohort consisted of 18 of 29 (62.1%) women and 11/29 
(37.9%) men. All patients had extracranial vascular 
anomalies, 25 of 29 (86.2%) patients had vascular 
malformations, and 3 of 29 (10.3%) patients had be-
nign vascular tumors, according to the International 
Society for the Study of Vascular Anomalies classifica-
tion.20 One patient (1/29, 3.4%) presented with both a 
vascular malformation (capillary malformation [CM]) as 
well as an additional vascular tumor (pyogenic granu-
loma), which was located on the CM. The mean age 
of the patients at clinical manifestation of the lesions 
was 2 years (range, 0–39 years). Vascular anomalies 
were located on the lower extremities in 11 of 29 pa-
tients (37.9%), followed by the head and neck region 
(5/29, 17.2%), the upper extremities (4/29, 13.8%), and 
the trunk (4/29; 13.8%). Five extensive lesions (5/29, 
17.2%) involved the trunk as well as upper or lower 
extremities. Among all cases with vascular malforma-
tions, 24 of 26 (92.3%) patients presented simple or 
combined AVMs, while there was 1 of 26 (3.8%) simple 
venous malformation (VM) as well as 1 of 26 (3.8%) 
CM (Table  1). The distribution of AVMs according to 
the clinical Schobinger classification (n=24) was as 
follows: stage 1 (2/24, 8.3%), stage 2 (10/24, 41.7%), 
stage 3 (10/24, 41.7%), and stage 4 (2/24, 8.3%). AVMs 
were further classified angiographically according to 
the Cho classification (n=24): type I (1/24, 4.2%), type 
II (1/24, 4.2%), type IIIa (12/24, 50.0%), and type IIIb 
(10/24, 41.7%).

Treatment Course and Follow- Up
In 23 of 29 (79.3%) cases, the vascular anomalies 
were treated by minimally invasive procedures (AVM 
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embolization, VM sclerotherapy), in 11 of 29 (37.9%) 
cases a surgical resection was performed, and in 3 of 
29 (10.3%) cases, patients received targeted medical 
therapies. The median follow- up time was 23 months 
(range, 8–37 months). Overall, 12 of 24 (50.0%) patients 
experienced a progression in the clinical course after 
treatment. The individual treatment modalities and pro-
gression rates, as part of the phenotypic characteriza-
tion, are described in detail in Table 1.

Mutational Spectrum in Extracranial 
Vascular Anomalies
The identified PVs involved RAS genes in 16 of 29 
(55.2%) cases (see Figure  1): KRAS (10/29, 34.5%), 
HRAS (5/29, 17.2%), and NRAS (1/29, 3.4%). We also 
found PVs in BRAF (8/29, 27.6%; see Figure  2) and 
MAP2K1 (5/29, 17.2%; see Figure 3). Variant allele fre-
quencies in DNA from lesional tissue samples ranged 
from 1% to 30% (Table 2). We identified 17 distinct PVs: 

5 in KRAS, 5 in HRAS, 1 in NRAS, 2 in BRAF, and 4 in 
MAP2K1. Four PVs (c.1799T>A, p.Val600Glu in BRAF; 
c.35G>A, p.Gly12Asp in KRAS; c.183A>C, p.Gln61His 
in KRAS; c.171G>T, and p.Lys57Asn in MAP2K1) were 
recurrently observed in our cohort in 7/29 (24.1%), 5 of 
29 (17.2), 2 of 29 (6.9%), and 2 of 29 (6.9%) patients, re-
spectively. All other PVs were only identified once. None 
of the identified PVs was detected in leukocyte DNA or 
in control tissue samples, when available.

Genotype–Phenotype Associations
A comparison of clinical characteristics between pa-
tients with RAS, BRAF, and MAP2K1 PVs is shown 
in Table 3. Patients with RAS PVs had a higher score 
according to Schobinger classification (3.0 [range, 
2–4] versus 2.0 [range, 1–3] versus 2.0 [range, 2–4]; 
P=0.037) and progression after treatment was more fre-
quently observed (76.9% versus 16.7% versus 20.0%; 
P=0.024). There were no remarkable differences in the 

Figure 1. Patient 1: 20- year- old female patient with arteriovenous malformation (AVM) paravertebral and a HRAS pathogenic 
variant (PV).
A, Axial T1- weighted turbo spin- echo sequence image presenting an AVM (asterisk) located paravertebrally on the left side with 
intramuscular extension and involvement of the spinal canal and compression of the dural tube. Digital subtraction image before (B) 
and after (C) the first session of embolotherapy with ethylene- vinyl- alcohol copolymer (Squid- 18, BALT Germany GmbH). C, The image 
shows near complete embolization of the lesion (2020). D, Axial T1- weighted turbo spin- echo sequence image after 3 sessions of 
embolization presenting newly perfused vessels confirming clinically suspected progression, which was characterized by increasing 
pain and functional movement impairment (2023). Preprocedural (E) and periprocedural (F) digital subtraction images of the fourth 
embolotherapy session, both showing the newly embolized vascularized components of the progressive AVM (2023).
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prevalence of clinical manifestations such as leg length 
discrepancy, associated segmental overgrowth or in 
the angiographic classification according to Cho (see 
Table 3). In addition, there was no evident association 
between lesion localization and the different geno-
types (see Table 3).

Lesions with KRAS PVs infiltrated multiple tissue lay-
ers more frequently than subcutaneous or muscular tis-
sue only compared with the other PVs (KRAS, 80.0% 
versus HRAS, 40.0% versus NRAS, 0.0% versus BRAF, 
25.0% versus MAP2K1, 40.0%; P=0.036; see Table 4).

DISCUSSION
This retrospective multicenter cohort study describes 
potential correlations between mosaic- activating PVs 
in 5 genes of the RAS/MAPK pathway (KRAS, HRAS, 
NRAS, BRAF, and MAP2K1) and phenotypic character-
istics. Lesions with KRAS PVs showed a more aggres-
sive infiltrative growth pattern across multiple tissue 
layers. Furthermore, RAS variants were characterized 
by more advanced disease stages and higher progres-
sion rates. No differences were observed in the angio-
graphic classification of lesions or in the prevalence of 

associated disease manifestations such as leg length 
discrepancy and segmental overgrowth.

Initially, KRAS PVs in vascular anomalies were mainly 
described in intracranial vascular malformations9,21,22 
but more recent studies have increasingly reported 
them in extracranial lesions.8,11,23 Al- Olabi et al8 found 
KRAS PVs in 4 of 135 patients with slow- flow malfor-
mations and in 3 of 25 patients with extracranial AVMs. 
In intracranial AVMs, KRAS PVs are mostly found at 
the hotspot in codon 12 (G12V and G12D), which is 
also frequently mutated in cancer. In accordance with 
this, 50% of KRAS PVs in our study were c.35G>A, 
p.Gly12Asp (G12D). In 2 cases, we found the KRAS 
PV c.183A>T, p.Gln61His (Q61H). This PV was re-
ported by El Sissy et al11 as the most frequent distinct 
variant (67%) in their cohort consisting of 6 extracra-
nial AVMs with KRAS PVs. Various other KRAS PVs 
have been reported in vascular anomalies. Ten Broek 
et al13 presented 8 different variants in a cohort with 9 
KRAS PVs, which were found in various types of vas-
cular malformations. In addition to the most prevalent 
KRAS variants, we identified 5 HRAS PVs and 1 NRAS 
PV that were nonrecurrent in our cohort. Notably, all 
observed HRAS PVs represented in- frame deletions/

Figure 2. Patient 27: 20- year- old male patient with an infiltrative phenotype and a MAP2K1 pathogenic variant (PV).
A, Clinical infiltration of the lip; notice the prominent blood vessels on the left side of the lower lip. B, Time- resolved angiography with 
interleaved stochastic trajectories showing contrast enhancement of the lip and around the mandible. C and D, Contrast- enhanced 
vessels in computed tomography reconstruction of the digital subtraction angiography. Notice the fine vessels infiltrating the tongue 
and the left side of the face, most prominent at the base of the ear. E, Correlating to the prominent vessels at the base of the ear is 
the enlarged ear, including the ear lobe. F, Digital subtraction angiography of the ear, demonstrating 3 large feeders into the outer ear.
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insertions affecting the switch- II region (amino acids 
58–76) of the HRAS protein. Eijkelenboom et al24 pre-
sented five HRAS in frame insertions in that region in 
patients with vascular malformations/overgrowth syn-
dromes and provided functional data that showed the 
inability of guanine nucleotide exchange factors to in-
duce GTP loading and reduced intrinsic and GTPase- 
activating protein–stimulated GTP hydrolysis of mutant 
HRAS proteins. These opposing effects led to a net 
increase in MAPK activation in a cellular model sys-
tem and were supposed to cause decoupling from 
activating upstream cellular signals. Our observations 
provide further evidence that variants of that particular 
type are characteristic of HRAS PVs associated with 
vascular anomalies, which often present as atypical 
vascular malformation/overgrowth syndromes. The 
HRAS PV c.172_177delinsGTCCTGGATGTT, p.Thr58_
Ala59delinsValLeuAspVal, which was found in 1 of our 
patients, has previously been reported by Konczyk 
et al25 in a patient with facial AVM and associated adi-
pose tissue overgrowth of the right cheek. Our patient 
with this distinct variant presented with an extensive 
AVM of the lower extremity, associated capillary le-
sions, leg length discrepancy, and segmental over-
growth, as well as recurrent pain (patient 11). There 
was no difference observed between the patients with 

HRAS versus KRAS PVs in our cohort regarding the 
occurrence of clinical characteristics, such as seg-
mental overgrowth. Consistent with our findings, NRAS 
PVs tend to be in the minority in most cohorts report-
ing vascular anomalies and RAS variants.8,26 In the 
literature, 1 distinct NRAS PV, c.182A>G, p.Gln61Arg 
(Q61R), was recurrently identified in complex lymphatic 
anomalies, such as generalized lymphatic anomaly 
or kaposiform lymphangiomatosis.27–30 However, the 
NRAS PV affecting the same codon, c.183A>T, p.Gl-
n61His, was confirmed in 1 patient presenting with a 
CM on the costal arch and a vascular tumor (pyogenic 
granuloma) located on this CM. Consistent with this, 
Ten Broek et al13 described 1 case with both multiple 
eruptive pyogenic granulomas and a CM with the same 
NRAS PV. In addition, a cohort of patients with pyo-
genic granuloma was reported, in which 1 NRAS PV 
was found, while most of pyogenic granulomas con-
tained GNAQ PVs.31 Interestingly, NRAS PVs have not 
been reported in AVMs so far, either in our series or in 
the literature. Concerning all 16 cases with RAS PVs in 
our cohort, we noticed that these anomalies presented 
mainly with complex phenotypes, such as extensive 
combined vascular malformations or associated seg-
mental overgrowth (68%). Additionally, among these 
16 cases, there were 2 intramuscular hemangioma- like 

Figure 3. Patient 20: 10- year- old female patient with an infiltrative arteriovenous malformation and a BRAF pathogenic 
variant (PV).
A, Clinical manifestation with capillary malformation (CM) of the sole of the right foot; also note the wormlike mass and dilated 
veins. B and C, Sagittal T2- weighted turbo- inversion recovery- magnitude and coronal T1- weighted turbo spin- echo sequence 
images; note the flow voids in deeper tissues of the foot (labeled with white arrows). D, Time- resolved angiography with interleaved 
stochastic trajectories angiography showing the marked hyperperfusion of the foot including cutaneous tissue. E, Correlating to the 
hyperperfusion, dilated veins can be seen on the back of the affected right foot of the patient.
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Table 2. Mutational Spectrum and Genotypic Characterization of Study Cohort

Patient 
no. Gene cDNA; amino acid change Source Technology

Mutant  
allele  
fraction, %

Mutant  
allele  
count

Total  
allele  
count

dPCR  
confirmation,  
%

1 KRAS c.35G>A; p.(Gly12Asp) Native tissue (2) Ultra- deep NGS 14.2
8.6

661
210

4661
2456

9.4
7.5

2 KRAS c.34G>T; p.(Gly12Cys) Native tissue Ultra- deep NGS 8.7 47 540 10.5

3 KRAS c.35G>A; p.(Gly12Asp) Native tissue Ultra- deep 
NGS+UMI

8.2 104 1273 5.4

4 KRAS c.183A>C; p.(Gln61His) Native tissue Ultra- deep 
NGS+UMI

6.7 135 2024 5.7

5 KRAS c.182A>G; p.(Gln61Arg) Native tissue Ultra- deep NGS 7.6 731 9610 7.6

6 KRAS c.183A>C; p.(Gln61His) Native tissue Ultra- deep 
NGS+UMI

9.4 106 1130 7.7

7 KRAS c.35G>A; p.(Gly12Asp) Native tissue Sanger NGS 4.5 73 1619 NA

8 KRAS c.188_229dup; p.(Glu63_Glu76dup) Native tissue Ultra- deep 
NGS+UMI

4.7 122 2500 NA

9 KRAS c.35G>A; p.(Gly12Asp) FFPE tissue Ultra- deep 
NGS+UMI

4.5 76 1703 4.0

10 KRAS c.35G>A; p.(Gly12Asp) Native tissue Ultra- deep 
NGS+UMI

8.7 148 1698 11.4

11 HRAS c.172_177delinsGTCCTGGATGTT; 
p.(Thr58_Ala59delinsValLeuAspVal)

Native tissue Ultra- deep NGS 6.7 37 535 NA

12 HRAS c.191_217dup; p.(Met72_
Arg73insHisSerAlaMetArgAspGlnTyrMet)

Native tissue Ultra- deep 
NGS+UMI

15.0 322 2146 NA

13 HRAS c.172_179delins; 
p.(Thr58_Gly60delinsValLeuAspValLeu)

FFPE tissue Ultra- deep 
NGS+UMI

6.9 162 2331 NA

14 HRAS c.215_216insTTCCAGCGCCAT
GCGGGACCAGTACAT; p.(Tyr71_
Met72insIleSerSerAlaMetArgAspGlnTyr)

Native tissue Ultra- deep 
NGS+UMI

7.0 113 1614 NA

15 HRAS c.217_218ins27; p.(Met72_
Arg73insProSerAlaMetArgAspGlnTyrMet)

FFPE tissue Ultra- deep 
NGS+UMI

11.0 118 1077 NA

16 NRAS c.183A>T; p.(Gln61His) Native tissue Ultra- deep NGS 7.7 544 7031 NA

17 BRAF c.1517+2_1517+3insTACTCAGGT; p.? Native tissue Ultra- deep 
NGS+UMI

23.0 631 2744 NA

18 BRAF c.1799T>A; p.(Val600Glu) Native tissue Ultra- deep NGS 2.8 343 12 296 3.7

19 BRAF c.1799T>A; p.(Val600Glu) FFPE tissue Ultra- deep NGS 30.3 5118 16 913 37.0

20 BRAF c.1799T>A; p.(Val600Glu) Native tissue Sanger 23 … … 15.3

21 BRAF c.1799T>A; p.(Val600Glu) Native tissue Ultra- deep 
NGS+UMI

5.7 94 1656 5.3

22 BRAF c.1799T>A; p.(Val600Glu) Native tissue Ultra- deep 
NGS+UMI

10.4 191 1828 12.8

23 BRAF c.1799T>A; p.(Val600Glu) Native tissue Ultra- deep 
NGS+UMI

4.0 71 1754 7.2

24 BRAF c.1799T>A; p.(Val600Glu) Native tissue Ultra- deep NGS 9.5 218 2287 NA

25 MAP2K1 c.171G>T; p.(Lys57Asn) Native tissue (2) Sanger 16
18

… … NA

26 MAP2K1 c.169_170delinsCC; p.(Lys57Pro) Native tissue (2) Sanger 16
20

… … NA

27 MAP2K1 c.167A>C; p.(Gln56Pro) Native tissue Ultra- deep 
NGS+UMI

10.9 21 192 NA

28 MAP2K1 c.171G>T; p.(Lys57Asn) Native tissue Ultra- deep 
NGS+UMI

9.7 474 4886 NA

29 MAP2K1 c.171_185del; MAP2K1; 
p.(Gln58_Glu62del)

Native tissue Ultra- deep 
NGS+UMI

0.9 15 1588 NA

dPCR indicates digital polymerase chain reaction; FFPE, formalin- fixed paraffine- embedded tissue; FT, fresh tissue; NA, not available; NGS, next- generation 
sequencing; and UMI, unique molecular identifiers.
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anomalies that may have overlapping clinical features 
with AVMs (intramuscular fast- flow vascular anomaly; 
patients 12 and 15), similar to patients described by 
Goss et al32 and Sudduth et al.33

In general, our results suggest that RAS variants 
are characterized by more advanced disease stage 
according to Schobinger and higher progression rates 
(69%), which may pave the way for individualized and 
intensified multimodal treatment regimens according 
to the underlying PVs. In a cohort of 18 extracranial 
AVMs, El Sissy et al11 also found a higher progression 
rate of the 6 patients with KRAS PVs compared with 
7 patients with MAP2K1 PVs. This finding is therefore 
now being replicated in a second cohort. Further, we 
found, that lesions with KRAS PVs tend to present a 
more aggressive infiltrative growth pattern across mul-
tiple tissue layers, which has not yet been established 

in the literature. However, these preliminary findings 
should be interpreted with caution due to the small 
sample sizes. If confirmed in further studies, this may 
also have an impact on patient stratification and may 
further shift the choice of therapy options.

BRAF PVs have previously been detected in tissue 
samples from various intra-  and extracranial vascular 
anomalies including fast- flow malformations, isolated 
slow- flow malformations, and vascular tumors such as 
pyogenic granulomas.8,11,34,35 In these cohorts, all re-
ported cases presented the BRAF PV, c.1799T>A, p.Val-
600Glu, which was also the predominating BRAF PV in 
our study. Additionally, in 1 case (patient 17), we identified 
a novel mosaic BRAF variant, c.1517+2_1517+3insTACT-
CAGGT, that predicts the insertion of 3 amino acids in 
the protein p.Arg506_Lys507insLeuLeuArg. Comparing 
the clinical phenotype associated with the few cases 

Table 3. Comparison of Clinical Characteristics Among the RAS, BRAF, and MAP2K1 PV Carriers

Clinical characteristics RAS BRAF (n) MAP2K1 P value‡

Age, y n=16 n=8 n=5

Median (range) 20 (5–55) 14 (2–50) 21 (16–24)

Lesion localization, n (%) n=16 n=8 n=5 0.313

Lower extremity 7 (43.8) 3 (37.5) 1 (20.0)

Upper extremity 3 (18.8) 1 (12.5) 0 (0.0)

Trunk 3 (18.8) 1 (12.5) 0 (0.0)

Trunk+lower extremity 1 (6.3) 2 (25.0) 0 (0.0)

Trunk+upper extremity 1 (6.3) 0 (0.0) 1 (20.0)

Head and neck 1 (6.3) 1 (12.5) 3 (60.0)

Cho classification for AVMs*, n (%) 0.960

I 1 (7.7) 0 (0.0) 0 (0.0)

II 1 (7.7) 0 (0.0) 0 (0.0)

IIIa 5 (38.5) 4 (66.7) 3 (60.0)

IIIb 6 (46.2) 2 (33.3) 2 (40.0)

Schobinger classification for AVMs,† n (%) n=13 n=6 n=5 0.037

1 0 (0.0) 2 (33.3) 0 (0.0)

2 4 (30.8) 2 (33.3%) 4 (80.0)

3 8 (61.5) 2 (33.3) 0 (0.0)

4 1 (7.7) 0 (0.0) 1 (20.0)

Extremity length discrepancy, n (%) n=16 n=8 n=5 1.000

Yes 4 (25.0) 2 (25.0) 1 (20.0)

No 12 (75.0)

Associated segmental overgrowth, n (%) n=16 n=8 n=5 0.117

Yes 11 (68.8) 2 (25.0) 2 (40.0)

No 5 (31.3) 6 (75) 3 (60.0)

Progression, n (%) n=13 n=6 n=5 0.024

Yes 10 (76.9) 1 (16.7) 1 (20.0)

No 3 (23.1) 5 (83.3) 4 (80.0)

AVM indicates arteriovenous malformation; BRAF, V- Raf murine sarcoma viral oncogene homolog B; MAP2K1, mitogen- activated protein kinase kinase 1; 
PV, pathogenic variant; and RAS, rat sarcoma virus.

*Cho classification according to Cho et al.16

†Schobinger classification according to Finn et al.17

‡Fisher’s exact test for categorial data.
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where BRAF PVs have been previously described in 
the literature,8,11,34,35 8 patients with BRAF PVs in our 
cohort showed similarly variable clinical phenotypes in-
cluding AVMs of limited extension (patients 17, 18, 22, 
and 23), a more extensive AVM with multiple- layer tissue 
involvement (patient 20), a complex combined Parkes–
Weber- like phenotype (patient 21), a subungual VM (pa-
tient 24), and a diffuse infantile fibromatosis (patient 19). 
Associated segmental overgrowth and multiple tissue 
layer involvement were observed in 25% each. The lat-
ter was less prevalent compared with KRAS PVs, which 
may indicate better and less challenging conditions for 
surgical or interventional treatment approaches. While 
the nature of vascular anomalies varied, patients had 
less severe symptoms and a lower progression rate 
compared with those with RAS PVs.

MAP2K1 PVs were found in 5 cases (17%) of our 
cohort with the recurrent MAP2K1 PV, c.171G>T, p.Ly-
s57Asn, found twice, while 3 other MAP2K1 PVs were 
identified in single cases. These PVs were all missense 
or small in- frame deletions affecting amino acid resi-
dues adjacent to or within the protein’s negative reg-
ulatory domain and have been previously reported 
in an AVM cohort by Couto et  al.12 Several of these 
variants have been found in cancers and shown to 
increase MAP2K1 activity.36,37 In our cohort, patients 
with MAP2K1 PVs all had AVMs, which is in contrast 
to the RAS and BRAF PVs including a broader clini-
cal spectrum of vascular anomalies. A certain selec-
tion bias for this observation cannot be excluded, and 
this observation needs yet to be evaluated in other 
cohorts. Lesions with MAP2K1 PVs were classified as 
Schobinger stage II in 80% and were accompanied by 
segmental or local overgrowth in 20%. Similar to the 
BRAV PVs in our cohort, MAP2K1 PVs presented lower 
progression rates (20%) compared with KRAS PVs. El 
Sissy et  al11 reported comparable results regarding 
differences in Schobinger classification and progres-
sion rates after treatment (29% versus 100%) among 7 
patients with MAP2K1 and 6 patients with KRAS PVs 
in facial AVMs. At this preliminary state of knowledge, 
these results should be interpreted with the limitation 

that small group sizes were analyzed in our cohort as 
well as the cohorts reported previously.

RAS, BRAF, or MAP2K1 have long been implicated 
in various malignancies, in which they play a driving 
role in tumor growth. This knowledge has led to the 
development of targeted therapies using small mole-
cule inhibitors of the RAS/MAPK pathway, which are 
also considered as potential new therapies for vascu-
lar anomalies driven by overactivation of this pathway. 
Mitogen- activated protein kinase kinase inhibition with 
trametinib was used off- label in 2 patients in this co-
hort; both patients subsequently showed a reduction 
of symptoms and no progression. Lekwuttikarn et al38 
reported an 11- year- old female patient presenting with 
an extracranial MAP2K1- mutated AVM treated by tra-
metinib. One month after treatment initiation, the vas-
cular malformation presented with clinically decreased 
perfusion and discoloration, and magnetic resonance 
imaging after 6 months confirmed an objective de-
crease in size. Al- Olabi et al8 reported the treatment of 
AVM- BRAF mutant zebrafish with the BRAF inhibitor 
(vemurafinib), which resulted in hemodynamic improve-
ment through less distorted vasculature. One patient in 
our cohort (patient 20) with an AVM of the foot due to 
a BRAF mutation was treated with the BRAF inhibitor 
dabrafenib due to pain and lack of promising surgical 
or interventional treatment approaches. Under this 
therapy, the pain quickly abated, and she had a sub-
stantial functional improvement, while no severe ad-
verse events occurred during this therapy. A specific 
KRAS G12C inhibitor (sotorasib) was recently devel-
oped for the treatment of KRAS G12C–mutated non- 
small- cell lung cancer.39 The latter may be suggested 
specifically for patients with AVM with the KRAS G12C 
PVs that made up an important part of all KRAS PVs 
in our cohort. Sotorasib would represent an even more 
specific targeted treatment compared with unselective 
mitogen- activated protein kinase kinase inhibition, for 
example, with trametinib. This approach may harbor 
potential benefits, especially in light of the high pro-
gression rates in patients with KRAS AVMs but will 
need further study in clinical trials.

Table 4. Comparison of Tissue Involvement Among the KRAS, HRAS, NRAS, BRAF, and MAP2K1 PV Carriers

Clinical characteristics KRAS HRAS NRAS BRAF MAP2K1 P value†

Age, y n=10 n=5 n=1 n=8 n=5

Median (range) 24 (5–55) 17 (14–20) 14 (2–50) 21 (16–24)

Lesion tissue involvement*, 
n (%)

n=10 n=5 n=1 n=8 n=5 0.036

(Sub)cutaneous 1 (10.0) 0 (0.0) 1 (100.0) 3 (37.5) 3 (60.0)

Intramuscular 1 (10.0) 3 (60.0) 0 (0.0) 3 (37.5) 0 (0.0)

Multiple layers1 8 (80.0) 2 (40.0) 0 (0.0) 2 (25.0) 2 (40.0)

BRAF, V- Raf murine sarcoma viral oncogene homolog B; HRAS, Harvey rat sarcoma viral oncogene homolog; MAP2K1, mitogen- activated protein kinase 
kinase 1; NRAS, neuroblastoma RAS viral oncogene homolog; and PV, pathogenic variant.

*Multiple tissue layers include (sub)cutaneous, muscular, and osseous involvement of the vascular anomaly.
†Fisher’s exact test for categorial data.
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Generally, the growing body of literature as well as 
this study support the notion that the clinical spectrum 
of vascular anomalies driven by PVs in components 
of the canonical RAS/MAPK pathway is becoming 
broader than anticipated after the first published find-
ings in selected patient cohorts, and together with their 
broadening the clinical spectra associated with individ-
ual genes also tend to merge. There is still a predom-
inance of fast- flow anomalies, but mixed and low- flow 
malformations such as VMs also occur. Notably, 
MAP2K1 variants have exclusively been observed in 
AVMs so far. The validation and further resolution of 
genotype–phenotype correlations in vascular anom-
alies deserve continued efforts and studies in larger 
cohorts, before they become a routine basis of clinical 
decision making. As such, this works in a hypothesis- 
generating manner to set up larger multicenter cohorts, 
potentially on the basis of registries, as large random-
ized controlled trials on vascular anomalies are unlikely 
to being realized in the near future.40

This study reveals preliminary associations of RAS/
BRAF/MAP2K1 mosaicism with clinical phenotypes of 
extracranial vascular anomalies. Lesions with KRAS 
PVs tended to show more infiltrative growth patterns 
across multiple tissue layers. Furthermore, RAS vari-
ants were characterized by more advanced disease 
stages and potentially higher progression rates, re-
flecting a more aggressive phenotype. The benefit of 
combining clinical and genetic diagnostics may pro-
mote more individualized treatment regimens accord-
ing to the underlying PV such as by adding targeted 
therapeutics to multidisciplinary care.
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