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Abstract

Background Somatic mutations of cancer driver genes are found to be responsible for vascular malformations
with clinical manifestations ranging from cutaneous birthmarks to life-threatening systemic anomalies. Till now,
only a limited number of cases and mutations were reported in Chinese population. The purpose of this study
was to describe the somatic mutation spectrum of a cohort of Chinese pediatrics with vascular malformations.

Methods Pediatrics diagnosed with various vascular malformations were collected between May 2019 and Octo-
ber 2020 from Beijing Children’s Hospital. Genomic DNA of skin lesion of each patient was extracted and sequenced
by whole-exome sequencing to identify pathogenic somatic mutations. Mutations with variant allele frequency
less than 5% were validated by ultra-deep sequencing.

Results A total of 67 pediatrics (33 males, 34 females, age range: 0.1-14.8 years) were analyzed. Exome sequencing
identified somatic mutations of corresponding genes in 53 patients, yielding a molecular diagnosis rate of 79.1%.
Among 29 PIK3CA mutations, 17 were well-known hotspot p.E542K, p.E545K and p.H1047R/L. Non-hotspot muta-
tions were prevalent in patients with PIK3CA-related overgrowth spectrum, accounting for 50.0% (11/22) of detected
mutations. The hotspot GNAQ p.R183Q and TEK p.L914F mutations were responsible for the majority of port-wine
stain/Sturge—Weber syndrome and venous malformation, respectively. In addition, we identified a novel AKT1 p.Q79K
mutation in Proteus syndrome and MAP3K3 p.E387D mutation in verrucous venous malformation.

Conclusions The somatic mutation spectrum of vascular malformations in Chinese population is similar
to that reported in other populations, but non-hotspot PIK3CA mutations may also be prevalent. Molecular diagnosis
may help the clinical diagnosis, treatment and management of these pediatric patients with vascular malformations.
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Introduction

Vascular malformations represent a spectrum of rare
disorders resulting from aberrant development of blood
and/or lymphatic vessels [1]. The clinical manifestations
are quite diverse, ranging from single cutaneous birth-
marks to life-threatening systemic anomalies. A uniform
classification for vascular malformations has been pro-
posed by the International Society for the Study of Vas-
cular Anomalies (ISSVA), which greatly facilitates the
diagnosis, treatment and management of the disorders
[2]. Vascular malformations are usually congenital and
many mainly present as skin lesion in the early life. The
malformations, especially those involving multiple organs
and systems, may cause severe clinical problems as the
affected child grows up, such as chronic pain, coagulation
disorder and organ dysfunction, with increasing disability
rate and mortality [3, 4].

In recent years, a set of cancer driver genes have been
found to be associated with vascular malformations [5, 6].
Somatic mutations in TEK encoding TEK receptor tyros-
ine kinase are identified in sporadic venous malformation
(VM) and blue rubber bleb nevus syndrome (BRBNS) [7,
8]. Activating mutations in PIK3CA which encodes the
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha cause VM without a TEK mutation [9] and
isolated lymphatic malformations (LM) [10]. Moreover,
PIK3CA mutations are responsible for a group of disor-
ders characterized by segmental overgrowth of various
tissues with or without vascular malformations, which
are also termed as PIK3CA-related overgrowth spectrum
(PROS) [11]. This spectrum includes DCMO (diffuse
capillary malformation with overgrowth) [12], Klip-
pel-Trenaunay syndrome (KTS) [10], CLAPO (capillary
malformation of the lower lip, lymphatic malformation
of the face and neck, asymmetry and partial/general-
ized overgrowth) [13], CLOVES (congenital lipomatous
overgrowth, vascular malformations, epidermal nevi,
and skeletal/spinal abnormalities) [14], megalencephaly-
capillary malformation (MACP) [15], and other enti-
ties. GNAQ, encoding the G protein subunit alpha q, is
somatically mutated in isolated capillary malformation
termed as port-wine stain (PWS) and the more severe
neurocutaneous Sturge—Weber syndrome (SWS) that is
characterized by facial port-wine stains, and ocular and
cerebral vascular malformations [16, 17]. The other dis-
ease-causing genes includes AKT1 for Proteus syndrome
[18], MAP3K3 for verrucous venous malformation
(VVM) [19], GNA11 for DCMO [20], RASA1 and EPHB4
with germline or somatic mutations for capillary malfor-
mation-arteriovenous malformation (CM-AVM) [21, 22],
and so on. Somatic mutations in these genes aberrantly
activate signaling pathways, such as PI3K/ATK/mTOR
and Ras/Raf/MEK/ERK pathways, that are responsible
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for cell proliferation, differentiation, migration and apop-
tosis, leading to vascular and/or lymphatic hyperprolif-
eration and tissue overgrowth [5, 23].

Till now, dozens of mutations have been identified
in patients with vascular malformation and the muta-
tion spectrum has been well delineated. However, most
studies on large case series were performed in countries
different from China [24-26]. Only a limited number
of vascular malformations with a definitive pathogenic
mutation were previously reported in Chinese population
[27-29]. There is a lack of study describing the somatic
mutation spectrum in a large cohort of Chinese patients.
Here, we reported the genetic findings of a cohort of Chi-
nese children with various vascular malformations who
mainly referred to hospital due to dermatological abnor-
malities, aiming to provide evidence for the early molec-
ular diagnosis of this group of patients.

Methods

Participants

Between May 2019 and October 2020, consecutive
patients who were referred to the Department of Der-
matology, Beijing Children’s Hospital affiliated to Capital
Medical University, Beijing were recruited. The inclu-
sion criteria were as follows: (1) patients aged < 18 years;
(2) patients were diagnosed with specific vascular mal-
formation classification according to ISSVA criteria [2];
(3) the patients’ parents and/or the patients gave writ-
ten informed consent to participate in the research. This
study was approved by the Ethic Committee of Beijing
Children’s Hospital.

Whole-exome sequencing

We collected peripheral blood and biopsy of skin lesion
from each patient included in our study, and separated
skin lesion into epidermis and dermis after an incuba-
tion with 0.25% dispase II (Roche) 4 °C overnight as
described previously [30]. Genomic DNA were extracted
from dermis and blood samples by using corresponding
DNA extraction kits. Whole-exome sequencing (WES)
was performed by using DNA from skin lesions. Briefly,
the exome was captured by GenCap Human Exome Kit
(MyGenostics Co.Ltd., Beijing, China) and the sequenc-
ing library was constructed according to the manufac-
turer’s instruction. Massively parallel sequencing was
conducted on Illumina NexSeq 500 platform. After
quality control of raw data, the sequencing reads were
mapped to the human reference genome (hgl9) by using
Burrows-Wheeler Aligner (BWA 0.7.10). Single nucleo-
tide variants (SN'Vs) and insertion/deletions (indels) were
detected by GATK (4.0.8.1) HaplotypeCaller and anno-
tated by ANNOVAR (http://www.openbioinformatics.
org/annovar/).
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Since most of vascular anomalies were caused by
postzygotic mutations in a set of genes, we focus on
somatic nonsynonymous mutations in known disease-
causing genes corresponding to specific vascular anomaly
classification. A somatic mutation should be covered by
at least 5 identical variant alleles with>1% variant allele
frequency (VAF) that was determined by the number of
variant reads divided by the total number of mapping
reads. The number of a mutation identified in cancers
and general population was retrieved from Catalogue
Of Somatic Mutations In Cancer (COSMIC v95, https://
cancer.sanger.ac.uk/cosmic/) and Genome Aggregation
Database (gnomAD v2.2.1, http://gnomad.broadinstitute.
org), respectively. In silico prediction on the mutations
was performed by using SIFT (http://provean.jcvi.org/),
PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) and
MutationTastor (http://www.mutationtaster.org).

Validation of somatic mutations

All identified disease-causing somatic mutations were
firstly verified by manually scanning the mapping align-
ment by Integrative Genomics Viewer (IGV, http://softw
are.broadinstitute.org/software/igv/igvtools) to exclude
misalignment. Then, Sanger sequencing in peripheral
blood DNA was performed to exclude germline muta-
tion. Furthermore, mutations with less than 5% VAF were
validated by ultra-deep sequencing in skin lesion which
yielded thousands of mapping reads. In brief, each muta-
tion was amplified by polymerase chain reaction (PCR)
using specific primers, ligated to sequencing adaptors,
and then sequenced on a next-generation sequencing
(NGS) platform. Bioinformatic analysis detecting the
mutation was the same as the aforementioned method in
WES.

Statistics

Categorical variables were presented as percentages and
compared by Fisher’s exact test. Continuous variables
were presented as median with interquartile range (IQR)
and range and compared by Mann—Whitney rank sum
test. All statistics were performed by using GraphPad
Prism 8. P<0.05 indicated statistical significance.

Results

Overall molecular diagnosis

A total of 67 pediatrics diagnosed with vascular anoma-
lies were included, of which 33 (49.3%) were males and
34 (50.7%) were females. The median age was 2.3 years
(IQR: 0.7-6.0; range 0.1-14.8), and 21 (31.3%) patients
were under the age of 1 year (Table 1). The clinical diag-
nosis included 4 CLOVES, 15 KTS, 1 unclassified PROS
(uPROS), 3 DCMO, 6 capillary lymphatic venous mal-
formation (CLVM), 2 capillary-lymphatic malformation

Page 3 of 12

Table 1 Characteristics of pediatric patients with vascular
malformation

Variable N, (%) Molecular
diagnosis rate,
N (%)
Total 67 53(79.1)
Sex
Male 33(47.8) 24.(72.7)
Female 34(52.2) 29 (85.3)
Median age, years 23 -
IQR 0.7-6.0 -
Range 0.1-14.8 -
Age distribution
<1 year 21(31.3) 16 (76.2)
1-3 years 17 (254) 15(88.2)
3-10years 22 (34.3) 18(81.8)
>10 years 7 (9.0) 4(57.1)
Diagnosis
CLOVES 4(6.0) 4(100)
KTS 15 (22.4) 14 (93.3)
uPROS 1(1.5) 1(100)
DCMO 3(45) 0(0)
CLVM 6 (9.0) 5(83.3)
CLM 2(3.0) 1(50.0)
LM 1(1.5) 1(100)
CMO 7(104) 6(85.7)
PWS 12(17.9) 10 (83.3)
SWS 2(3.0) 2(100)
VM 6 (9.0) 5(83.3)
VWM 7(104) 3(429)
Proteus syndrome 1(1.5) 1(100)

KTS: Klippel-Trenaunay syndrome; SWS: Sturge-Weber syndrome; DCMO: diffuse
capillary malformation with overgrowth; VM: venous malformation; CLOVES:
congenital lipomatous overgrowth, vascular malformations, epidermal nevi,
scoliosis/skeletal and spinal syndrome; PWS: port-wine stains; VVM: verrucous
venous malformation; CMO: capillary malformation with overgrowth; LM:
lymphatic malformation; CLVM: capillary lymphatic venous malformation;
uPROS: unclassified PIK3CA-related overgrowth spectrum; CLM: capillary-
lymphatic malformation

(CLM), 1 lymphatic malformation (LM), 7 capillary mal-
formation with overgrowth (CMO), 12 PWS, 2 SWS, 6
venous malformation (VM), 7 verrucous venous malfor-
mation (VVM) and 1 Proteus syndrome.

Whole-exome sequencing identified pathogenic
somatic mutations in corresponding disease-causing
genes in 53 out of 67 patients, yielding an overall molec-
ular diagnosis rate of 79.1% (Additional file 1: Table S1).
The median VAF was 6.3% (IQR: 4.0-7.8; range: 1.4—
33.0). The diagnosis yield varied among different mal-
formations (Fig. 1a). All CLOVES (4/4), uPROS (1/1)
and almost all KTS cases (14/15) and CLVM cases (5/6)
had PIK3CA somatic mutations. All SWS (2/2) and
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Fig. 1 Molecular diagnosis in pediatrics with vascular malformations by whole-exome sequencing. a Molecular diagnosis yield in vascular
malformations. b Distribution diagram of PI3KCA somatic mutations. € VAF of PIK3CA mutations in patients with PROS and ccLMs. d VAF

of PIK3CA hotspot and non-hotspot mutations. CLM: capillary-lymphatic malformation; CLOVES: congenital lipomatous overgrowth, vascular
malformations, epidermal nevi, scoliosis/skeletal and spinal syndrome; CLVM: capillary lymphatic venous malformation; CMO: capillary malformation
with overgrowth; DCMO: diffuse capillary malformation with overgrowth; KTS: Klippel-Trenaunay syndrome; LM: lymphatic malformation; PWS:
port-wine stains; SWS: Sturge-Weber syndrome; uPROS: unclassified PIK3CA-related overgrowth spectrum; VAF: variant allele frequency; VM: venous

malformation; VVM: verrucous venous malformation

the majority of PWS (10/12) harbored GNAQ somatic
mutations. TEK somatic mutations were found in 5 of
6 VM cases, and MAP3K3 mutations were identified
3 of 7 VVM patients. Among 7 CMO patients, 3 had
PIK3CA mutations and 3 carried GNA11/Q mutations.
None of DCMO (0/3) were molecularly diagnosed. The
molecular diagnosis rate did not differ between male
and female and among different age groups. All somatic
mutations have been verified by manually scanning
the reads alignment by IGV tools, and excluded for
germline change by direct sequencing in peripheral
blood. Furthermore, 18 mutations with<5% VAF of
WES methods were validated by ultra-deep sequenc-
ing except 7 mutations that were not determined due to
insufficient DNA samples (Additional file 1: Table S1).

PROS and non-syndromic LMs

PIK3CA-related malformations can be divided as over-
growth syndromes caused by PIK3CA mutations which
are typically called PROS, and non-syndromic com-
mon and combined LMs (ccLMs) [31]. In our study,
there were 30 PROS patients who were diagnosed with
CLOVES, KTS, DCMO, CMO or uPROS, and 9 ccLMs
cases diagnosed with LM, CLM or CLVM. We identified
14 different PIK3CA activating mutations in 29 pediat-
rics, including p.E110del, p.R115P, p.D350G, p.C378Y,
p.C420R, p.E453K, pE542K, p.E545K, p.E726K, p.G914R,
p.T1025A, p.H1047Y, p.H1047R and p.H1047L (Fig. 1b).
The overall molecular diagnosis rate of PIK3CA-related
malformations was 74.4%. 22 of 30 PROS patients and
7 of 9 ccLMs patients were found to harbor a PIK3CA
somatic mutation. Thus, both groups had a similar
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molecular diagnosis rate (P=0.789). The median VAF
of PIK3CA mutations was 6.1% (IQR: 4.1-9.0; range:
1.4-33.0). VAF was higher in PIK3CA-mutated PROS
patients than ccLMs (Fig. 1c), and did not differ between
hotspot and non-hotspot mutations (Fig. 1d).

In present study, PIK3CA somatic driver muta-
tions distributed across the whole gene, but more than
half (17/29, 58.6%) were at hotspot positions, includ-
ing p.E542K, p.E545K and p.H1047R/L, that had strong
oncogenic activity [32] (Table 2). The hotspot p.E542K
were identified in 5 KTS and 2 CLVM, and p.E545K were
found in 3 KTS and 1 CLM. The p.H1047R/L mutation
was harbored by 2 KTS, 2 CLVM, 1 uPROS and 1 LM.
On the other hand, the non-hotspot mutations collec-
tively contributed to the development of vascular malfor-
mations in a considerable proportion of patients (12/29,
41.4%). Out of the 22 mutations detected in PROS, 50.0%
(11/22) were located in non-hotspot residues, which
was similar to 48.0% (12/25) of a previous report [31].
On the contrary, only 1 of 7 PIK3CA-mutated ccLMs
had non-hotspot mutations, but the proportion of non-
hotspot mutations did not differ between PROS and
ccLMs (Fisher’s exact test, P=0.187). Despite moder-
ate or unknown oncogenic activity, these non-hotspot
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activating mutations also caused typical capillary malfor-
mations on both trunks and extremities and overgrowth
of extremities in pediatrics (Fig. 2). Medical imaging
showed thickened soft tissue with increased blood vessels
in overgrown extremities (Fig. 2).

In addition to PIK3CA mutations, GNA11/Q muta-
tions are also found to cause CMO [44]. Among 7 CMO
in our cohort, 3 harbored PIK3CA non-hotspot muta-
tions (p.R115P, p.D350G and p.T1025A), 2 had GNA11l
p-R183C hotspot and 1 carried a rare GNAQ p.R183G
mutation. These patients showed capillary malforma-
tions limited to one anatomical region and overgrowth of
upper limbs (Additional file 2: Figure S1).

In our cohort, one patient (P119) presented diffuse
capillary malformation and right upper limb overgrowth
(Additional file 3: Figure S2), and also had venous mal-
formation on right upper limb as indicated by MRL
Since the patient had a PIK3CA somatic mutation by
exome-sequencing, she was therefore given a diagnosis
of unclassified PROS (uPROS). Besides, 3 patients had
diffuse capillary malformations distributed on multiple
anatomical regions and overgrowth of lower limbs, with-
out venous or lymphatic anomalies by MRI (Additional
file 4: Figure S3). Thus, they were diagnosed with DCMO.

Table 2 Summary of somatic mutations identified in pediatric patients with vascular malformation

Gene Mutation Oncogenic activity ? cosmic® gnomAD ¢ Present Hotspot
study ¢
PIK3CA (NM_006218) €.328_330delGAA;p.E110del Unknown 41 0 1 No
€344G>CpR115P Unknown 6 0 1 No
c.1049A > G;p.D350G Unknown 10 0 1 No
c.1133G>A;p.C378Y Unknown 5 0 1 No
c.1258T>C;p.C420R Strong 216 0 1 No
c.1357G>A;p.E453K Intermediate 88 0 3 No
c.1624G > A;p.ES42K Strong 1887 0 7 Yes
¢.1633G > A;p.E545K Strong 3064 1 4 Yes
c.2176G > A;p.E726K Unknown 160 0 1 No
€2740G>A;p.G914R Unknown 6 0 1 No
c3073A>G;p.T1025A Unknown 54 0 1 No
€3139C>T,p.H1047Y Intermediate 117 0 1 No
C.3140A>G;p.H1047R Strong 3786 1 5 Yes
c.3140A>T;p.H1047L Strong 565 1 1 Yes
AKT1 (NM_005163) €235C>A;p.Q79K - 22 0 1 No
GNAT1 (NM_002067) c547C>T;p.R183C - 24 0 2 Yes
GNAQ (NM_002072) c547C>G;p.R183G - 4 0 1 No
548G >A;p.R183Q - 50 0 12 Yes
TEK (NM_000459) c.2740C>T,p.L.914F - 0 0 5 Yes
MAP3K3 (NM_002401) c1161A>Cp.E387D - 0 0 1 No
c1323C>Gp.pl44TM - 0 0 2 Yes

2 According to Dogruluk T's study (ref. 32) for PIK3CA mutations; "Number of cancer patients with somatic mutation in COSMIC v95 (released 24-NOV-2021); ‘Number
of alleles in gnomAD v2.2.1; “Number of patients with somatic mutation in present study; COSMIC: Catalogue of Somatic Mutations in Cancer (https://cancer.sanger.
ac.uk/cosmic/); gnomAD: Genome Aggregation Database (https://gnomad.broadinstitute.org)
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Fig. 2 Pediatric PROS patients harboring PIK3CA somatic non-hotspot mutations. a Patient P53, a 1-month-old girl with KTS and PIK3CA
€.328_330delGAA;p.E110del mutation. She had right lower limb and foot overgrowth. b T2 phase of MRI showed multiple streaky vascular shadows
with hypersignal pressure on subcutaneous soft tissue of buttock and proximal femur. ¢ Patient P83, a 20-month-old boy with CLOVES and PIK3CA
c2176G > A;p.E726K mutation. He had left lower limb overgrowth, d subcutaneous mass on the left back, e and epidermal nevi on the neck

However, we failed to identify somatic mutations in
PIK3CA or GNA11 through exome-sequencing in these
patients.

PWS and SWS

This group of patients were mainly characterized by cap-
illary malformation (PWS), with ocular and cerebral vas-
cular anomalies (SWS). We identified GNAQ p.R183Q
hotspot in 10 of 12 PWS and in both 2 SWS patients.
PWS patients had capillary malformations on faces,
limbs and trunks without extracutatneous manifestations
such as glaucoma, overgrowth or neurological abnor-
malities (Fig. 3a, b). In addition to vascular birthmarks,
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GNAQ mutations may cause ocular and ceberal abnor-
malities which were defined as SWS (Fig. 3c, d).

VM

TEK somatic mutations were identified in 5 out of 6 VM
patients, all of which were p.L914F hotspot. VM was
characterized with blue-purple patches distributing on
trunks and/or extremities with tortuous and expanded
blue and red blood vessels obviously seen in some areas
(Fig. 4a—c).

VVM
We identified somatic MAP3K3 ¢.1323C > G;p.[1441M
mutation, which was previously identified in several
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Fig. 3 Clinical features of patients with PWS and SWS. a Patient P44, a 3-month-old girl with PWS and GNAQ ¢.548G > A;p.R183Q mutation. She

had capillary malformations on the righ face and neck. She had normal intraocular pressure and no abnormalities in cerebral MRI. b Patient P41,

a 3-month-old girl with PWS and GNAQ ¢.548G > A;p.R183Q mutation. She showed capillary malformation on the left lower limb and had symmetric
low limbs. ¢ Patient P36, a 2-month-old boy with SWS and GNAQ ¢.548G > A;p.R183Q. He had capillary malformation on bilateral lateral parts,

right auricle and scalp with clear border, as well as pressure of fading and right eyeball protrusion. d MRI showed that outside the brain interval

of bilateral temporal lobe were widened significantly with increased vascular shadows, and that some of them were circuity and dilated

VVM patients [19], in two VVM patients, and a novel
c.1161A > C;p.E387D mutation in one patient. The muta-
tion p.E387D was not reported in cancer patients, general
populations or previous VVM patients. In silico analy-
sis predicted it as a deleterious mutation. All mutated
patients had keratinized venous malformation (Fig. 4d—i).

Proteus syndrome

Patient P5, a 2.5-year-old girl who had extensively distrib-
uted dark red patches, scoliosis and wide feet with wid-
ened first interdigital space (Fig. 5a—d), was diagnosed
with Proteus syndrome. Re-examination 3 years later
showed thickened fingers with increased subcutaneous

fat (Fig. 5e), indicating persistent fat overgrowth. An
AKT1 somatic mutation (c.235C > A;p.Q79K) was identi-
fied by WES with a VAF of 23.5%. This mutation has not
been reported in previous Proteus syndrome cases. It was
present in COSMIC but absent in gnomAD and was pre-
dicted as deleterious by in silico programs.

Discussion

The present study investigated the somatic mutation
spectrum of a cohort of Chinese children diagnosed
with vascular malformations. Through whole-exome
sequencing on skin lesion tissues with more than 200
coverage, postzygotic mutations were identified in
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Fig. 4 Venous malformation with TEK p.L.914F hotspot mutation, and VVM patients with MAP3K3 somatic mutations. a Patient P33, a 6-month-old
girl, had blue-purple patches on his right upper limb, wall of the chest, neck and back, with tortuous and expanded blue and red blood vessels seen
in some areas. a, b A blue soft tumor (red circle) can be found on the right underarm and palm thenar, respectively. ¢ Coronal reconstruction of

MRI showed diffuse high signal shadow in the right upper limb and right shoulder, involving subcutaneous fat and surrounding ulna and radius.

d Patient P75, a girl at the age of 2 years and 5 months, had MAP3K3 p.l441M mutation. Venous malformation on the left of buttock, increased
keratinization on the surface; e Hyperkeratosis and vascular proliferation and dilation in lesional skin by HE staining (100 x); f IHC staining

(100 x) of skin lesion indicated CD31 positivity. g Patient P62, a girl at the age of 2 years and 11 months, had MAP3K3 p.E387D mutation. Venous
malformation on right lower limb; h Vascular proliferation and dilation in lesional skin by HE staining (100 x); i High T2 signal in fat inhibition (white

arrows) in the skin and subcutaneous fat of the right lower limb

79.1% of patients. Our findings on the mutation spec-
trum in Chinese population showed that several hotspot
mutations in PIK3CA, GNA11/GNAQ and TEK were
responsible for most of cases, which was consistent with
previous reports in other populations [8, 17, 29]. Addi-
tionally, we reported some non-hotspot, rare or novel
mutations in these genes that may contribute to vascular
malformations.

Somatic activating mutations of PIK3CA are impor-
tant cause of various human cancers, and several hotspot
mutations, including p.E542K, p.E545K and p.H1047R/L,
are most frequently found [33]. Previous studies dem-
onstrated that the majority of PIK3CA-related mal-
formation patients, including syndromic PROS and
non-syndromic ccLMs, harbored one of these hotspot
mutations [10, 34—36]. These PIK3CA hotspot mutations
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Fig.5 Clinical manifestations of the patient with Proteus syndrome. a, b Patient P5, a girl at the age of 2 years and 6 months, had dark red patches
on the trunk, limbs and face with irregular geographic edges, ¢ scoliosis, d and wide feet with widened first interdigital space. e Three years later
when she was 5 years old, the proximal phalanges of the fourth finger of left hand and the third finger of right hand were obviously thickened
with increased subcutaneous fat

had strong oncogenic activity characterized by several
in vivo and in vitro experiments [32], and were more
frequently found in PROS patients without brain over-
growth than in those with brain overgrowth [26]. In
our study with 39 PIK3CA-related malformation cases,
74.4% were found to bear a PIK3CA postzygotic muta-
tion, which were comparable with the molecular diagnos-
tic rate of 75.5% reported by Brouillard and colleagues
[31]. However, PIK3CA hotspot mutations were found
in 58.6% of our cohort and even lower in PROS patients.
This proportion was significantly lower than those from
the other reports [10, 34—36]. Our results suggested that
mutation screening of the entire PIK3CA gene, instead
only detecting several hotspot mutations, may be more
efficient for the molecular diagnosis in Chinese popula-
tion. Apart from hotspot variants, we identified non-
hotspot mutations in more than forty percent of patients
with PIK3CA-related malformations, which are less
frequent, have moderate oncogenic activity or have not
been comparatively investigated for driver activity. A
large-scale study comprising 153 patients revealed signif-
icantly different distribution of hotspot and non-hotspot
mutations between PROS and ccLMs [31]. Whereas, the
present study did not detect the genotype—phenotype
correlation, which may be due to insufficient samples.
Human GNA11l and GNAQ genes encode the Gall
and Gaq subunits of Ga protein, respectively, both
of which share 90% amino acid identity [37]. Somatic

mutations of GNA11/GNAQ, which excessively activate
the MEK/ERK signaling pathway, are the most com-
mon cause of uveal melanoma with hotspot mutations
mainly affecting Q209 and R183 residues [38, 39]. In
patients with SWS and PWS, somatic p.R183Q mutation
of GNAQ were found to be the major contributor [17],
whereas mosaic GNA11 p.R183Q mutation was identi-
fied in atypical SWS [40]. Consistent with previous stud-
ies, the majority of PWS and SWS patients in our cohort
had GNAQ p.R183Q mutation.

CMO has been previously found to be caused by either
PIK3CA or GNA11/Q mutations. In our cohort, one
CMO was found to bear a rare GNAQ p.R183G muta-
tion which was only reported in several PWS cases
[41-43], and 2 CMO patients had PIK3CA mutations
[44]. In addition to cutaneous capillary malformation, a
GNA11 activating mutation can cause overgrowth of tis-
sue beneath skin lesion [20]. In our cohort, we detected
GNA11 p.R183C mutation in two patients with CMO.

Proteus syndrome is mainly caused by the AKT1
mosaic mutation p.E17K that is located in the pleck-
strin homology (PH) domain and causes overactivation
of PI3K-AKT1 pathway [18]. In our study, the patient
with Proteus syndrome did not have p.E17K hotspot
but carried a novel p.Q79K mutation. This mutation is
only found in several cancer cases according to COS-
MIC database and not previously reported in Proteus
syndrome. Similar to p.E17K, p.Q79K mutation resides
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in PH domain, significantly increases the localization of
AKT1 to cell surface independently of serum stimulation,
and finally results in AKT1 activation via Thr308 and
Ser473 phosphorylation [45, 46].

Somatic p.J441M mutation in MAP3K3 encoding
mitogen-activated protein kinase kinase kinase 3 defines
a subclass of cerebral cavernous malformation (CCM)
[47, 48] and has been recently found to be responsible
for VVM [19, 49]. In our study, we identified somatic
p.I441M mutation in two VVM patient and a novel
p-E387D mutation in another patient. This novel muta-
tion is absent from cancer patients and general popula-
tion and in silico predicted as deleterious variant. Both
mutations are located in the catalytic domain. The
p.I441M mutation enhances the activation of down-
stream MEK/ERK signaling cascade in vitro [47], but the
activating effect of p.E387D mutation needs investigation.

The manifestations of vascular malformations are quite
diverse. In our cohort, the majority were definitely diag-
nosed according to typical clinical features as well as
molecular testing. However, patient P119 could not be
classified as any subtype of PROS due to some atypical
features. The patient presented diffuse capillary malfor-
mation and overgrowth that were suggestive of a DCMO
diagnosis, and also had venous malformation on right
upper limb as indicated by MRI. Since the patient had a
somatic PIK3CA mutation, we classified the patient as
uPROS.

It should be noted that some patients may be false neg-
ative for molecular diagnosis. We failed to identify patho-
genic somatic mutations of known disease-causing genes
in 3 DCMO, 4 VVM and other cases. We also failed to
find possibly pathogenic mutations in other cancer-
driver genes through exome-sequencing. The molecu-
lar diagnosis rate of our cohort may be underestimated
for several reasons. Firstly, we collected and sequenced
only one cutaneous lesion tissue sample for each patient.
Zenner et alfound the detection rate of a pathogenic
PIK3CA mutation in isolated LM patients was positively
correlated with number of samples per individual avail-
able for testing [50]. Testing additional samples from
fresh skin and surgical overgrowth tissue of those who
are initially negative for next-generation sequencing may
help to identify the pathogenic mutation. Secondly, we
only performed WES method for molecular diagnosis,
which may not be sensitive enough to detect very low-
frequency (VAF <1%) mosaic mutations although most
of the sequencing had more than 300 coverage. Ultra-
deep targeted sequencing, highly sensitive droplet digital
PCR (ddPCR), and single molecule molecular inversion
probes (smMIP) are alternative approaches for identify-
ing mutations that are not detectable by WES. The com-
bined application of these techniques has been displayed
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by Luks and colleagues [10], which resulted in molecu-
lar diagnosis in nearly 90% of patients with LM or LM-
related syndromes.

Conclusion

Taken together, we identified somatic mutations in 79.1%
of Chinese pediatric patients with vascular malforma-
tions through next-generation sequencing of skin lesion
tissue. Previous hotspot mutations are also frequent
in our cohort, but PIK3CA non-hotspot mutations are
found in a high proportion of patients. Molecular diag-
nosis is important for these pediatric patients with vascu-
lar malformations, which may help the clinical diagnosis,
treatment and management.

Abbreviations
PROS PIK3CA-related overgrowth spectrum
KTS Klippel-Trenaunay syndrome

CLOVES  Congenital lipomatous overgrowth, vascular malformations,
epidermal nevi, and skeletal/spinal abnormalities

PWS Port-wine stain

SWS Sturge-Weber syndrome

DCMO Diffuse capillary malformation with overgrowth

VWM Verrucous venous malformation

WES Whole-exome sequencing

VAF Variant allele frequency

CLVYM Capillary lymphatic venous malformation

VM Venous malformation
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Additional file 1. Table S1. Molecular diagnosis of pediatric patients with
vascular malformation.

Additional file 2. Figure S1. CMO patients with PIK3CA, GNAT1 and
GNAQ mutations. Patient P8, a 7-month-old girl with PIK3CA c.3073A>G;p.
T1025A mutation. She had capillary malformations on right upper limb
and chest (a, b). MRI showed subcutaneous vascular shadows (c). Patient
P32, a 6-month-old boy with PIK3CA ¢.344G>C;p.R115P mutation. He had
capillary malformation on left upper limb and the left side of back, and
presented left upper limb overgrowth (d). CT coronal reconstruction and
axial scan showed thickened soft tissue and mildly dilated vessels (white
arrow) in left upper limb (e) and left shoulder (f). Patient P40, a 4-month-
old girl with GNA11 ¢.547C>T;p.R183C mutation. She had capillary malfor-
mation on left neck and right upper limb, and slight overgrowth of right
upper limb (g, h). Patient P15, a 5-month-old girl with GNAQ ¢.547C>G;p.
R183G mutation. She had capillary malformation on chest, back and right
upper limb, and overgrowth of right upper limb (i). MRI showed thickened
subcutaneous soft tissue and vascular shadows (j).

Additional file 3. Figure S2. Clinical manifestations of the patient with
unclassified PROS. Patient P119, a girl at the age of 8 years and 1 month
with PIK3CA ¢.1133G>A;p.C378Y mutation, had diffuse capillary malforma-
tion and right upper limb overgrowth (a,b).

Additional file 1. Figure S3. Clinical manifestations of patients with
DCMO. Patient P3, a boy at the age of 9 years and 1 month. He had reticu-
late capillary malformations on upper limbs and left lower limb (a-c). MRI
showed overgrowth of soft tisses of left lower limb, but no venous or lym-
phatic anomalies were found (d, e). Patient P73, a boy at the age of 5 years
and 7 month. He had diffuse capillary malformations on right trunk, lower
and upper limbs, and overgrowth of right lower limb (f, g). MRI showed
increased vascular signals on subcutaneous soft tissue of right lower limb



https://doi.org/10.1186/s13023-023-02860-w
https://doi.org/10.1186/s13023-023-02860-w

Zhang et al. Orphanet Journal of Rare Diseases (2023) 18:261

(h).Patient P93, a girl at the age of 12 years and 5 month. She had capillary
malformations on right lower and upper limbs and overgrowth of right
lower limb (i, ). MRI showed flocculent, high-density shadows on subcuta-
neous soft tissue of right lower limb (k).
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