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Diagnosis: clinical history, examination & tests  

Vascular Anomalies
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• Large clinical variability

Vascular Anomalies: characteristics

• Commonly sporadic; rare familial forms (11 hereditary forms)

• Localized lesions: Single (sporadic) or multiple (familial)

• Pure forms versus associations & syndromes

5
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Classification of Vascular Anomalies

Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf

Tumors Malformations
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Classification of Vascular Anomalies

Tumors Malformations

Hemangioma
Infantile hemangioma (IH)

Non-involuting congenital hemangioma (NICH)

Rapidly-involuting congenital hemangioma (RICH)

Hemangioendothelioma

Angiosarcoma

Lymphangiosarcoma

7

Partially-involuting congenital hemangioma (PICH)

Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf
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Classification of Vascular Anomalies

Malformations
Capillary Lymphatic

ArterialVenous

Combined: AVM, CVM, CLVM, LVM, CLAVM …

CM-AVM
CCM

VMCM
GVM

VM

LM
LE

CM-AVM
HHT

(Overgrowth) syndromes: Maffucci, KTS, PWS, MCLMR …
8Mulliken JB and Glowacki, Plast Reconstr Surg 1982; Wassef et al, Pediatrics 2015; https://www.issva.org/UserFiles/file/ISSVA-Classification-2018.pdf
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1. Predisposing susceptibility genes (vs. causative)

2. Locus heterogeneity

3. Inherited with reduced penetrance

4. Somatic mutations

5. Clinical phenotypic variability

Genetic bases of vascular anomalies
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1. Predisposing susceptibility genes (vs. causative)
– Multigenic (vs. monogenic)

– Polymorphism (vs. mutation)

Genetic bases of vascular anomalies

10
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Vascular Tumors: Infantile Hemangioma

1 
PROLIFERATING

Clonal ECs

2 5 years
INVOLUTING INVOLUTED

Fibro-fatty matrix11
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Infantile Hemangioma Cells

Chronic activation of VEGF signaling

> Phosphorylation

AKT, ERK1/2, RASA1, STAT4….

> Transcription

VEGF, GLUT1

> Hem EC behavior
Proliferation

Jinnin et al, Nat Med 2008
12

Hemangioma cells

VEGF-dependent increased VEGFR2 phosphorylation
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Jinnin et al, Nat Med 2008

Hemangioma Etiopathogenesis

Screening of EC cell lines for 24 candidate genes that regulate EC 
migration/proliferation/adhesion/HIF1a

One TEM8mutation Two VEGFR2mutations

0/ 110 hemangioma patients, 0/295 controls

10/ 105 hemangioma patients, 12/295 controls

13

Control Control

(~10%) (~4%)
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Jinnin et al, Nat Med 2008

R2=VEGFR2
b1= b1 integrin

Ø All Hem ECs showed pathway dysregulation: Changes not necessary
Ø Associated SNP also present in controls: Changes not sufficient
Ø Particular combinations of predisposing germline changes cause disease

Hemangioma Etiopathogenesis

VEGFR1VEGFR1

14

+++ proliferation
+++ migration
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2. Locus heterogeneity
– “One” phenotype, many causes

• CCM

• PLE

Genetic bases of vascular anomalies

15
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•Incidence: 0.1-0.5%

•Single or multiple lesions 

•Epilepsy, headache, haemorrhage;
Asymptomatic: 15-20%

•Autosomal dominant inheritance (>80%)

•Variable expressivity

Cerebral Cavernous Malformation (CCM)

T2 EPI T2 EPI

16

16
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12 13 15 16 17 18 19 20 21 22

X Y

14

1 2 3 4 5 6 7 8 9 10 11

CCM3

CCM1

Dubovsky et al., Hum Mol Genet, 1995; Craig et al., Hum Mol Genet, 1998

CCM2

40%, penetrance 63%

20%, penetrance 100%

40%, penetrance 88%

Genetic basis of CCM

17

3 genes, same phenotpe
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Pathophysiology of CCM
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Adapted from Revencu et al, J Med Genet 2006 18
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2. Locus heterogeneity
– “One” phenotype, many causes

• CCM

• PLE

Genetic bases of vascular anomalies

19
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Primary lymphedema (PLE)

• Chronic accumulation of lymph within tissues
• Predisposition to infections
• Important dysfunction of extremities

• abnormal development 
and/or function of 
lymphatic vessels

• genetic predisposition

20

Hypoplasia Hyperplasia

Reduced lymph
transport and
absorption

Retrograde
reflux

Lymphatic vessel

Lymph node

Lymph

Oedema

Pathophysiology
PLE is classified as hypoplastic (when 
the underlying defect impairs the 
growth of lymphatic vessels and nodes) 
or hyperplastic (when the number or 
size of lymphatic vessels is increased, 
and in which lymphatic valve formation 
or function can be affected).

Alterations (mostly loss-of-
function) in 31 genes or loci 
have been confirmed to 
cause PLE, and an association 
with PLE has been suggested 
for another 18 genes.

Complicated lymphatic 
anomalies (CLAs) are 
localized lymphatic 
malformations occurring in 
various organs or tissues; 
some CLAs can be associated 
with PLE, such as central 
conducting lymphatic 
anomaly and disorders 
caused by mutations in genes 
encoding proteins of the RAS 
pathway (RASopathies).

In addition to VEGFC, several 
signalling molecules and their 
receptors are involved in 
lymphatic development and 
function, including ephrin, 
angiopoietin 2 and hepatocyte 
growth factor.

Vascular endothelial growth 
factor C (VEGFC) is one of the 
main drivers of lymphatic 
development; inactivating 
mutations in FLT4, encoding the 
receptor for VEGFC and part of 
the RAS–MAPK signalling 
pathway, are frequently found 
in PLE.

Management
The goal of PLE management is to 
reduce symptom burden and prevent 
complications. Compression of the 
affected areas, skin care to prevent 
infections and weight control  are 
recommended non-invasive approaches 
to reduce and control swelling. 
Decongestive therapy can include wearing 
compressive garments, compression 
bandaging, manual lymphatic drainage 
and decongestive exercises. Patients with 
a known causative genetic mutation may 
benefit from off-label use of cancer drugs 
targeting the dysfunctional signalling 
pathway. Surgical procedures aiming 
to remove excess tissue (for example, 
liposuction) or to restore lymph flow 
(reconstructions creating lympho-
venous anastomosis, as well as lymph 
node transfer) can be considered for 
severe disease.

Quality of life
The physical and aesthetic effects of PLE 
can be associated with psychological 
issues and further affect quality of 
life. Although decongestive therapy 
effectively improves quality of life, PLE 
is a chronic disease requiring lifelong 
management, which makes treatment 
compliance challenging.

Outlook
Identifying new causative genetic variants 
and understanding the effects of variants 
of unknown significance that are often 
detected with genetic screening will 
be key to an improved understanding 
of the underlying pathogenetic 
mechanisms of PLE, faster diagnosis and 
personalized treatment.

Epidemiology
Each PLE phenotype has a prevalence 
of ≤5 per 10,000 individuals and, 
therefore, is a rare disease. Accurate 
estimates of PLE epidemiology are 
further complicated by the variability in 
the penetrance of pathogenetic variants 
and clinical presentation.

 zA causative genetic variant is identified 
in only ~30% of affected individuals.

Diagnosis
Diagnosis can be based on clinical 
examination; in addition to swelling, 
various PLE phenotypes exist, depending 
on the organs affected by the lymphatic 
defects, for example, lung effusions, 
intestinal lymphangiectasias (overt 
proliferation of lymphatic vessels) and 
ascites. PLE onset can occur at different 
ages, and the disease can worsen, improve 
or fluctuate with time and can be unilateral 
or bilateral. Lymphatic function and 
structural abnormalities can be assessed 
with isotopic lymphoscintigraphy 
or non-contrast magnetic resonance 
lymphangiography. Genetic analyses are 
available at specialized centres and can 
be an important resource to improve our 
knowledge on PLE.

 z PLE is distinct from secondary 
lymphoedema, in which normal 
lymphatics have been damaged by 
infections, such as filariasis, or invasive 
surgery. 

Screening
Individuals at risk of developing PLE and 
who might benefit from screening are 
relatives of a person diagnosed with PLE, 
as well as patients with a syndrome known 
to be associated with PLE but who do not 
present with PLE. In addition, individuals 
who develop erysipelas (an infection of 
the superficial layers of the skin) without 
having any preceding risk factors should 
also be monitored for PLE development.

Primary lymphoedema (PLE) includes developmental 
anomalies in the structure and/or function of the 
lymphatic system. PLE can manifest as swelling in any 
part of the body (although it typically affects limbs), is 
sometimes associated with other clinical syndromes, 
and can be present at birth or develop later in life.

Primary lymphoedema

Written by Lucia Brunello; designed by Laura Marshall

doi: 10.1038/s41572-021-00318-6; Article citation ID:            (2021) 7:78  For the Primer, visit doi: 10.1038/s41572-021-00309-7

© 2021 Springer Nature Limited. All rights reserved.

PrimeView
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Brouillard et al, Nat Rev Dis Primer 2021
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Primary Lymphedema: Highly heterogeneous

21

(31 clear mutated genes/loci and 18 awaiting confirmation)

Brouillard et al, Nat Rev Dis Primer 2021

There are multiple genes involved in the early devel-
opment of the lymphatics, mainly studied in mice and 
zebrafish, and some of these genes have been found to 
be implicated in human lymphatic disease; not surpris-
ingly, some of them are also involved in vasculogene-
sis. The first human lymphatic-specific markers were 
VEGFR3 (REF.83), LYVE1 (REF.84) and podoplanin85. The 
discovery of prospero homeobox protein 1 (PROX1)86 
provided the earliest expressed marker for early lym-
phatic development. Its absence prevented lymphatic 
endothelial cell (LEC) development, which instead 
became blood endothelium and resulted in only a 
blood vascular phenotype. Its continuous expression is  
required to maintain the LEC phenotype87. The upregu-
lation of Prox1 (reviewed in REF.88) induced many LEC 
markers such as podoplanin and VEGFR3, many tran-
scription factors (especially FOXC2 but also IKBKG, 
GATA2, SOX18 and KIF11; mutations in the genes 

encoding the corresponding human proteins cause 
lymphoedema-associated syndromes in patients; 
TABLE 2), receptors, cell cycle regulators, and adhe-
sion factors (their complex interactions will be further 
described and are illustrated in FIG. 3)89. The ECM com-
position also has an important role and can regulate 
transcription factor activity90.

Besides signalling molecules, membranous receptors 
and transcription factors, other bioactive molecules, 
such as retinol for lymphatic maturation, are essential91. 
ECM components, such as SVEP1 (also known as poly-
dom), also have a role92. Hennekam lymphangiectasia 
(abnormal dilation of lymphatic vessels)–lymphoedema 
syndrome is caused by mutations in multiple genes, such 
as those encoding the ECM-binding protein CCBE1, 
ADAMTS3 (an enzyme that cooperates with CCBE1 
to cleave and activate VEGFC) and FAT4 (a membrane 
protein likely to be involved in cell polarity)93,94.
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RIT1 KRAS NRAS

ARAF RAF1 BRAF
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Histone
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Chromosomal loci associated with PLE

15q11.2 — Prader–Willi
15q26.1 — Aagenaes
22q11.2 del — TBX1?
22q13 del — Phelan–McDermid
Xp11.4/Yp11.2 del — Turner

Fig. 3 | Loci, genes and proteins associated with PLE. The core of the lymphatic pathway is constituted by the VEGFC–
VEGFR3 axis, but additional ligand–receptor signalling pathways emerge, including ANGPT2–TIE1 or ANGPT2–TIE2 and 
HGF–MET. Phenotypes with a mutation in one of the proteins of the RAS pathway constitute the RASopathies. Genes and 
proteins in orange have been confirmed to be associated with primary lymphoedema (PLE), whereas those in green need 
to be confirmed in additional patients or by functional validation of the variants. Genes associated with complicated 
lymphatic anomalies (CLAs) are in yellow; most variations in these are somatic or mosaic but KRAS mutations are also 
germline in PLE (Noonan) and a germline PTEN mutation was reported once in Gorham–Stout disease. Accessory proteins 
not known to be mutated in PLE but part of the pathways are in grey. Dashed lines indicate protein transfer or secretion or 
indirect inhibition. LEC, lymphatic endothelial cell.

8 | Article citation ID:            (2021) 7:77  www.nature.com/nrdp
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explain only ~30% of cases
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3. Inherited with reduced penetrance
– Second-hits

Genetic bases of vascular anomalies

22
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Glomuvenous Malformation (GVM)

Ø 5% of venous anomalies

Ø Caused by loss-of-function mutations in glomulin

Ø Autosomal dominant, with reduced penetrance & phenotypic heterogeneity

Ø Does lesion-formation require an additional somatic event? (Knudson’s hypothesis)

Boon et al, Hum Mol Genet 1994; Brouillard et al, Am J Hum Genet 2002 
23
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Brouillard et al. Am. J Hum Genet 2002

** **

Inherited: (IVS7-2884)-(IVS13+255) del 8.4 kb+insGG

E8-E13

Ad-1

Ad-12 Ad-11

Ad-4Ad-3

First somatic 2nd hit identified in a vascular malformation

24

GLMN

24
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Brouillard et al. Am. J Hum Genet 2002

** **

Inherited: (IVS7-2884)-(IVS13+255) del 8.4 kb+insGG

E8-E13

Ad-1

Ad-12 Ad-11

Ad-4Ad-3

Somatic: 980delCAGAA (Exon 10)

First somatic 2nd hit identified in a vascular malformation

25

GLMN

25

 

SMC a actin

Complete local loss of glomulin

wt

inherited mutation

2nd somatic mutation

inherited mutation

26

In all cells of 
the patient

Brouillard et al.: Mutations in Glomulin Cause “Glomangiomas” 867

Figure 1 Typical GVMs. A and B, Cutaneous GVMs of right
lower extremity in two patients, showing phenotypic variability. C,
Cross-section of normal vein (magnification 40#), stained with an-
tibody against SMC a-actin (red). D–F, Cross-sections of GVM (mag-
nifications 10#, 40#, and 40#, respectively), stained with either (D
and E) hematoxylin and eosin or (F) antibody to SMC a-actin (reddish
brown). Arrows indicate glomus cells; L p vascular lumens. A lesion
with somatic mutation is presented in panels A and D.

al. 1990). In addition, on electron microscopy, glomus
cells show smooth-muscle myofibrils and “dense bod-
ies” (Goodman and Abele 1971).

In a previous study, we showed, in five families, that
GVMs cosegregate with a 4–6-cM locus, VMGLOM, on
chromosome 1p21-22 (Boon et al. 1999), and we ex-
cluded three candidate genes in the region: DR1 (encod-
ing depressor of trancription 1), TGFBR3 (encoding
transforming growth factor-b receptor, type 3), and TFA
(encoding tissue factor). Four other families, with linkage
to a 24-cM region overlapping the VMGLOM locus,
were independently reported by another group (Calvert
et al. 2001). To localize new STSs and ESTs, we generated
YAC- and PAC-based physical maps (Brouillard et al.
2000). In seven additional families with linkage to the
region, we performed haplotype analysis and identified
linkage disequilibrium that narrowed the area to !1.48
Mb (Irrthum et al. 2001). Using STSs, we mapped three
new positional candidate genes to this region: EVI5 (the
proto-oncogene), GFI1 (the growth-factor–independ-
ence gene), and RPL5 (encoding ribosomal protein L5)
(Brouillard et al. 2000). Moreover, FAP48 (GenBank ac-
cession number U73704), which encodes an FKBP-as-
sociated protein of 48 kD, was localized to the region
on the basis of the sequence obtained from one end of
clone 775d17 that was used for construction of the PAC
map. Since FAP48 was easily amplifiable from lympho-

blast RNA, it was screened first. We identified several
mutations but, also, important discrepancies versus the
published FAP48 sequence. Therefore, we propose to call
this gene “glomulin.”

Subjects and Methods

Subjects

Informed consent was obtained from all family mem-
bers prior to their participation in the study and was
approved by the ethical committee of the medical faculty
at the Université catholique de Louvain, Brussels. Twelve
families have been described elsewhere (Boon et al. 1999;
Irrthum et al. 2001). Among these, family Al (presented
by Irrthum et al. [2001]) was shown to have VMs, rather
than GVMs, according to a recent histological diagnosis
of a resected lesion. Herein, we present eight additional
families with individuals affected by GVMs, as well as
one sporadic case, BG, with no known family history of
the disease (fig. 2). Family members with anamnestic
notion of cutaneous lesions were clinically examined.
For genomic-DNA extraction, buccal-cell samples were
obtained from individuals Blo-52 and Blo-810, and ve-
nous blood samples were drawn from all other partic-
ipants. A second blood sample was obtained from some
individuals, for lymphocytic transformation with Ep-
stein-Barr virus. Immunohistochemistry was performed
as described elsewhere (Boon et al. 1999).

Northern Blots and RT-PCR

Hybridizations of the 12-Lane Human Multiple Tissue
Northern (MTN) Blot (Clontech Laboratories) and Hu-
man Multiple Tissue Expression (MTE) Array 2 (Clontech
Laboratories) were performed according to the MTE pro-
tocol provided by the manufacturer. Two different probes,
radiolabeled by random priming with a-[32]dCTP, were
used: full-length glomulin coding sequence and a 482-bp
5′ fragment thereof (nt !23 to "459). The filters were
either exposed to Biomax films (Kodak) or analyzed by
phosphorimager (Molecular Dynamics). For RT-PCR,
RNA extractions on eight GVM lesions and on skin, um-
bilical cord, and placenta were performed by standard
phenol/chloroform procedure (Chomczynski and Sacchi
1987), whereas the SV Total RNA isolation system (Pro-
mega) was used on cultured SMCs. Several combinations
of cDNA primers were used to amplify different fragments
of glomulin (sequences available on request).

5′ Rapid Amplification of cDNA Ends (RACE)

5′-RACE experiments were performed with the 5′RACE
System for Rapid Amplification of cDNA Ends (Life
Technologies). The gene-specific primers used were 5′-
GCT GAT TCC AAA GGG TAG AC-3′, 5′-TGG GAT

Normal vein

GVM lesion

26
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GVM71_12

c.107insG

Affymetrix 250K (NspI)

1pter 1qter

Chromosome 1

Copy number (1 SNP)

Average  copy number
(10 SNPs)

Cytoband

Heterozygous SNPs

Cen

GLMN

1p22.2-22.1

Local loss of wild-type glomulin expression: 
genomic deletion?

Amyere et al, Am J Hum Genet 2013
27

Loss of wt RNA

Other tissues showed no chromosomal alteration by SNP-chips
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Allele ABlood

Allele BBlood

Allele AGVM

Allele BGVM

Blood
DNA

GVM lesion
DNA

Allele ABlood

Allele AGVM

Allele BBlood

Allele BGVM

Pairwise analysis

Pairwise comparison of allele-specific copy number

Somatic 2nd hits in GVM

Amyere et al, Am J Hum Genet 2013 28
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c.157delAAGAA

GVM22
Chromosome 1

1pter 1qter

Copy number  (1 SNP)

Average  copy number  (10X 
SNPs)

Cytoband

Heterozygous SNPs

Cen

Discrepancy calls

Pairwise CN

LOH

Amyere et al, Am J Hum Genet 2013

Somatic 2nd hits in GVM

Loss of WT allele RNA
in GVM tissue

Similar observation in 11 other GVM lesions, not in controls

29
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Allelic imbalance (LOH) without copy number change in tissue:  

acquired UniParental IsoDisomy

aUPID: A novel mechanism for glomulin loss

Amyere et al, Am J Hum Genet 2013
30

Mutation à
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Autosomal dominant with incomplete penetrance: 
“recessive” at the level of the cell!

Glomuvenous malformation

Cutaneomucosal Venous Malformation 
(VMCM)

Cerebral Cavernous Malformation (CCM)

……

31

Het mutation
carrier

Since then, second hit mutations shown in

31

 

3. Inherited with reduced penetrance
– Second-hits

– Mosaicism/ tissue heterogeneity

Genetic bases of vascular anomalies

32
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33
Revencu et al, J Med Genet 2019

Mosaicism in CM-AVM 1 (RASA1)

fast-flow vascular
malformation

multifocal CMs

solitary CM

*     no RASA1 familial mutation

**   RASA1 mosaic mutation

*** heterozygous RASA1 mutation

** ***

* *

Patient 1

**

**

Patient 2

**

Patient 3

***

** *

Patient 4

******

2 Revencu N, et al. J Med Genet 2019;0:1–5. doi:10.1136/jmedgenet-2019-106024

Somatic mosaicism

Table 1 Clinical and genetic data

Tissue RASA1 variant

Allele frequency 
(read count) with 
AmpliSeq panel

Allele frequency (read 
count) with Sophia 
Genetics panel

Sanger 
sequencing CMs

Fast-flow vascular 
malformations

Patient 1 Blood c.1879A>T; p.(Lys627*) 35.7% (10/28) 25.3% (164/649) + 3 CMs Parieto-occipital AVF/spinal 
AVM from T1 to T8

Patient 2 Blood c.2035C>T; p.(Arg679*) 2.7% (3/111) 3.1% (63/2011) NP 4 CMs, Bier spots 
on hands and 
telangiectatic lesions 
on upper thorax, 
lower lip and tongue

Facial AVM
AVM c.(2035C>T(;)c.1507C>T); 

p.(Arg679*(;) Gln503*)
13.6% 
(465/3407)+8% 
(171/2126)

NP NP

Patient 3 Blood c.1192C>T; p.(Lys398*) NP 8.5% (101/1189) + More than 20 CMs Soft tissue and fatty 
hypertrophy with multiple AV 
microfistulas in the right foot

Patient 4 Blood c.2707C>T; p.(Arg903*) NP 6.1% (59/964) NP More than 10 CMs –
Saliva NP 4.6% (36/783) NP
CM 6.9% (21/305) NP NP

The symbol – denotes absent and + denotes mutation seen by Sanger sequencing.
AV, arteriovenous; AVF, arteriovenous fistula; AVM, arteriovenous malformation;CM, capillary malformation; NP, not performed.

Targeted next-generation sequencing
Genomic DNA extracted from peripheral blood (patients 1 and 
2) and frozen tissue (patient 2—AVM and patient 4—CM) were 
screened with a custom AmpliSeq gene panel ( www. ampliseq. 
com) and Ion Torrent technology to cover the coding exons 
and 5 bp of flanking introns of the RASA1 and EPHB4 genes 
(table 1). DNA libraries were prepared with 20 ng of DNA 
using Ion AmpliSeq Library Kit and according to the manufac-
turer protocol (Life Technologies). A Personal Genome Machine 
(PGM, Life Technologies) was used for sequencing with chips 
316.

Genomic DNA extracted from peripheral blood (patients 
1–4) and saliva (patient 4) were screened with a custom Sophia 
Genetics panel using IDT (Integrated DNA Technologies) 
capture probes covering the coding exons and 25 bp of flanking 
introns of the RASA1 and EPHB4 genes (table 1). DNA libraries 
were prepared with 200 ng of DNA using KAPA HyperPlus Kit 
(KK8514) according to the manufacturer’s protocol (Sophia 
Genetics). A MiSeq machine (Illumina) was used for sequencing, 
with a flow cell v3.

Variant analysis
Reads produced by Ion Torrent technology were aligned to 
the human genome (hg19) to generate .bam files using the Ion 
Torrent Suite Server V.4 or V.5 (Life Technologies). These files 
were imported in Highlander software (http:// sites. uclouvain. 
be/ highlander/) and calling of variants was performed with 
the embarked Torrent Variant Caller V.5.2 (Life Technologies). 
PGM_GERMLINE_LOW_STRINGENCY settings were used 
for caller parameters. We applied the following filters to select 
variants of interest: frequency ≤0.01 in the Exome Aggregation 
Consortium database (ExAC; http:// exac. broadinstitute. org/) 
and the coverage of 50× minimum. The positions of the changes 
in RASA1 reported in table 1 were interrogated using Bamcheck 
tool (implemented in Highlander). No significant noise was 
detected among 1530 samples screened for this gene using the 
AmpliSeq panel, except a heterozygous carrier of c.2035C>T.

For the samples sequenced with Illumina technology, .fastq 
files were imported in Sophia DDM software (Sophia Genetics). 
Alignments to the human genome (hg19) in .bam files and 
the calling of variants were generated with an algorithm from 
Sophia Genetics. All variants with an allele frequency <15% 
were considered as low confidence and only variants detected 

in less than 5% of all analysed patients (n=300) were inter-
preted. Additional filters applied to keep the variants included: 
frequency ≤0.01 in ExAC and Genome Aggregation Database 
(gnomAD, http:// gnomad. broadinstitute. org) and coverage of 
50× minimum.

The variants were named according to the guidelines estab-
lished by the Human Genome Variation Society (https://www. 
hgvs. org/ mutnomen/).

Second-hit testing
A 791 bp fragment of RASA1 cDNA, encompassing both mosaic 
stop mutations identified in the AVM tissue from patient 2, was 
amplified with primers 5′- TCAATGACACAGTGGATGGC-3′ 
and 5′- AGAGTATCGTGCTCGAACAC-3′ using Qiagen Taq 
polymerase and annealing temperature at 62°C. The amplified 
fragment was cloned using the TOPO-cloning kit (Invitrogen). 
Forty-nine distinct colonies were obtained.

Sanger sequencing
Bidirectional Sanger sequencing was used to confirm the mosaic 
RASA1 mutations identified in patients 1 and 3 and to check for 
the presence/absence of the mutation in family members. Sanger 
sequencing was also used to sequence the colonies containing 
the cDNA fragment in order to study the allelic distribution of 
mutations identified in the AVM from patient 2.

RESULTS
Patients’ phenotype
Patient 1 is a young adult with parieto-occipital AVF, diagnosed 
by MRI, performed in a context of migraine. Clinical exam-
ination revealed three CMs. Laser treatment was ineffective. 
Extended workup showed an asymptomatic spinal AVM. The 
parents are unaffected. The patient has three siblings, two of 
which have one CM.

Patient 2 is a middle-aged adult. There is no family history 
of vascular malformation. At birth, there was a red stain on left 
ala of the nose and nasolabial fold. This was considered a CM. 
The patient had several laser sessions, which were ineffective. 
During teenagehood, the patient had surgical procedure for 
the facial vascular malformation, which turned out to be an 
AVM. The postsurgery was complicated by bleeding, delayed 
healing and increase in volume of the malformation. The clinical 
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à Mosaic became germline
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4. Somatic mutations

– VMs & BRBN

Genetic bases of vascular anomalies
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• Enlarged venous channels
• Single EC layer, with patchy vSMC 

•Typically sporadic (>98%)

Venous Malformations: mostly sporadic

35

•Familial forms caused by TIE2/TEKmutations  è Somatic mutations in the same gene?

Vikkula et al, Cell 1996

35

 

40% mutant <allele

10% mutant allele

5% mutant allele

Sporadic VM: Tissue heterogeneity may hide mutation
Sanger sequencing: cumulative signal

36

No gDNA change found in tissues
Mutations only in ECs?
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Limaye et al., Nat Genet. 2009

DNA

=

cDNA

= abnormal EC

= normal EC

= other cells

à TIE2 expression primarily from ECs

WT Mutant

(Semi quantitative minisequencing): SNaPshot

VM Tissue

Overcoming tissue heterogeneity:
cDNA-based screens

37

37

 

9 mut (T): 170 wt (C) 

à Should include negatives to distinguish low-freq alleles from background/noise!

Overcoming tissue heterogeneity:
Deep (Next Generation) Sequencing

38

(~5%)
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Y897H, F, C, S
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E1109Lfs*5
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Limaye et al, Nat Genet 2009; Soblet et al, Mol Syndromol 2013

Y897F

Y897F

R1099*

Y897F

T1105N
T1106P

T1105N
G1115*

R915L

G1115*

R849WL914F

74%

Somatic TIE2/TEK mutations cause >60% of VMs

39

(1-10% of mutant alleles detected)

39

 

PIK3CA mutations (8 and 4% respectively), although the sample
size of all cancer types was relatively small (n¼ 12–24) with the
exception of colorectal cancers (n¼ 234). These somatic missense
mutations were scattered across most of the exons, but were
predominantly found in the kinase and helical domains of the
PIK3CA subunit (Table 1). Of note, ‘hotspot’ or frequently
recurring mutations were found in exon 9 (G1624A:E542K) and
exon 20 (A3140G:H1047R) in this analysis. Based on all sequencing
data (Table 1), there now appear to be three hotspots mutations
within PIK3CA: H1047R, E542K and E545K. Bachman et al (2004)
expanded this report using a larger sample set consisting of
primary breast cancers and breast cancer cell lines. Their data
demonstrated that on average 25% of breast cancers harbour
missense mutations in either the kinase, helical or p85 binding
domains, although it should be noted that only the three exons
corresponding to these domains were sequenced in their analysis.
Many other studies followed, examining PIK3CA mutations in
various cancer types (Table 1). Campbell et al (2004) sequenced all
of the 20 coding exons of PIK3CA from primary tumour samples of
breast, ovarian and colorectal cancers and reported new mutations

found in exons 6, 7 and 9, as well as mutations previously reported
by others. They reported a PIK3CAmutation frequency of 18.8% in
colorectal cancers and among 70 breast cancer samples, they noted
a mutation frequency of 40%, which is thus far the highest
reported in any cancer type (Table 1). The frequency of ovarian
cancers was reported as 6%, but of note, mutations clustered
according to the histologic subtype with endometrioid and clear
cell variants having a much higher rate than serous and mucinous
ovarian cancers. In both the studies by Bachman et al and
Campbell et al, no association was noted between the presence of
PIK3CA mutations with other prognostic/clinical features of breast
cancer, including histologic subtype, oestrogen/progesterone
receptor expression, Her2/neu receptor status, axillary lymph
node positivity, grade and/or stage of the tumour. This is in
contrast to a more recent analysis by Saal et al (2005) where these
authors examined a total of 292 primary breast cancers and found
an overall mutation rate of 26%. In this study, the authors
described a statistically significant correlation between the
presence of PIK3CA mutations and the presence of nodal
metastases, oestrogen/progesterone receptor positivity and Her2/
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Figure 1 (A) The main reaction catalysed by PI3K: phosphatidylinositol (PI) 4,5 bisphosphate (PIP2) to phosphatidylinositol (PI) 3,4,5-triphosphate (PIP3).
(B) PI3K is activated upon ligand binding to a receptor tyrosine kinase (RTK), which then activates the regulatory subunit (p85) to bind the catalytic p110a
subunit. This ultimately triggers various downstream signalling cascades resulting in cell survival, apoptosis, transformation, metastasis, and cell migration. (C)
Schematic representation of PIK3CA (p110a catalytic subunit of PI3K) and its functional domains with the most common somatic mutations, E542K, E545K
and H1047R within the helical and kinase domains indicated.

PIK3CA mutations in human cancers
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Hyper-phosphorylation of mutants

TIE2
20%

Limaye et al, Am J Hum Genet 2015
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TIE2 Mutations : Variable Phenotypes

Nätynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017

Frequent mutations R849W (germline)
– Y1108* (somatic)

R915C (mosaic)
– Y897C (somatic) L914F (somatic) T1105N – T1106N

(somatic, niche)

Mutational 
mechanisms

Disease VMCM MSVM VM BRBN

Phenotype

41
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TIE2 Mutations : Variable Phenotypes

Nätynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017
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– Y1108* (somatic)
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– Y897C (somatic) L914F (somatic) T1105N – T1106N

(somatic, niche)

Mutational 
mechanisms

Disease VMCM MSVM VM BRBN
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TIE2 Mutations : Variable Phenotypes

Nätynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017

Frequent mutations R849W (germline)
– Y1108* (somatic)

R915C (mosaic)
– Y897C (somatic) L914F (somatic) T1105N – T1106N

(somatic, niche)

Mutational 
mechanisms

Disease VMCM MSVM VM BRBN

Phenotype
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TIE2 Mutations : Variable Phenotypes

Nätynki et al, Hum Mol Genet 2015; Soblet et al, J Invest Dermatol 2017

Frequent mutations R849W (germline)
– Y1108* (somatic)

R915C (mosaic)
– Y897C (somatic) L914F (somatic) T1105N – T1106N

(somatic, niche)

Mutational 
mechanisms

Disease VMCM MSVM VM BRBN

Phenotype
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5. Clinical phenotypic variability
– One gene, several clinical presentations

– Spatio-temporal distribution of mutations/stochastic effect

Genetic bases of vascular anomalies
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Somatic PIK3CA mutations cause 20% of VM

FIGURE 2  
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(60% due to mutations in TEK)
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Somatic PIK3CA mutations also cause 75% of LM

(Lymphatic malformations)

Ø No-flow malformations

Ø Filled with lymph

Ø Macro- or micro-cystic

Ø Present in utero

Ø Grow with the individual

Boscolo et al, 2015; Osborne et al, 2015; Luks et al, 2015; Brouillard et al, Orphanet J Rare Dis 2021
47

47

 

Somatic PIK3CA mutations also cause PROS

(PROS=PIK3CA-Related Overgrowth Syndromes)

CLOVES: 
Congenital Lipomatous
Overgrowth, Vascular 

malformation, Epidermal nevi, 
Scoliosis  

KT: 
Klippel Trenaunay

CLVM with overgrowth

MCAP:
Megalencephaly Capillary 

Malformation

Figure 1.
Craniofacial appearance and magnetic resonance imaging (MRI) of the three index patients.
Photos and brain MRI of patients LR08-018 (a–c), LR00-016a1 (d–f), and LR09-006 (g–i).
Photos of patients LR08-018 (a), LR00-016a1 (d) and LR09-006 (g) were taken at 11
months, 15 years, and 5 months, respectively. Note the prominent forehead and apparent
macrocephaly in all three patients (a, d, g), and a midline facial capillary malformation (or
nevus flammeus) in LR09-006 (g). Midline sagittal brain images (b, e, h) show prominent
forehead, increased cranium-to-face ratio and cerebellar tonsillar ectopia (arrowheads),
while axial or coronal images (c, f, i) show bilateral perisylvian polymicrogyria (arrows).
Scale bars correspond to 1 cm. Additional photos of patient LR09-006 and a clinical
description of the three index patients are provided in the Supplementary Note. We obtained
written consent to publish photographs of the patients.

Rivière et al. Page 13
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In some cases, progression may extend proximally and
include the entire limb, a condition known as macrodystrophia
lipomatosa (2). Macrodystrophia lipomatosa, as clinically
described by Ho et al. (2), has recently been linked
to PIK3CA mosaicism (3). Unlike other syndromes with
limb hypertrophy, such as Klippel–Trenaunay (Fig. 2A) and
Parks–Webber syndromes, macrodactyly is not caused by
increased vascular supply during development (2). In type I
macrodactyly, the vessels are usually disproportionately
small in the involved tissues. Compared with neurofibroma-
tosis (NF1), congenital pseudoarthrosis and malignant degen-
eration do not occur in type I macrodactyly. In NF1, the
enlargement is typically related to more proximal sensory
nerves (rather than the distal nerves) and overgrowth of the
digits is rare (Fig. 2B). Another peculiar condition that

includes mildly enlarged syndactylized digits, though not in
a nerve territory, and a predictable propensity for keloid
scarring is clinically different from type I macrodactyly (4)
(Fig. 2C).

Next-generation sequencing provides a cost-effective
method to generate a genome-wide sequence in modest
patient populations. In particular, whole-exome capture and
sequencing have proved to be a powerful method to identify
new genes causing Mendelian disease. For rare and recessive
disorders, this approach can identify causal mutations in a
very few unrelated patients (5,6). Consequently, exome se-
quencing has enabled rapid identification of disease genes
for many Mendelian disorders (5). Exome sequencing strat-
egies are also proving effective for revealing causal muta-
tions for non-Mendelian diseases such as schizophrenia

Figure 1. Macrodactyly causes disproportionate overgrowth of affected digits. (A) Patient with type I macrodactyly affecting the index and middle fingers shown
at 5 months of age. (B) Macrodactyly affects a ‘nerve territory’, invariably affecting the median nerve of the affected hand.

Figure 2. Overgrowth is apparent in disorders distinct from type I macrodactyly. (A) The left hand of an infant with Klippel–Trenaunay Syndrome (KT). KT is
caused by increased vascularity causing severe overgrowth. Vascular markings are evident with soft tissue overgrowth characteristic of KT. (B) Overgrowth of
the left arm of a patient with Neurofibromatosis type I (NF1). Overgrowth of the hand or macrodactyly is rarely seen in NF1 patients. (C) Infant with a keloid-
forming overgrowth. This keloid-forming overgrowth is different from the overgrowth present in type I macrodactyly, which does not form keloid scars.

Human Molecular Genetics, 2013, Vol. 22, No. 3 445

overgrowth is generally ipsilateral and overlapping with the vascu-
lar malformations. The typical vascular malformation is the lateral
venous anomaly, and the skeletal overgrowth lacks the distortion
andprogressivity seen inpersonswithProteus syndrome [Biesecker
et al., 1998; Cohen, 2000], and the patients reported here. More-
over, the patients currently described lack the hallmark skin finding
of Proteus syndrome (CCTN), as noted in Table II.

Genotype–Phenotype Correlation
Our data suggest that some genotype–phenotype correlation may
exist, that is, there are recognizable patterns of overgrowth associ-
atedwith the five differentmutations identified in these 35 patients.
The most frequently identified PIK3CA mutation was in codon
1047 (27 patients), and the predominant feature in patients with

that mutation was a progressive, mosaic phenotype of FAO with
other areas of deficient adiposity in those with severe overgrowth,
but less frequently associated with vascular malformations. Of the
27 patients with codon 1047 mutations, 19 had p.His1047Arg
substitution and eight had p.His1047Leu substitution. Of these
27 patients, 14 were previously diagnosed by us as having FAO, five
were diagnosed with HHML, four were diagnosed with macro-
dactyly, three were diagnosed with CLOVES syndrome, and one
with possible Epidermal Nevus Syndrome.

Those having a phenotype more compatible with CLOVES
syndrome had amix of less frequently observedmutations, includ-
ing p.Glu542Lys, p.Glu545Lys, and p.Cys420Arg, as well as p.
His1047Arg, similar to the six patients reported by Kurek et al.
[2012]. Genetic studies of further patients with CLOVES syndrome
may provide a better understanding of the distribution of causative
somatic mutations within PIK3CA.

ThemutationswithinPIK3CAwere detected in affected tissues or
cultured cells at varying levels, but not detected in the blood (in 21
patients) or saliva (in three patients). There was not a clear correla-
tion of mutation level in either tissues or cultured cells to either the
quality (nature) of the manifestations or the overall severity of the
manifestations. Patient 1, who was considered to bemildly affected,
had a mutation burden of 31% in the sampled affected tissue,
whereas in Patient 21 the mutation burden was only 7% in the
sampled tissue.Wehypothesize that the overall lack of correlation of
severity to mutation burden emanates from the severe sampling
limitations. Our ability to sample tissues is limited both by human
subjects considerations and practicality. Indeed, we predict that in
themoremildly affected patients, themany unaffected areas of their
bodies would show a low or zero level of themutation, whichwould
contrast with patients who had extensive areas of overgrowth. In
contrast to our results showing an association of keratinocyte versus
fibroblast mutation level with the nature of the cutaneous mani-
festations of Proteus syndrome [Lindhurst et al., 2014], the present
study only assayed fibroblasts from biopsies.

Increased and Decreased Adipose Tissue
Some patients had striking lipoatrophy in areas not affected by
overgrowth, which occurred in those who had more severe over-
growth. Further, this finding was more common in patients with
CLOVES syndrome (4/9, 44%) or more severe manifestations of
FAO/HHML (6/21, 28%). Interestingly, in one patient (Patient 22),
when the overgrownadipose tissuewas resected, therewas increased
deposition of fat in the areas with previously decreased adipose
tissue. These observations raise questions about the role of PI3K
signaling in regulationof body fat deposition. Lindhurst et al. [2012]
suggested that the adipose tissue paucity in the non-overgrownareas
of the patients is caused by chronic negative energy balance of
adipose depots consequent to the demands of the pathologically
growing and energy-sequestering adipose tissue in affected regions.

PI3K signaling activates the serine/threonine kinases AKT1,
AKT2, and AKT3. AKT1 ismost widely expressed, and is associated
with growth [Chen et al., 2001], consistent with the Proteus
phenotype, while AKT2 is highly expressed in insulin-responsive
tissues including skeletal muscle, liver, and fat, and is more closely
implicated in the metabolic actions of insulin [Whiteman et al.,

FIG. 5. Polydactyly and cutaneous syndactyly. Patient 26 at 14
years 6 months of age (A) Dorsal view of the left foot and (B)
Ventral view of the left foot show both show widening and
postaxial polydactyly with shortened T5, 6 and partial cutaneous
syndactyly of T2, 3, and wrinkling of the skin of the sole of the
foot, (C) Dorsal view of the feet and ankles shows bilateral
postaxial polydactyly, overgrowth of the left foot and leg, and
the right foot with decreased subcutaneous tissue, prominent
veins, and abnormal toes including small T1, 6, complete
cutaneous syndactyly of T3, 4, and overgrowth of T3, 4, 5.

KEPPLER-NOREUIL ET AL. 1729

Macrodactyly

Keppler-Noreuil et al, Am J Med Genet 2014; Brouillard et al, Orphanet J Rare Dis 2021
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Somatic PIK3CA mutations cause a spectrum of phenotypes

Keppler-Noreuil et al, Am J Med Genet 2014
49

+ CANCERS

Spatio-temporal occurrence of the mutation(s)

Same mutations
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5. Clinical phenotypic variability
– One gene, several clinical presentations

>> Spatio-temporal distribution of mutations/stochastic effect

– Two genes, several similar clinical presentations

Genetic bases of vascular anomalies
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CM-AVM: Capillary Malformation-Arteriovenous Malformation) 
RASA1 and EPHB4 Mutations

Revencu et al, Hum Mutat 2008; Amyere et al, Circulation 2017 

RASA1
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Eerola et al, Am J Hum Genet 2003; Revencu et al, Inborn errors of development 2nd Ed, 2008

Phenotypic variability in CM-AVM

B

52
Yet, more telangiectasia for CM-AVM2 (confounded with HHT)
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I.
II.
III.

RASA1 Phenotypes

Revencu et al, Hum Mutat 2013

314 individuals with RASA1 mutations (from 132 families)

306: multifocal CM (97%)
101: Accompanying fast-flow lesions 

26 Parkes Weber syndrome (8.5%)
32 Intra-CNS AVM/AVF (10%)
43 Extra-CNS AVM/AVF (13%)

>> Large inter- and intra-familial variability
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1. Predisposing susceptibility genes (vs. causative)
– Multigenic (vs. monogenic)
– Polymorphism (vs. mutation)

2. Locus heterogeneity
– “One” phenotype, many causes (CCM & PLE)

3. Inherited with reduced penetrance
– Second-hits
– Mosaicism/ tissue heterogeneity

4. Somatic changes (VM & BRBN)

5. Clinical phenotypic variability
– One gene, several clinical presentations
– Spatio-temporal distribution of mutations/stochastic effect
– Two genes, several similar clinical presentations

• Treatments for vascular anomalies ?

Genetic bases of vascular anomalies
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Vascular Anomalies : Targets for Treatment

Queisser et al, Circ Res 2021

Repurposing of Inhibitors?

Circulation Research. 2021;129:155–173. DOI: 10.1161/CIRCRESAHA.121.318145 June 25, 2021  159

Queisser et al Theranostics for Vascular Anomalies
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catalytic subunit of PI3K, the downstream effector of 
TIE2. PIK3CA mutations, like the TIE2 mutations, lead to 
the activation of AKT (Figure 3).

Hot-spot mutations in PIK3CA include p.Glu542Lys, 
p.Glu545Lys (helical domain), and p.His1047Arg (kinase 
domain).12 The same mutations are frequently found in 
cancers. They are also observed in various PIK3CA-
related overgrowth syndromes (PROS), in which vascular 
malformations are associated with hypertrophy of soft 
and sometimes bony tissues.15,53 However, non–hot-spot 

PIK3CA mutations seem to be more frequent in some 
PROS phenotypes, such as megalencephaly–capillary 
malformation (CM) syndrome and congenital lipomatous 
overgrowth with vascular anomalies, epidermal nevi and 
scoliosis (CLOVES) syndromes (Figure 1B, Figure 2, 
Table).14 Such non–hot-spot mutations seem to be more 
often more widely distributed in patients’ tissues (ie, giv-
ing a mosaic situation) than the hot-spot mutations.

In vitro, HUVEC overexpressing these PIK3CA 
mutants showed AKT activation, disruption of the 

Figure 3. PI3K (phosphoinositide 3-kinase)/AKT (protein kinase B)/mTOR (mammalian target of rapamycin) signaling and RAS 
(rat sarcoma)/RAF (rapidly accelerated fibrosarcoma)/MEK (mitogen-activated protein kinase kinase)/ERK (extracellular signal-
regulated kinases) signaling in vascular anomalies.
Red: gain-of-function; blue: loss-of-function; black, circled with red: enhanced signaling; gray, circled with blue: decreased signaling. AKT indicates 
protein kinase B; ALK, activin receptor-like kinase; AVM, arteriovenous malformation; BMP, bone morphogenetic protein; BRAF, B-raf proto oncogene; 
BRBN, blue rubber bleb nevus syndrome; CCM, cerebral cavernous malformation; CLOVES, congenital lipomatous overgrowth with vascular anomalies 
epidermal nevi and scoliosis; CM, capillary malformation; CM-AVM, capillary malformation-arteriovenous malformation; EC, endothelial cell; EphB4, ephrin 
B4; FKBP12, FK506 binding protein 12; GNAQ, G protein subunit alpha Q; GSD, Gorham-Stout Disease; GVM, glomuvenous malformation; HCCVM, 
hyperkeratotic cutaneous capillary-venous malformations; HHT, hereditary hemorrhagic telangiectasia; ICAP, integrin cytoplasmic-associated protein; 
JPHT, juvenile polyposis/HHT syndrome; KLA, Kaposiform lymphangiomatosis; KRIT, Krev interaction trapped; KTS, Klippel-Trenaunay syndrome; 
LM, lymphatic malformation; MAP3K3, mitogen-activated protein kinase kinase kinase 3; MCAP, megalencephaly–capillary malformation syndrome; 
MVM, multifocal venous malformation; NICH, noninvoluting congenital hemangioma; PDCD, programmed cell death 10; PG, pyogenic granuloma; 
PHTS, PTEN hamartoma tumor syndrome; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PIP2, phosphatidylinositol-
4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PROS, PIK3CA-related overgrowth spectrum; PTEN, phosphatase and tensin 
homolog; RASA, RAS p21 protein activator; RICH, rapidly involuting congenital hemangioma; RTK, receptor tyrosine kinase; SMAD, mothers against 
decapentaplegic homolog; SMC, smooth muscle cell; TGF, transforming growth factor; VEGF, vascular endothelial growth factor; VEGFR, vascular 
endothelial growth factor receptor; VM, venous malformation; VMCM, inherited cutaneomucosal venous malformation; vSMC, vascular smooth muscle 
cells; and VVM, verrucous venous malformations.
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