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Vascular anomalies (VAs) are morphogenesis defects of the vascular system (arteries, capillaries, veins, lymphatic
vessels) singularly or in complex combinations, sometimes with a severe impact on the quality of life. The main
function of the RAS/RAF/MAPK/ERK signaling pathway, also called the “proliferation pathway”, is to transduce
signals from the extracellular milieu to the cell nucleus where specific genes are activated for cell cycle regulation,

proliferation, and cell migration.

vascular anomalies signaling pathway somatic mutation

| 1. Introduction

Vascular anomalies (VAs) represent a heterogeneous group of blood vessel anomalies: capillaries, lymphatics,
arteries, veins, or a spectrum of mixed anomalies, the severity of which varies from a simple birthmark to severe,
life-threatening entities (1. The estimated prevalence of VAs is 4.5%, and most appear sporadically and isolated,
but there are also syndromic forms of the disease . In 1982, Mulliken and Glowacki described the first clinical
classification of VAs that also considered the histological characteristics of vascular endothelial cells (ECs). This
classification, later adopted by the International Society for the Study of Vascular Anomalies in 1996, classifies and
differentiates VAs into two types: vascular proliferative tumors and vascular malformations 8. The distinction
between the two entities is based on histopathological assessment of increased ECs turnover. Vascular tumors
(most of which are hemangiomas) are histologically characterized by a high turnover of ECs. They represent the
neoplastic growth of vascular ECs and usually have an evolution that includes a proliferative phase, a period of
plateau or stability, followed by spontaneous regression. Vascular malformations are anomalies of
dysmorphogenesis composed of vascular channels with an abnormal structure, lined by ECs, without their
proliferation and a normal turnover of vascular ECs. They are congenital, but sometimes they are not noticed

immediately at birth. They do not regress, and grow proportionally with the development of the individual (Table 1)
2,

Table 1. Classification of Vascular Anomalies According to ISSVA (2018) 2,
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Vascular Anomalies

Benign
Vascular Tumors Locally aggressive or Borderline
Malignant
Vascular Malformations
Simple CM/VM/LM/AVM */AVF *

Combined Defined as =2 vascular malformations found in one lesion
Anomalies of major named Abnormalities in the origin/course/number/lenght/diameter (aplasia,
vessels (“channel type” or hypoplasia, stenosis, ectasia/aneurysm)/persistence (of embrional

“truncal” vascular vessels)/communication (AVF) of major blood vessels that have anatomical
malformations) names
Associated with other Syndromes that associate vascular malformations with non-vascular
anomalies symptoms

NS/ SSRGS RGBS AU non A8 P8l da RMaAES a&Mio s RRLP N LAY ARSI pe AP 1M
AR RE e L A R T Rl A8 g iy AL M oL Ty LN BY e RHRHS VR IRA RO R so gt
pr?tWa'ﬁghan@[ﬂ@. According to Knudson'’s two-hit hypothesis, the second loss-of-function (LOF) mutation in somatic
cells (in which a first mutation, inherited or acquired, is already present) will cause the loss of heterozygosity, the
consequence being the LOF of the encoded protein in the affected cells and the appearance of VAs . Most
isolated VAs are caused by somatic gain-of-function (GOF) mutations of genes involved in angiogenesis,
lymphangiogenesis, vascular cell proliferation and apoptosis, some of which are also detected in certain types of

cancer 4,

The extreme phenotypic variability of VAs is correlated with the complex molecular mechanisms that involve
numerous genes encoding molecules that intervene in different signaling pathways at the level of vascular cells:
RAS (rat sarcoma)/RAF (rapidly accelerated fibrosarcoma)/MAPK (mitogen-activated protein kinase kinase)/ERK
(extracellular signal-regulated kinase); angiopoietin/TIE2 (angiopoietin-1 receptor), PI3K (phosphoinositide 3-
kinase)/AKT (protein kinase B)/mTOR (mammalian target of Rapamycin); TGFB (transforming growth factor beta)
signaling, and the G protein—coupled receptor signaling molecules (GNA [G protein subunit alpha]
Q/GNA11/GNA14) Figure 1) [4I5],
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Figure 1. Molecular Mechanism of Vascular Anomalies: PI3K/AKT/mMTOR and RAS/MAPK/ERK Signaling
Pathways MBI vM: Venous malformation; LM: Lymphatic malformation; AVM: Arteriovenous malformation;
BRBN: Blue rubber bleb nevus (BRBN) syndrome; PHTS: PTEN hamartoma tumor syndrome; CM-AVM: Capillary
malformation—Arteriovenous malformation syndrome; PROS: PIK3CA-related overgrowth spectrum; RICH:
Rapidly involuting congenital hemangioma; NICH: Noninvoluting congenital hemangioma; VMCM: Cutaneomucosal
venous malformation; PWS: Parkes Weber syndrome; VVM: Verrucous venous malformation; PG: Pyogenic
granuloma; SWS: Sturge-Weber syndrome; MAP2K1:. Mitogen-activated protein kinase kinase 1; ERK:
Extracellular signal-regulated kinase; mTOR: Mammalian target of Rapamycin; PTEN: Phosphatase and tensin
homolog; GNAQ: Guanine Nucleotide-Binding Protein G(Q) Subunit Alpha; TSC1/2: Tuberous sclerosis complex
1/2; TEK: TEK tyrosine kinase; RAF: Rapidly accelerated fibrosarcoma; PIK3CA: Phosphatidylinositol 4,5-
Bisphosphate 3-Kinase Catalytic Subunit Alpha; RASAL: RAS p21 protein activator 1.

2. Vascular Anomalies: RAS/IRAF/IMAPKI/ERK Signaling
Pathways (RASopathies)

The main function of the RAS/RAF/MAPK/ERK signaling pathway, also called the “proliferation pathway”, is to
transduce signals from the extracellular milieu to the cell nucleus where specific genes are activated for cell cycle
regulation, proliferation, and cell migration. The mutations of these genes determine a group of diseases, called
RASopathies, which associate with VAs 4],

Numerous growth factors, cytokines, and G protein—coupled receptor ligands induce signaling in the
RAS/RAF/MAPK/ERK pathway, activating RAS by replacing GDP (Guanosine diphosphate) with GTP (Guanosine-
5'-triphosphate). After binding to RAS, RAF exhibits serine/threonine-protein kinase activity and activates MAPK,
which will subsequently activate ERK by phosphorylation 41,
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The RAS/RAF/MAPK/ERK signaling pathway is also involved in cell cycle regulation, cell damage repair, integrin
signaling, and can stimulate angiogenesis by altering the expression of genes directly involved in the formation of
new blood vessels. Gene mutations involved in the RAS/RAF/MAPK/ERK pathway are correlated with

tumorigenesis, the RAS gene being an oncogene whose mutations are frequently detected in human cancers B,

2.1. Venous Malformations (VMs) and RAS/RAFIMAPKIERK Signaling Pathway

Venous malformations (VMs) are slow-flow vascular lesions, caused by a defect in vascular morphogenesis during
early embryonic life (weeks 4—-10 of gestation), characterized by the cluster of dilated venous channels associated

with a thin or absent vascular wall &,

2.1.1. Verrucous Venous Malformation (VVM)

Verrucous Venous Malformation (VVM) also called Formerly Verrucous Hemangioma, is a non-hereditary venous
malformation, caused by activating somatic mutations (ASM) of the MAP3K3 (Mitogen-Activated Protein Kinase
Kinase Kinase 3) gene (OMIM 602539), located on chromosome 17¢23.3 . MAP3K3 is involved in both the ERK
and the AKT/mTOR signaling pathways. VVMs are clinically manifested by cutaneous capillary venous
malformations (CVMs) present as well-demarcated purpuric linear plagues covered by a hyperkeratotic dermis,
which can reach sizes of several centimeters. VVMs can be present at birth, or appear early in childhood, most
frequently being located at the level of the lower limbs. In young patients, the lesions have a red-blue appearance,

are soft, but become hyperkeratotic over time 829,

2.1.2. Cavernous Cerebral Malformation (CCM)

Cerebral cavernous venous malformations (CCMs), also known as cavernous hemangiomas or cavernomas, are
slow-flow VMs consisting of a “mulberry-like” cluster of hyalinized dilated thin-walled capillaries, without intervening
normal brain tissue. CCMs affects up to 0.5% of the general population . Due to recurrent microhemorrhages and
thrombosis, they are usually surrounded by hemosiderin deposits and gliosis. The supratentorial location is most
common, although lesions may also occur in the basal ganglia, brainstem, cerebellum, and spinal column.
Occasionally, CCMs may be associated with a developmental venous anomaly (VAV), in which case they are

known as a mixed vascular malformation 1],

Most cases appear sporadically and are represented by single lesions, which become symptomatic around the age
of 40-60 years, but there can also be multiple lesions, often having a familial characteristic. Most of the CCMs
remain asymptomatic throughout life, being detected incidentally following neuroimaging investigations. CCMs
causes symptoms ranging from headaches, epilepsy, focal neurological deficit, to extensive life-threatening

cerebral hemorrhages [4I11],

Although the vascular lesions, characteristics of CCMs, are frequently located in the central nervous system (CNS),

they can often associate lesions in the skin, retina, kidneys, and liver 2],
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Cutaneous vascular malformations are present in approximately 9% of patients with CCMs, three distinct
phenotypes being described as: hyperkeratotic cutaneous capillary -venous malformations (HCCVM) (39%),

capillary malformations (CMs) (34%), and venous malformations (VMs) [EI&],

Hyperkeratotic cutaneous capillary—venous malformations (HCCVM, OMIM 116860) are rare cutaneous lesions
that occur in a group of patients with CCMs [, The cutaneous lesions are congenital and present as thick,
irregular, black or purpuric plaques, localized especially on the limbs MIEI2l Capillary malformations (CMs) are
usually congenital and appear as a port-wine stain or the so-called “punctate” capillary malformation. Venous
malformations (VMs) in patients with CCMs can appear as single nodules (often located in one limb) or multiple

nodules of variable size 8.

Familial forms are determined by mutations transmitted in an autosomal dominant manner with incomplete
penetrance, involving the CCM1 (KRIT1) gene, located on chromosome 7g21-22 [10, the CCM2 (MGC4607 or
malcavernin gene) located on chromosome 7p13-15 131 and the PDCD10 (CCM3) gene located on chromosome
3025.2-27 4. The first mutations identified were a LOF mutations in the KRIT1 gene, which encodes the protein
KRIT1 (KREV1 interaction trapped 1), an evolutionarily conserved Ras-family GTPase. So far, it is not precisely
known the role of KRIT1 in the formation of cerebral capillaries and veins. The only thing known is that KRIT1
interacts with KREV1/RAP1A, a GTPase of the RAS family. The KRIT1/CCM2/CCM3 complex is known to inhibit
MAP3K3. Loss-of-function of KRIT1 and therefore loss of the entire CCM complex leads to activation of MAP3K3

signaling [8].

All the mutations identified in the CCM genes are LOF mutations, which cause a deficiency of the encoded
proteins, causing molecular disorganization and dysfunction of endothelial junctions, affecting the maintenance of
the integrity of the vascular barrier. KRIT1 (CCM1) mutations were detected most frequently in patients with
HCCVM B3l Recently, somatic mutations of the MAP3K3, PIK3CA, MAP2K7 genes have been identified in CCM

lesions, which would suggest that in the case of CCMs there may also be somatic mosaicism 18],

2.2. Capillary Malformations (CMs) and RAS/RAFIMAPKIERK Signaling Pathway

2.2.1. Capillary Malformations (CMs)

Capillary malformations (CMs) are detected in approximately 0.1-2% of newborns 12 and can be isolated
(cutaneous CMs) or be part of a complex syndrome. CMs are usually sporadic and appear as flat, red to purple
lesions named port-wine stain (nevus flammeus). The etiology of CMs is represented by ASM in the GNAQ gene,

located on chromosome 9q21.2 [218I[19],

Sturge-Weber syndrome (SWS) (OMIM 185300) & is a neurocutaneous disorder characterized by capillary
malformation (port-wine stains), and choroidal and leptomeningeal vascular malformations most often involving the
occipital and posterior parietal lobes . The most common symptoms and signs are facial CM (port-wine stains)
typically on the forehead and upper eyelid in the distribution of the 1st and/or 2nd division of the trigeminal nerve,

seizures, and glaucoma &, Until now, whole genome sequencing (WGS) studies have highlighted the presence of
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the recurrent somatic mutation ¢.548G>A (p.R183Q) in the GNAQ (G-alpha q) gene, both in SWS patients and in
non -syndromic port-wine stain lesions. The GNAQ p.Arg183GIn mutation that causes the loss of arginine in GNAQ

with the reduction of hydrogen bonds between G(q) and GDP is most frequently detected in patients with CMs 18,

In their study, Shirlley et al. 18] identified a nonsynonymous single-nucleotide variant (c.548G - A, p.Arg183GIn) in
the GNAQ gene in 88% of patients with SWS and in 92% of patients with non-syndromic CMs (port-wine stains)
(18] They did not identify the respective mutation either in the case of four unrelated patients with cerebrovascular
malformation, or in the 6 patients from the control group 2. The somatic substitutions in GNAQ p.GIn209Leu and
GNAQ p.Argl83GIn were detected in patients with uveal melanoma. The most common is the GNAQ p.GIn209Leu
mutation which has been shown to overactivate the mitogen-activated protein kinase (MAPK) pathway. The GNAQ
p.Argl183GIn mutation has a gain-of-function effect that activates downstream signaling pathways. However, the
effect of GNAQ p.Argl83GIn in MAPK signal transduction appears to be weaker in terms of activation of
downstream effectors than the effect of the more frequently detected GNAQ p.GIn209Leu substitution in uveal
melanoma tissue 18, Galeffi et al. 12 identified the presence of the GNAQ p.R183Q mutation in most of the

patients with SWS that were analyzed, and in one patient, a new GNAQ Q209R mutation was identified 1.

2.2.2. Capillary Malformations (CM)—Arteriovenous Malformation (AVM)

Cutaneous vascular lesions specific to patients with Capillary Malformation (CM)—Arteriovenous Malformation
(AVM) (CM-AVM) are small, multifocal, disseminated, round/oval shaped, and pink to red colored macules or
papules surrounded by a pale halo on Doppler ultrasound 29. They are present at birth, but can also appear later
in life. CM-AVMs are frequently associated with high-flow arteriovenous malformations (AVMSs) or arteriovenous
fistulas (AVFs) located in muscles, skin, and other tissues (intracranial, intraspinal), aneurysmal malformation of
the vein of Galen or Parkers Weber syndrome (PWS) [201121][22]

Mutations of the RASA1 gene (RASp21 protein activator 1; OMIM 139150) & (located on the chromosome 5q14.3)
and transmitted in an autosomal dominant manner, are responsible for different forms of VMs (CMs, AVMs, AVFs),
as single manifestations, or in complex combinations, as in the case of PWS (201[22] Initially, two loci for inherited
CMs were identified on chromosome 5 (5q14-21 and 5q13-22), and later, the RASA1 (RAS P21 Protein Activator 1)
gene was identified as a candidate gene for atypical CMs with AVMs and AVFs, and sporadically, in PWS [29122],

The spectrum of capillary malformation—arteriovenous malformation syndrome 1 (CM-AVM1) includes all cases of
VMs associated with RASAI mutations. Later, other studies reported the presence of RASA1 mutation in atypical
CMs as well as cases with aneurysmal malformation of the vein of Galen (VOGM) and Hereditary hemorrhagic
telangiectasia (HHT) [22],

CM-AVML1 syndrome follows an autosomal dominant inheritance pattern with incomplete penetrance and variable
expressivity (this aspect may suggest the involvement of a two-hit mechanism). The RASA1 gene encodes a
GTPase-activating protein (p120-RasGAP) and is a negative regulator of RAS/MAPK and MAPK/ERK pathways,

transforming Ras protein into its inactive form, variations in p120-RasGAP protein level, having an impact on
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angiogenesis [23. The active GTP form of Ras interacts with the Raf protein which is responsible for the
phosphorylation of proteins involved in cell growth, proliferation, and differentiation. After activation of the receptor
tyrosine kinase, p120-RasGAP is recruited to the cell membrane where it inhibits the RAS/MAPK/ERK signaling
pathway and regulates cell growth, differentiation, and proliferation. The p120-RasGAP protein interacts with
p190RhoGAP or FAK (focal adhesion kinase), both of which have a role in the movement of the vascular

endothelium 23!,

Unlike CM-AVM1, CM-AVM2 is caused by LOF mutations of the EPHB4 gene, located on chromosome 7¢22.1 [24],
The EPHB4 gene encodes the protein EPHB4 (Ephrin type-B receptor 4), a transmembrane tyrosine kinase
receptor that binds to ephrin-B2 and plays an essential role in vasculogenesis &, EPHB4 inhibits the
RAS/MAPK/ERK pathway by interacting with p120-RasGAP. This inhibitory effect is lost in CM-AVM2 leading to a
constitutive activation of RAS/MAPK/ERK signaling 41241,

2.3. Arteriovenous Malformations and RAS/RAFIMAPKI/ERK Signaling Pathway

Arteriovenous Malformations (AVMs) can be located in any organ in the body, including visceral or peripheral
structures, and in the CNS. AVMs often destroy adjacent structures during their development/growth, being the
most aggressive vascular malformations. Most of the time, it is not possible to completely remove the lesion by

embolization or surgical intervention, and the remaining lesions cause the worsening of the AVM [41[23],

In their study, Couto et al. (22 identified the presence of a ASM mutation in the MAP2K1 (Mitogen-activated protein
kinase kinase 1) gene, located on chromosome 15qg22.31) [ in seven of the ten analyzed patients, who presented
peripheral or extracranial AVMs (23], The ASM mutations in the MAP2K1 gene (which encodes MAP-extracellular
signal-regulated kinase 1, MEK1), activate the RAS/MAPK signaling pathway that controls numerous cellular and
developmental processes. Somatic mutations in the KRAS (Kirsten rat sarcoma virus) gene, located on
chromosome 12p12.1 (OMIM 190070) @ identified by Couto et al. (23 have also been identified in various
neoplasms (including melanoma, lung cancer, and hematopoietic malignancies) and have been shown to
constitutively increase MEK1 activity 23, Somatic mutations that affect the proteins that intervene upstream of

MEK1, are detected both in different types of vascular malformations and in different types of cancer [22126],

Nikolaev et al. 27 detected two ASM mutation (c.35G — A, p.Glyl12Asp and c.35G ~ T, p.Gly12Val), in the KRAS
gene, in the case of 45 of the 72 patients with cerebral AVMs 24, The researchers demonstrated that the
expression of the mutant KRAS gene in endothelial cells (ECs) in vitro induces an increase in ERK activity, and an
increase in the expression of genes involved in angiogenesis and Notch signaling (Notch homologous protein of
the neurogenic locus), as well as increase of cell migration capacity (2. These processes were reversed by

inhibiting MAPK (mitogen-activated protein kinase)-ERK signaling 27,

In another study, Al-Olabi et al. 28 identified mutations in KRAS, BRAF (proto-oncogene B-raf) (localized on
chromosome 7q34) and MAP2K1 genes, which supports the role of RAS/RAF/MAPK signaling in AVMs [28],

2.4. Lymphatic Malformations and RAS/RAF/IMAPKI/ERK Signaling Pathway
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Gorham-Stout disease (GSD) (OMIM 123880), which is also known as “vanishing bone disease”, “disappearing
bone disease”, or cystic angiomatosis of bone, is a rare disease of massive osteolysis associated with proliferation
and overgrowth of lymphatic vessels [2. GSD belongs to complex lymphatic malformations (LMs) & and may affect
any bone in the body and can be monostotic or polyostotic. The ribs, spine, pelvis, skull, collarbone (clavicle), and
jaw are frequently affected. Symptoms at presentation are dependent upon the location(s) of the disease; the most
common symptom is localized pain accompanied by swelling of the affected area and functional impotence. The
disease may be discovered after a pathological fracture determined by osteolysis and osteopenia. The etiology of

GSD is not fully known, and the anatomopathological data indicate disorganized lymphangiogenesis [2129],
Homayun-Sepehr et al. B identified an ASM mutation (p.G12V) in the KRAS gene in a patient with GSD B9,

Kaposiform lymphangiomatosis (KLA) is a rare, frequently aggressive, systemic disorder of the lymphatic
vasculature, characterized by multifocal malformed lymphatic channels, frequently located in the thoracic cavity,
but also involving the spleen or the skeleton. Specific clinical manifestations include pericardial and pleural

effusions, cough, dyspnea, bleeding, and fractures secondary to bone involvement, with poor prognosis 31,

Barclay et al. B2 identified an ASM in the NRAS gene (c.182A>G, p.Q61R) in 10 of the 11 patients with KLA,
suggesting that RAS signaling is important for the development of KLA. The NRAS gene located on chromosome
1p13.2 @ encodes the N-Ras protein that is involved primarily in regulating cell division 2. In addition, the
activating NRAS p.Q61R variant is known as a hotspot variant, frequently identified in several types of human

cancer, especially melanoma 22,

2.5. Vascular Tumors and RAS/RAFIMAPKIERK Signaling Pathway

2.5.1. Pyogenic Granuloma

Pyogenic granuloma (PG) (also called lobular capillary hemangioma) is an acquired benign vascular hyperplasia,
with an etiology that is not fully known. PG occurs frequently in children and young adults, and manifests as a red

papular lesion or a solitary, rapidly growing nodule, prone to bleeding from minor trauma and ulceration 3],

PG generally occurs in the skin and mucous membranes (face, trunk, oral cavity), but occasionally, it can be
located in the gastrointestinal tract or larynx. PG can occur spontaneously or within capillary malformations (CMs).
PG occurs frequently during pregnancy, being called “pregnancy tumor”, or associated with certain drugs. In
secondary PGs, detected in some CMs, an ASM mutation in the GNAQ gene (p.Argl183GIn) has been described.
Because the CM and concomitant PG have the same mutation, the hypothesis is that the PG originates from the
underlying CM cells 23],

The pathogenesis of most sporadic PGs and PGs associated with port-wine stains (PWS) is not fully elucidated.
Groesser et al. [33 analyzed 10 cases with PGs secondary to a PWS. The researchers identified a BRAF mutation
¢.1799T>A (p.Val600Glu) in the case of 8 patients and a NRAS mutation ¢.182A>G (p.GIn61Arg) in one patient [,
GNAQ mutation ¢.548G >A was identified in PGs and underlying PWS respectively, indicating that PGs originate
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from PWS cells 33, In 25 patients with sporadic PGs, the researchers identified the BRAF ¢.1799T>A mutation in 3
of the patients, a BRAF ¢.1391G>A mutation in one patient, and a KRAS ¢.37G>C mutation in one patient 23, The
researchers concluded that the BRAF c¢.1799T>A gene mutation has a major role in the pathogenesis of PGs,

especially of the secondary CMs, opening the way for deciphering the genetic basis of PGs 3.

Other studies have reported cases of PGs in which somatic mutations common to those detected in colon cancers
have been identified, respectively mutations in the BRAF (p.Val600GIu or p.Gly464Glu), KRAS (p.Gly13Arg),
GNA14, and HRAS (p.Q61R, p.E49K, p.Q61R and p.G13S) genes [331341(35],

Relatively recently, cases of oral PGs were reported, in which no BRAF, KRAS, HRAS, NRAS, GNA11, or GNA14
gene mutations were identified, suggesting that although oral PGs shows activation of the MAPK/ERK pathway, the

major molecular events are not fully elucidated [,

2.5.2. Congenital Hemangioma

Congenital hemangioma (CH) is a rare vascular tumor that forms during intrauterine development. CH are different
from common infantile hemangiomas (IH) that enlarge rapidly after birth and immunostain for the cell surface
marker GLUT1.1. In contrast, CHs are negative for GLUT1.1, and postnatally, the tumor either rapidly involutes
(rapidly involuting congenital hemangioma) (RICH) or regresses (non-involuting congenital hemangioma) (NICH)
[37][38]

Starting from the premise that CHs are determined by somatic mutations, Ayturk et al. B4 performed mRNA
sequencing from affected tissue in a patient with CH. The researchers identified the mosaic missense mutations
that alter glutamine at amino acid 209 (pGlu209Leu) (c.626A>T) in the GNAQ or GNA11l genes in all tested
samples. These mutations were different from those detected in capillary malformations (CMs). The researchers
then looked for the presence of mutations in the genomic DNA. Both GNAQ and GNA11 pGlu209Leu missense
variants identified in patients with CHs are also common mutations in uveal melanoma and have been shown to

constitutively activate MAPK and/or YAP (Yes-Associated Protein) signaling BZ,
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