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From germline towards somatic mutations
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The localized structural abnormalities that arise during vasculogenesis, angiogenesis and lymphangiogen-
esis, the developmental processes which give rise to the adult vasculature, are collectively termed vascular
anomalies. The last 2 years have seen an explosion of studies that underscore paradominant inheritance, the
combination of inherited changes with somatic second-hits to the same genes, as underlying rare familial
forms. Moreover, local, somatic genetic defects that cause some of the common sporadic forms of these mal-
formations have been unraveled. This highlights the importance of assessing for tissue-based genetic
changes, especially acquired genetic changes, as possible pathophysiological causes, which have been lar-
gely overlooked except in the area of cancer research. Large-scale somatic screens will therefore be essential
in uncovering the nature and prevalence of such changes, and their downstream effects. The identification of
disease genes combined with exhaustive, precise clinical delineations of the entire spectra of associated
phenotypes guides better management and genetic counseling. Such a synthesis of information on func-
tional and phenotypic effects will enable us to make and use animal models to test less invasive, targeted,
perhaps locally administered, biological therapies.

size, number and localization, with inherited forms typified
by multiple lesions, and sporadic forms by single, sometimes

INTRODUCTION

Vascular anomalies, localized structural defects of the vascu-
lature, are broadly divided into vascular tumors and vascular
malformations (1). Hemangiomas (Fig. 1A) account for a
majority of the tumors, and are characterized by a rapidly pro-
liferative phase, followed by a longer involuting phase, during
which they spontaneously regress. Although the molecular
basis of hemangiomas is unknown, germline heterozygous
single nucleotide changes in VEGFR2/KDR and the integrin-
like receptor TEM8/ANTXR1 were found to be enriched in
affected individuals (2). The resulting perturbation of the
VEGF signaling pathway, as well as the effects of inhibiting
it, can now be tested in a new mouse model, which recapitu-
lates these tumors with the use of hemangioma-derived
(stem) cells (3).

The more rare vascular malformations are broadly divided
according to the component they affect: capillary, venous,
arterial, lymphatic or combined malformations (4). Typically
congenital, they grow proportionately with the individual,
and do not regress spontaneously. They can vary widely in

extensive lesions. Vascular malformations can also occur in
the context of syndromes (5). Table 1 summarizes progress
made in elucidating the genetic bases of several malfor-
mations, predominantly the inherited forms. These have
been reviewed in detail in (6). We focus on significant
recent advances that have shed new light on disease causation.

CAPILLARY MALFORMATIONS

Capillary malformations (CM; MIM 163000) are flat, reddish
‘port-wine stains’ of unknown etiology, which typically occur
as sporadic, unifocal, cutaneous lesions consisting of dilated
capillary channels (Fig. 1B) (4). We recognized a distinct
sub-entity, capillary malformation—arteriovenous malfor-
mation (CM—-AVM; MIM 608354), which is characterized by
autosomal-dominantly inherited, small, multifocal CMs, often
accompanied by a pale halo (Fig. 1C) (7,8). These lesions are
caused by loss-of-function mutations in the RASA/ gene (9),
encoding the Ras GTPase activating protein pl20RasGAP,
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Figure 1. Vascular tumors and malformations (A) proliferating hemangioma,
a benign tumor of infancy. (B) Extensive sporadic CM, distinct from
(C) small, multifocal CMs with pale halo, characteristic of CM—AVM.

with a high penetrance (98%) (8). We also observed that
~30% of the time, they are accompanied by deeper, more
dangerous fast-flow anomalies: arteriovenous malformations,
arteriovenous fistulas (AVM/AVF) or Parkes Weber syndrome
(PWS) (8). Moreover, 80% of the AVM/AVFs lesions are
located intra- or extra-cranially, in the head and neck
regions (8), which is distinct from the often visceral fast-flow
anomalies seen in hereditary hemorrhagic telangiectasia
(HHT). Vein-of-Galen aneurysmal malformation is now also
recognized amongst the fast-flow lesions caused by RASA1
mutations (8). Thus, brain MRI is indicated for patients sus-
pected to have CM—-AVM, even if 70% of patients only
have CMs (8). This phenotypic heterogeneity indicates a
requirement for additional modulatory events, possibly includ-
ing somatic second-hits to RASAl. Such a paradominant
mode of inheritance, suggested to account for the incomplete
penetrance, and focal, heterogeneous lesions of autosomal
dominantly inherited vascular malformations (10), would fit

the localized vascular defects observed in Rasal '~ -mosaic

mice (11) (Fig. 1).

Angioma serpiginosum

Angioma serpiginosum or progressive patchy CM (12), a rare,
X-linked dominant congenital skin disorder with strongly
skewed X-inactivation, was linked to a Xpl11.3-Xql2 locus
(13). Malformations consist of an increased number of
dilated, thick-walled -capillaries, located sub-epidermally,
appearing as a rash along Blaschko’s lines, along with mild
hair and nail dystrophy, and esophageal papillomas (13). A
112 kb deletion was identified in the affected individuals, at
Xp11.23 (14), containing at least five genes. One of these is
PORCN, deletions or mutations in which cause sporadic and
inherited focal dermal hypoplasia (or Goltz—Gorlin syn-
drome), characterized by dermal hypoplasia or atrophy,
cutaneous or esophageal papillomas, and eye, hand or skeletal
anomalies (15,16). The overlap in symptoms raised the possi-
bility that the two syndromes are allelic (14). Strong, post-
zygotic somatic changes, which may not be tolerated when
inherited, can cause severe sporadic syndrome, while
weaker, heritable changes mediate the milder familial trait: a
recurrent theme that emerges strongly in this review.

CEREBRAL CAVERNOUS MALFORMATION (CCM)

The cerebral lesions of CCM (MIM 116860) are characterized
by dilated channels with endothelial cell (EC) layers that have
defective tight junctions, and a dense collagen matrix without
intervening brain parenchyma (17,18). They occur in the
brain, retina and spinal cord, and can cause headaches, sei-
zures and cerebral hemorrhage. They are sometimes
accompanied by cutaneous lesions, which are often hyperker-
atotic (19,20, Labauge, 2007 no. 50). Three genes carrying
inherited loss-of-function mutations were identified in succes-
sion (reviewed in 21): CCMI1 (KRITI; (22,23)), CCM2
(malcavernin/MGC4607; (24)) and CCM3 (PDCD10; (25)),
with a fourth locus suggested by linkage to 3q26.3-27.2
(26). Interestingly, mutations tend to be absent in individuals
established to have sporadic, unifocal lesions (27—-29). This
may be partially due to the use of exon-scanning methods to
detect single nucleotide mutations and small insertions/del-
etions, which are increasingly being complimented with tech-
niques such as multiplex ligation-dependent probe
amplification (MLPA) assay to demonstrate larger intragenic
alterations (30—32). When combined, mutations in the
known genes are identified in >90% of probands with at
least 1 affected relative, yet in only ~60% of ‘isolated’
cases with multifocal lesions (33,34). Some of the latter may
represent a sporadic, multifocal entity with a somatic genetic
basis in the CCM genes, similar to what has been demon-
strated for sporadic multifocal venous malformations (VMs)
and TIE2 (35).

Progress in the area of CCM genetics exemplifies the fact
that molecules that interact within the same pathway are
good candidates to cause similar phenotypes: In situ hybridiz-
ation showed similar patterns of expression for the three
CCM transcripts through much of murine pre- and post-natal



Table 1. Summary of identified genetic bases of vascular malformations / syndromes with a major vascular malformation component

Malformation Characteristics Mode of inheritance Locus Gene Mutations Expression Functions/Pathways Interactors/Effectors/ Mouse Models  References
Targets
Capillary anomalies
Capillary Malformation Dilated/increased Sporadic - - - - - - - -
(CM) capillary channels
Flat red cutaneous
“port-wine stains”
Capillary Malformation- Small multifocal CMs,  Autosomal dominant 5q13-22 CMC1 RASA1 Loss-of-function Ubiquitous? Ras/MAPK inhibition PDGFB, EGFR, FGFR,  Mosaic Rasal” (7-9, 11)
Arteriovenous AVM/AVF/PWS Cell motility, survival EphB2,B4
Malformation (CM- (30%) 80% AVM/ p190RhoGAP
AVM) AVF in head, neck
Progressive Patchy Dilated/increased thick- ~ X-linked Skewed X- Xp11.23 PORCN? Locus deletion  — - - - (13,14)
Capillary wall capillaries Sub- inactivation Also
Malformation/Angioma epidermal. Cutaneous includes:
Serpiginosum rash, Hair, nail SLC38A5,
dystrophy; FTSJ1
Esophageal EBP
papillomatosis OATLI1
RBM3
WDRI13
SSX
Cerebral Cavernous Dilated channels Lack Sporadic - - - - - - - -
Malformation (CCM) EC tight junctions Autosomal dominant 7ql11-22 CCM1 KRIT1 Loss-of-function Neural, vascular ~ Adaptor protein ICAP-la, microtubules ~ Ceml™ Tip537 (21-26, 101, 102)
Brain, spinal cord, 3 Somatic 2" Neurons, Integrinf1 pathway Rapl, SNX17, CCM2
retina, cutaneous hits astrocytes Arterial specification &3
Headaches, seizures, epithelial cells, Cell adhesion,
hemorrhage ECs migration
Tpl3 cCM2 malcavernin  Loss-of-function Neural, vascular ~ Adaptor protein MEKK3, Rac, CCM1 & Cem2*”
2 Somatic 2™ Neurons, Osmosensing 3
hits astrocytes Overlap with above
3q26.1 CCM3 PDCD10 Loss-of-function Neural, vascular ~ Apoptosis? CCM1 & 2
2 Somatic 2" Overlap with above
hits
3q26.3-27.2 CCM4 — — — - — —
Venous anomalies
Glomuvenous Enlarged venous Autosomal dominant 1p21-22 VMGLOM GLMN Loss-of-function Vascular:SMCs SMC differentiation, FKBP12, c-Met, - (50, 51)
malformation (GVM) channels, rounded One somatic Protein synthesis/ p70S6K, Cul7
vSMCs (“glomus” 2" hit degradation
cells) TGFB, HGF pathways
Raised hyperkeratotic
nodules Skin, rare in
mucosa
Venous Malformation Enlarged venous Autosomal dominant 9p21 VMCM1  TIE2/TEK Gain-of-function Vascular; ECs, Tyrosine kinase receptor Angl, 2, & 4 (ligands) - (35, 49, 103)
(VM) channels, flat EC, (1-2%):VMCM One (loss-of- hematopoietic EC migration, a5B1 integrin, TIEL
sparse VSMCs function) cells proliferation, survival PI3K/AKkt, survivin,
Small blebs to soft somatic 2" SMC-recruitment, FAK, RhoA Racl,
bluish masses Skin, hit Vascular sprouting, eNOS, Dok-R,
mucosa, underlying ~ Sporadic VM (98%) TIE2/TEK Somatic, Gain- maturation, stability Grb2,7,14, Ras,
tissue/organs of-function Hematopoietic ERK1/2, p38MAPK,
quiescence STATs, VE-PTP
Lymphatic anomalies
Lymphatic Malformation — Dilated micro or Sporadic - - - - - - - -
(LM) macrocystic
lymphatic channels
with clear fluid
Skin-colored bumps
Skin, underlying
tissue/bones
Continued
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Table 1. Continued

Malformation Characteristics Mode of inheritance Locus Gene Mutations Expression Functions/Pathways Interactors/Effectors/ Mouse Models  References
Targets
Primary Lymphedema (LE) Defective lymphatic Dominant/recessive  5¢35.3 PCLI VEGFR3/ Loss-of-function Vascular; Tyrosine kinase receptor VEGEF-C, D (ligands), Chy (74, 75, 104, 105)
Primary Congenital LE drainage FLT4 Lymphatic EC proliferation, VEGFR2 Shc, Grb2,
(Nonne-Milroy disease) Extensive swelling, ECs migration, survival PLCg/PKC, p42/
Hydrops often of extremity Sporadic VEGFR3/ De novo, loss-of- Angiogenic sprouting, 44MAPK PI3K/Akt
Present at birth; FLT4 function network formation
hypoplasia Lymph-vessel
LE below knees formation
LE-Distichiasis (LD) LE with accessory fine  Autosomal 16g24.3 LD FOXC2 Loss-of-function Mesenchymal, Transcription factor. Smad3, Su(H) Inhibition (88, 89, 104)
Hydrops eyelashes from dominant, endothelial Arterial cell of: PDGF secretion
meibomian glands Sporadic FOXC2 De novo, loss-of- specification Induction of: Ang2,
Ptosis or yellow nail function Angiogenesis, integrin3,
syndrome in some Vascular remodeling fibronectin, CXCR4,
Hyperplasia; LE can VEGF, Notch Dll4, Hey2
be above knees pathways Insulin,
TGEFR signaling
Hypotrichosis-LE- LE with sparse hair, Dominant/recessive  20q13.33 HLT SOX18 Loss-of-function ECs; sites of Transcription factor MEF2C Induction of: Ragged (95, 104, 106, 107)
Telangiectasia (HLT) cutaneous 1 De novo vasculogenesis Arteriovenous Prox1, VCAM-1
Hydrops telangiectasias mosaic in & specification
parents angiogenesis Lymphatic EC
Cardiovascular differentiation
LE-Hereditary Cholestasis LE with neonatal Autosomal recessive 15q LCS1 - - - - - - (108)
(Aagenaes syndrome) choleostasis
Primary Congenital LE, gradual resolution Autosomal dominant 6q16.2-22.1 - - - - - - (85)
Resolving post-puberty
Lymphedema (PCRL)
Arterial/Combined Malformations
Arteriovenous Artery-vein connections ~ Sporadic - - - - - - - -
Malformation (AVM) in nidus, fibrosis
Hereditary Hemorrhagic Epistaxis, Cutaneous Autosomal dominant 9q33-34 HHTI ENG Loss-of-function Vascular; Type Il TGF receptor TGFB, activins, BMPs ~ Eng ™t (109, 115)
Telangiectasia (HHT) telangiectasias Angiogenic TGFB family signal (ligands)
or Rendu-Osler-Weber (dilated post-capillary sites ECs, modulation TGFBRIIL, TGFBRIs
(ROW) venules) AVMs in monocytes, EC hypoxia-survival, (ALK, 5)
brain/lungs/GI tract hematopoietic migration, MAPK, B —arrestin2,
HHT1: >cerebral, cells proliferation Tctex2 Smadl
pulmonary AVMs Vascular organization
HHT2: >hepatic Monocyte-
AVMs macrophage transition
Myogenic
differentiation
Erythroid
development
12ql1-14  HHT? ALK1 Loss-of-function Vascular; ECs, Type I TGF receptor ~ TGFB, activins, BMPs  dcvrl ™
epithelial- TGF family (ligands)
mesenchymal (-independent) signal TGFBRIL, Endoglin
sites transduction Smadl, 5, 8, Id1
EC migration,
proliferation
5q31.3-32  HHT3 - - - - - -
Tpl4 HHT4 - - - - - -
Juvenile Polyposis HHT HHT with juvenile Autosomal dominant 18g21.1 JPHT SMAD4 Loss-of-function Ubiquitous Intracellular mediator, TGEB, activins, BMPs  Smad4 ™" (116, 117)
(JPHT) polyposis (polyps, TGFB signaling (ligands) Smad 2, 3; (polyps,
predisposition to SNIP1, Sp1,MSG1, tumors)

tumors)

Bcatenin, Btubulin,
etc

“References” combine primary references (initial gene identification, mouse models) with reviews. “Mouse Models”include alterations of causative genes which recapitulate respective

malformations.
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Figure 2. The many faces of venous anomalies. Identification of their genetic bases has helped distinguish between (A) GVM, caused by loss-of-function of
glomulin (GLMN), (B and C) VMCM, caused by inherited gain-of-function changes in TIE2/TEK, and (D) sporadic venous malformations, caused by

somatic gain-of-function mutations in TIE2/TEK.

development and adulthood (36), and lack of either CCM1 or
CCM2 was shown to result in progressive dilation of vessels
in zebrafish (37). All three adaptor proteins were indeed
found to interact with each other, probably through CCM2,
to form part of a complex that also contains MEKK3, the
small GTPase RACI and the Bl-integrin binding protein
ICAP-1a (34,38—-41), indicating that the complex acts down-
stream of integrin signaling, and possibly in reactions to
osmotic stress, through the p38MAPK pathway (42). The
debated interaction of KRIT1 with the small GTPase Rapl
(43,44) has been recapitulated in ECs, where it may regulate
cell—cell junctions (45).

Paradominant inheritance is now becoming evident in
CCM. Somatic second-hits were identified in affected ECs
from a few lesions, in each of the three CCM genes. They
were all biallelic to the inherited change in the same gene
(46,47). Moreover, antibodies generated against each of the
CCM proteins showed that germline heterozygous mutations
are accompanied by a complete loss of the mutated gene-
products in affected ECs, indicating that somatic alterations
most likely occur within the same gene (48), rather than trans-
heterozygously. These data underscore the likelihood of
somatic (epi)genetic changes being involved in sporadic
unifocal and multifocal lesions.

VENOUS ANOMALIES

Venous anomalies represent a significant fraction of patients
seen at centers specialized in treating vascular malformations,
as they can cause pain, and affect appearance or organ func-
tion, due to their size, localization and expansion (reviewed
in 4). VMs account for 95% of these anomalies. They are his-
tologically characterized by enlarged venous channels, lined
with a single, flattened layer of ECs, and sparse, irregularly
distributed vSMCs (49). While predominantly sporadic
(>98%), 1-2% of the time they occur as an autosomal
dominant inherited trait, termed cutaneomucosal venous
malformation (VMCM; MIM 600195) (50).

The autosomal dominantly inherited glomuvenous malfor-
mations (GVMs; MIM 138000) make up the remaining 5% of
venous anomalies (Fig. 2A) (6). These superficial, multiple
raised or plaque-like lesions are caused by loss-of-function
mutations in glomulin (GLMN/FAP68; (51)), which derails
vSMC differentiation towards rounded ‘glomus’ cells, which
are observed around distended vascular channels. More than
30 mutations have been identified across the length of the
gene in >100 families, and 11 changes account for >80% of

patients, making them good primary screen candidates (52—
54, Brouillard et al., unpublished data). A resected GVM pro-
vided the first proof of paradominant inheritance of a vascular
anomaly, a 5 base-pair intra-glomulin deletion specifically in
the tissue (51). The identification of the genetic bases of GVM
and VMCM also allowed for their delineation as distinct entities,
therefore optimizing their clinical management (50,55). In
addition, characterization of their pathophysiology paved the
way for the identification of the localized genetic defects that
cause a large fraction of the most prevalent form, sporadic VMs.

Cutaneomucosal venous malformations (VMCM)

Inherited VMCM, typified by the appearance of small, multi-
focal muco-cutaneous lesions (Fig. 2B and C), has been shown
to be mediated by two mutations in the 7EK gene, which
encodes the tyrosine kinase receptor TIE2 (49,56). Six
additional intracellular, hyperphosphorylating mutations have
now been identified, with weak-to-strong ligand independent
receptor hyperphosphorylation effects in vitro (V. Wouters
et al., Manuscript in submission). The R849W change is the
most common, occurring in ~60% of families (V. Wouters
et al., Manuscript in submission). Significantly, we identified
a somatic second-hit in a VMCM tissue from an individual
with the inherited R849W change. It consisted of a deletion
of a large portion of the extracellular /g2 ligand-binding
domain of wild-type TIE2, resulting in a loss-of-function
(35). The presence of wild-type TIE2 would therefore seem
to provide a protective effect against the aberrant R849W,
which may be able to cause lesions only when operating
exclusively. The nature of this protective effect is unknown,
as is the pathogenic mechanism of the common mutation.
R849W has an increased pAkt and p52Shc-dependent anti-
apoptotic effect (57), which may allow for the survival of
ECs despite erratic SMC support. The mutation does not
seem to affect cell proliferation or migration, but increases
instability of tube-formation by HUVECs in vitro (58).
R849W does more than chronically activate pathways nor-
mally activated by the wild-type receptor upon ligand-
stimulation: while wild-type TIE2 can activate STAT3 (and
STATS in HEK293 cells, but not HUVECs), only R849W
chronically activates STATI, in a JAK-dependent manner
(58,59). Angl-stimulation of TIE2 has recently been found
to induce the expression of Apelin, a ligand for the
G-protein-coupled receptor APJ, in ECs. This system in
turn regulates the caliber of blood vessels (60), making it an
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attractive, as yet untested candidate pathway through which
the dilated channels in VMs may occur.

Sporadic venous malformation (sporadic VM)

The majority of VMs are sporadic in nature, and characterized
by extensive, unifocal lesions of variable size (Fig. 2D) (4),
which can infiltrate deep into underlying tissues (61). Coagu-
lation abnormalities are specifically associated with VMs, and
seem to correlate with increased size and the presence of phle-
boliths (62, Dompmartin et al., submitted for publication).
Their prevalence, and the significant morbidity associated
with them, made the identification of their etiopathogenic
basis a priority. We recently discovered that somatic mutations
in TIE2 cause roughly 50% of sporadic VMs (35). The intra-
cellular hyperphosphorylating mutations, identified in frozen
VM-derived DNA, were absent in blood samples from the
same patients. Close to 80% are accounted for by one
mutation: L914F, which is also the only change that occurs
alone. The remainder consists of pairs of double or compound
mutations that always occur together in cis (on the same
allele), and may preferentially predispose to rare, multifocal
sporadic VMs (35). Despite its frequent recurrence in sporadic
VMs, L914F has never been observed as a germline change in
VMCM, suggesting it to be too deleterious for survival when
inherited. Conversely, the common inherited R849W, which
needs a second-hit to eliminate the protective wild-type
allele, has not been identified in sporadic VM, implicating
weaker effects.

The frequent VMCM-associated R849W and sporadic
VM-associated L914F have overlapping, yet distinct effects
on TIE2 localization, and translocation in response to ligand
(35). Receptor localization is important for TIE2 function:
ligand-induced translocation of TIE2 to cell-cell edges
versus cell-matrix interfaces, results in the preferential
recruitment and activation of distinct sets of effectors, which
can have differential downstream effects (63,64). Thus, abnor-
mal compartmentalization of mutant TIE2 receptors in the
absence or presence of ligand could give them access to inap-
propriate signaling complexes.

It is possible that as-yet undetected mutations within TIE2
are responsible for the 50% of sporadic VMs that remain unac-
counted for. Other players within the TIE2 pathway, especially
those proximal to the receptor, could also be expected to yield
similar, specific phenotypes. These include TIE1, which can
heterodimerize with TIE2 (65,66); the Ang ligands (65—71);
and VE-PTP, the vascular endothelial phosphatase, which
can specifically regulate TIE2 activation (72,73).

LYMPHATIC ANOMALIES

Lymphatic malformations (LMs) are focal or extensive lesions
made up of dilated lymphatic channels, which are discon-
nected from the lymphatic system. They are filled with clear
fluid, with no blood flow through them (4). The etiology of
primary LMs, which have only been recorded to occur spora-
dically, is not known. However, genetic studies on lymphe-
dema have brought to light factors that are critical to
lymphatic development and function in man.

Primary lymphedema

Lymphedema (LE) is characterized by diffuse, extensive swel-
ling caused by defective lymphatic drainage. It usually
involves the lower extremities, and can be associated with
lymph node fibrosis. Primary lymphedema can be sporadic
or inherited as an incompletely penetrant, dominant or reces-
sive disorder (4). Depending on the age of onset, the spectrum
of phenotypes can be divided into type I congenital lymphe-
dema, usually present at birth; type II praecox (Meige
disease), appearing between puberty and age 35; and lymphe-
dema tarda after this point (4). Mutations in three genes have
been identified to cause primary LE.

An autosomal-dominantly inherited form of congenital lym-
phedema, Nonne—Milroy disease (MIM 153100), is mediated
by loss-of-function mutations in conserved residues in the
two intracellular tyrosine kinase domains of VEGFR3/FLT4
(74-76), the receptor for VEGF-C and -D (77,78). It predomi-
nantly affects the lower limbs below the knees (>90%), and is
sometimes (in<<30%) accompanied by hydrocele in men, pro-
minent veins, cellulitis, upturned toenails or papillamatosis
(79). Intrauterine pleural effusion and hydrops fetalis have
been observed in rare pregnancies in these families (80,81).
VEGFR3 has also been found to be mutated de novo in
patients with sporadic forms of congenital lymphedema
(81-83). Hence, family history, considered a hallmark of
Milroy disease, is no longer a criterion for VEGFR3-mediated
lymphedema. Moreover, whereas Milroy described dominant
inheritance of congenital primary lymphedema, true of all
reported familial cases with VEGFR3 mutations, we identified
a specific VEGFR3 amino-acid change in a family with
recessively inherited lymphedema (84). Unlike the dominantly
inherited mutants, the latter diminishes, but does not abolish,
VEGFR3 phosphorylation in vitro. Homozygosity for this
hypomorphic allele is thus required in family members to
express the phenotype.

Other genes may play a role in LE. In one family, a low-
penetrant, autosomal dominant form of congenital lymphe-
dema, which progressed through childhood and resolved
gradually after puberty (primary congenital resolving lymphe-
dema), was linked to a 6q16.2-q22.1 locus (85). Rare changes
have been reported in additional genes including neuropilin-2
(NRP-2, which can bind VEGF-C and -D, and is
co-immunoprecipitated with VEGFR3), SOX17, VCAMI,
HGF and its receptor c-MET (86,87). Whether they represent
disease-associated mutations, or simply rare genetic variants,
however, remains to be assessed.

Loss-of-function mutations in the forkhead transcription
factor FOXC2 have been identified in families with late
onset lymphedema (Meige disease; MIM 1532000) in associ-
ation with distichiasis, sometimes accompanied by ptosis, or
yellow nail syndrome (88—90). The molecule can regulate
angiogenesis and vascular remodeling, through direct control
over the expression of genes including Ang2 (in adipose
tissue; (91)), extracellular matrix interactors such as the integ-
rins and fibronectin (92), and the VEGF/Notch pathway targets
DIl and Hey2 (93). Another target is the inhibition of PDGF(
secretion, which in the context of loss of FOXC2 function,
becomes overproduced leading to increased vSMC coverage
of lymphatic channels, and their dysfunction (94): another
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example of the important ongoing cross-talk and balance
between endothelial and smooth muscle cells in lymphatic
and vascular channels.

Hypotrichosis—lymphedema—telangiectasia syndrome (HLTS;
MIM 607823) is associated with sparse hair and skin
telangiectasias, and can be mediated by the transcription factor
SOX18, a very early lymphatic marker (95,96, reviewed in 97).
SOX18 can regulate PROX1, central in lymphatic EC-induction
(96). Both dominant, nonsense mutations with likely dominant-
negative effects, as well as recessive, homozygous subsitutions
in the DNA-binding domain have been identified (95). While
SOX18 seems to have redundant roles with SOX7 and SOX17 in
arterio-venous specification (98—100), it is critical to lymphatic
development, as evidenced by a complete block in lymphatic EC
differentiation from the cardinal veins of Sox18~’~ mice. This
results in a genetic background (C57Bl/6)-specific severe edema
and homozygous lethality, and milder edema in heterozygotes,
absent on the mixed 129/CD1 strain, indicating the importance
of epistasis in this process (96).

The LE-genes may also account for a significant proportion
of unexplained sporadic hydrops fetalis, as evidenced by an
initial screen of 12 patients, which revealed that two had
VEGFR3 mutations, while another had a FOXC2 mutation
(83). The remaining 75% may also be genetic in origin, due
to germline or acquired mutations in as-yet unknown lym-
phangiogenic factors.

CONCLUSION

As evidenced by these rapidly expanding areas of research,
much progress has been made on identifying genes and path-
ways responsible for inherited vascular anomalies. Most
follow autosomal-dominant inheritance, and are characterized
by multifocal, small lesions which tend to increase in number
with time. Increasing data on GVMs and CCMs requiring
bi-allelic, complete local loss-of-function of their mutated
genes, are complemented by the more complex situation in
VMCM, where a ‘weak’ inherited gain-of-function is com-
bined with a loss-of-function somatic second hit to TIE2.
Even in the absence of a detailed picture of pathogenic mech-
anisms, these discoveries demonstrate a genetic, albeit partly
somatic, origin for the localized lesions. Given the relative
prevalence of the sporadic forms, the most immediate chal-
lenge is the elucidation of the molecules and pathways (and
therefore, potential therapeutic targets) involved in their etiol-
ogy. De novo or purely somatic mutations in the genes that
cause rare, inherited disorders may be the most attractive can-
didates, as demonstrated by TIE2 mutations in ~50% of VMs.
In other cases, defects in interacting proteins may lead to
similar defects. Capturing them requires the use of appropriate
starting material: the inclusion of lesion-derived material in
addition to blood-DNA. Methods to reduce tissue-
heterogeneity (such as laser-capture) may be needed, as the
presence of numerous wild-type cells in resected tissues
hinders the identification of somatic mutations in a small
number of cells of a specific phenotype. RNA-based screens
can also decrease heterogeneity, by excluding sequences
present in DNA of all cell-types, while detecting only those
that are expressed in lesions. Large genomic alterations will

need to be screened for as well, with techniques such as
MLPA, or high-density SNP and copy number genotyping
arrays. Finally, detailed investigations of the spectrum of phe-
notypes associated with identified genes are critical to gene
discovery, clinical care and genetic counseling. In vivo
models that recapitulate these disease phenotypes are invalu-
able in evaluating the safety and efficacy of potential thera-
pies. Most homozygous deletions of the molecules that have
been identified result in embryonic lethality, while hetero-
zygotes typically lack any phenotype. This makes the use of
inducible, cell-type-specific knock-outs (or knock-ins, in the
case of gain-of-function mutations) essential in studying the
pathological processes that give rise to vascular anomalies.
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