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ABSTRACT

Normal vascular development includes the formation and specification of arteries, veins,
and intervening capillaries. Vein of Galen malformations (VOGM) are often catastrophic
congenital cerebrovascular anomalies, shunting arterial blood into the brain’s deep venous
system through aberrant direct connections. Exome sequencing of 55 VOGM probands,
including 52 parent-offspring trios, revealed VOGM patients harbor an excess of rare
damaging de novo mutations, with enrichment in chromatin modifiers that regulate brain
and vascular development. VOGM probands also exhibited a significant excess of rare
inherited damaging mutations in Ephrin signalling genes and other genes implicated in
Mendelian AVM syndromes. EPHB4 and CLDN14 each showed a significant mutation
burden. Inherited mutations showed incomplete penetrance and variable expressivity, with
mutation carriers often exhibiting cutaneous vascular abnormalities, suggesting a two-hit
mechanism. Collectively, identified mutations can account for ~30% of VOGM cases
studied. These findings have implications for risk assessment and provide insight into
disease biology.



INTRODUCTION

During early embryogenesis, the wvasculature becomes highly specialized to meet the
hemodynamic and nutritive demands of tissues. Studies in vertebrate model organisms have
shown that arterio-venous (A-V) specification is determined by a genetic program that results in
differential gene expression and differentiation of arteries and veins prior to the establishment of
circulation (Fish and Wythe, 2015). For example, Ephrin-B2 and its cognate receptor tyrosine
kinase Eph-B4 are exclusively expressed in either arteries or veins, respectively, prior to blood
flow in the developing embryo (Wang et al., 1998; Adams et al., 1999; Gerety et al., 1999), and
deletion of Efnb2 or EphB4 in mouse results in impaired A-V specification, the development of
arterio-venous malformations (AVMs), and embryonic lethality in mice. Nonetheless, A-V
specification is complex, and involves carefully orchestrated activity of multiple signaling
cascades (e.g., Eph-Ephrin, Hedgehog, VEGF, TGF-beta, Wnt, and Notch) and transcriptional
networks (e.g., HEY and HES, SOX factors, Forkhead factors, COUP-TFII, and others)(Fish and
Wythe, 2015). The genetic determinants of neurovascular development and A-V specification in
humans are incompletely understood.

Arteriovenous malformations (AVMSs) resulting from failure of normal specification and
differentiation of arteries and wveins occur in humans, and result in high-flow vascular
malformations characterized by direct connection of arteries to veins without intervening
capillaries (Spetzler and Martin, 1986). During normal brain development, primitive choroidal
and subependymal arteries that perfuse deep brain structures are connected via an intervening
capillary network to the embryonic precursor of the Vein of Galen, known as the median
prosencephalic vein of Markowski (MPV). The MPV is responsible for returning the majority of
deep cerebral venous blood (~40% of total blood flow in the brain) to the dural sinuses that
ultimately drain into the internal jugular veins (Raybaud et al., 1989). Vein of Galen
malformations (VOGMs) affect ~1/25,000 live births, account for up to 30% of all pediatric
cerebral AVMs, and are among the most severe congenital cerebrovascular anomalies (Long et
al., 1974; Deloison et al., 2012). VOGMs directly connect primitive choroidal or subependymal
cerebral arteries to the MPV, exposing it to dangerously high blood flow and pressures, often
with catastrophic consequences. VOGMs are often first detected prenatally and become
symptomatic in the neonatal period. If untreated, VOGMs result in high morbidity and mortality
due to high-output cardiac failure, hydrocephalus, and/or brain hemorrhage from blood vessel
rupture (Recinos et al., 2012). Additionally, a significant percentage of VOGM patients have
congenital heart disease (CHD), including sinus venosus atrial septal defects and aortic
coarctation (McElhinney et al., 1998). Although VOGM treatment has greatly benefited from
advances in endovascular therapies that partially obliterate the anomalous A-V connection
(Mitchell et al., 2001), (Altschul et al., 2014), the lesions of many patients remain refractory to
intervention. Moreover, the highly specialized care centers and physicians that perform these
interventions remain inaccessible to many patients.

Limited knowledge of the genetics and molecular mechanisms of VOGM has hindered
development of early diagnostic and targeted therapeutic strategies (Duran et al., 2018).
Although classically considered isolated, sporadic congenital lesions (Duran et al., 2018),
VOGMs have rarely been reported to occur in the context of known Mendelian disorders,
including 8 cases of autosomal dominant capillary malformation-arteriovenous malformation



syndrome type 1 (CM-AVML1) caused by RASA1 mutation (OMIM# 608354) (Revencu et al.,
2013; Duran et al., 2018), 2 cases of autosomal dominant CM-AVM2 caused by EPHB4
mutation (Amyere et al., 2017), and single cases of autosomal dominant Hereditary Hemorrhagic
Telangiectasia (HHT) type 1 (HHT1) due to ENG mutation (OMIM# 187300) (Tsutsumi et al.,
2011), and autosomal dominant HHT type 2 (HHT2) caused by ACVRL1 mutation (OMIM#
600376; 1 case) (Chida et al., 2013).

Traditional genetic approaches have been limited in their ability to identify additional causative
genes for VOGM and other types of brain AVMs because cases are rare and most often sporadic
in families (Xu et al., 2010). This limitation motivates use of whole-exome sequencing (WES) in
large numbers of affected subjects and their families, searching for genes mutated in affected
subjects more often than expected by chance. This powerful unbiased approach has proven
successful in the study of genetically heterogeneous neurodevelopmental disorders (Neale et al.,
2012; Sanders et al., 2012; Krumm et al., 2015; Timberlake et al., 2016; Timberlake et al., 2017;
Willsey et al., 2017), including those associated with brain malformations (Bilguvar et al., 2010;
Barak et al., 2011; Mishra-Gorur et al., 2014; Nikolaev et al., 2018), congenital heart defects
(Zaidi et al., 2013; Homsy et al., 2015; Jin et al., 2017), and most recently, congenital
hydrocephalus (Furey et al., 2018). We hypothesized that the apparently sporadic occurrence of
VOGM might reflect damaging de novo mutation events or incomplete penetrance of rare
transmitted variants.

RESULTS
VOGM cohort characteristics and whole exome sequencing

We recruited 55 probands with radiographically confirmed VOGMs (see Methods). All
probands underwent endovascular therapy. The cohort included 52 parent-offspring trios with a
single affected offspring and 3 singleton cases. 62% of probands were diagnosed prenatally or in
the first month after birth, and all but one was diagnosed by age 2 years. Common features at the
time of diagnosis included high output cardiac failure (62%), macrocephaly (64%),
hydrocephalus (60%) and prominent vasculature of the face or scalp (49%). Other congenital
heart defects were found in 9%; these included partial anomalous pulmonary venous return,
patent ductus arteriosus, and pulmonary valve stenosis. Supplementary Table 1 summarizes
cohort demographics, clinical features, and radiographic classification, including angio-
architectural subgroups as classically defined by Lasjaunias, et. al (Lasjaunias et al., 2006). Of
the 55 patients in our cohort, 38 presented with “choroidal” type lesions, defined as VOGMs
with numerous feeder vessels and “pseudoniduses” that communicate with the MPV (Lasjaunias
et al., 2006). The remaining 17 probands presented with “mural” VOGMs, characterized by a
smaller number of larger caliber vessels that fistulize into the MPV (Lasjaunias et al., 2006).
Representative images of VOGMs are shown in Supplementary Figure 1.

DNA was isolated and whole exome sequencing (WES) was performed as described (Timberlake
et al., 2016). In parallel, WES from 1,789 control trios that comprise parents and unaffected
siblings of autism probands was analyzed (Fischbach and Lord, 2010; Krumm et al., 2015).
Cases and controls showed similar sequencing metrics, with >94.6% of targeted bases having at
least 8 independent reads and >89.8% having at least 15 independent reads. Detailed exome



metrics are shown in Supplementary Table 2. Variants were called using the Genome Analysis
Toolkit (GATK) HaplotypeCaller (McKenna et al., 2010; Van der Auwera et al., 2013), and
allele frequencies were annotated in the Exome Aggregation Consortium (ExXAC) and the
Genome Aggregation Database (gnomAD) (Lek et al., 2016) (see Methods). TrioDeNovo was
used to identify de novo mutations (Wei et al., 2015). MetaSVM was used to infer the impact of
missense mutations (Dong et al., 2015). Missense variants were considered damaging if
predicted deleterious by MetaSVM (D-mis). Inferred loss-of-function (LoF) mutations, including
stop-gains, frameshift insertions/deletions, and canonical splice site mutations were also
considered damaging. Mutations in genes of interest were validated by PCR amplification and
Sanger sequencing (Supplementary Figure 2).

Enrichment in damaging de novo mutations in VOGM probands

The de novo mutation rate in probands was 1.73 x 10 per base pair, with 1.35 de novo coding
region mutations per proband (Supplementary Table 3). These results are consistent with
expectation and prior experimental results (Homsy et al., 2015; Ware et al., 2015; Timberlake et
al., 2017). The total burden of de novo mutations in controls was similar to a previous report
(Timberlake et al., 2017). The distribution of types of de novo coding mutations observed in
probands was compared to that expected from the probability of mutation of each base in the
coding region and flanking splice sites (Samocha et al., 2014). While there was no significant
enrichment of synonymous mutations or missense mutations inferred to be tolerated in probands,
there was a significant enrichment of inferred damaging de novo missense (D-mis) mutations in
probands (P = 4.7 x 103; enrichment = 2.19-fold; Supplementary Table 3). In contrast, no
enrichment was observed in any class of coding region mutation in control subjects
(Supplementary Table 3). From the observed excess of damaging de novo mutations in
probands compared with expectation, we infer that these mutations contribute to ~17% of
VOGM cases.

Only one gene, KEL, had more than one protein-altering de novo mutation (Figure 1). With
analysis of 52 trios, we observed a near-significant enrichment of protein-altering de novo
mutations in KEL (one-tailed Poisson test P = 4.2 x 10®; Benjamini-Hochberg false discovery
rate [BH-FDR] = 0.08) using the denovolyzeR program (Ware et al., 2015). One of these was a
mutation causing premature termination (p.GIn321*) and the other was a missense mutation
p.Gly202Ser (CADD = 22.6). KEL encodes the Kell blood group transmembrane glycoprotein.
Both the premature termination and p.Gly202Ser mutations in Kell alter its peptidase domain
that generates vasoactive endothelin peptides (Lee et al., 1999), which provide vascular-derived
axonal guidance cues (Makita et al., 2008).

We analyzed the burden of de novo mutations in genes that are highly intolerant to heterozygous
LoF (pLI > 0.9) (LoF-intolerant genes) (Lek et al., 2016), consistent with loss of a single dose of
these genes causing markedly impaired reproductive fitness. We observed a significant
enrichment of de novo D-mis mutations (6 mutations; P = 0.02; enrichment = 2.82-fold; Table
1). Most interestingly, four of these de novo mutations (3 D-mis and the sole LoF mutation in
this set) occurred in genes encoding chromatin modification, which have been implicated in the
pathogenic mechanism of other congenital diseases including CHD, autism, and intellectual
impairment (Zaidi et al., 2013; De Rubeis et al., 2014; lossifov et al., 2014; McCarthy et al.,



2014; Homsy et al., 2015; Jin et al., 2017). There are 269 LoF-intolerant chromatin modifier
genes (among the 547 genes in the chromatin modifier gene ontology term GO:0016569);
mutations in this set are highly enriched (P = 8.9 x 10*; enrichment = 9.63-fold; Table 1). No
significant enrichment of de novo mutations in LoF-intolerant chromatin modifier gene sets was
observed in controls (Table 1). A case-control analysis using the two-tailed binomial exat test as
described previously (Sanders et al., 2012; Willsey et al., 2017) further supported this result
(Supplementary Table 4). In an orthogonal analysis of all genes using the permutation-based
test (1M iterations), the probability of finding 4 or more damaging de novo mutations in
intolerant chromatin modifiers among a total of only 21 damaging de novo mutations in all genes
was also low (empirical P = 5.1 x 10%; expected number = 0.72; see Methods). Together,
damaging de novo mutations in chromatin modifiers were identified in ~8% of VOGM probands.
The high enrichment of these mutations is consistent with each of these mutations contributing to
disease pathogenesis.

The four mutated genes (Supplementary Table 5) include KMT2D, which encodes a histone
H3K4 methyltransferase; SMARCA2, which encodes the ATP-dependent helicase of the BAF
chromatin remodeling complex; SIRT1, encoding an NAD-dependent histone deacetylase;
KATG6A, encoding a histone lysine acetyltransferase. All four genes are highly expressed in the
developing human and murine brain (Machida et al., 2001; Ogawa et al., 2011; Pollen et al.,
2015; Tham et al.,, 2015) and are known play essential roles in neuronal and vascular
development (Potente et al., 2007; Griffin et al., 2008; Van Laarhoven et al., 2015). Missense
mutations occur at positions that are completely conserved through orthologs in worm (KAT6A
and KMT2D) and yeast (SMARCAZ2) and reside in key domains of protein function (Figure 2,
panel B; Supplementary Table 5). Clinical characteristics of probands harboring these
mutations are shown in Figure 2 and Supplementary Table 5.

Enrichment of rare damaging transmitted mutations in EPHB4

We next assessed the total burden of rare (MAF < 2 x 10®°) de novo and transmitted D-mis and
LoF mutations in LoF-intolerant genes in all probands as described in Methods. The probability
of the observed number of rare variants in each gene occurring by chance was compared to the
expected burden, adjusting for the length of each gene as previously described (Besse et al.,
2017). Analysis of damaging variants in LoF-intolerant genes revealed genome-wide significant
enrichment (Bonferroni multiple testing threshold = 2.6 x 10°) of mutations in one gene: EPHB4
(pLI1 = 0.99) had one LoF and three different D-mis mutations (one-tailed binomial P = 7.47 x
101% BH-FDR = 1.43 x 107°; enrichment = 341.13-fold; Figure 3, panel A; Table 2).
Independent case-control analyses of gene burden for the damaging variants in all probands
versus a cohort of 3,578 autism parental controls and EXAC controls showed a significant
mutation burden in EPHB4 vs. autism parental controls (one-tailed Fisher’s P = 1.68 x 10° odds
ratio = 89.97, 95% CI [19.29, Inf]) and vs. EXAC controls (one-tailed Fisher’s P = 1.98 x 10°®
odds ratio = 49.76, 95% CI [16.39, Inf]) Supplementary Table 6). There are 3,230 genes in the
intolerant gene set; the Bonferroni-corrected threshold for intolerant genes is therefore 1.54 x 10
5. At this threshold, in addition to EPHB4, one additional gene, CAD, surpassed this threshold
(one-tailed binomial P = 4.17 x 10°%, enrichment = 101.08-fold).



All EPHB4 mutations were transmitted. Three of these have allele frequencies of zero in EXAC
and gnomAD, while one has MAF of 1.13 x 10° in gnomAD (Lek et al., 2016). All D-mis
mutations in EPHB4 alter highly conserved amino acid residues (Figure 4, panel C; Table 2).
EPHB4 encodes the Ephrin type-B receptor 4 (Eph-B4), a receptor tyrosine kinase preferentially
expressed in vein endothelium and a critical regulator of arterio-venous identity (Gerety et al.,
1999). The p.Lys650Asn and p.Phe867Leu mutations lie in the Eph-B4 receptor tyrosine kinase
domain. p.Ala509Gly lies in one of two extracellular fibronectin Il domains, which is believed
to bind to extracellular matrix (Figure 4, panel C).

In addition to the 4 VOGM probands with rare damaging variants in EPHB4, 7 additional family
members in these kindreds carried the same mutations; none had a diagnosis of VOGM.
However, three EPHB4 mutation carriers displayed uncommon cutaneous vascular lesions. For
example, in kindred VGAM-115, the mutation-carrying father had an abdominal port wine stain,
and the proband’s mutation carrier sibling had atypical capillary malformations on the left cheek
and posterior thigh (Supplementary figure 3, panels A & B). Similarly, the mutation-carrying
mother in kindred KVGAM-33 had an atypical capillary malformation on her left arm.
Additionally, the proband’s mutation carrier sibling had an atrial septal defect (Figure 4, panel
B). Vascular and cardiac abnormalities were absent among non-mutation carriers in these
families. Notably, all VOGMs associated with EPHB4 mutations were of the choroidal subtype
(Figure 4, panels A & B). These findings provide evidence of incomplete penetrance and
variable expressivity of EPHB4 mutations. Interestingly, EPHB4 mutations have been previously
implicated in autosomal dominant capillary malformation-arteriovenous malformation (CM-
AVM) syndrome type 2 (CM-AVM2); 2 of 54 patients were noted to have VOGM (Amyere et
al., 2017).

Wild type and VOGM-mutant Eph-B4 (p.Ala509Gly; p.Lys650Asn; p.Phe867Leu) were
expressed in mammalian cells (see Methods), and levels of Eph-B4 tyrosine (Tyr)-
phosphorylation, which is correlated with receptor tyrosine kinase activity (Lisabeth et al., 2013;
Ferguson et al., 2015), was compared between mutant and wild-type. Eph-B4 p.Lys650Asn
showed sharply reduced phosphorylation, and no Tyr phosphorylation was detected on the Eph-
B4 p.Phe867Leu mutant (Figure 4, panel D). These mutations lie in the Eph-B4 kinase domain.
In contrast, the p.Ala509Gly, which lies in the extracellular fibronectin 111 domain, showed no
significant difference in phosphorylation.

Eph-B4 Tyr phosphorylation creates docking sites for signaling molecules via a
phosphotyrosine-SH2 domain interaction, thereby mediating Eph-B4 downstream signaling
(Pawson and Scott, 1997; Wang et al., 2002). RASAl-encoded Ras-GAP binds to these docking
sites and regulates downstream signaling pathways (Kawasaki et al., 2014; Roth Flach et al.,
2016). We immunoprecipitated wild type or VOGM-mutant Eph-B4 from mammalian cells co-
expressing Ras-GAP. Immunoblotting showed that the amount of Ras-GAP immunoprecipated
with EPHB4 p.Lys650Asn mutation was significantly reduced, and Ras-GAP failed to bind Eph-
B4 p.Phe867Leu mutation (Figure 4, panel E). In contrast, wild type Eph-B4 and Eph-B4
p.Ala509Gly bound Ras-GAP with similar affinity. These results are consistent with the
cytoplasmic mutations impairing receptor kinase activity; the extracellular mutation alters the
fibronectin domains, which are likely to affect signaling by altering binding to ligands in
extracellular matrix; this has not been directly tested.



Recurrent rare damaging transmitted mutations in CLDN14

Expansion of the analysis to include the burden of rare (MAF < 2 x 107°) D-mis and LoF
mutations in all genes, identified one additional significant gene that showed genome-wide
significant burden of damaging mutation, CLDN14 (one-tailed binomial vs. expected P = 6.44 x
107; BH-FDR = 0.01; enrichment = 190.22-fold; Figure 3, panel B; Table 2). Comparing the
burden of mutations in CLDN14 by case-control analysis against both autism parental controls
(odds ratio = Inf, 95% CI [38.42, Inf]; one-tailed Fisher’s P = 3.38 x 10, Supplementary
Table 6a) and EXAC controls, odds ratio = 67.82, 95% CI [17.66, Inf]; one-tailed Fisher’s P =
1.65 x 10°%; Supplementary Table 6b) supported the significance of this finding.

The three rare damaging mutations in CLDN14 were all heterozygous transmitted missense
mutations (5.5% of probands; Figure 5). Strikingly, two of the three mutations are identical
(p.Val143Met) and present in unrelated VOGM probands. p.Val143Met has a MAF of 0 in Non-
Finnish Europeans in EXAC. Kinship analysis using Beagle v3.3.2 (Browning and Browning,
2011; Stuart et al., 2015) and trio analysis using 139 phased genotypes flanking the mutation
revealed that p.Vall43Met variant lies on a segment shared identically by-descent from a
common ancestor by the two probands with a minimum shared segment of 0.34 Mb.
Nonetheless, these probands did not share any other rare variants, indicating that they do not
share a recent common ancestor. The other rare damaging variant, p.Alall3Pro, is absent in
EXAC, and has a frequency of 8.28 x 10 in gnomAD.

CLDN14 encodes Claudin-14, a tight junction protein expressed in epithelia and endothelial cells
in the brain and kidney (Kniesel and Wolburg, 2000; Wattenhofer et al., 2005). The extracellular
loops of claudins are believed to make homo- or heterotypic interactions with adjacent cells to
form the tight junction barrier (Van lItallie and Anderson, 2013). p.Vall143Met alters a highly
conserved residue in the second extracellular loop of Claudin 14, and is predicted to be
deleterious by MetaSVM, CADD, Polyphen2, and SIFT. Claudin-14 p.Alal13Pro lies in the
second intracellular loop of the protein (Figure 5, panel C; Supplementary Figure 4).

Interestingly, in one of the families harboring the recurrent Claudin-14 mutation p.Vall43Met,
cutaneous vascular lesions segregated with the mutation in family members. The mother who
transmitted the mutation had a port wine stain on her left thigh; and both her children (proband
and carrier sibling) had similar atypical capillary malformations in the nuchal area. Additionally,
this VOGM proband had a midline atypical capillary malformation on her lower back
(Supplementary Figure 3, panels G-J).

Enrichment of mutations in genes in Ephrin signaling pathway

To search for pathways enriched for rare damaging mutations in VOGM, LoF-intolerant genes
harboring damaging de novo and/or rare (MAF < 2 x 10°) damaging transmitted mutations,
along with KEL and CLDN14, were input into IPA analysis (May 2018 version; total 128 input
genes) (Kramer et al., 2014) (Supplementary Table 7). Axonal guidance signaling, which is
essential for vascular patterning and critically regulated by Ephrin-Eph receptor forward and
reverse signaling (Adams and Eichmann, 2010), was the most significantly enriched canonical



pathway (P = 6.61 x 10®%; BH-FDR = 1.33 x 10); this pathway includes genes of the Ephrin
receptor signaling pathway, which was also significant. Nine other pathways were significant
after B-H correction in IPA pathway analysis. Because IPA does not adjust for gene length, we
tested each of these pathways in case-control analysis (see Methods) using autism parents and
EXAC controls that were matched for ethnicity; the only pathways that showed significant
enrichment in cases were the axonal guidance and Ephrin receptor signaling pathways
(Supplementary Tables 8). We further analyzed the burden of mutation in genes in these 2
pathways by binomial analysis comparing observed mutations to the expected after correcting for
gene size (see Methods); there was observed significant enrichment in both axonal guidance and
Ephrin receptor signaling pathways in cases, whereas analyses of synonymous variants in cases
as well as rare damaging variants in autism parents and EXAC controls showed no significant
enrichment (Supplementary Tables 9). Lastly, we found that most of the signal in the axonal
guidance pathway was attributable to the Ephrin receptor signaling pathway, because after the
latter genes were removed, the axonal guidance pathway was no longer significantly enriched
(Supplementary Table 10). Detailed variant information of damaging mutations in genes that
contributed to the significant result is described in Supplementary Table 11.

Mutations in the Ephrin receptor signaling pathway with rare damaging mutations included
EPHB4, RASAL, EPHA4, EPHAG, ITSN1, NGEF, and ITGB1 (Supplementary Table 11). The
products of these genes are highly expressed in the embryonic human brain and vasculature (Guo
et al., 2012), function in signaling networks that regulate neural and vascular development (see
Discussion), and can be mapped into a single experimentally-supported STRING interactome
(Supplementary Figure 5, see Methods). Additionally, EFNB2 (pLI = 0.94, mis-Z = 2.01),
encoding the Eph-B4 ligand Ephrin-B2, harbored the rare D-mis mutation p.Arg277His in a
neonate with a choroidal VOGM (Supplementary Figure 6). EFNB2 is represented in the GO
and IPA axonal guidance and Ephrin receptor signaling gene sets, but this specific EFNB2
variant was not included as input in our pathway analysis because its MAF slightly exceeded our
threshold of 2 x 10° (MAF of 1.88 x 10° and 2.89 x 10 in EXAC and gnomAD, respectively).
Interestingly, the proband’s EFNB2 mutation-carrying mother, while not having VOGM,
exhibited multiple atypical nuchal capillary malformations. Ephrin-b2 knockout mice phenocopy
eph-b4 knockout mice, exhibiting CNS and systemic AVMs, defects in cerebral angiogenesis,
and embryonic lethality (Wang et al., 2010b).

Rare damaging mutations in genes implicated in Mendelian forms of cutaneous vascular
disease

VOGM s a rare feature in patients with CM-AVM types 1 and 2 due to mutation in RASAl
(Revencu et al., 2013; Duran et al., 2018) and EPHB4 (Amyere et al., 2017), respectively.
VOGM has also previously been associated with single cases of Hereditary Hemorrhagic
Telangiectasia (HHT) type 1 due to ENG mutation (Tsutsumi et al., 2011) and HHT type 2 due
to ACVRL1 mutation (OMIM# 600376) (Chida et al., 2013).

In our VOGM cohort we found one damaging mutation in RASAL (p.Arg709*, Supplementary
Table 11), encoding the Eph-B4 binding partner and effector Ras GTPase-activating protein 1
(Ras-GAP) (Kawasaki et al., 2014), in a patient with a mural VOGM. This patient and mutation



has been previously reported (Revencu et al., 2013) and was independently ascertained in the
present study.

There was a single damaging p.Arg484GIn mutation in ACVRL1 (Supplementary Table 12) in a
patient with a choroidal VOGM. ACVRL1 encodes ALK1, a receptor kinase in the TGF-p
signaling pathway highly expressed in developing human vasculature (Zhang et al., 2017). This
mutation alters a conserved residue in the ALK1 kinase domain. This mutation has been reported
in HHT2 with isolated pulmonary hypertension (ClinVar accession RCV000198604.1;
rs863223408) (Harrison et al., 2005), however, neither the ACVRL1-mutant VOGM proband nor
mutation carrier family members exhibited any HHT-associated findings (e.g., epistaxis or
telangiectasia) or any other vascular abnormalities. ACVRL1 (ALK1) is a known regulator of
Ephrin-B2-Eph-B4 signaling (Zhang, 2009; Kim et al., 2012; Roman and Hinck, 2017), and
acvrll deficient mice exhibit markedly enlarged cerebral vessels with arteriovenous shunting and
altered expression of Eph-B4 (Walker et al., 2011).

Additionally, two rare damaging mutations (p.Gly39Ser and p.Asn373Ser) in unrelated probands
with mural VOGMs were identified in the ACVRL1 paralog ACVR1 (pLI = 0.96, mis-Z = 2.59;
Supplementary Table 12; Supplementary Figure 7, panels A & B), a gene not previously
implicated in VOGM. ACVRL1 encodes the receptor serine-threonine receptor kinase ALK2 that
functions in conjunction with TGF-beta type 2 receptors and co-receptors such as Endoglin
(ENG) (Chen et al., 1998; Barbara et al., 1999; Wolfe and Myers, 2010). Of note, 1 previously
reported VOGM case has been associated with mutations in ENG in HHT type 1 (OMIM#
187300). (Luo et al., 2010; Pacifici and Shore, 2016). Interestingly, our ACVR1 p.Asn373Ser
VOGM proband also had an atrial septal defect and partial anomalous pulmonary venous return
(Supplementary Figure 7, panel B), and a mutation carrier in the family had cutaneous
capillary malformations (Supplementary Figure 7, panel B). Neither the proband nor other
family members had common HHT features (Abdalla et al., 2003). p.Gly39Ser and p.Asn373Ser
alter conserved residues in the extracellular ligand binding domain and the cytoplasmic serine-
threonine kinase domain, respectively (Supplementary Figure 7, panel C). The p.Asn373Ser
substitution is predicted to result in critical structural alterations in the kinase domain
(Supplementary Figure 7, panels D & E).

DISCUSSION

The rarity and the sporadic nature of VOGM have hindered its genetic understanding. This study,
the largest genomic analysis of VOGM to date, has provided new insights into disease
pathogenesis, in part from its trio-based design. The results implicate damaging de novo
mutations in ~17% of VOGM cases, show that mutations in chromatin modifiers account for
about half this signal, and demonstrate mutations in KEL are likely to account for another
fraction. Rare transmitted mutations in EPHB4 and related members of the Ephrin signaling
pathway contribute to another ~18% of probands. Thus, while rare mutations with large effect
contribute to a significant fraction of VOGM cases, it is clear that there are likely many genes
whose mutation contributes to disease pathogenesis, illustrating that larger studies will be needed
to further validate and extend these findings. Information for all probands, including
subphenotypes of VOGM and identified likely pathogenic mutations, are shown in
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Supplementary Table 13. We also analyzed rare homozygous and compound heterozygous
genotypes (MAF < 0.001), and found no genes with more than one such genotype.

The role of Eph-B4 signaling in arterio-venous specification and vascular development is well
established in model systems (Zhang and Hughes, 2006; Mosch et al.,, 2010). We found
damaging mutations in EPHB4 in 8% of VOGM in this cohort, implicating a failure in normal
vascular differentiation in disease pathogenesis. Two of 52 prior patients with CM-AVM and
EPHB4 mutation have been reported to have VOGMs (Amyere et al., 2017), and during
preparation of this manuscript, another paper reported mutations in EPHB4 in VOGM (Vivanti et
al., 2018). Additionally, we found significant enrichment of very rare heterozygous damaging
mutations in 6 other genes involved in Ephrin signaling, implicating a broader role for mutations
in these pathways. KEL, encoding the Kell blood group transmembrane glycoprotein, had two
damaging de novo mutations. The Kell peptidase domain generates endothelins, vasoactive
peptides via cleavage of the endothelin-3 pro-protein (Lee et al., 1999). Endothelins serve as
signals in axonal guidance (Makita et al., 2008), which also plays a key role in vascular
patterning (Adams and Eichmann, 2010). We also found rare mutations in genes previously
implicated in HHT, another disease featuring potentially dangerous AVMs in VOGM probands.
These findings implicate mutations in common pathways regulating vascular development in
disease pathogenesis.

In addition to these genes in which known biology has pointed to a role in vascular development,
we observed recurrent mutations in CLDN14, with a genome-wide significant burden of rare
damaging mutation, and in ACVR1, which is in the TGF-beta signaling pathway previously
implicated in HHT. Claudin-14 is a four-pass integral membrane protein and component of tight
junctions in brain epithelia and endothelial cells (Kniesel and Wolburg, 2000; Wattenhofer et al.,
2005). The recurrent mutation in CLDN14 lies in the large 2" extracellular loop that likely plays
a role in intercellular contact and tight junction formation. The regulation of endothelial tight
junction formation by Claudins can impact cell permeability, integrity, and proliferation (Morita
et al., 1999; Gonzalez-Mariscal et al., 2007). Functional interactions have been reported between
Claudins and Ephrin-B2-EphB4 and Ephrin-B1-Eph-A2 bi-directional signaling (Tanaka et al.,
2005). Further work will be required to establish the role of CLDN14 in vascular development.

It is striking that the transmitted disease-associated mutations identified herein show dramatic
incomplete penetrance for VOGM, with none of the identified mutation carriers having VOGM.
Moreover, many of the mutated VOGM genes have been implicated in other Mendelian diseases
that play critical roles in brain and cardiovascular development, sometimes producing quite
different phenotypes. These observations highlight the pleiotropy with variable expressivity
resulting from these mutations. This feature has been described previously for a number of
diseases. For example, haploinsufficiency for the same chromatin modifying genes results in
congenital heart disease (Zaidi et al., 2013) or autism (lossifov et al., 2014), or both.

Variable expressivity of VOGM and associated features could arise from specific genetic
(Timberlake et al., 2016) or environmental modifiers (Garcia et al., 2015) working in concert
with the rare mutations identified. Alternatively, the results could be explained by a “two-hit”
mechanism in which phenotypic expression relies upon an inherited mutation and a second, post-
zygotic mutation in the wild-type allele (Brouillard et al., 2002; Pagenstecher et al., 2009). The
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observation that many VOGM patients, as well as their mutation-bearing family members, have
sporadic cutaneous capillary malformations (Supplementary Table 13) is consistent with a two-
hit mechanism. This mechanism has been shown for other hereditary multifocal vascular
malformations such as RASAl-mutated CM-AVM1 (Revencu et al.,, 2013), glomuvenous
malformations (OMIM# 138000) cutaneomucosal venous malformation (OMIM# 600195), and
cerebral cavernous malformations (OMIM# 116860) (Pagenstecher et al., 2009). In this model,
the phenotypic expression would depend on the cell types in which somatic mutations occur.
Such a mechanism could obviously explain the low penetrance of VOGM arising from
transmitted mutations. Further work will be required to explore this possibility.

Another possibility is that different mutations in the same gene produce distinctive phenotypes.
In several instances, this seems unlikely. For example, damaging heterozygous de novo missense
mutations in SMARCAZ that strongly cluster in the ATPase domain cause Nicolaides-Baraitser
syndrome [OMIM# 601358], featuring severe mental retardation, early-onset seizures, short
stature, dysmorphic facial features, and sparse hair. VOGM has not, to our knowledge, been
reported in this disease. Our SMARCA2 mutated VOGM proband harboured a de novo
substitution (p. Arg855Leu) at the identical position in which another de novo mutation (p.
Arg855Gly) has been reported in a Nicolaides-Baraitser patient. Other de novo missense
mutations in Nicolaides-Baraitser cluster in adjacent codons 851-854 (Van Houdt et al., 2012).
The SMARCA2-mutated VOGM proband had a seizure history but otherwise is without
overlapping phenotypes with Nicolaides-Baraitser syndrome. The observations that loss of
SMARCAZ2’s ortholog in mouse (BRM) impairs neurovascular development (Son and Crabtree,
2014; Wiley et al., 2015), and that its paralog SMARCA4 (aka BRG1) is also essential for venous
specification and neurovascular development, further supports a role for mutation in SMARCA2
in neurovascular development (Davis et al., 2013).

Similarly, de novo heterozygous mutations in KMT2D cause autosomal dominant Kabuki
syndrome (OMIM# 147920) featuring distinctive facial dysmorphology with frequent skeletal
abnormalities, mental retardation, dermatoglyphic abnormalities, growth deficiency, and, in a
third of patients, severe cardiovascular and vessel abnormalities (Hannibal et al., 2011; Dentici et
al., 2015; Van Laarhoven et al., 2015). While LoF KMT2D mutations predominate in Kabuki
syndrome, damaging missense mutations also occur, and do so most frequently in its short F/Y-
rich domain (FYRN) (Yan et al., 2000; Holbert et al., 2007). The FYRN (F/Y-rich N terminus)
and FYRC (F/Y-rich C terminus) domains are found in many histone-modifying proteins
proteins (Garcia-Alai et al., 2010; Zhang et al., 2015) and the physical interaction of these
domains is required for enzymatic function (Hsieh et al., 2003). Like many Kabuki-related
missense mutations, our VOGM-associated de novo p.Cys5230Tyr mutation maps to the FYRN
(F/Y-rich N-terminus) domain. Moreover, similar to a previously reported case of Kabuki
syndrome (Moon et al., 2018), this VOGM proband has low set ears, long and everted palpebral
fissures, and congenital hypothyroidism. This observation provides strong supporting evidence
that our patient’s KMT2D mutation is indeed Kabuki-related. Interestingly, another case of
Kabuki syndrome was reported to have severe dilation (ectasis) of the Vein of Galen without
clear fistulas to the MPV (Sanchez-Carpintero et al., 2012).

Alternatively, phenotypic heterogeneity, in which different mutations in the same gene can give
rise to give rise to different phenotypes, may contribute to other VOGM cases. For example, LoF
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c-terminal frameshift or premature termination mutations in KAT6A cause autosomal dominant
mental retardation (MR) type 32 (OMIM# 601408), also featuring facial dysmorphism, seizures,
and multiple vascular abnormalities including ventricular and atrial septal defects and patent
ductus arteriosus (Arboleda et al., 2015). In contrast, our VOGM KAT6A mutant proband
harbored a proximal missense mutation (p.Thr478lle) between its PHD finger and histone acetyl
transferase (HAT) domains (Yan et al., 2000; Holbert et al., 2007). This proband had a history of
seizures but no other overlapping phenotypes with MR type 32; however, the patient did exhibit
multifocal atypical cutaneous vascular lesions, including capillary malformations. Consistent
with a role in VOGM pathogenesis, KAT6A regulates the expression of the T-box transcription
factors TBX1 and TBXS5, essential regulators of the pharyngeal arch vessels that give rise to the
great arteries of the neck, head, and brain (Merscher et al., 2001; Vitelli et al., 2002; Zhang et al.,
2005; Vanyai et al., 2015).

Two other potential examples of phenotypic heterogeneity in our cohort include probands with
inherited ACVR1 and CLDN14 mutations. Heterozygous germline mutations in ACVR1 cause
autosomal dominant fibrodysplasia ossificans progressiva (OMIM# 135100) (Shore et al., 2006).
However, most fibrodysplasia ossificans progressiva cases are due to a recurrent p.Arg206His
gain-of-function mutation that leads to constitutive activation of TGF-beta signaling (Chaikuad
et al., 2012; Mura et al., 2012). In contrast, ACVR1 mutations in VOGM are remote damaging
missense mutations (p.Gly39Ser and p.Asn373Ser) that localize to the extracellular Activin
receptor domain and the cytoplasmic serine-threonine kinase domain, respectively. These
VOGM probands do not exhibit features of fibrodysplasia ossificans progressiva. Similarly,
recessive LoF genotypes in CLDN14 cause sensorineural deafness type 29 (OMIM # 614035); in
contrast, VOGM-associated CLDN14 mutations are heterozygous and D-mis, and include a
recurrent missense mutation, raising the possibility of gain of function or neomorphic effects.

Cutaneous vascular lesions are a common hallmark of several developmental vascular disorders
including HHT, Parkes Weber syndrome, and CM-AVM (Brouillard and Vikkula, 2007;
Revencu et al., 2013; Amyere et al., 2017). The observation that 68% of VOGM families with
full clinical data (31/45) had capillary malformations or other uncommon cutaneous vascular
lesions, and that identified mutations in probands were found in all family members with these
cutaneous lesions, provides evidence linking both VOGM and these cutaneous lesions to the
same mutations. In this study we found capillary malformations and related cutaneous lesions in
VOGM probands and/or relatives harboring EFNB2, EPHB4, EPHA4, ACVR1, and CLDN14
mutations. This is consistent with the notion that mutations in these VOGM-related genes may
predispose to other organ-based AVMs as well (Brouillard and Vikkula, 2007).

These findings have clinical implications, indicating that the offspring of mutation carriers are at
increased risk of VOGMs, as well as capillary malformations and potentially other AVMs.
However, not all mutation carriers develop capillary malformations, making the absence of CMs
an unreliable clinical marker for risk of transmission in families with affected members. These
observations make family history and mutation-based screening important for risk assessment.
Moreover, the narrow developmental window of gestational weeks 6-11 during which fistulas to
the vein of Markowski form (Raybaud et al., 1989) poses a challenge to improvement of early
therapeutic strategies for VOGM, further compounded by our incomplete understanding of
VOGM pathogenesis. Thus, attempted genetic or biomarker diagnosis with intention to treat

13



must be performed earlier than the safe gestational age threshold for amniocentesis (Shulman et
al., 1994). These difficulties highlight the need for continued genetic research on VOGM and
CM-AVM, with focus on the mechanistic implications of recently discovered VOGM-associated
mutations. Interestingly, CM-AVM2-associated Eph-B4 kinase domain mutations result in loss
of inhibition, and consequent activation, of downstream RAS/MAPK/ERK1/2 and
PIBK/AKT/mTORCL1 signaling cascades (Kim et al., 2002; Salaita and Groves, 2010; Xiao et al.,
2012). PI3K/AKT/mTORC1 up-regulation has been noted in capillary malformations of RASA1-
mutant CM-AVM1 patients (Kawasaki et al., 2014). These data suggest that therapy targeting
Eph-B4-Ras-GAP-mTOR signaling pathway may represent a therapeutic target for VOGM and
possibly other vascular lesions in the CM-AVM spectrum.
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MAIN FIGURES

Figure 1. Damaging de novo KEL mutations in choroidal Vein of Galen malformation

(A) Representative magnetic resonance angiography and digital subtraction angiography
images demonstrating mural and choroidal Vein of Galen malformations in KVGAMA45-
1 and KVGAM10-1, respectively.

(B) Pedigrees depicting kindred structures. Note that probands carrying de novo mutations in
KEL are the only family member in families KVGAM45 and KVGAMI10 that
demonstrates Vein of Galen malformations; none of the family members in these two
families have any disease phenotypes or cutaneous manifestations.

(C) Mutations identified by exome sequencing were confirmed by direct PCR amplification
with custom primers followed by Sanger sequencing.

(D) Linear representation of the KEL molecule, with functional domains represented as dark
rectangles. Amino acid modifications are mapped (in red) on the protein structure.
Conservation of the wild-type amino acid substituted by the missense mutations is
depicted below. TM = Transmembrane domain.

Figure 2. Damaging de novo mutations in chromatin modifiers in Vein of Galen
malformation

(A) Vascular imaging of probands. Magnetic resonance angiographies and a digital
subtraction angiography reconstruction demonstrating choroidal Vein of Galen
malformations are shown.

(B) Pedigree structures of VOGM kindreds. For each kindred, the gene and mutation, the
angiographic image, and pedigree structure are shown. Subjects with atypical capillary
malformations are denoted by blue symbols. Red ‘D’ denotes damaging mutation, ‘+’
denotes wild type sequence.

(C) Linear representation of functional domains of SIRT1, KMT2D, SMARCA2, and
KAT6A with location of VOGM mutations. Functional domains are represented by dark
rectangles. Amino acid changes are located on the protein structure in red lettering. For
missense mutations, conservation of the wild-type amino acid across phylogeny is
shown. The mutated amino acid is highlighted in yellow. SIR2 = Sirtuin catalytic
domain, SIR2 Domain; PHD = Zinc Finger PHD type; MOZ_SAS = Histone
acetyltransferase domain, MY ST-type; zf-H = PHD-like zinc binding domain; FYRN =
F/Y-rich domain - F/Y-rich N-terminus motif; FYRC = F/Y-rich domain - F/Y-rich C-
terminus motif; SET = Su(var)3-9, Enhancer-of-zeste and Trithorax; QLQ = Glutamine-
Leucine-Glutamine domain; HAS = Helicase-SANT associated domain; BRK = BRK
domain; SNF2_N = SNF2-related, N-terminal domain; Hel C = Helicase C-terminal
domain; SnAC = Snf2-ATP coupling, chromatin remodeling complex; BD =
Bromodomain.

(D) Schematic representation of modifications on histone marks exerted by SIRT1, KMT2D,
SMARCAZ2, and KAT6A.

Figure 3. Exome-wide significant enrichment of rare damaging transmitted mutations in
EPHB4 and CLDN14
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(A)

(B)

Quantile-quantile plots of observed vs. expected binomial test p-values for rare
damaging (D-mis+LoF) variants with MAF < 2 x 10® in the Genome Aggregation
database (gnomAD) in each gene that is intolerant to LoF (pLI > 0.9).

Quantile-quantile plots of observed vs. expected binomial test p-values for rare
damaging (D-mis+LoF) variants with MAF < 2 x 10° in gnomAD for all genes. MAF =
Minor allele frequency; D-mis = Missense mutations predicted to be deleterious per
MetaSVM; LoF = Canonical loss-of-function mutations (stop-gains, frameshift
insertions or deletions, canonical splice site mutations).

Figure 4. Damaging EPHB4 mutations in choroidal Vein of Galen malformation

(A)

(B)

(©)

(D)

(E)

Vascular imaging of probands from digital subtraction angiographies and magnetic
resonance angiography demonstrating Vein of Galen malformations.

Pedigree structures of the kindreds. For each kindred, the gene and mutation, the
angiographic image, and pedigree structure are shown. A carrier harboring an atrial
septal defect is represented by a yellow symbol in family KVGAM 33.

Linear representation of Eph-B4 functional domains (dark rectangles) with location of
VOGM mutations (in red). Conservation across phylogeny of the wild-type amino acid
(in yellow) at each mutated position is shown. LB = ligand binding domain; CRD =
Cysteine-rich domain; FNIII = Fibronectin 111 domain; TM = Transmembrane domain;
TK = Tyrosine kinase domain; SAM = Sterile alpha motif.

Representative immunoblots showing the effect of Ala509Gly, Lys650Asn, and
Phe867Leu mutations on resting state Eph-B4 tyrosine phosphorylation in HEK 293T
cells. Receptor phosphorylation was analyzed by immunoprecipitation (IP) with HA-
Tag antibody and Immunoblotting (IB) using anti—p-tyrosine (p-Tyr) and HA-Tag
antibodies. Blot demonstrates drastically reduced phosphotyrosine content in
Lys650Asn mutant, and no detectable phosphotyrosine in the Phe867Leu mutant.
Representative immunoblot demonstrating binding of Eph-B4 constructs by Ras-GAP.
Ras-GAP protein was co-immunoprecipitated with Eph-B4 mutants. Ras-GAP binding
was markedly reduced in Lys650Asn mutants and abrogated in Phe867Leu mutants.

Figure 5. Damaging CLDN14 mutations in Vein of Galen malformation

(A)

(B)
(©

Representative images from digital subtraction angiographies and magnetic resonance
angiography demonstrating Vein of Galen malformations of the probands.

Pedigree structures indicating genotypes and phenotypes as described in Figure 1.
Linear representation of Claudin-14 functional domains (dark rectangles) with location
of VOGM mutations (in red). Conservation of the wild-type amino acid is shown. TM
= Transmembrane domain; C = cytoplasmic loop; E = extracellular loop.
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TABLES

Table 1. Enrichment of damaging de novo mutations in chromatin modifiers intolerant to
LoF mutation in VOGM

Table 2. Transmitted mutations in EPHB4 and CLDN14 in VOGM

17



SUPPLEMENTARY FIGURES

Supplementary figure 1. VOGM type and representative imaging for probands
Representative images of 3-Tesla time-of-flight magnetic resonance angiography or digital
subtraction angiography for all patients with available imaging, with patient codes and VOGM
subtype. In cases for which imaging was not available, VOGM subtype was ascertained from
detailed transcripts of angiographies during or before endovascular treatment of VOGM.

Supplementary figure 2. Chromatogram alignments and segregation of candidate variants
Mutations identified by exome sequencing were confirmed by direct PCR amplification with
custom primers followed by Sanger sequencing.

Supplementary figure 3. Cutaneous manifestations in VOGM probands and family
members

Atypical capillary malformation on the posterolateral aspect of the distal third of the thigh (A)
and left cheek (B) of VGAM115-2. Panel C demonstrates an atypical capillary malformation on
left flank of VGAM115-4 — both individuals depicted in panels A-C carry EPHB4
€.1295_1296del; p.Glu432fs. Atypical capillary malformations on the angle of the jaw and
superior right thorax of KVGAM42-1 (D) and KVGAMA42-2 (E). Both individuals depicted in
panels D-E carry RASAL ¢.2125C>T; p.Arg708*. (F). Atypical capillary malformation on the
posterolateral aspect of the forearm in VGAM114-5, carrier of EPHA4 ¢.2347G>A;
p.Gly783Ser. (G). Nuccal atypical capillary malformation in a proband harboring CLDN14
p.(Vall43Met) (H). Lumbar atypical capillary malformation in the same proband depicted in
panel G. (I). Nuccal atypical capillary malformation in the sister of the proband depicted in
panels G and H, also harboring CLDN14 p.Vall43Met. (J). Atypical capillary malformation in
the thigh of the mother of individuals depicted in panels G-I, carrying and transmitting CLDN14
p.Vall43Met.

Supplementary figure 4. In silico modeling of CLDN14 mutations

(A) In silico modeling of p.Alall3Pro. Alall3 is the first residue of Helix-3 and lies
between P112 and K114 at the interface of Claudin-14 and the cytoplasmic side of the
lipid bilayer. Just preceding helix-3 is the loop that connects helix-2 and -3, on which
posttranslational modification sites are present including palmitoylation. The presence
of Proline in an alpha helix can result in helix distortion since it lacks the backbone NH
to establish hydrogen bond necessary to complete the H-bond chain. Additionally the
steric or rotamer effects prevent Proline from adopting the helical geometry. Presence
of two adjacent closed-cyclic side chains of Proline at 112 and 113 are presumed to
structurally influence the conformation of the helix-2 and -3 connector loop and the
destabilize the start of helix-3. The AAG of A113P is calculated to be 1.08 Kcal/mol.

(B) In silico modeling of p.Val143Met. Val143 is located towards the end of helix-3 at the
outer interface of the lipid bilayer. The side chain of valine is tightly packed against
beta sheets being surrounded by the hydrophobic side chains of L164, 1160 and V144.
The V143M mutation (AAG = 0.6 Kcal/mol) results in the longer side chain of
methionine having steric clashes with the beta sheets.
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Supplementary figure 5. Interactome of mutated Ephrin receptor signaling genes in
VOGM

All 7 genes (highlighted) contributing to the significant result of the Ephrin receptor signaling
pathway in pathway analysis using IPA was used as input in String. These 7 genes are mapped
into a single experimentally supported STRING interactome.

Supplementary figure 6. Mutations affecting other members of the Ephrin family in Vein
of Galen malformation patients displaying CM-AVM:-like cutaneous manifestations

(A) Representative magnetic resonance angiography and digital subtraction angiography
images demonstrating choroidal Vein of Galen malformations in probands.

(B) Pedigrees depicting kindred structure and phenotypic variance. Note the presence of
atypical capillary malformations represented by blue symbols in both parents
transmitting EFNB2 and EPHB4 mutations in families VGAM101 and VGAM114.

(C) Linear representation of affected Ephrin molecules. Functional domains are represented
by dark rectangles. Amino acid modifications are mapped on the protein structure in red
lettering. Conservation of the wild-type amino acid substituted by the four deleterious
missense mutations is depicted on the right of each molecule diagram. LB = ligand
binding domain; CRD = Cysteine-rich domain; FNIII = Fibronectin 11l domain; TM =
Transmembrane domain; TK = Tyrosine kinase domain; SAM = Sterile alpha motif.

(D) In silico modeling of the repercussion of Eph-A4 p.Gly783Ser. Gly783 lies at the base of
a flexible loop in Eph-A4.

(E) The Gly-to-Ser substitution at this position (AAG 0.6Kcal/mol) is predicted to affect
loop stability.

Supplementary figure 7. Damaging ACVR1 mutations in mural Vein of Galen
malformation

(A) Representative images from digital subtraction angiographies demonstrating mural
Vein of Galen Malformations in probands.

(B) Pedigrees depicting kindred structure and phenotypic variance. Blue symbols represent
atypical capillary malformations in individuals harboring the c.1118A>G; p.Asn373Ser
mutation. Yellow coloring of half the symbol denotes concomitant presence of an atrial
septal defect and (asterisk) partial anomalous pulmonary venous return in the proband
of family KVGAM44.

(C) Linear representation of the ACVR1 molecule, with functional domains represented as
dark rectangles. Amino acid modifications are mapped (in red) on the protein structure.
Conservation of the wild-type amino acid substituted by the two deleterious missense
mutations is depicted below each. AR = Activin receptor; TM = Transmembrane
domain; KD = Kinase domain.

(D) Insilico modeling of p.Asn373Ser. Asn373 in a 3D model of ACVRL.

(E) Predicted energetically costly (AAG 2.9Kcal/mol) loss of hydrogen bond formation
between the Asn373 side chain and backbone atoms of Gly356, Lys243, Arg375 and
the side chain of Ser244 caused by Asn373 substitution to serine.

Supplementary figure 8. The genomic landscape of VOGM

Schematic representation of signaling between two primitive endothelial cells showing contact-
mediated interaction between the membrane-bound ligand Ephrin-B2 in the upper cell and its
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receptor, Eph-B4, in the lower cell. The figure depicts crosstalk between Eph-B4, its effector and
binding partner RASA1, and Activin type 1 receptors mediated by non-canonical TGF-
signaling. Mutations discovered in our cohort affecting EPHB4, EFNB2, and ACVRL1 are shown
in red, and previously reported mutations in RASA1, EPHB4, and ENG in VOGM patients are
indicated in black. RASA1 p.Arg709* (highlighted in yellow) is the sole RASA1l mutation
detected in our cohort.
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SUPPLEMENTARY TABLES

Supplementary table 1. VOGM patient clinical and demographic characteristics

Supplementary table 2. Summary sequencing statistics for the VOGM cases and control
cohorts

Supplementary table 3. Enrichment of de novo variant types in 52 VOGM and 1,789
control trios

Supplementary table 4. De novo burden analysis comparing cases to controls

Supplementary table 5. Damaging de novo mutation in loss-of-function intolerant
chromatin modifier genes in 55 cases

Supplementary table 6. Case-control analysis of gene burden of the damaging variants in
all probands versus 3,578 Autism parental controls (panel a) and EXAC controls (panel b)

Supplementary table 7. Significant pathways in Ingenuity ® Pathway Analysis including
intolerant genes harboring damaging de novo mutations, damaging rare transmitted
mutations, and significantly mutated genes (KEL, EPHB4, and CLDN14) (n = 128)

Supplementary table 8. Mutation burden in cases compared to ethnicity matched
(European) controls in pathways significant from IPA

Supplementary table 9. Gene burden in cases compared to expectation for axonal guidance
and Ephrin receptor signaling pathways

Supplementary table 10. Gene burden in cases compared to expectation (panel a) and
ethnicity matched (European) controls (panel b) for axonal guidance pathway after
removing genes in the Ephrin signaling pathway

Supplementary table 11. Mutations in genes in the Ephrin receptor signaling pathway

Supplementary table 12. Transmitted VOGM-associated mutations in genes causing CM-
AVM1, HHT, and paralog

Supplementary table 13. Distribution of highly pathogenic mutations in VOGM patients
with different subphenotypes
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METHODS

All procedures in this study comply with Yale University’s Human Investigation Committee
(HIC) and are Human Research Protection Program. Written informed consent was obtained
from all adult participants. Parent or legal guardian authorization was obtained in writing for
sample collection of all minors in this study.

Whole exome sequencing and variant calling

Exon capture was performed on genomic DNA samples derived from saliva or blood using
Roche SeqCap EZ MedExome Target Enrichment kit or IDT xGen target capture kit followed by
99 base paired-end sequencing on the Illumina HiSeq 2500 platform. Sequence reads were
aligned to the human reference genome GRCh37/hg19 using BWA-MEM (Li, 2014) and further
processed to call variants following the GATK Best Practices workflow (McKenna et al., 2010).
All variants covered by independent aligned sequencing reads with a depth of 8x or greater were
visualized in silico to eliminate false positives. De novo mutations were identified using
TrioDeNovo (Venugopal, 2014). De novo and transmitted variants were annotated with
ANNOVAR (Wang et al., 2010a). MetaSVM (Dong et al., 2015) was used to predict the
deleteriousness of non-synonymous variants (herein referred to as D-mis). Only loss-of-function
mutations (nonsense, canonical splice-site, frameshift indels) and D-mis mutations (missense
mutations predicted deleterious by MetaSVM) with MAF < 2 x 10 in gnomAD (calculated
based on combined dataset of WES and WGS data from gnomAD database) were considered
potentially damaging for unbiased binomial analysis. Missense variants were further annotated
for deleteriousness utilizing the Missense badness, PolyPhen-2, and Constraint (MPC) score
(Samocha et al.). Candidate mutations were confirmed by PCR amplification followed by Sanger
sequencing (primer sequences available on request).

Kinship analysis

Pairwise proband relatedness and pedigree information of trios were confirmed using KING
(Manichaikul et al., 2010) by estimating kinship coefficient and calculating identity-by-descent
(IBD). The shared pairwise IBD segments in 45 European probands were detected using Beagle
v3.3.2 (Browning and Browning, 2011).

De novo enrichment analysis and variant stratification

We derived the probability of observing a de novo mutation in each gene based on a context
specific model as described previously (Samocha et al., 2014). Due to the differences in exome
capture reagent, sequencing platforms, and sequencing coverage between cases and controls, the
expected number of de novo mutations was estimated by adjusting for sequencing depth in 52
case trios and 1,789 autism control trios separately. Rather than using the variant calls in controls
published in the original Simons Simplex Collection (SSC) study (Krumm et al., 2015), we
downloaded the bam files from the SSC, reanalyzed the data, and filtered the control vcf file
using the same filter criteria as what was used in our case cohort. A one-tail Poisson test was
used to compare observed number of de novo mutations across each variant class to expected
number under the null hypothesis. The R package ‘denovolyzeR’ (Ware et al., 2015) was used to
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perform all de novo analyses. All genes represented in this dataset were annotated with artery-
specific and brain-specific expression values in a form of reads per kilobase transcript per
million reads (RPKM) from the GTEXx database (https://gtexportal.org/home/). Genes harboring
de novo mutations are also annotated with human brain specific expression data obtained during
the first four weeks of development (Gerrard et al., 2016) in the form of quantile rank based on
transcript per kilobase million (TPM), indicating the relative rank of expression level within
human genome. The final dataset was analyzed for recurrently affected genes, and all variants in
genes affected by a single de novo mutation were stratified. LoF variants were ranked based on
pLI (from highest to lowest).

Estimation of the number of damaging de novo mutations in LoF-intolerant chromatin
modifiers.

One million permutations were performed to derive the empirical distribution of the number of
damaging de novo mutation in the LoF-intolerant chromatin modifier genes. For each
permutation, the number of observed damaging de novo mutations in all genes (n=21) was
randomly distributed across the genome, weighted according to the gene mutability. The
empirical P value is calculated as the proportion of times that the number of damaging de novo
mutations from the permutation is greater than or equal to the observed number (n=4) of
damaging de novo mutations in the LoF-intolerant chromatin modifier genes. The average
number of expected number of damaging de novo mutations in the LoF-intolerant chromatin
modifier genes is also calculated.

Binomial analysis

Independent binomial tests were used to compare expected and observed number of rare variants
in each gene. The expected number of rare damaging variants is determined by taking the
fractional length of a gene (in base pairs) relative to the entire exome and multiplying this by the
total number of rare damaging variants. This represents the expected occurrence of sporadic
mutations in each gene without considering the influences of selection pressure or precedents of
ethnic background. Genome-wide significance threshold is taken as p-value less than 2.6 x 10
after applying Bonferroni correction considering the examination of ~19,000 genes in the human
genome. Inputs for this test were those with inferred pathogenicity, as defined by 1. Missense
mutations called deleterious per MetaSVM, or 2. Inferred loss-of-function mutations, including
stop gains, frameshift insertions/deletions, or canonical splice site mutations. Binomial analysis
for mutational enrichment did not include non-frameshift insertions or deletions.

Pathway analysis

Input for this analysis were LoF-intolerant genes (pLI > 0.9) harboring damaging de novo
mutations and/or rare (MAF < 2 x 107°) damaging transmitted mutations (n = 128 genes), as well
as genes with significant burden of de novo (KEL) or transmitted mutation (EPHB4 and
CLDN14) into Ingenuity Pathway Analysis (IPA, Apr 2018). Core analysis using Ingenuity
Knowledge Base (Gene Only) as the reference set was performed. P-value was calculated using a
one-tailed Fisher’s exact test reflecting the likelihood that the overlap between the input and a
given gene set is due to random chance. In individual based case-control analysis, ethnicity-
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matched case and control samples were filtered using the same criteria. Individuals carrying
variants of interest in case and control groups were tallied separately, and the p-value was
obtained from a one-tailed Fisher’s exact test. In binomial pathway analysis, the observed
number of rare damaging variants in LoF-intolerant genes that belong to statistically significant
canonical pathways of interest were compared to the expected number of mutations in each set
using a one-tailed binomial test. Gene sets of canonical pathways, axonal guidance signaling (n =
452) and Ephrin receptor signaling (n = 174), were obtained from IPA. The expected number of
mutations in a given gene set is calculated as the formula below:

ZGene Set Gene Length

Zlntolerant Genes Gene Length

Expected number of mutations = N X

Where N denotes total number of rare damaging de novo and transmitted mutations in intolerant
genes as well as genes with significant burden of de novo and transmitted mutations.

Interactome construction

We input all genes contributing to the significantly enriched pathway to String (version 10.5)
(Szklarczyk et al., 2015). For organism, Homo sapiens was selected. For each displayed
interaction, active interaction sources were restricted to experiments, and the maximum number
of interactors was limited to 50.

In silico modeling of mutational effects on protein structure

The sequence for all available modeled human proteins was downloaded from Uniprot (Apweiler
et al., 2004). The stereochemical parameters of VOGM-associated mutations were analyzed
using PROCHECK (Laskowski et al., 1993) and PROSA (Wiederstein and Sippl, 2007), and the
final models were chosen based on the lowest energy function score (Dope) within the modeling
program. The mutations were constructed and the free energy of change calculated (AAG) in
silico using the ICM mutagenesis (Abagyan et al., 1994).

Cell Culture

HEK 293T cells were passaged at 80-90% confluence on high glucose DMEM (Dulbecco’s
modified Eagle’s medium, Gibco Life Technologies, Waltham MA, USA) supplemented with
10% fetal bovine serum (FBS, Gibco Life Technologies Waltham MA, USA), L-glutamine, and
penicillin/streptomycin.

Mutagenesis of Eph-B4 and Plasmid Transfection

A wild-type mouse EPHB4 cDNA was sub-cloned into the pShuttle-IRES-hrGFP-2 plasmid

vector with HA-Tag sequence (Protack et al., 2017). The QuikChange Il Site-Directed
Mutagenesis Kit (Aligent Technologies, Santa Clara CA, USA) was used to generate isolated
single amino-acid changes within the EPHB4 ORF (A509G, K650N, F867L). All mutant
constructs were sequenced to confirm successful mutagenesis. The wild-type EPHB4, the mutant
constructs, and empty vector were individually transiently transfected into HEK 293T cells using
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Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to its
standard protocol. DNA complexes were removed after 5h and replaced with fresh complete
medium. After 48 hours, the medium was aspirated and the cells starved for 18 h in serum-free
conditions.

Co-immunoprecipitation and Western Blotting

Cell lysates were prepared using NP40 lysis buffer (50 mM Tris, pH7.5; 1% Nonidet P-40; 150
mM NaCl; 10% Glycerol) containing protease and phosphatase inhibitor cocktail (Roche, Basel,
Switzerland). Protein concentrations were measured with DC Protein Assay Reagents (Bio-Rad,
Hercules CA, USA). For immunoprecipitation, equal amounts of cell lysates were incubated with
Sepharose beads linked to anti-HA-Tag antibody (Cell Signaling Technology, Danvers, MA,
USA) overnight at 4 °C. Immunoprecipitated protein complexes were separated on SDS-PAGE
gel and analyzed by Western blotting using following antibodies: anti-phosphotyrosine P-Tyr-
100, anti-HA-Tag, (Cell Signaling Technology, Danvers MA, USA), anti-Ras GAP (Santa Cruz
Biotechnology, Dallas TX, USA). Band intensities were quantified using ImageJ software
(Schneider et al., 2012). Statistical analyses were performed using Prism 7 software (GraphPad
Software, La Jolla CA, USA).
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Table 1. Enrichment of damaging mutations in chromatin modifiers intolerant to LoF mutation in VOGM

Table 1. Enrichment of damaging mutations in chromatin modifiers intolerant to LoF mutation in VOGM
Cases, N =52 Controls, N=1,789
Observed Expected Enrichment » Observed Expected Enrichment »
N Rate N Rate N Rate N Rate
LoF-intolerant genes (n = 3,230) LoF-intolerant genes (n = 3,230)
Total 16 0.31 15.60 0.30 1.03 0.49 Total 504 0.28 525.10 0.29 0.96 0.83
Syn 2 0.04 4.30 0.08 0.46 0.93 Syn 127 0.07 145.00 0.08 0.88 0.94
Mis 13 0.25 9.80 0.19 1.33 0.19 Mis 339 0.19 330.50 0.18 1.03 0.33
D-Mis 6 0.12 2.10 0.04 2.82 0.02 D-Mis 64 0.04 72.50 0.04 0.88 0.86
LoF 1 0.02 1.50 0.03 0.69 0.77 LoF 38 0.02 49.50 0.03 0.77 0.96
Damaging 7 0.13 3.60 0.07 1.96 0.07 Damaging 102 0.06 122.10 0.07 0.84 0.97
All chromatin modifier genes (n = 547) All chromatin modifier genes (n = 547)
Total 4 0.08 2.30 0.04 1.73 0.20 Total 65 0.04 78.30 0.04 0.83 0.94
Syn 0 0.00 NA NA NA NA Syn 12 0.01 21.30 0.01 0.56 0.99
Mis 3 0.06 1.50 0.03 2.06 0.18 Mis 47 0.03 49.40 0.03 0.95 0.65
D-Mis 3 0.06 0.30 0.01 8.80 5.1x1073 D-Mis 12 0.01 11.60 0.01 1.03 0.50
LoF 1 0.02 0.20 0.00 4.53 0.2 LoF 6 0.00 7.60 0.00 0.80 0.76
Damaging 4 0.08 0.60 0.01 7.12 2.7x10°8 Damaging 18 0.01 19.20 0.01 0.94 0.64
LoF-Intolerant chromatin modifier genes (n = 272) LoF-Intolerant chromatin modifier genes (n = 272)
Total 4 0.08 1.60 0.03 2.56 0.07 Total 47 0.03 52.90 0.03 0.89 0.81
Syn 0 0.00 NA NA NA NA Syn 9 0.01 14.30 0.01 0.63 0.95
Mis 3 0.06 1.00 0.02 3.04 0.08 Mis 35 0.02 33.40 0.02 1.05 0.42
D-Mis 3 0.06 0.30 0.01 11.40 2.5x10°° D-Mis 7 0.00 9.00 0.01 0.78 0.79
LoF 1 0.02 0.20 0.00 6.55 0.14 LoF 3 0.00 5.20 0.00 0.57 0.89
Damaging 4 0.08 0.40 0.01 9.63 8.9x10 Damaging 10 0.01 14.20 0.01 0.70 0.90

LoF: loss-of-function; N: the number of de novo mutations; Rate: the number of de novo mutations divided by the number of individuals in
the cohort; Enrichment: ratio of observed to expected numbers of mutations; Intolerant genes: Genes with a pLI > 0.90; D-Mis: Damaging
missense mutations as predicted by MetaSVM; Damaging: D-Mis + LoF. Chromatin genes used for analysis were extracted from the Biomart
database using GO:0016569 as the input.

Table 2. Transmitted mutations in EPHB4 and CLDN14 in VOGM

Table 2. Transmitted mutations in EPHB4 and CLDN14 in VOGM
Family Typeof | b micity Gene Mutation Domain affected ExAC MAF| #1°MAD 11 | MetasvM | cADD
VOGM MAF
VGAM115 | Choroidal European EPHB4 | p.(Glu432fs1) N/A novel novel 0.99 N/A N/A
KVGAM25 | Choroidal European EPHB4 | p.(Ala509Gly) Fibronectin I11 3.30E-05 | 1.13E-05 0.99 D 25.0
KVGAM33 | Choroidal Mexican EPHB4 | p.(Lys650Asn) Tyrosine Kinase novel novel 0.99 D 29.9
KVGAM18 | Choroidal European EPHB4 | p.(Phe867Leu) Tyrosine Kinase novel novel 0.99 D 31.0
VGAM100 | Choroidal Mexican CLDNI14 | p.(Alal13Pro) |Second intracellular segment|  novel 8.28E-06 0.00 D 24.2
KVGAM20 | Choroidal European CLDN14 |p.(Vall43Met) [Second extracellular segment| 9.43E-06 | 1.24E-05 0.00 D 31.0
KVGAM51 Mural European CLDNI4 |p.(Vall43Met) [Second extracellular segment| 9.43E-06 | 1.24E-05 0.00 D 31.0




Figure

(A) Representative magnetic resonance angiography and digital subtraction angiography images demonstrating mural and choroidal Vein of Galen

(B)
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Figure 1. Damaging de novo KEL mutations in choroidal Vein of Galen malformation
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malformations in KVGAM45-1 and KVGAM10-1, respectively.

Pedigrees depicting kindred structures. Note that probands carrying de novo mutations in KEL are the only family member in families KVGAM45
and KVGAM10 that demonstrates Vein of Galen malformations; none of the family members in these two families have any disease phenotypes or
cutaneous manifestations.

Mutations identified by exome sequencing were confirmed by direct PCR amplification with custom primers followed by Sanger sequencing.
Linear representation of the KEL molecule, with functional domains represented as dark rectangles. Amino acid modifications are mapped (in red)

on the protein structure. Conservation of the wild-type amino acid substituted by the missense mutations is depicted below. TM = Transmembrane
domain.



Figure 2. Damaging de novo mutations in chromatin modifiers in Vein of Galen malformation
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(A) Vascular imaging of probands. Magnetic resonance angiographies and a digital subtraction angiography reconstruction demonstrating
choroidal Vein of Galen malformations are shown.

(B) Pedigree structures of VOGM kindreds. For each kindred, the gene and mutation, the angiographic image, and pedigree structure are shown.
Subjects with atypical capillary malformations are denoted by blue symbols. Red ‘D’ denotes damaging mutation, ‘+’ denotes wild type
sequence.

(C) Linear representation of functional domains of SIRT1, KMT2D, SMARCAZ2, and KAT6A with location of VOGM mutations. Functional
domains are represented by dark rectangles. Amino acid changes are located on the protein structure in red lettering. For missense mutations,
conservation of the wild-type amino acid across phylogeny is shown. The mutated amino acid is highlighted in yellow. SIR2 = Sirtuin catalytic
domain, SIR2 Domain; PHD = Zinc Finger PHD type; MOZ_SAS = Histone acetyltransferase domain, MY ST-type; zf-H = PHD-like zinc
binding domain; FYRN = F/Y-rich domain - F/Y-rich N-terminus motif; FYRC = F/Y-rich domain - F/Y-rich C-terminus motif; SET =
Su(var)3-9, Enhancer-of-zeste and Trithorax; QLQ = Glutamine-Leucine-Glutamine domain; HAS = Helicase-SANT associated domain; BRK
= BRK domain; SNF2_N = SNF2-related, N-terminal domain; Hel_C = Helicase C-terminal domain; SnAC = Snf2-ATP coupling, chromatin
remodeling complex; BD = Bromodomain.

(D) Schematic representation of modifications on histone marks exerted by SIRT1, KMT2D, SMARCAZ2, and KAT6A.



Figure 3. Exome-wide significant enrichment of rare damaging transmitted mutations in EPHB4 and
CLDN14
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(A) Quantile-quantile plots of observed vs. expected binomial test p-values for rare damaging (D-mis+LoF) variants with MAF < 2x10-%in the
Genome Aggregation database (gnomAD) in each gene that is intolerant to LoF (pLI > 0.9).

(B) Quantile-quantile plots of observed vs. expected binomial test p-values for rare damaging (D-mis+LoF) variants with MAF < 2x10-%in
gnomAD for all genes. MAF = Minor allele frequency; D-mis = Missense mutations predicted to be deleterious per MetaSVM; LoF =
Canonical loss-of-function mutations (stop-gains, frameshift insertions or deletions, canonical splice site mutations).
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Figure 4. Damaging EPHB4 mutations in choroidal Vein of Galen malformation
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(D)

(E)

Vascular imaging of probands from digital subtraction angiographies and magnetic resonance angiography demonstrating Vein of Galen
malformations.

Pedigree structures of the kindreds. For each kindred, the gene and mutation, the angiographic image, and pedigree structure are shown. A
carrier harboring an atrial septal defect is represented by a yellow symbol in family KVGAM 33.

Linear representation of Eph-B4 functional domains (dark rectangles) with location of VOGM mutations (in red). Conservation across
phylogeny of the wild-type amino acid (in yellow) at each mutated position is shown. LB = ligand binding domain; CRD = Cysteine-rich
domain; FNIII = Fibronectin 1l domain; TM = Transmembrane domain; TK = Tyrosine kinase domain; SAM = Sterile alpha motif.
Representative immunoblots showing the effect of Ala509Gly, Lys650Asn, and Phe867Leu mutations on resting state Eph-B4 tyrosine
phosphorylation in HEK 293T cells. Receptor phosphorylation was analyzed by immunoprecipitation (IP) with HA-Tag antibody and
Immunoblotting (IB) using anti—p-tyrosine (p-Tyr) and HA-Tag antibodies. Blot demonstrates drastically reduced phosphotyrosine content in
Lys650Asn mutant, and no detectable phosphotyrosine in the Phe867Leu mutant.

Representative immunoblot demonstrating binding of Eph-B4 constructs by Ras-GAP. Ras-GAP protein was co-immunoprecipitated with
Eph-B4 mutants. Ras-GAP binding was markedly reduced in Lys650Asn mutants and abrogated in Phe867Leu mutants.



Figure 5. Damaging CLDN14 mutations in Vein of Galen malformation
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(A)  Representative images from digital subtraction angiographies and magnetic resonance angiography demonstrating Vein of Galen

malformations of the probands.

(B)  Pedigree structures indicating genotypes and phenotypes as described in Figure 1.

(C)  Linear representation of Claudin-14 functional domains (dark rectangles) with location of VOGM mutations (in red). Conservation of the

wild-type amino acid is shown. TM = Transmembrane domain; C = cytoplasmic loop; E = extracellular loop.



Supplemental Text and Figures

SUPPLEMENTARY FIGURES

Supplementary figure 1. VOGM type and representative imaging for probands
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Representative images of 3-Tesla time-of-flight magnetic resonance angiography or digital subtraction angiography for all patients with available imaging,
with patient codes and VOGM subtype. In cases for which imaging was not available, VOGM subtype was ascertained from detailed transcripts of
angiographies during or before endovascular treatment of VOGM.



Supplementary figure 2. Chromatogram alignments and segregation of select candidate variants
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Supplementary figure 3. Cutaneous manifestations in VOGM probands and family members

Atypical capillary malformation on the posterolateral aspect of the distal third of the thigh (A) and left cheek (B) of VGAM115-2. Panel C demonstrates an
atypical capillary malformation on left flank of VGAM115-4 — both individuals depicted in panels A-C carry EPHB4 ¢.1295 1296del; p.Glu432fs. Atypical
capillary malformations on the angle of the jaw and superior right thorax of KVGAM42-1 (D) and KVGAM42-2 (E). Both individuals depicted in panels D-
E carry RASAI c.2125C>T; p.Arg708*. (F). Atypical capillary malformation on the posterolateral aspect of the forearm in VGAMI114-5, carrier of EPHA4
¢.2347G>A; p.Gly783Ser. (G). Nuccal atypical capillary malformation in a proband harboring CLDNI4 p.(Vall43Met) (H). Lumbar atypical capillary
malformation in the same proband depicted in panel G. (I). Nuccal atypical capillary malformation in the sister of the proband depicted in panels G and H,
also harboring CLDN14 p.Vall43Met. (J). Atypical capillary malformation in the thigh of the mother of individuals depicted in panels G-I, carrying and
transmitting CLDNI14 p.Vall43Met.
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Supplementary figure 4. In silico modeling of CLDN14 mutations

A113P V143M
AAG 1.08 kcal/mol AAG 0.6 kcal/mol

In silico modeling of p.Alal13Pro. Alal13 is the first residue of Helix-3 and lies between P112 and K114 at the interface of Claudin-14
and the cytoplasmic side of the lipid bilayer. Just preceding helix-3 is the loop that connects helix-2 and -3, on which posttranslational
modification sites are present including palmitoylation. The presence of Proline in an alpha helix can result in helix distortion since it lacks
the backbone NH to establish hydrogen bond necessary to complete the H-bond chain. Additionally the steric or rotamer effects prevent
Proline from adopting the helical geometry. Presence of two adjacent closed-cyclic side chains of Proline at 112 and 113 are presumed to
structurally influence the conformation of the helix-2 and -3 connector loop and the destabilize the start of helix-3. The AAG of A113P is
calculated to be 1.08 Kcal/mol.

In silico modeling of p.Vall43Met. Vall43 is located towards the end of helix-3 at the outer interface of the lipid bilayer. The side chain
of Valine is tightly packed against beta sheets being surrounded by the hydrophobic side chains of L164, 1160 and V144. The V143M
mutation (AAG = 0.6 Kcal/mol) results in the longer side chain of methionine having steric clashes with the beta sheets.



Supplementary figure 5. Ephrin receptor signaling genes interactome
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All 7 genes (highlighted) contributing to the significant result of the Ephrin receptor signaling pathway in pathway analysis using IPA was used as input in

String. These 7 genes are mapped into a single experimentally supported STRING interactome.



Supplementary figure 6. Mutations affecting other members of the Ephrin family in Vein of Galen
malformation patients displaying CM-AVM-like cutaneous manifestations
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(A) Representative magnetic resonance angiography and digital subtraction angiography images demonstrating choroidal Vein of Galen
malformations in probands.

(B) Pedigrees depicting kindred structure and phenotypic variance. Note the presence of atypical capillary malformations represented by blue
symbols in both parents transmitting EFNB2 and EPHB4 mutations in families VGAM101 and VGAM114.

(C) Linear representation of affected Ephrin molecules. Functional domains are represented by dark rectangles. Amino acid modifications are
mapped on the protein structure in red lettering. Conservation of the wild-type amino acid substituted by the four deleterious missense
mutations is depicted on the right of each molecule diagram. LB = ligand binding domain; CRD = Cysteine-rich domain; FNIII = Fibronectin
III domain; TM = Transmembrane domain; TK = Tyrosine kinase domain; SAM = Sterile alpha motif.

(D) In silico modelling of the repercussion of Eph-A4 p.Gly783Ser. Gly783 lies at the base of a flexible loop in Eph-A4.

(E) The Gly-to-Ser substitution at this position (AAG 0.6Kcal/mol) is predicted to affect loop stability.



Supplementary figure 7. Damaging ACVR1 mutations in mural Vein of Galen malformation
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(A)  Representative images from digital subtraction angiographies demonstrating mural Vein of Galen Malformations in probands.

(B) Pedigrees depicting kindred structure and phenotypic variance. Blue symbols represent atypical capillary malformations in individuals
harboring the c.1118A>G; p.Asn373Ser mutation. Yellow coloring of half the symbol denotes concomitant presence of an atrial septal defect
and (asterisk) partial anomalous pulmonary venous return in the proband of family KVGAM44.

(C)  Linear representation of the ACVR1 molecule, with functional domains represented as dark rectangles. Amino acid modifications are
mapped (in red) on the protein structure. Conservation of the wild-type amino acid substituted by the two deleterious missense mutations is
depicted below each. AR = activin receptor; TM = Transmembrane domain; KD = Kinase domain.

(D)  Insilico modelling of p.Asn373Ser. Asn373 in a 3D model of ACVRI.

(E)  Predicted energetically costly (AAG 2.9Kcal/mol) loss of hydrogen bond formation between the Asn373 side chain and backbone atoms of
Gly356, Lys243, Arg375 and the side chain of Ser244 caused by Asn373 substitution to serine.



Supplementary figure 8. The genomic landscape of VOGM
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Schematic representation of signaling between two primitive endothelial cells showing contact-mediated interaction between the membrane-bound ligand
Ephrin-B2 in the upper cell and its receptor, Eph-B4, in the lower cell. The figure depicts crosstalk between Eph-B4, its effector and binding partner RASAI,
and activin type 1 receptors mediated by non-canonical TGF-f3 signaling. Mutations discovered in our cohort affecting EPHB4, EFNB2, and ACVRI are
shown in red, and previously reported mutations in RASA1, EPHB4, and ENG in VOGM patients are indicated in black. RASAI p.Arg709* (highlighted in
yellow) is the sole RASAI mutation detected in our cohort.



SUPPLEMENTARY TABLES

Supplementary Table 1. VOGM patient clinical and demographic characteristics

Type of VOGM
Variable Choroidal (%) Mural (%) Grand Total (%)
37 (67.27) 18 (32.73) 55 (100.00)
Gender
Female 11 (29.73) 8 (44.44) 19 (34.55)
Male 26 (70.27) 10 (55.56) 36 (65.45)
Total 37 (100.00) 18 (100.00) 55 (100.00)
Age at diagnosis
Prenatal 15 (40.54) 7 (38.89) 22 (40.00)
Neonate (0-30 days) 12 (32.43) 0 (0.00) 12 (21.82)
Infant (1 month-2 years) 9 (24.32) 10 (55.56) 19 (34.55)
Postnatal Young child (3-6 years) 0 (0.00) 0 (0.00) 0 (0.00)
Child (7-12 years) 1 (2.70) 0 (0.00) 1(1.82)
Adolescent (13-17 years) 0 (0.00) 0 (0.00) 0 (0.00)
Unknown 0 (0.00) 1 (5.56) 1(1.82)
Total 37 (100.00) 18 (100.00) 55 (100.00)
Term vs. preterm delivery
Term (= 37 wks) 32 (86.49) 13 (72.22) 45 (81.82)
Preterm 4 (10.81) 4(22.22) 8 (14.55)
Unknown 1(2.70) 1 (5.56) 2 (3.64)
Total 37 (100.00) 18 (100.00) 55 (100.00)
Family history of cutaneous vascular abnormalities*
Yes 23 (62.16) 8 (44.44) 31 (56.36)
No 7 (18.92) 7 (38.89) 14 (25.45)
Unknown 7 (18.92) 3(16.67) 10 (18.18)
Total 37 (100.00) 18 (100.00) 55 (100.00)
Self-reported ethnicity
European 29 (78.38) 13 (72.22) 42 (76.36)
European/Asian 3(8.11) 1 (5.56) 4(7.27)
Mixed European/Hispanic 1(2.70) 1 (5.56) 2 (3.64)
Latin American/African American 1 (2.70) 0 (0.00) 1(1.82)
Asian 1(2.70) 0 (0.00) 1(1.82)
African 0 (0.00) 2(11.11) 23.64)
Ashkenazi Jewish 0 (0.00) 1 (5.56) 1(1.82)
Unknown 2 (5.41) 0(0.00) 2 (3.64)
Total 37 (100.00) 18 (100.00) 55 (100.00)
[Associated conditions Total
High output cardiac failure 23 (62.16) 1 (5.56) 24 (43.64)
Progressive macrocephaly 22 (59.46) 13 (72.22) 35 (63.64)
Hydrocephalus 24 (64.86) 9 (50.00) 33 (60.00)
Prominent facial or scalp vasculature 18 (48.65) 9 (50.00) 27 (49.09)
Structural cardiac abnormalitiest 4 (10.81) 1 (5.56) 5(9.09)

*Includes first and second-degree relatives.

+Structural cardiac abnormalities include atrial septal defects, congenital valvular insufficiency, partial anomalous pulmonary venous return,
patent foramen ovale, patent ductus arteriosus, and congenital pulmonary artery stenosis.




Supplementary Table 2. Summary sequencing statistics for the VOGM cases and control cohorts
Category Cases* Cases* Controls
(xGen; N=88) (MedExome; N=71) (Roche V2; N=5,367)
Read length (bp) 99 99 50-94
# of reads per sample (M) 48.9 53.7 99.7
Median coverage at each targeted base (X) 54.4 37.2 67
Mean coverage at each targeted base (X) 59.4 43.8 79.1
% of all reads that map to target 60.70% 48.30% 57.60%
% of all bases that map to target 46.10% 39.10% 49.00%
% of targeted bases read at least 8x 98.40% 96.30% 94.60%
% of targeted bases read at least 10x 98.00% 95.00% 93.40%
% of targeted bases read at least 15x 96.30% 89.80% 89.90%
% Mean error rate 0.30% 0.30% 0.40%

*88 VOGM samples were sequenced using the xGen Exome Research Panel v1.0 capture reagent (IDT). The

remaining cases were sequenced using the MedExome capture reagent. 8X, 10X and 15X were comparable across

the platforms.

Supplementary Table 3. Enrichment of de novo variant types in 52 VOGM and 1,789 control trios

Cases, N =52 Controls, N =1,789
Observed Expected A Observed Expected R
Enrichment p-value Enrichment p-value
N Rate N Rate N Rate N Rate
All Genes All Genes
Total 70 1.35 58.10 1.12 1.20 0.07 Total 1830 1.02 1949.90 1.09 0.90 1.00
Syn 17 0.33 16.50 0.32 1.03 0.48 Syn 484 0.27 549.60 0.31 0.90 1.00
[D-Mis 15 0.29 6.80 0.13 2.19 4.7x10° D-Mis 222 0.12 232.80 0.13 1.00 0.80
T-Mis 32 0.62 29.70 0.57 1.08 0.36 T-Mis 974 0.54 993.30 0.56 1.00 0.70
LoF 6 0.12 5.10 0.10 1.17 0.40 LoF 150 0.08 174.30 0.10 0.90 1.00
[Damaging 21 0.40 12.00 0.23 1.76 0.01 Damaging 372 0.21 407.10 0.23 0.90 1.00

Syn = Synonymous single nucleotide variant; D-Mis = Missense variants with “D” annotation per MetaSVM; T-Mis = Missense variants with
“T” or “.” annotation per MetaSVM; LoF = Predicted loss-of-function variants (canonical splice site, frameshift indels, and stop gains);
Damaging = D-mis and/or LoF.



Supplementary Table 4. De novo burden analysis comparing cases to controls
# of de novo mutations # of de novo mutations per subject
Cases Controls Cases Controls g nomial P-value*  Odds ratio (95% CI)*
N=52 N=1,789 N=52 N=1,789
LoF-intolerant genes (n = 3,230)
Total 16 504 0.31 0.28 0.58 NA
Syn 127 0.04 0.07 0.30 NA
Mis 13 339 0.25 0.19 1.00 2.45(0.54 - 10.94)
D-Mis 6 64 0.12 0.04 0.06 5.95(1.17-30.33)
LoF 1 38 0.02 0.02 1.00 1.67 (0.15 - 18.94)
Damaging 7 102 0.14 0.06 0.19 4.36 (0.89 - 21.43)
All chromatin genes (n = 547)
Total 4 65 0.08 0.04 0.52 NA
Syn 0 12 0.00 0.01 1.00 NA
Mis 3 47 0.06 0.03 0.60 NA
D-Mis 3 12 0.06 0.01 6.9x10° NA
LoF 1 6 0.02 0.00 0.62 NA
Damaging 4 18 0.08 0.01 2.1x1073 NA
LoF-intolerant chromatin genes (n = 272)
Total 4 47 0.08 0.03 0.22 NA
Syn 0 9 0.00 0.01 1.00 NA
Mis 3 35 0.06 0.02 0.33 NA
D-Mis 3 0.06 0.00 3.0x10* NA
LoF 1 0.02 0.00 0.34 NA
Damaging 4 10 0.08 0.01 1.9x10°% NA

* The p-values compare the number of de novo mutations between 52 case trios and 1,789 control trios using a two-tailed binomial exact test as
shown previously (Sanders et al. 2012 Nature; Zaidi et al. 2013 Nature).

&The odds ratio calculates the proportion of de novo mutations in a specific category to synonymous de novo mutations and then compare these
ratios in case trios versus control trios. NA, not applicable.

Supplementary Table 5. Damaging de novo mutation in loss-of-function intolerant chromatin modifier genes in 55 cases

Salient genetic information Salient clinical and segregation information
Cutaneous
gnomAD manifestations Vascular Vascular Vascular | Concordance
. i A t: Birth ks/ | . . .
Proband code| Gene Coordinate (hg19)| Ethnicity Inheritance | AA Change |combined | pLI Missense OMIYI CADD MetaS| Type of or non CNS cu. anemfs OIMATS, | irthmarks/A| with mutation
Z-score phenotype VM | VOGM . manifestations | AVMs on .
MAF AVMs in 'VMs on father,| type
N on proband? mother
kindred?
. Mental .
KVGAM38 KAT64 8:41832271:G:A Mexican De novo p.Thr4781le novel 1.00 2.14 retardation (AD) 242 D |Choroidal y y n n y
3 . O ’ . Kabuki . .
KVGAM26 | KMT2D | 12:49420060:C:T European De novo p.Cys5230Tyr| novel 1.00 3.10 syndrome (AD) 224 D |Choroidal y y n n y
KVGAM20* SIRT1 10:69666624:TC:T | European De novo p.Arg341fs5 novel |0.95 0.58 None . N/A |Choroidal y n n
Nicolaides-
KVGAM29 | SMARCA2 | 9:2086866:G:T European De novo p.Arg855Leu novel 1.00 5.57 Baraitser 26.5 D Mural n n n n N/A
syndrome (AD)

[ This subject also carried a p.Vall143Met mutation in CLDN14 transmitted from mother




Supplementary Table 6a. Case-control analysis of gene burden of the damaging variants in all
probands versus 3,578 Autism parental controls

Case Control
Gene # mutant allele # ref allele # mutant allele # ref allele Fisher p value Odds ratio
EPHB4 4 106 3 7,153 1.68E-06 89.97
MYH7 3 107 0 7,156 3.38E-06 Inf
AO0C2 3 107 0 7,156 3.38E-06 Inf
CLDNI4 3 107 0 7,156 3.38E-06 Inf
OT0G 2 108 0 7,156 2.27E-04 Inf
NALCN 2 108 0 7,156 2.27E-04 Inf
LTBP2 2 108 0 7,156 2.27E-04 Inf
MLH3 2 108 0 7,156 2.27E-04 Inf
PKM 2 108 0 7,156 2.27E-04 Inf
TPSG1 2 108 0 7,156 2.27E-04 Inf

Supplementary Table 6b. Case-control analysis of gene burden of the damaging variants in all
probands versus ExAC controls

Case Control
Gene # mutant allele # ref allele # mutant allele # ref allele Fisher p value Odds ratio
EPHB4 4 106 92 121,318 1.98E-06 49.76
AO0C2 3 107 39 121,373 8.07E-06 87.26
CLDN14 3 107 50 120,946 1.65E-05 67.82
MPST 2 108 17 116,829 1.48E-04 127.26
DNAHI2 2 108 37 121,367 5.89E-04 60.74
EMILIN3 2 108 40 121,192 6.85E-04 56.11
ABHDI174 2 108 42 118,070 7.91E-04 52.06
PRKDC 1 109 0 121,412 9.05E-04 Inf
SEPTI 1 109 0 121,412 9.05E-04 Inf
ADGRL4 2 108 50 120,618 1.06E-03 44.67

Supplementary Table 7. Significant pathways in Ingenuity ® Pathway Analysis including intolerant genes harboring damaging de novo mutations, damaging
rare transmitted mutations, and significantly mutated genes (KEL, EPHB4, CLDN14) (n = 128)

Rank Ingenuity Canonical Pathways P-value Cl()):'::lc:zd Ratio Genes

| Avonsl GuidanceSignating. 66108 133845 a3 ST ITGBY SHIL EPIS4 NGEE ITSN, EPILid KEL SLIT?
2 nNOS Signaling in Skeletal Muscle Cells 1.32E-07 2.64E-05 0.15 CACNAIG, CACNG2, CACNAIB, RYR2, CACNA2D3, CACNAIA

3 GABA Receptor Signaling 1.41E-06 2.81E-04 0.07 CACNAIG, CACNG2, CACNAIB, GABRBI1, KCNH2, CACNA2D3, CACNAIA
4 Netrin Signaling 2.19E-06  4.34E-04  0.09 CACNAIG, CACNG2, CACNAIB, RYR2, CACNA2D3, CACNAIA

5 FcyRIIB Signaling in B Lymphocytes 6.92E-06 1.36E-03  0.08 CACNAIG, CACNG2, CD79B, CACNAIB, CACNA2D3, CACNA14

6 Corticotropin Releasing Hormone Signaling 1.74E-05  3.41E-03  0.05 CACNAIG, CACNG2, SHH, CACNAIB, KRTI1, CACNA2D3, CACNAIA

7 G Beta Gamma Signaling 5.62E-05 0.01 0.05 CACNAIG, CACNG2, CACNAIB, CACNA2D3, CACNAIA, DNM2

8 Synaptic Long Term Depression 7.41E-05 0.01 0.04 CACNAIG, CACNG2, CACNAIB, RYR2, PPP2R2B, CACNA2D3, CACNA14
9 Ephrin Receptor Signaling 7.59E-05 0.01 0.04 ITGBI1, EPHA6, NGEF, EPHB4, ITSN1, EPHA4, RASA1
10 Androgen Signaling 1.55E-04 0.03 0.04 CACNAIG, CACNG2, CACNAIB, POLR2H, CACNA2D3, CACNA14

11 CCRS5 Signaling in Macrophages 2.40E-04 0.05 0.05 CACNAI1G,CACNG2,CACNAIB,CACNA2D3,CACNAIA




ry Table 8. Mutation burden in cases compared to ethnicity matched (European) controls in pathways significant from IPA

PP

Control_Group Pathway (# of intolerant genes) Case_Carrier Case_NonCarrier CaseTotal Control_Carrier* Control_NonCarrier ControlTotal Enrich t Confident_Interval p-value
Autism nNOS Signaling in Skeletal Muscle Cells (n = 18) 4 41 45 196 2,690 2,886 1.34 [0.43, Inf) 0.37
Autism Axonal Guidance Signaling (n = 161) 14 31 45 279 2,607 2,886 4.22 [2.29, Inf) 6.94E-05
Autism Ephrin Receptor Signaling (n = 73) 8 37 45 127 2,759 2,886 4.69 [2.15, Inf) 8.36E-04
Autism Androgen Signaling (n = 55) 4 41 45 193 2,693 2,886 1.36 [0.44, Inf) 0.36
Autism CCRS Signaling in Macrophages (n = 31) 3 42 45 138 2,748 2,886 1.42 [0.37, Inf) 0.37
Autism Corticotropin Releasing Hormone Signaling (n = 57) 5 40 45 244 2,642 2,886 1.35 [0.5, Inf) 0.33
Autism FcyRIIB Signaling in B Lymphocytes (n = 36) 3 42 45 149 2,737 2,886 1.31 [0.34, Inf) 0.42
Autism G Beta Gamma Signaling (n = 53) 4 41 45 189 2,697 2,886 1.39 [0.45, Inf) 0.34
Autism GABA Receptor Signaling (n = 45) 6 39 45 175 2,711 2,886 2.38 [0.97, Inf) 0.06
Autism Netrin Signaling (n = 32) 4 41 45 212 2,674 2,886 1.23 [0.4, Inf) 0.43
Autism Synaptic Long Term Depression (n = 65) 5 40 45 289 2,597 2,886 1.12 [0.42, Inf) 0.48
ExAC nNOS Signaling in Skeletal Muscle Cells (n = 18) 4 41 45 3,145 33,532 36,677 1.04 [0.34, Inf) 0.55
ExAC Axonal Guid Signaling (n = 161) 14 31 45 3,878 32,799 36,677 3.82 [2.1, Inf) 1.52E-04
ExAC Ephrin Receptor Signaling (n = 73) 8 37 45 1,621 35,056 36,677 4.68 [2.18, Inf) 7.33E-04

ExAC Androgen Signaling (n = 55) 4 41 45 4,718 31,959 36,677 0.66 [0.22, Inf) 0.85
ExAC CCRS5 Signaling in Macrophages (n = 31) 3 42 45 2,138 34,539 36,677 1.15 [0.3, Inf) 0.49
ExAC Corticotropin Releasing Hormone Signaling (n = 57) 5 40 45 3,466 33,211 36,677 1.20 [0.45, Inf) 0.42
ExAC FcyRIIB Signaling in B Lymphocytes (n = 36) 3 42 45 2,321 34,356 36,677 1.06 [0.28, Inf) 0.55
ExAC G Beta Gamma Signaling (n = 53) 4 41 45 2,726 33,951 36,677 1.22 [0.4, Inf) 0.43
ExAC GABA Receptor Signaling (n = 45) 6 39 45 2,995 33,682 36,677 1.73 [0.71, Inf) 0.16
ExAC Netrin Signaling (n = 32) 4 41 45 3.361 33316 36,677 0.97 [0.32, Inf) 0.60
ExAC Synaptic Long Term Depression (n = 65) 5 40 45 4,494 32,183 36,677 0.89 [0.34, Inf) 0.66

P values were calculated using the one-tailed Fisher's Exact Test. Values in red bold are P values exceeding the Bonferroni multiple-testing cutoff (0.05/(2x11) = 2.27E-03)
* EXAC database does not provide individual level information, number of damaging mutations in each gene set carried by each individual was assumed to be 1.

Supplementary Table 9. Gene burden in cases compared to expectation for axonal guidance and Ephrin receptor signaling pathways

Axon guidance signaling Ephrin receptor signaling

LoF-intolerant genes with damaging mutations in VOGM cases Observed Expected Enrichment p-value LoF-intolerant genes with damaging mutations in VOGM cases Observed Expected Enrichment p-value

18 7.14 2.52 3.02E-04 10 2.90 3.45 7.28E-04

LoF-intolerant genes with synonymous mutations in VOGM cases  Observed Expected Enrichment p-value LoF-intolerant genes with synonymous mutations in VOGM cases  Observed Expected Enrichment p-value
21 20.12 1.04 0.45 4 8.17 0.49 0.96

LoF-i ant genes with ing mutations in autism controls ~ Observed Expected Enrichment p-value LoF-intolerant genes with damaging mutations in autism controls ~ Observed Expected Enrichment p-value
372 348.77 1.07 0.11 166 141.56 1.17 0.02

LoF-intolerant genes with damaging mutations in ExAC controls Observed Expected Enrichment p-value LoF-intolerant genes with damaging mutations in ExAC controls Observed Expected Enrichment p-value
3878 3967.08 0.98 0.93 1621 1611.57 1.01 0.41

P values were calculated using the one-tailed binomial test comparing observed number of variants in LoF-intolerant genes that belong to statistically significant canonical pathways of interest to the expected number of mutations in each set (see Methods).
Values in bold red are P values exceeding the Bonferroni multiple-testing cutoff (0.05/(2x3) = 0.008)

Supplementary table 10a. Gene burden in cases compared to expectation for axonal guidance pathway after removing genes in the ephrin signaling pathway

LoF-intolerant genes with damaging mutations in VOGM cases Observed Expected Enrichment p-value

8 6.66 1.2 0.35

P values were calculated using the one-tailed binomial test comparing observed number of variants in LoF-intolerant genes that belong to statistically significant canonical pathways of interest to the
expected number of mutations in each set (see Methods).

Supplementary Table 10b. Mutation burden in cases compared to ethnicity matched (European) controls for axonal guidance pathway after removing genes in the ephrin signaling pathway

Control_Sample Pathway Case_Carrier Case_NonCarrier CaseTotal Control_Carrier* control_NonCarrier ControlTotal Enrichment Confident_Interval p-value
Autism Axonal Guidance Signaling (n = 161) 6 39 45 197 2,689 2,886 2.10 [0.86,Inf) 0.09
ExAC Axonal Guidance Signaling (n=161) 6 39 45 2,726 33,951 36,677 1.92 [0.79,Inf) 0.11

P values were calculated using the one-tailed Fisher's Exact Test. Bonferroni multiple-testing cutoff for this test is 0.05/2 = 0.025
* EXAC database does not provide individual level information, number of damaging mutations in each gene set carried by each individual was assumed to be 1.



Supplementary Table 11. Mutations in genes in the Ephrin receptor signaling pathway
. . gnomAD .
Proband Inheritance Mutation Gene |Coordinate (hgl9) Coding s.equence AA Modification ExAC combined | pLI Missense OMIM phenotype CADD Meta
code Type variant MAF MAF Z-score SVM
VGAMI105 | Transmitted LoF ITGBI chr10:33196073 N/A Splice site novel novel [091| 347 None 209 | N/A
VGAMI115 | Transmitted LoF chr7:100417179 c.1295 1296del p-Glu432fs1 novel novel . D
KVGAM?25 | Transmitted D-mis EPHB4 chr7:100414876 ¢.1526C>G p.Ala509Gly 3.30E-05 | 1.10E-05 099| 284 Non-immune hydrops fetails 25 D
KVGAM33 | Transmitted D-mis chr7:100410537 ¢.1950G>T p.Lys650Asn novel novel ’ ’ with/without atrial septal defect| 29.9 D
KVGAMI18 | Transmitted D-mis chr7:100403202 ¢.2599T>C p-Phe867Leu novel novel 31 D
KVGAMSS | Transmitted D-mis NGEF chr2:233745889 c.1909G>A p-Asp637Asn | 2.83E-05 | 1.22E-05 [0.95| 2.18 None 34 D
KVGAM?7 | Transmitted D-mis ITSN1 chr21:35260471 ¢.5033C>T p-Thr1678Met | 1.89E-05 | 8.13E-06 |1.00| 3.44 None 34 D
VGAMI 14 | Transmitted D-mis EPHA4 | chr2:222299011 ¢.G2347G>A p-Gly783Ser novel novel [1.00] 3.15 None 34 D
KVGAM45 | Transmitted D-mis EPHAG6 chr3:96706498 c.775C>T p-Arg259Cys novel novel |0.95| 0.93 None 34 D
CM-AVMI; Parkes Weber
KVGAM42 | Transmitted LoF RASAI chr5:86672323 ¢.2125C>T p.Arg709* novel novel [1.00| 296 Syndrome; Somatic basal cell 40 N/A
carcinoma
Supplementary Table 12. Transmitted VOGM-associated mutations in genes causing CM-AVM1, HHT, and paralog
. - . . nomAD
Family | Type of VOGM | Ethnicity Gene Mutation Domain affected ExAC MAF g MAF pLI MetaSVM CADD

KVGAM6 Mural European ACVRI p.(G39S) Activin receptor novel 3.24E-05 0.96 D 24.8
KVGAM44 Mural European ACVRI p.(N373S) Kinase domain novel novel 0.96 T 24.1
VGAMI100 Choroidal Mexican ACVRLI | p.(R484Q) Kinase domain novel novel 0.01 D 33




Supplementary Table 13. Distribution of highly pathogenic mutations in VOGM patients with different subphenotypes

Proband with Relatives with

Proband Code Gender Ethnicity Sub- Gene Amino Acid Type Transmission  Capillary Capillary Other phenotypes
Phenotype Change ! !
Malformation Malformation
KVGAMI1 M European  Choroidal n n Neurodevelopmental delay
KVGAMI10 M European  Choroidal KEL p.GIn321* stopgain De novo n y Pulmonary hypertension, neurodevelopmental delay
KVGAMI5 M European  Choroidal n y Patent ductus arteriosis, neurodevelopmental delay
KVGAMI8 M European  Choroidal EPHB4 p.Phe867Leu Dmis Transmitted n y Cryptorchidism, strabismus, cerebral palsy
KVGAM2 M Undetermined Choroidal n n n
. CLDNI4 p.Vall43Met Dmis Transmitted
KVGAM20 F European  Choroidal - - y y n
SIRTI  p.Arg341fs5 Frameshift deletion De novo
KVGAM22 F European  Choroidal n n n
KVGAM24 M European  Choroidal n n Recurrent epistaxis
KVGAM25 M European  Choroidal EPHB4 p.Ala509Gly Dmis Transmitted n n Pectus excavatum
KVGAM26 M European Choroidal KMT2D p.Cys5230Tyr Dmis De novo n n Hypothyroidism, low sct cars, long and everted palpebral fissures,
neurodevelopmental delay, seizures
KVGAM30 M European  Choroidal n y Neurodevelopmental delay, seizures
KVGAM31 F European  Choroidal n n Neurodevelopmental delay
KVGAM32 M European  Choroidal n y n
KVGAM33 F Mexican ~ Choroidal EPHB4 p.Lys650Asn Dmis Transmitted n y Neurodevelopmental delay
KVGAM34 M European  Choroidal n n Neurodevelopmental delay, attention deficit hyperactivity disorder
KVGAM35 M European  Choroidal n n n
KVGAM37 M European  Choroidal n y Neurodevelopmental delay
KVGAM38 M Mexican ~ Choroidal KAT64  p.Thr478lle Dmis De novo y n Neurodevelopmental delay, seizures
KVGAM4 M Undetermined Choroidal n n n
KVGAMA0 M European  Choroidal N v Cerebral palsy, hip dysplasia, visual impairment, gasFroesaphageal reflux
disease, neurodevelopmental delay, seizures
KVGAMS52 F European  Choroidal n n n
KVGAMS54 F European  Choroidal n y n
KVGAMS5 F European  Choroidal NGEF  p.Asp637Asn Dmis Transmitted n n n
KVGAM7 F European  Choroidal ~ /7SNI  p.Thr1678Met Dmis Transmitted n y Pulmonary valve stenosis, neurodevelopmental delay
KVGAMS M European  Choroidal n y Neurodevelopmental delay, seizures
KVGAM9 F European  Choroidal n n Patent ductus arteriosis, patent foramen ovale, seizures
X . ACVRLI p-R484Q Dmis Transmitted .
VGAMI100 F Mexican  Choroidal CIDNI7 pARIT3Pro s Tranomiiied n n Strabismus
VGAMI01 M European ~ Choroidal EFNB2  p.Arg277His Dmis Transmitted y y Hip dysplasia, neurodevelopmental delay, seizures
VGAM104 M European  Choroidal y n Cerebral palsy, neurodevelopmental delay
VGAMI107 F European  Choroidal n n Medulloblastoma, seizures
VGAMI108 M European  Choroidal n y Asthma
VGAM109 M Mexican  Choroidal y y Cerebral palsy, neurodevelopmental delay, seizures
VGAMI11 M European  Choroidal n n Cerebral palsy, ‘gastljoesophz.igeal reflux disease, renal agenesis, Precocious
puberty, mitral insufficiency, neurodevelopmental delay, seizures
VGAMI112 M European  Choroidal n n n
VGAMI113 M European  Choroidal n n Chiari Type I malformation
VGAMI114 F European  Choroidal EPHA4  p.Gly783Ser Dmis Transmitted y y n
VGAML15 M European  Choroidal EPHB4  p.Glu432fsl Frameshift deletion Transmitted n y Neurodevelopmental delay, seizures
VGAM47 M European  Choroidal n n Hypospadias
KVGAMI1 M European Mural n y n
KVGAM29 M European Mural  SMARCA2 p.Arg855Leu Dmis De novo n n Seizures
KVGAM3 F European Mural n n n
KVGAM36 F European Mural n y n
KVGAM41 M European Mural N y Major depressive Fli§ord§r with psychotic features,. att§nti0n deficit
hyperactivity disorder, hydrocephalus, migraines
KVGAM42 F Mexican Mural RASAI  p.Arg709* stopgain Transmitted y y Cerebral palsy, seizures
KVGAM43 M African Mural n y n
KVGAM44 M European Mural ACVRI  p.Asn373Ser T-mis (high CADD =24.1) Transmitted n y Atrial septal defect, partial anomalous pulmonary venous return
EPHA6  p.Arg259Cys Dmis Transmitted .
KVGAM45 F European Mural — n n Neurodevelopmental delay, seizures
KEL p.Gly202Ser T-mis (high CADD =22.6)  De novo
KVGAM49 M Undetermined Mural n n n
KVGAMS M Mexican Mural n n Cystic fibrosis
KVGAMS1 F European Mural ~ CLDNI4 p.Vall43Met Dmis Transmitted n n n
KVGAM6 F European Mural ACVRI  p.Gly39Ser Dmis Transmitted n n n
VGAM102 M European Mural n n Attention deficit hyperactivity disorder, recurrent epistaxis
VGAM105 M European Mural ITGBI Splice site splice site Transmitted n n Chiari Type I malformation
VGAMI110 F European Mural y n n
VGAM46 M European Mural n n n

Gender M = Male, F = Female; Dmis = Missense variants with 'D' annotation per MetaSVM; T-mis = Missense variants with 'T' or '." annotation per MetaSVM; y = Yes; n = No




