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SUMMARY

Normal vascular development includes the formation
and specification of arteries, veins, and intervening
capillaries. Vein of Galen malformations (VOGMs)
are among the most common and severe neonatal
brain arterio-venous malformations, 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 enrichment of rare damaging de novo
mutations in chromatin modifier genes that play
essential roles in brain and vascular development.
Other VOGM probands harbored rare inherited
damaging mutations in Ephrin signaling genes,
including a genome-wide significant mutation
burden in EPHB4. Inherited mutations showed
incomplete penetrance and variable expressivity,
with mutation carriers often exhibiting cutaneous
vascular abnormalities, suggesting a two-hit mecha-
nism. The identified mutations collectively account
for �30% of studied VOGM cases. These findings
provide insight into disease biology and may have
clinical implications for risk assessment.
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INTRODUCTION

Embryogenesis requires vascular development to meet hemo-

dynamic and nutritive demands. Arterio-venous (A-V) specifica-

tion in model organisms is genetically determined and results in

differential expression of genes in arteries and veins prior to

establishment of circulation (Fish and Wythe, 2015). For

example, during development, Ephrin-B2 and its receptor Eph-

B4 are exclusively expressed in arteries or veins, respectively

(Wang et al., 1998; Adams et al., 1999; Gerety et al., 1999). Mu-

rine deletion of Efnb2 or EphB4 impairs A-V specification and

causes A-V malformations (AVMs), high-flow vascular lesions

characterized by direct connections of arteries to veins without

intervening capillaries. A-V specification requires orchestrated

activity of multiple signaling cascades (e.g., Eph-Ephrin, Hedge-

hog, vascular endothelial growth factor [VEGF], transforming

growth factor b [TGF-b], and Notch) and transcriptional networks

(e.g., Hes-related with YRPWmotif [HEY] and Hairy Enhancer of

Split [HES], Sry-related HMG box [SOX] factors, and COUP tran-

scription factor 2 [COUP-TFII]) (Fish andWythe, 2015). Nonethe-

less, the genetic determinants of A-V specification in humans

remain incompletely understood.

During normal brain development, primitive choroidal and sub-

ependymal arteries that perfuse deep brain structures are con-

nected via an intervening capillary network to the embryonic pre-

cursor of the vein of Galen (i.e., themedianprosencephalic vein of

Markowski [MPV]). The MPV returns deep cerebral venous blood

to dural sinuses that drain into the internal jugular veins (Raybaud

et al., 1989). Vein of Galen malformations (VOGMs), the most

common and severe neonatal brain AVMs (Long et al., 1974; De-

loison et al., 2012), directly connect primitive choroidal or sube-

pendymal cerebral arteries to theMPV,exposing it todangerously

high blood flow and pressures that can result in high-output car-

diac failure, hydrocephalus, and/or brain hemorrhage (Recinos

et al., 2012). VOGMs are also often associated with neurodeve-

lopmental delay andcongenital heart defects (CHDs) (McElhinney

et al., 1998). Although endovascular partial obliteration of anom-

alous A-V connections has improved VOGM outcomes (Mitchell

et al., 2001; Altschul et al., 2014), many VOGMs remain refractory

to intervention, which is also inaccessible to many patients.

Limited knowledge of the molecular pathophysiology of

VOGMs has hindered development of early diagnostic and tar-

geted therapeutic strategies. Considered isolated, sporadic

congenital lesions, rare VOGMs have been associated with

Mendelian disorders, including 8 cases of autosomal dominant

(AD) capillary malformation-AVM syndrome type 1 (CM-AVM1),

caused by RASA1 mutation (OMIM: 608354) (Revencu et al.,

2013); 2 cases of AD CM-AVM syndrome type 2 (CM-AVM2),

caused by EPHB4 mutation (Amyere et al., 2017); and single

cases of AD hereditary hemorrhagic telangiectasia type 1

(HHT1) because of ENG mutation (OMIM: 187300) (Tsutsumi

et al., 2011) and AD HHT type 2 (HHT2), caused by ACVRL1mu-

tation (OMIM: 600376, 1 case) (Chida et al., 2013).

Traditional genetic approaches have been limited in their abil-

ity to identify additional causative genes for VOGM because

cases are rare andmost often sporadic (Xu et al., 2010). This lim-

itation motivates application of whole-exome sequencing (WES)

to large numbers of affected subjects and their families, search-
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ing for genes mutated in probands more often than expected by

chance. This unbiased approach has aided the study of other

genetically heterogeneous neurodevelopmental disorders (Viss-

ers et al., 2010; O’Roak et al., 2011, 2012; de Ligt et al., 2012;

Iossifov et al., 2012; Neale et al., 2012;Rauch et al., 2012;

Sanders et al., 2012; Allen et al., 2013; Iossifov et al., 2014;

Krumm et al., 2015; Timberlake et al., 2016, 2017; Willsey

et al., 2017), including those associated with brainmalformations

(Bilg€uvar et al., 2010; Barak et al., 2011; Mishra-Gorur et al.,

2014; Nikolaev et al., 2018), CHDs (Zaidi et al., 2013; Homsy

et al., 2015; Jin et al., 2017), and congenital hydrocephalus

(Furey et al., 2018). We hypothesized that VOGMs might arise

from damaging de novo mutation events or incomplete pene-

trance of rare transmitted variants.

RESULTS

VOGM Cohort Characteristics and WES
We recruited 55 probands with radiographically confirmed

VOGMs (STAR Methods) treated by endovascular therapy,

including 52 parent-offspring trios with a single affected

offspring and 3 singleton cases. 62% of probands were diag-

nosed prenatally or within 1 month after birth; only one was

diagnosed after age 2. Common features at diagnosis included

high-output cardiac failure (62%), macrocephaly (64%), hydro-

cephalus (60%), and prominent face and/or scalp vasculature

(49%). Among the CHDs found in 9% were partial anomalous

pulmonary venous return, patent ductus arteriosus, and pulmo-

nary valve stenosis. Table S1 summarizes cohort demographics,

clinical features, and radiographic classification, including an-

gio-architectural subgroups (Lasjaunias et al., 2006). 37 of the

55 patients in our cohort presented with ‘‘choroidal’’-type le-

sions, defined as VOGMs with numerous feeder vessels and

‘‘pseudoniduses’’ that communicate with the MPV (Lasjaunias

et al., 2006). The remaining 18 probands presented with ‘‘mural’’

VOGMs, characterized by fewer vessels of larger caliber that fis-

tulize into the MPV (Lasjaunias et al., 2006). See Figure S1 for

representative VOGM images.

DNA was isolated, and WES was performed as previously

described (Timberlake et al., 2016). WES of 1,789 control trios

comprising parents and unaffected siblings of autism probands

was analyzed (Fischbach and Lord, 2010; Krumm et al., 2015) by

our in-house informatics pipeline. In both cases and controls,

94.6% or more of targeted bases had 8 or more independent

reads, and 89.8% or more had 15 or more independent reads

(see Table S2 for exome metrics). Variant calling was performed

utilizing the Genome Analysis Toolkit (GATK) HaplotypeCaller

(McKenna et al., 2010; Van der Auwera et al., 2013) and allele fre-

quency annotation by the Exome Aggregation Consortium

(ExAC) and the Genome Aggregation Database (gnomAD) (Lek

et al., 2016; STAR Methods). De novo mutation identification

was performed by TrioDeNovo (Wei et al., 2015). MetaSVM

was used to infer the effect of missense mutations (Dong et al.,

2015). Missense variants were considered damaging (referred

to as D-mis), when predicted to be deleterious by MetaSVM. In-

ferred loss-of-function (LoF) mutations, including stop gains,

stop losses, frameshift insertions and deletions, and canonical

splice site mutations were also considered damaging. Mutations



Figure 1. Protein-Altering De Novo KEL Mutations in VOGM

(A) Representative digital subtraction angiography images demonstrating

mural and choroidal VOGMs in KVGAM45-1 and KVGAM10-1, respectively.

(B) Pedigrees depicting kindred structures. Note that probands carrying

de novo mutations in KEL are the only members of families KVGAM45 and

KVGAM10with VOGMs; none of the family members in these two families have

Please cite this article in press as: Duran et al., Mutations in Chromatin Modifier and Ephrin Signaling Genes in Vein of Galen Malformation, Neuron
(2018), https://doi.org/10.1016/j.neuron.2018.11.041
in genes of interest were validated by PCR amplification and

Sanger sequencing (Figure S2).

Enrichment in Damaging De Novo Mutations in VOGM
Probands
The de novomutation rate in probandswas 1.563 10�8 per base

pair, with 1.21 de novo coding region mutations per proband

(Table S3), consistent with expectations and prior results (Homsy

et al., 2015; Ware et al., 2015; Timberlake et al., 2017). The total

de novomutation burden in controls was also as reported previ-

ously (Timberlake et al., 2017). The distribution of types of

de novo coding mutations in probands was compared with

that expected from the probability of mutation of each base in

the coding region and flanking splice sites (Samocha et al.,

2014). Although synonymous mutations and inferred tolerated

missense (T-mis) mutations in probands were not significantly

enriched, de novo D-mis mutations in probands were marginally

enriched (p = 0.01; enrichment = 2.05-fold; Table S3). In contrast,

control subjects displayed no enrichment in any class of coding

region mutation (Table S3). The observed excess of damaging

de novo mutations in probands over that expected predicts

that these mutations contribute to �13% of VOGM cases.

One gene, KEL, exhibited more than one protein-altering

de novo mutation (Figure 1). Among the 52 trios analyzed, we

observed a near-significant enrichment of protein-altering

de novo mutations in KEL (one-tailed Poisson test, p = 4.2 3

10�6; Benjamini-Hochberg false discovery rate [BH-FDR] =

0.08). One of these mutations caused premature termination

(p.Gln321*), and the other was amissensemutation, p.Gly202Ser

(CombinedAnnotationDependentDepletion [CADD]=22.6), both

affecting the KELL polypeptide’s peptidase domain (Figure 1).

We analyzed the burden of de novo mutations in genes highly

intolerant to heterozygous LoF mutation (LoF-intolerant genes;

probability of being loss-of-function intolerant [pLI] R 0.9) (Lek

et al., 2016), consistent with loss of one gene copy markedly im-

pairing reproductive fitness. De novo D-mis mutations were

marginally enriched (6 mutations; p = 0.02; enrichment = 2.82-

fold; Table 1), of which four (3 D-mis and the only LoF mutation)

occurred in genes encoding chromatin modifiers (KMT2D,

SMARCA2, SIRT1, and KAT6A) (Figure 2). The 547 genes in

the chromatin modifier gene ontology term GO:0016569 include

272 LoF-intolerant chromatin modifier genes; mutations in this

set are enriched (p = 8.93 10�4; enrichment = 9.63-fold; Table 1),

but de novo mutations in the LoF-intolerant chromatin modifier

gene set were not enriched in controls (Table 1). A case-control

analysis using the two-tailed binomial exact test (Sanders et al.,

2012;Willsey et al., 2017) further supported this result (Table S4).

In an orthogonal analysis of all genes using the permutation-

based test (1 million iterations), the probability of finding 4 or
any disease phenotypes or cutaneous manifestations. A red D denotes pro-

tein-altering mutation; + denotes a wild-type sequence.

(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 polypeptide, with functional domains

shown as dark rectangles. Amino acidmodifications aremapped (in red) on the

protein structure. Conservation of the wild-type amino acid substituted by the

missense mutations is depicted below. TM, transmembrane domain.

Neuron 101, 1–15, February 6, 2019 3



Table 1. Enrichment of Damaging De Novo Mutations in Chromatin Modifiers Intolerant to LoF Mutation in VOGM

Cases, n = 52 Controls, n = 1,789

Observed Expected

Enrichment p

Observed Expected

Enrichment pN Rate N Rate N Rate N Rate

LoF-Intolerant Genes (n = 3,230)

Total 14 0.27 15.6 0.30 0.90 0.69 Total 504 0.28 527 0.29 0.96 0.85

Syn 2 0.04 4.3 0.08 0.46 0.93 Syn 127 0.07 145.6 0.08 0.87 0.95

Mis 11 0.21 9.8 0.19 1.12 0.39 Mis 339 0.19 331.7 0.19 1.02 0.33

D-Mis 6 0.12 2.1 0.04 2.82 0.02 D-Mis 64 0.04 72.7 0.04 0.88 0.86

LoF 1 0.02 1.5 0.03 0.69 0.77 LoF 38 0.02 49.7 0.03 0.76 0.96

Damaging 7 0.13 3.6 0.07 1.96 0.07 Damaging 102 0.06 122.4 0.07 0.83 0.97

All Chromatin Genes (n = 547)

Total 4 0.08 2.3 0.04 1.73 0.20 Total 65 0.04 78.3 0.04 0.83 0.94

Syn 0 0.00 NA NA NA NA Syn 12 0.01 21.3 0.01 0.56 0.99

Mis 3 0.06 1.5 0.03 2.06 0.18 Mis 47 0.03 49.4 0.03 0.95 0.65

D-Mis 3 0.06 0.3 0.01 8.80 5.12 3 10�03 D-Mis 12 0.01 11.6 0.01 1.03 0.50

LoF 1 0.02 0.2 3.85 3 10�03 4.53 0.20 LoF 6 3.35 3 10�03 7.6 4.25 3 10�03 0.80 0.76

Damaging 4 0.08 0.6 0.01 7.12 2.66 3 10�03 Damaging 18 0.01 19.2 0.01 0.94 0.64

Intolerant Chromatin Genes (n = 272)

Total 4 0.08 1.6 0.03 2.56 0.07 Total 47 0.03 52.7 0.03 0.89 0.80

Syn 0 0.00 NA NA NA NA Syn 9 0.01 14.2 0.01 0.63 0.95

Mis 3 0.06 1 0.02 3.04 0.08 Mis 35 0.02 33.3 0.02 1.05 0.41

D-Mis 3 0.06 0.3 0.01 11.40 2.48 3 10�03 D-Mis 7 3.91 3 10�03 9 0.01 0.78 0.79

LoF 1 0.02 0.2 3.85 3 10�03 6.55 0.14 LoF 3 1.68 3 10�03 5.2 2.91 3 10�03 0.58 0.89

Damaging 4 0.08 0.4 0.01 9.63 8.91 3 10�04 Damaging 10 0.01 14.2 0.01 0.71 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 R 0.9; 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. NA, not applicable.
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Figure 3. Exome-Wide Significant Enrich-

ment of Rare Damaging Transmitted Muta-

tions in EPHB4 and CLDN14

(A) Quantile-quantile plots of observed versus

expected binomial test p values for rare damaging

(D-mis+LoF) variants with MAF % 2 3 10�5 in the

Genome Aggregation database (gnomAD) in LoF-

intolerant genes (pLI R 0.9).

(B) Quantile-quantile plots of observed versus

expected binomial test p values for rare damaging

(D-mis+LoF) variants with MAF % 2 3 10�5 in

gnomAD for all genes. MAF, minor allele fre-

quency; D-mis, missense mutations predicted to

be deleterious per MetaSVM; LoF, canonical loss-

of-function mutations (stop gains, stop losses,

frameshift insertions or deletions, and canonical

splice site mutations).
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more damaging de novo mutations in LoF-intolerant chromatin

modifiers among a total of only 19 damaging de novo mutations

in all genes was also low (empirical p = 3.5 3 10�3; expected

number = 0.66; STAR Methods). Damaging de novo mutations

in chromatin modifiers were thus identified in �7% of all

VOGM probands (Table S5). Missense mutations occur in key

functional domains of the encoded proteins at positions

conserved through worm (KAT6A and KMT2D) and yeast

(SMARCA2) (Figure 2C; Table S5). The clinical characteristics

of probands harboring these mutations are shown in Figure 2

and Table S5.

Enrichment of Rare Damaging Transmitted Mutations
in EPHB4

We next assessed the total burden in all probands of rare (minor

allele frequency [MAF] % 2 3 10�5) de novo and transmitted

D-mis and LoF mutations in LoF-intolerant genes (STAR

Methods). The probability of the observed number of rare vari-

ants in each gene occurring by chance was calculated by

comparing the observed with the expected burden, adjusting

for gene lengths (Besse et al., 2017). Analysis of damaging vari-

ants in LoF-intolerant genes revealed genome-wide significant

enrichment (Bonferroni multiple testing threshold = 2.63 3

10�6) of mutations only in EPHB4 (pLI = 0.99), with one LoF

and three independent D-mis mutations (one-tailed binomial

p = 7.47 3 10�10; BH-FDR = 2.40 3 10�6; enrichment =

341.13-fold; Figure 3A; Table 2).

Independent case-control gene burden analyses for damaging

variants in all probands versus a cohort of 3,578 autism parental

and ExAC controls showed a significant mutation burden in
Figure 2. Damaging De Novo Mutations in Chromatin Modifiers in VOG

(A) Magnetic resonance angiographies and a digital subtraction angiography rec

(B) Pedigree structures of VOGM kindreds. For each kindred, the gene and mu

atypical capillary malformations are denoted by blue symbols. A red D denotes a

(C) Linear representation of functional domains of SIRT1, KMT2D, SMARCA2, and

by dark rectangles. Amino acid changes (red) are located on the protein structure.

is shown, with the mutated amino acid shown in yellow. SIR2, sirtuin catalytic d

transferase domain, MYST-type; zf-H, PHD-like zinc binding domain; FYRN, F/Y

C terminus motif; SET, Su(var)3-9, enhancer-of-zeste and trithorax; QLQ, glutam

BRK domain; SNF2_N, SNF2-related, N-terminal domain; Hel_C, helicase C-term

bromodomain.

(D) Schematic of histone mark modifications by SIRT1, KMT2D, SMARCA2, and
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EPHB4 versus autism parental controls (one-tailed Fisher’s

p = 1.68 3 10�6, odds ratio = 89.97, 95% confidence interval

[CI] [19.29, infinite [Inf]]) and versus ExAC controls (one-tailed

Fisher’s p = 1.98 3 10�6, odds ratio = 49.76, 95% CI [16.39,

Inf]); Table S6). The Bonferroni-corrected threshold for the

3,230 LoF-intolerant genes, 1.55 3 10�5, was also surpassed

by the CAD gene (one-tailed binomial p = 4.17 3 10�6; BH-

FDR = 0.01; enrichment = 101.08-fold).

All EPHB4 mutations were transmitted; three of these are not

observed in ExAC and gnomAD, and one has a MAF of 1.13 3

10�5 in gnomAD. All D-mis mutations in EPHB4 alter highly

conserved amino acid residues (Figure 4C; Table 2). Mutations

p.Lys650Asn and p.Phe867Leu lie in the tyrosine kinase

domain of the vein-specific (Gerety et al., 1999) Eph-B4

receptor. p.Ala509Gly lies in one of two EphB4 extracellular

fibronectin III domains believed to bind the extracellular matrix

(Figure 4C).

7 additional family members without diagnosed VOGM in

these kindreds carried the same mutations. However, three

EPHB4 mutation carriers exhibited uncommon cutaneous

vascular lesions. For example, in kindred VGAM-115, the muta-

tion-carrying father had an abdominal port wine stain, and the

proband’s mutation carrier sibling had atypical left cheek and

posterior thigh capillary malformations (Figures S3A and S3B).

Similarly, the mutation-carrying mother in kindred KVGAM-33

had an atypical capillary malformation on her left arm, and the

proband’s mutation carrier sibling had an atrial septal defect

(Figure 4B). Vascular and cardiac abnormalities were absent

among non-mutation carriers in these families. All VOGMs asso-

ciated with EPHB4 mutations were of the choroidal subtype
M

onstruction demonstrating VOGM in probands from four pedigrees.

tation, angiographic image, and pedigree structure are shown. Subjects with

damaging mutation; + denotes a wild-type sequence.

KAT6A with location of VOGMmutations. Functional domains are represented

Formissensemutations, phylogenetic conservation of thewild-type amino acid

omain, SIR2 domain; PHD, zinc finger PHD type; MOZ_SAS, histone acetyl-

-rich domain – F/Y-rich N terminus motif; FYRC, F/Y-rich domain – F/Y-rich

ine-leucine-glutamine domain; HAS, helicase-SANT-associated domain; BRK,

inal domain; SnAC, Snf2-ATP coupling, chromatin remodeling complex; BD,

KAT6A.



Table 2. Transmitted Mutations in EPHB4 and CLDN14 in VOGM

Family

Type of

VOGM Ethnicity Gene Mutation Domain Affected ExAC MAF* gnomAD MAF* pLI MetaSVM CADD

VGAM115 choroidal European EPHB4 p.(Glu432fs1) N/A <9.06E�06 <4.76E�06 0.99 NA N/A

KVGAM25 choroidal European EPHB4 p.(Ala509Gly) fibronectin III 3.30E�05 1.13E�05 0.99 D 25

KVGAM33 choroidal Mexican EPHB4 p.(Lys650Asn) tyrosine kinase <8.24E�06 <4.06E�06 0.99 D 29.9

KVGAM18 choroidal European EPHB4 p.(Phe867Leu) tyrosine kinase <9.03E�06 <5.17E�06 0.99 D 31

VGAM100 choroidal Mexican CLDN14 p.(Ala113Pro) second intracellular

segment

<8.37E�06 8.28E�06 0 D 24.2

KVGAM20 choroidal European CLDN14 p.(Val143Met) second extracellular

segment

9.43E�06 1.24E�05 0 D 31

KVGAM51 mural European CLDN14 p.(Val143Met) second extracellular

segment

9.43E�06 1.24E�05 0 D 31

*For variants not observed in public databases, their minor allele frequency is calculated as less than 1 of the total number of alleles sampled at the

closest locus with allele number available.
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(Figures 4A and 4B). Together, these findings provide evidence

of incomplete penetrance and variable expressivity of EPHB4

mutations. Interestingly, 2 of 54 CM-AVM2 patients with

EPHB4 mutations also had VOGMs (Amyere et al., 2017).

Wild-type and VOGM mutant Eph-B4 (p.Ala509Gly;

p.Lys650Asn; p.Phe867Leu) were expressed in mammalian cells

(STARMethods), and levels of Eph-B4 tyrosine (Tyr) phosphoryla-

tion, an index of tyrosine kinase activity (Lisabeth et al., 2013; Fer-

guson et al., 2015), were compared. The Eph-B4 kinase domain

mutants p.Lys650Asn and p.Phe867Leu showed reduced or ab-

sent phosphorylation, respectively (Figure 4D). In contrast, the

extracellular fibronectin III domain mutant p.Ala509Gly showed

unchanged phosphorylation.

Eph-B4 Tyr phosphorylation creates docking sites for sig-

nalingmolecules via a phosphotyrosine-SH2 domain interaction,

facilitating Eph-B4 downstream signaling (Pawson and Scott,

1997; Wang et al., 2002). RASA1-encoded Ras GTPase-acti-

vating protein 1 (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. Ras-GAP co-immunoprecipitation with

EPHB4 mutant p.Lys650Asn was reduced, and Ras-GAP failed

to bind Eph-B4 mutant p.Phe867Leu (Figure 4E). In contrast,

wild-type Eph-B4 and Eph-B4 p.Ala509Gly bound Ras-GAP

with similar affinity. These results are consistent with the cyto-

plasmic mutations impairing receptor kinase activity. The extra-

cellular mutation alters the fibronectin domains, likely affecting

signaling by altering binding to extracellular matrix ligands (a hy-

pothesis not yet tested).

Recurrent Rare Damaging Transmitted Mutations in
CLDN14

Expansion of the analysis to include the burden of rare (MAF %

2 3 10�5) D-mis and LoF mutations in all genes identified one

additional gene, CLDN14, with a genome-wide significant

damaging mutation burden (one-tailed binomial p = 6.44 3

10�7; BH-FDR= 0.01; enrichment = 190-fold; Figure 3B; Table 2).

Comparing CLDN14 mutation burden by case-control analysis

against both autism parental controls (odds ratio = Inf, 95% CI
[38.42, Inf]; one-tailed Fisher’s p = 3.38 3 10�6; Table S6A)

and ExAC controls (odds ratio = 67.82, 95% CI [17.66, Inf];

one-tailed Fisher’s p = 1.65 3 10�5; Table S6B) supported

the significance of this finding. The three rare damaging

CLDN14 mutations were all heterozygous transmitted missense

mutations (5.5% of probands; Figure 5). Two are identical

(p.Val143Met), present in unrelated VOGM probands, and are

not observed in non-Finnish Europeans in ExAC. Beagle v3.3.2

kinship analysis (Browning and Browning, 2011; Stuart et al.,

2015) and trio analysis using 139 phased genotypes flanking

the mutation revealed that the p.Val143Met 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 shared no other rare var-

iants, indicating that they do not share a recent common

ancestor. The other rare damaging variant, p.Ala113Pro, is ab-

sent in ExAC, with MAF 8.28 3 10�6 in gnomAD.

CLDN14 encodes Claudin-14, a tight junction protein ex-

pressed in epithelia and endothelial cells of the brain and kidneys

(Kniesel and Wolburg, 2000; Wattenhofer et al., 2005). Claudin

extracellular loops make homo- or heterotypic interactions with

adjacent cells to form the tight junction barrier (Van Itallie and

Anderson, 2013). p.Val143Met alters a highly conserved residue

in the second extracellular loop of Claudin-14 and is predicted to

be deleterious by MetaSVM, CADD, PolyPhen2, and sorting

tolerant from intolerant (SIFT). p.Ala113Pro lies in the second

intracellular loop of Claudin-14 (Figure 5C; Figure S4).

Interestingly, in one of the families (KVGAM20) harboring the

recurrent Claudin-14 mutation p.Val143Met, cutaneous vascular

lesions segregated with the mutation among family members.

The mother who transmitted the mutation had a port wine stain

on her left thigh, and her children (proband and carrier sibling)

had similar atypical capillary malformations in the nuchal area.

This VOGM proband also had a midline atypical capillary malfor-

mation on her lower back (Figures S3G–S3J).

Enrichment of Mutations in Genes in the Ephrin
Signaling Pathway
To search for pathways enriched for rare damaging mutations

in VOGM, LoF-intolerant genes harboring damaging de novo
Neuron 101, 1–15, February 6, 2019 7



Figure 4. Damaging EPHB4 Mutations in Choroidal VOGM

(A) Vascular imaging of probands from coronal reconstruction of computed tomography and magnetic resonance angiography demonstrating VOGMs.

(B) Pedigree structures of the kindreds, showing gene, mutation, and angiographic image. A carrier with an atrial septal defect in family KVGAM33 is shown in

yellow. A red D denotes a damaging mutation; + denotes a wild-type sequence.

(C) Eph-B4 functional domains (dark rectangles) with location of VOGM mutations (red) and phylogenetic conservation of wild-type amino acid (yellow) at each

mutated position. LB, ligand binding domain; CRD, cysteine-rich domain; FNIII, fibronectin III domain; TK, tyrosine kinase domain; SAM, sterile alpha motif.

(D) Representative immunoblots showing the effects of Ala509Gly, Lys650Asn, and Phe867Leu mutations on resting-state Eph-B4 tyrosine phosphorylation in

HEK293T cells, analyzed by immunoprecipitation (IP) with hemagglutinin (HA) tag antibody followed by immunoblot (IB) with anti-p-tyrosine (p-Tyr) and HA tag

antibodies. The blot demonstrates reduced p-Tyr content in Lys650Asn, with none detectable in Phe867Leu. Also shown is a representative immunoblot

demonstrating binding of Eph-B4 constructs by Ras-GTPase-activing protein (GAP).

(E) Ras-GAP protein was co-immunoprecipitated with Eph-B4 mutants. Ras-GAP binding to Lys650Asn and to Phe867 was markedly reduced and abrogated,

respectively.
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and/or rare (MAF % 23 10�5) damaging transmitted mutations,

along with KEL and CLDN14, were entered into Ingenuity

Pathway Analysis (IPA; May 2018 version; total 128 input genes)

(Kr€amer et al., 2014). Axonal guidance signaling, essential for
8 Neuron 101, 1–15, February 6, 2019
vascular patterning and regulated by Ephrin-Eph receptor

signaling (Adams and Eichmann, 2010), was the most signifi-

cantly enriched canonical pathway (p = 6.61 3 10�8; BH-

FDR = 1.333 10�5), including Ephrin receptor signaling pathway



Figure 5. Damaging CLDN14 Mutations in

VOGM

(A) Representative images from digital subtraction

angiographies and magnetic resonance angiog-

raphy, demonstrating VOGMs of the probands.

(B) Pedigree structures indicating genotypes and

phenotypes as described in Figure 2.

(C) Linear representation of Claudin-14 functional

domains (dark rectangles) with location of VOGM

mutations (red). Conservation of the wild-type amino

acid is shown. C, cytoplasmic loop; E, extracel-

lular loop.
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genes (also significant). Nine additional IPA pathways were sig-

nificant after Benjamini-Hochberg (B-H) correction (Table S7).

Because IPA does not adjust for gene length, we tested each

of these pathways in the case-control analysis (STAR Methods)

using ethnicity-matched autism parents and ExAC controls.

Axonal guidance and Ephrin receptor signaling pathways

showed significant enrichment in cases (Table S8).

We further analyzed mutation burden in genes in these two

pathways by binomial test, comparing observed with expected

values as corrected for gene size (STAR Methods). Significant

enrichment in both axonal guidance and Ephrin receptor

signaling pathways was observed in cases, whereas analyses

of synonymous variants in cases as well as rare damaging vari-

ants in autism parents and ExAC controls showed no significant

enrichment (Table S9). Last, we found that most of the signal in

the axonal guidance pathway was attributable to the Ephrin re-

ceptor signaling pathway because, after removal from analysis

of the latter genes, the axonal guidance pathway was no longer

significantly enriched (Table S10). Detailed variant information of

damaging mutations in genes that contributed to the significant

result is described in Table S11.

Of note, EFNB2 (pLI = 0.94), encoding the Eph-B4 ligand

Ephrin-B2, harbored the rare D-mis mutation p.Arg277His in a

neonate with a choroidal VOGM (Figure S5). EFNB2 is repre-

sented in the 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 ex-
ceeded our threshold of 2 3 10�5 (MAF of

1.88 3 10�5 and 2.89 3 10�5 in ExAC and

gnomAD, respectively). The proband’s

EFNB2 mutation-carrying mother, although

not having VOGM, exhibited multiple atyp-

ical nuchal capillary malformations. Of

note, 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 AVM
Syndromes
VOGM is a rare feature in patients with CM-

AVM types 1 and 2 because of mutation in
RASA1 (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 HHT type 1 because of

ENG mutation (Tsutsumi et al., 2011) and HHT type 2 because

of ACVRL1 mutation (OMIM: 600376) (Chida et al., 2013).

Our VOGM cohort included no ENG mutations. We found one

damaging mutation in RASA1 (p.Arg709*; Table S11), 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 have been reported pre-

viously (Revencu et al., 2013) and was independently ascer-

tained in the present study.

A single patient with a choroidal VOGM had a damaging

p.Arg484Gln mutation in ACVRL1 (Table S12), encoding ALK1,

a receptor kinase in the TGF-b signaling pathway highly ex-

pressed in developing human vasculature (Zhang et al., 2017).

This mutation, altering a conserved residue in the ALK1 kinase

domain, was reported in HHT2 with isolated pulmonary hyper-

tension (ClinVar: RCV000198604.1 and rs863223408) (Harrison

et al., 2005). However, neither the ACVRL1 mutant VOGM pro-

band nor family members carrying the mutation exhibited HHT-

associated findings (e.g., epistaxis or telangiectasia) or 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 acvrl1 deficient mice exhibit mark-

edly enlarged cerebral vessels with A-V shunting and altered

Eph-B4 expression (Walker et al., 2011).
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Unrelated probands with mural VOGMs carried two rare

damaging mutations (p.Gly39Ser and p.Asn373Ser) in the

ACVRL1 paralog ACVR1 (pLI = 0.96; Table S12; Figures S6A

and S6B), a gene not previously implicated in VOGM. The

ACVR1 p.Asn373Ser VOGM proband also had an atrial septal

defect and partial anomalous pulmonary venous return (Fig-

ure S6B), and two mutation carriers in the family had cutaneous

capillary malformations (Figure S6B). Neither the proband nor

other family members had common HHT features (Abdalla

et al., 2003). ACVR1 encodes the receptor serine-threonine re-

ceptor kinase ALK2 coordinating with TGF-b type 2 receptors

and co-receptors such as Endoglin (ENG) (Chen et al., 1998;

Barbara et al., 1999; Wolfe and Myers, 2010). p.Gly39Ser alters

a conserved residue in the extracellular ligand binding domain

(Figure S6C). p.Asn373Ser alters a conserved residue predicted

to be structurally critical for the cytoplasmic serine-threonine ki-

nase (Figures S6D and S6E).

DISCUSSION

The rarity and the sporadic nature of VOGMhave hindered its ge-

netic understanding. This study, the largest trio-based genomic

analysis of VOGM to date, has provided the following novel in-

sights. First, probands exhibit an excess of damaging de novo

mutations (�13% of cases); among these, mutations in chro-

matin modifier genes with essential roles in brain and heart

development are enriched and inferred to affect �8% of cases.

Second, there is a prevalence of rare inherited damaging muta-

tions in the Ephrin signaling genes, including a genome-wide sig-

nificant burden in EPHB4 (another �16% of probands). Third,

inherited mutations show incomplete penetrance and variable

expressivity, with mutation carriers often exhibiting cutaneous

vascular lesions, suggesting a two-hit mechanism. Thus,

although rare mutations of large effect contribute to a significant

fraction of VOGM cases, mutations in many additional genes

likely contribute to disease pathogenesis. Our results support

this hypothesis, suggesting potential pathogenic roles for

de novo KEL mutations and rare inherited CLDN14 mutations.

However, the small number of observations and lack of replica-

tion studies require validation and extension by larger follow-up

studies. Of note, analysis of rare homozygous and compound

heterozygous genotypes (MAF % 0.001) revealed no genes

with more than one such genotype. See Table S13 for proband

information and identified likely pathogenic mutations.

Genes encoding covalent histone modifiers and chromatin re-

modelers have been implicated in autism (De Rubeis et al.,

2014), CHD (Jin et al., 2017), congenital hydrocephalus (Furey

et al., 2018), and other congenital disorders (Feinberg, 2018).

In our cohort, 4 of 55 probands had de novo mutations in chro-

matin modifiers. Enrichment of these mutations in our cohort

and the conservation of the mutated residues in critical domains

of protein function are consistent with each of these mutations

contributing to VOGM pathogenesis. All four genes (KMT2D,

SMARCA2, SIRT1, and KAT6A) 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

essential for neuronal and/or vascular development (Potente

et al., 2007; Griffin et al., 2008; Van Laarhoven et al., 2015).
10 Neuron 101, 1–15, February 6, 2019
SMARCA2, KAT6A, and KMT2D are mutated in Mendelian dis-

eases that feature intellectual disability and/or epilepsy (Morin

et al., 2003; Dentici et al., 2015). Mendelian phenotypes associ-

atedwithKAT6A andKMT2Dmutations include vascular defects

andCHD (Arboleda et al., 2015; Van Laarhoven et al., 2015). Mul-

tiple mutated chromatin modifiers are shared among patients

with CHD and autism (Zaidi et al., 2013; Homsy et al., 2015;

Jin et al., 2017). �87% of CHD patients with LoF de novo muta-

tions in chromatin modifier genes exhibit neurodevelopmental

phenotypes (Jin et al., 2017). These observations suggest that

neurodevelopmental phenotypes in VOGM patients currently

attributed to secondary CNS damage may, instead, reflect pri-

mary impairment from genetic mutation.

The role of Eph-B4 in A-V specification is well established in

model systems (Zhang and Hughes, 2006; Mosch et al., 2010).

Heterozygous missense variants in EPHB4 have also been re-

ported in two families with non-immune hydrops fetalis and/or

atrial septal defect (HFASD; OMIM: 617300) (Martin-Almedina

et al., 2016) and 54 families with CM-AVM2, featuring iso-

lated cutaneous capillary malformations (63%) and associated

AVMs (35%) (Amyere et al., 2017). We found damaging muta-

tions in EPHB4 in 7% of VOGM probands in this cohort. Two

of 52 prior CM-AVM2 patients with EPHB4 mutations were re-

ported to have VOGMs (Amyere et al., 2017). During preparation

of this manuscript, (Vivanti et al., 2018) reported 3 transmitted

damaging mutations in EPBH4 among WESs from 19 VOGM

case-parent trios and two additional mutations from targeted

sequencing of 32 other singleton VOGM probands. Eph-b4 anti-

sense morpholino knockdown in zebrafish embryos disrupts the

angioarchitecture of the dorsal longitudinal vein, the homolog of

the human vein of Galen precursor (Aurboonyawat et al., 2007).

We conclude that heterozygous EPHB4 germline mutations

contribute to a spectrum of vascular pathology and that

EPHB4 is a bona fide VOGM risk gene.

Our analysis also demonstrated enrichment of rare heterozy-

gous damaging mutations in Ephrin signaling genes (Table

S11). These genes are expressed in the embryonic human brain

and vasculature (Guo et al., 2012), regulate neurovascular devel-

opment, and can be mapped into a single experimentally sup-

ported Search Tool for the Retrieval of Interacting Genes/

Proteins (STRING) interactome (Figure S7; STAR Methods).

Cutaneous vascular lesions are a common hallmark of develop-

mental vascular disorders such as RASA1- and EPHB4-mutated

CM-AVM (Revencu et al., 2013; Amyere et al., 2017), ENG1- and

ACVRL1-mutated HHT (Chida et al., 2013), and RASA1-mutated

Parkes Weber syndrome (Brouillard and Vikkula, 2007). We

found similar cutaneous vascular lesions in VOGM kindreds

harboring mutations in EFNB2, EPHB4, EPHA4, ACVR1, and

CLDN14. These findings further implicate these genes in an

Eph-B4-RASA1 signaling network (Figure S8).

Transmitted VOGM-associated mutations show incomplete

penetrance. Moreover, many of the identified VOGM-associated

genes harboring damaging de novo and inherited mutations

have been implicated in other Mendelian diseases, sometimes

producing different phenotypes. These observations highlight

the pleiotropy with variable expressivity resulting from these mu-

tations. These features have been described in other diseases.

For example, haploinsufficiency for the identical chromatin
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modifier genes results in CHD (Zaidi et al., 2013) or autism (Ios-

sifov et al., 2014) or both. Variable expressivity of VOGM and

associated features could arise from environmental modifiers

(Stuart et al., 2015) in concert with the rare mutations identified

and/or specific genetic modifiers (Timberlake et al., 2016). Co-

mutation of genes in KVGAM20, VGAM100, and KVGAM45

could be important in this regard (Table S13). Sequencing addi-

tional exomes from VOGM kindreds will help clarify this issue.

The mechanisms by which syndromes characterized by

abnormal A-V specification present with multifocal distributions

of lesions remains poorly understood. Because 68% of VOGM

families with full clinical data had capillary malformations or other

uncommon cutaneous vascular lesions and that identified muta-

tions in probands were found in all family members with these

cutaneous lesions provides evidence linking VOGM and the

cutaneous lesions to the same mutations (Table S13). This is

consistent with a two-hit mechanism in which phenotypic

expression relies on an inherited mutation and a second, post-

zygotic mutation in the other wild-type allele (Brouillard et al.,

2002; Pagenstecher et al., 2009). This mechanism has been

shown for other hereditary multifocal vascular malformations,

such as RASA1-mutated CM-AVM1 (Revencu et al., 2013), glo-

muvenous malformations (OMIM: 138000), cutaneomucosal

venous malformation (OMIM: 600195), and cerebral cavernous

malformations (OMIM: 116860) (Pagenstecher et al., 2009). In

this context, phenotypic expression depends on the cell types

in which somatic mutations occur and could explain the low

penetrance of VOGMarising from transmittedmutations. Further

work, including exome sequencing of lesional VOGM tissue, will

test this hypothesis.

Although the identified de novo KEL mutations and inherited

CLDN14mutations will require further validation byWES of addi-

tional VOGM patients and functional studies, several observa-

tions suggest the importance of the current findings. KEL,

encoding the Kell blood group transmembrane glycoprotein,

was the only gene in our study that harbored more than one pro-

tein-altering de novo mutation (Figure 1). Both the premature

termination and p.Gly202Ser mutations in Kell alter its peptidase

domain, shown to generate vasoactive endothelin peptides via

cleavage of the endothelin-3 pro-protein (Lee et al., 1999). Endo-

thelins provide vasculature-derived axonal guidance cues

(Makita et al., 2008) involved in Ephrin-dependent vascular

patterning (Adams and Eichmann, 2010).

CLDN14 was the only other gene besides EPHB4 with

genome-wide significant enrichment of transmitted damaging

mutations. Recessive LoF genotypes in CLDN14 cause sensori-

neural deafness type 29 (OMIM: 614035); in contrast, VOGM-

associated CLDN14 mutations are heterozygous and D-mis

and include a recurrent missense mutation, suggesting gain-

of-function or neomorphic effects and phenotypic heterogeneity.

Claudin-14 is a tight junction protein in brain epithelia and endo-

thelial cells (Kniesel and Wolburg, 2000; Wattenhofer et al.,

2005). The regulation of tight junction formation by Claudins

can affect endothelial cell permeability, integrity, and prolifera-

tion (Morita et al., 1999; González-Mariscal et al., 2007). The

recurrent VOGM-associatedClaudin-14mutation lies in the large

second extracellular loop that likely plays a role in tight junction

formation. Endothelial cells heterozygous, but not homozygous,
for CLDN14 exhibit disruption of ZO-1-positive cell-cell junc-

tions, abnormal distribution of basement membrane laminin,

increased VEGF-stimulated angiogenesis, and significantly

enhanced cell proliferation, suggesting a gene dosage effect

(Baker et al., 2013). Functional interactions have been reported

between Claudins and Ephrin-B2-EphB4 bi-directional signaling

(Tanaka et al., 2005). In support of a possible Ephrin-Claudin-14

interaction is the fact that one of the families harboring the recur-

rent Claudin-14 mutation p.Val143Met had CM-AVM-like cuta-

neous vascular lesions that segregated with the mutation in fam-

ily members (Figure 5B). The role of Claudin-14 in potential

EphB4-dependent A-V specification will be a topic of future

investigation.

These findings suggest that mutation carrier offspring may be

at increased risk of VOGMs as well as capillary malformations

and potentially other AVMs. However, not all mutation carriers

develop capillary malformations, making absence of capillary

malformations an unreliable clinical marker for transmission

risk in affected families. These observations suggest the impor-

tance of family history and mutation-based screening for risk

assessment. The narrow developmental window of gestational

weeks 6–11 during which pulmonary vascular malformation

(PVM) fistulas form (Raybaud et al., 1989) poses a challenge to

improved early therapeutic strategies for VOGM. Thus, attemp-

ted diagnosis with intention to treat must occur before the safe

gestational age threshold for amniocentesis (Shulman et al.,

1994). These difficulties highlight the need for continued genetic

research on VOGM with a focus on mechanistic implications of

recently discovered VOGM-associated mutations.

Eph-B4 kinase domain mutations remove inhibition of down-

stream RAS-mitogen-activated protein kinase (MAPK)-ERK1/2

and phosphoinositide 3-kinase (PI3K)-AKT-mTORC1 signaling

cascades (Kim et al., 2002; Salaita and Groves, 2010; Xiao

et al., 2012). We showed that select VOGM-associated Eph-B4

mutations result in decreased binding of Eph-B4 to RASA1 (Fig-

ure 4E). PI3K-AKT-mTORC1 upregulation has been noted in

capillary malformations of RASA1 mutant CM-AVM1 patients

(Kawasaki et al., 2014). Therapy targeting Eph-B4-Ras-GAP-

mTOR signaling may represent a viable therapeutic approach

for VOGM- and, perhaps, CM-AVM-spectrum lesions.
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et al., 2015). Only the unaffected siblings and parents, as designated by SSC, were included in the analysis and served as controls for

this study. Permission to access to the genomic data in the SCC on the National Institute of Mental Health Data Repository was

obtained. Written informed consent for all participants was provided by the Simons Foundation Autism Research Initiative.

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). Variants were annotated with ANNOVAR

(Wang et al., 2010a) and MetaSVM (Dong et al., 2015) was used to predict the deleteriousness of non-synonymous variants (herein

referred to as D-mis). All variants covered by independent aligned sequencing reads with a depth of 8x or greater were visualized

in silico to eliminate false positives.

De novomutations were called using TrioDeNovo (Venugopal, 2014). Candidate de novomutations were further filtered based on

the following criteria: (1) exonic or splice-site variants; (2) read depth (DP) of 10 in the proband and both parents; (3) genotype quality

(GQ) scoreR 20; (4) minium proband alternative read depth of 5; (5) proband alternative allele ratioR 28% if having < 10 alternative

reads or R 20% if having R 10 alternative reads; (6) alternative allele ratio in both parents % 3.5%; (8) in-cohort allele frequency %

4 3 10�4 for controls and MAF % 4 3 10�4 in gnomAD for cases due to limited cohort size.

For rare transmitted dominant variants, only LoF mutations (stop-gains, stop-losses, canonical splice-sites, and frameshift

indels) and D-mismutations (missensemutations predicted deleterious byMetaSVM) were considered potentially damaging for sub-

sequent one-tailed binomial analysis and filtered using the following criteria to reduce false positives: (1) GATK variant quality score

recalibration (VQSR) of PASS, (2) MAF % 2 3 10�5 in gnomAD (calculated based on combined dataset of WES and WGS data

from gnomAD database, Lek et al., 2016), (3) DP R 8 independent reads, and (4) GQ score R 20. Transmitted recessive variants

were filtered for rare (MAF% 10�3 in gnomAD) homozygous and compound heterozygous variants using the same criteria described

above.

Candidate mutations were confirmed by PCR amplification followed by Sanger sequencing (primer sequences available on

request).

METHOD DETAILS

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 de-

tected using Beagle v3.3.2 (Browning and Browning, 2011).

De Novo Mutation Expectation Model
We used a sequence context probability model to derive the per-gene probability of observing a de novo mutation by chance as

previously described (Samocha et al., 2014). In brief, for each base in the exonic region, the probability of observing each of the

three possible single nucleotide changes was determined. The coding consequence of each possible mutation was determined,

and then these probabilities of mutations were summed for each variant functional class (synonymous, missense, nonsense,

canonical splice site, frameshift, and stop-lost) to create a per-gene probability of mutations. The probability of a frameshift mu-

tation was determined by multiplying the probability of a nonsense mutation by 1.25 as described previously (Samocha et al.,

2014). In-frame insertions and deletions are not currently accounted for by this framework and were not included in the analysis.

The per-gene probability for each functional class was adjusted to control for sequencing coverage. Due to the difference in

exome capture kits, DNA sequencing platforms, and variable sequencing coverage between case and control cohorts, the ex-

pected number of de novo mutations was estimated by adjusting for sequencing depth in 52 case trios and 1,789 autism control

trios separately.

De Novo Enrichment Analysis and Variant Stratification
Rather than using the variant calls in controls published in the 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 filtering criteria as what was used in our case cohort. A one-

tail Poisson test was used to compare observed number of de novomutations across each variant class to expected number under

the null hypothesis. R package ‘denovolyzeR’ (Ware et al., 2015) was used to perform the analyses. The Benjamini-Hochberg method

was used to correct for multiple testing while taking into account all genes (n = 18,989) and calculate adjusted p values. A gene was

considered significant if Benjamini-Hochberg adjusted p value is % 0.05. 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 GTEx

database (https://gtexportal.org/home/). Genes harboring de novomutations were also annotated with human brain specific expres-

sion 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
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recurrently affected genes, and all variants in genes affected by a single de novomutation were stratified. LoF variants were ranked

based on pLI (from highest to lowest).

QUANTIFICATION AND STATISTICAL ANALYSIS

Estimation of the Number of Damaging De Novo Mutations in LoF-intolerant Chromatin Modifiers
Onemillion permutations were performed to derive the empirical distribution of the number of damaging de novomutation in the LoF-

intolerant chromatin modifier genes. For each permutation, the number of observed damaging de novomutations in all genes (n = 19)

was randomly distributed across the exome, weighted according to the de novo probabilities of damaging mutations. The empirical

p value is calculated as the proportion of times that the number of damaging de novomutations in the LoF-intolerant chromatin mod-

ifier genes is greater than or equal to the observed number (n = 4). The average 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 the expected and observed counts 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

andmultiplying 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. Inputs for this test were

those with inferred pathogenicity, including missense mutations called deleterious per MetaSVM and inferred LoF mutations

(stop-gains, stop-losses, frameshift insertions and deletions, or canonical splice site mutations). Binomial analysis for mutational

enrichment did not include non-frameshift insertions or deletions. The Benjamini-Hochberg method was performed taking into

account all genes (n = 18,989 for CLDN14) or all LoF-intolerant genes (n = 3,230 for EPHB4 and CAD) as described above and

the significance cutoff was 0.05. We reported genes that reached a more stringent Bonferroni multiple testing cutoff of 2.63 3

10�6 ( = 0.05/18,989) or 1.55 3 10�5 for binomial testing of all genes or LoF-intolerant genes, respectively.

Pathway Analysis
Inputs for this analysis were LoF-intolerant genes (pLIR 0.9) harboring damaging de novomutations and/or rare (MAF% 23 10�5)

damaging transmitted mutations, as well as genes with significant burden of de novo (KEL) or transmitted mutation (EPHB4 and

CLDN14) (n = 128 genes) 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-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 path-

ways of interest were compared to the expected number of mutations in each set using a one-tailed binomial test. Gene sets of ca-

nonical pathways were obtained from IPA. The expected number of mutations in a given gene set is calculated as the formula below:

Expected number of mutations=N3

P
Gene SetGene Length

P
Intolerant GenesGene Length

Where N denotes total number of rare damaging de novo and transmitted mutations in intolerant genes as well as genes with signif-

icant 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 fromUniprot (Apweiler et al., 2004). The stereochemical pa-

rameters 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

mutationswere constructed and the free energyof change calculated (DDG) in silicousing the ICMmutagenesis (Abagyan et al., 1994).

Cell Culture
HEK293T 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.
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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 II Site-Directed Mutagenesis Kit (Aligent Technologies, Santa Clara CA, USA) was used to generate

isolated single amino-acid changeswithin theEPHB4ORF (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 HEK293T cells using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to its standard proto-

col. DNA complexes were removed after 5 h 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 Sephar-

ose beads linked to anti-HA-Tag antibody (Cell Signaling Technology, Danvers, MA, USA) overnight at 4�C. Immunoprecipitated pro-

tein complexeswere separated on SDS-PAGE gel and analyzed bywestern 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).

DATA AND SOFTWARE AVAILABILITY

WES data for all VOGM parent-offspring trios reported in this study have been deposited in the NCBI database of Genotypes and

Phenotypes (dbGaP). The accession number for the data reported in this paper is dbGaP: phs000744.v4.p2.
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