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eFigure 1. Sanger Validation Of Identified DIAPH1 Variants
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eFigure 2. De novo variant rate closely approximates Poisson distribution in primary MMD cases and controls.
Observed number of de novo mutations per subject (bars) compared to the numbers expected (line) from the Poisson distribution in the case (red) and control (blue) cohorts. ‘p'
denotes chi-squared p-value.
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eFigure 3. Phylogenetic conservation and structural implication of De novo and rare, damaging transmitted

DIAPH1 variants in moyamoya disease. (A) Phylogenetic conservation of amino acid residues in mDial mutated in moyamoya disease. The wild-type amino
acid is shown, with the mutated amino acid highlighted in yellow. (B) Impact of moyamoya disease-associated missense mutations on mDial protein structure. The red discs represent
the extent of the structural clashes. C220 is positioned in the DID domain. The Cys side chain is surrounded by hydrophobic residues (L165, L168, L172, L191, 1217, L221, A223 and
F224), which are sequestered within a tightly packed four-helical bundle. A large, bulky, polar, guanidinium side chain of Arg at this position will not fit within the tightly packed
hydrophobic region and is predicted to disrupt the tight helical packing. The AAG value for C220R mutation was predicted to be 2.68. E475 is located in a coiled coil region between
FH3-Dimerization domain and FH1 domains. The side chain in the structure is solvent exposed and contributes to a negatively charged region. A mutation to a positive charged lysyl
side chain alters the charge environment around the region. The AAG value for E475K was predicted to be 0.78. M906 is present in the FH2 domain and is surrounded by
hydrophobic residues. A mutation to the branched side chain of lle results in side chain steric clashes with the other side chains of hydrophobic residues like L907 and V951. The AAG
value for M9061 mutation was predicted to be 0.17. The side chain of L907 is surrounded in a tight hydrophobic environment by short side chains of L925, L901, and V851. A mutation
to a bulky phenylalanine, will make steric clashes with V851 and also the side chain of V921. The AAG value for L907F mutation was predicted to be 2.47. R1155 is a part of the
R1155-E1025-R1156 triad, present in the FH2 domain. The guanidinium side chain of R1155 forms a salt bridge with E1025. In addition, R1125 makes hydrogen bond interactions
with N1152. These interactions tether a-helices in the FH2 domains together. A mutation to a shorter GIn side chain disrupts the hydrogen bond network and also destabilizing the
secondary structure in the region. The AAG value for R1155Q mutation was predicted to be 1.97. See eMethods for further details on predicting protein structure.
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eFigu re 4. KNN-DREMI Diaph l-associated genes and KEGG terms. (a) Heatmap of kKNN-DREMI Diaph1-associated genes from Betsholtz
scRNAseq data of mouse brain vascular cells. KNN-DREMI was used to find Diaphl-associated genes as described in the Methods. The top 98th percentile of genes associated with
Diaphl expression is shown in a random subset of 400 single-cells. (B) Top 10 KEGG terms after genes positively associated with Diaphl DREMI were enriched, using MsigDB.
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eTable 1a. High confidence, monogenic causes of primary MMD

Variant

Gene* OMIM # Type Variant(s)* type Associated features Population of discovery Reference PMID
c.14576G>A (p.Arg4859Lys) snv East Asian Kamada F et al. 21048783
c.14429G>A (p.Arg4810Lys) snv Liu W et al. 22688066
¢.12037G>A (p.Asp4013Asn) snv East Asian/ Western European Liu W et al. 21799892
Common Gagunashvili AN et
.12553A>G (p.Lys4185GI 31645973
RNF213 613378  variant risk ¢ (p-Lys v s isolated MMD Western Euronean al. SIRR2LS
factor c.12343_12345del (p.Lys4115del)  deletion P Cecchi AC et al. 25278557
€.12059G>T (p.Cys4020Phe) snv OMIM Evidence n/a
€.12360C>G (p.Phe4120Leu) snv Mixed population Pinard A et al. 31474762
€.12040C>A (p.His4014Asn) snv Mixed population Guey S et al. 28635853
c.1086+1G>A snv Algerian
€.1045C>T (p.Arg349Ter) snv Herve D et al. 24581742
c.1170del (p.Glu391fs) snv achalasia
rare large
GUCY1A1 615750 €.1258C>T (p.Arg420Ter) snv
effect Western European
€.1954G>T (p.Gly652Ter) snv
Wallace S et al. 26777256
€.1550G>A (p.Cys517Tyr) snv isolated MMD
¢.334_335del (p.Glul12fs) snv
Short stature,
BRCC3* 300617 hypergonadotropic
hypogonadism,
rare large deletion on Xq28 deletion hyperten.slon, famal North African Miskinyte S et al. 21596366
effect dysmorphism, dilated -
MTCP1* 300116 Card|0my0pathy,

premature grey hair,
early-onset cataracts
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https://pubmed.ncbi.nlm.nih.gov/21048783/
https://pubmed.ncbi.nlm.nih.gov/22688066/
https://www.ncbi.nlm.nih.gov/pubmed/21799892
https://www.ncbi.nlm.nih.gov/pubmed/31645973
https://www.ncbi.nlm.nih.gov/pubmed/25278557
https://www.ncbi.nlm.nih.gov/clinvar/variation/637049/
https://www.ncbi.nlm.nih.gov/pubmed/31474762
https://pubmed.ncbi.nlm.nih.gov/28635953/
https://www.ncbi.nlm.nih.gov/pubmed/24581742
https://www.ncbi.nlm.nih.gov/pubmed/26777256
https://www.ncbi.nlm.nih.gov/pubmed/21596366

eTable 1b. High confidence, monogenic causes of syndromes with associated MM pathology

Gene OMIM # Type Variant(s)* Variant type Syndrome Population of discovery Reference PMID
Common variant . . . . .
RNF213 613378 risk factor €.6169G>A (p.Asp2057Asn) snv Midaortic Syndrome Mixed population Warejko JK et al. 29483232
¢.773G>A (p.Arg258His) snv
Guo D etal. 17994018
ACTA2 614042 rare large effect €.772C>T (p.Arg258Cys) snv Smoqth muscle Western European woeta -
. dysfunction syndrome —
¢.536G>A (p.Argl79His) snv Milewicz et al. 20734336
c.844dup (p.Arg281fs) duplication microcephalic Eastern European Rauch A et al. 18174396
PCNT 210720 rare large effect PCNT, 486-BP DEL, NT84 deletion .osteo.dysplastl.c Middle Eastern Rauch A et al. 18174396
primordial dwarfism, .
¢.3109G>T (p.Glu1037Ter) snv type Il Eastern European Willems M et al. 19643772
YY1AP1 607860  rare large effect €.724C>T (p.GIn242Ter) snv Grange syndrome Western European Guo D, et al. 27939641

* reported genes and variants include those with high quality evidence reported in OMIM and determined likely pathogenic in ClinVar
* BRCC3 and MTCP1 are within the critical overlap region of deletion on Xq28 which is responsible for MMD 4

© 2021 American Medical Association. All rights reserved. 7


https://www.ncbi.nlm.nih.gov/pubmed/29483232
https://www.ncbi.nlm.nih.gov/pubmed/17994018
https://www.ncbi.nlm.nih.gov/pubmed/20734336
https://pubmed.ncbi.nlm.nih.gov/18174396/
https://pubmed.ncbi.nlm.nih.gov/18174396/
https://www.ncbi.nlm.nih.gov/pubmed/19643772
https://www.ncbi.nlm.nih.gov/pubmed/27939641

eTable 2. Number of studied cases from Yale, UT Health, and Simons Simplex Collection (SSC)

Family Type Total Number from Yale Total Number from UT Health Total Number from SSC
(# Trios) (# Trios) (# Trios)
Singleton 2 52 0

Trio (affected proband and parents) 18 28 1,798
Quad (affected proband,

unaffected sibling, parents) 1(D) 0(0) 00

Other family structures 3(3) 4 (1) 0 (0)

Total 24 (22) 84 (29) 1,798 (1,798)

eTable 3. Phenotypes for Primary Probands
a. Phenotypes for 24 Primary Moyamoya probands enrolled at Yale

Proband ID Sex Ethnicity Family Type
KMM-4-1 F European Trio
KMM_50-1 F Mexican Trio
KMM_5-1 M European Trio
KMM_45-1 F European Trio

© 2021 American Medical Association. All rights reserved. 8



KMM_42-1 F European Trio
KMM_41-1 M European Trio
KMM_40-1 M European Trio
KMM_39-1 M European Trio
KMM_36-1 F European Trio
KMM_35-1 M Mexican Trio
KMM_3-1 M Mexican Trio
KMM_28-1 F African American/African Trio
KMM_27-1 F European Trio
KMM_23-1 M Mexican Trio
KMM_21-1 F European Trio
KMM_2-1 M European Trio
KMM_19-1 M European Trio
KMM_16-1 F European Trio
KMM_14-1 M European Trio
KMM_13-3 M East Asian Trio
KMM_11-1 M European Trio
CHO_0001-01 M European Trio
KMM_22-1 F European Singleton
KMM_29-1 M European Singleton

© 2021 American Medical Association. All rights reserved. 9



b. Phenotypes for 84 Primary moyamoya probands enrolled at UTHealth

Proband ID Sex Ethnicity Family Type
MMO0O05 F European Trio
MMO010 F Other Trio
MMO048 F European Trio
MMO50 F European Trio
MMO052 M Mexican Trio
MMO55 F European Trio
MMO071 F European Trio
MMO072 F European Trio
MMOQO75 F European Trio
MMQ092 F European Trio
MMO094 M European Trio
MM123 M European Trio
MM131 M European Trio
MM150 M European Trio
MM151 F Other Trio
MM152 M European Trio
MM153 F European Trio
MM154 M European Trio
MM156 M European Trio
MM158 F European Trio
MM159 F European Trio
MM162 M European Trio
MM165 F European Trio
MM166 F European Trio
MM169 M European Trio
MM170 M European Trio
MM173 F European Trio

© 2021 American Medical Association. All rights reserved. 10



MM185 M European Trio

MMO013 F Other Trio

MMO15 F European Singleton
MMO035 M European Singleton
MM112 F European Singleton
MM125 M European Singleton
MM139 F Mexican Singleton
MM163 F European Singleton
MMO001 F European Singleton
MM130 M European Singleton
MM137 F European Singleton
MMO003 F East Asian Singleton
MMO006 M European Singleton
MMO007 F Other Singleton
MMO009 F Other Singleton
MMO011 F European Singleton
MMO012 F European Singleton
MMO023 F European Singleton
MMO026 F European Singleton
MMO028 F European Singleton
MMO029 M European Singleton
MMO030 F European Singleton
MMO039 F European Singleton
MMO041 M European Singleton
MMO042 F European Singleton
MMO051 F European Singleton
MMO060 F European Singleton
MMO061 M Mexican Singleton
MMO078 M European Singleton

© 2021 American Medical Association. All rights reserved. 11



MMO083 F European Singleton
MMO087 F African American/African Singleton
MMOQ093 F African American/African Singleton
MMQ95 F European Singleton
MMO097 F European Singleton
MMQ098 F European Singleton
MM100 F European Singleton
MM101 F European Singleton
MM102 F European Singleton
MM106 F European Singleton
MM108 F European Singleton
MM109 F African American/African Singleton
MM110 F African American/African Singleton
MM117 F African American/African Singleton
MM120 F European Singleton
MM124 F European Singleton
MM128 M South Asian Singleton
MM133 F East Asian Singleton
MM135 F South Asian Singleton
MM138 F European Singleton
MM140 F European Singleton
MM160 F European Singleton
MM161 F East Asian Singleton
MM172 F European Singleton
MM175 F Other Singleton
MM184 F European Singleton
MM190 M European Singleton
MM191 F European Singleton

© 2021 American Medical Association. All rights reserved. 12



eTable 4. Summary sequencing statistics for the primary MMD and control cohorts

Category

Cases

(NimbleGen V2; N=3)

(MedExome; N=9)

Cases Cases

(xGen IDT; N=56)&

Controls
(Roche V2; N=5,394)

Read length (bp)

# of reads per sample (M)

Median coverage at each targeted base (X)
Mean coverage at each targeted base (X)
% of all reads that map to target

% of all bases that map to target

% of targeted bases read at least 8x

% of targeted bases read at least 10x

% of targeted bases read at least 15x

% Mean error rate

76

73.7

61.7

12.7

62.30%

46.70%

93.70%

92.40%

89.70%

0.40%

76-101 101
60.8 78.1
37.3 85.1
43.7 90.4

45.90% 58.80%

37.10% 44.10%

96.10% 98.30%

94.80% 98.10%

89.70% 97.40%

0.30% 0.20%

50-99

111.5

68

80.8
46.50%

35.70%

92.70%

91.40%

87.80%

0.50%

© 2021 American Medical Association. All rights reserved. 13



eTable 5. De novo variants in 22 primary MMD trios

ID CHROM POS REF  ALT Gene AA change Variant_Class MetaSVM_  CADD EXAC_ALL Bravo gnomAD  gnomAD pLl score mis_z
pred v1.6 _exome_ _genome (gnomAD (gnomAD
ALL _ALL v2.1.1) v2.1.1)
KMM_23-1 16 86612574 G T FOXL1 p.R82L D-Mis D 27.7 . . . . 0.04 -0.28
KMM_21-1 8 87616341 C G CNGB3 p.G587G synonymous . 4.8 . . . . 0.00 -1.18
KMM_11-1 19 15281611 T G NOTCH3 p.N1588H D-Mis T 26.3 . . . . 0.41 3.53
KMM_13-3 18 25589724 G A CDH2 p.S220L D-Mis T 24.8 6.60E-05 . 6.10E-05 3.23E-05 0.99 2.09
KMM_13-3 19 59073731 G A MZF1 p.S638L D-Mis T 25.8 . . . . 0.00 -0.26
KMM_13-3 19 757502 G C MISP p.V186L T-Mis T 11.9 1.39E-05 . 8.86E-06 . 0.00 -1.17
KMM_14-1 12 119937952 G A CCDC60 p.E209E synonymous . 8.2 . . . . 0.00 0.14
KMM_16-1 2 170163857 T A LRP2 p.1121F D-Mis D 21.2 . . . . 1.00 2.07
KMM_27-1 1 68960137 A C DEPDC1 p.V97G D-Mis T 23.3 . . . . 0.00 0.44
KMM_27-1 12 88586534 T C TMTC3 p.F620F synonymous . 11.3 . 7.96E-06 . . 0.00 1.62
KMM_2-1 1 186330829 C T TPR p.D295N D-Mis T 32.0 . . . . 1.00 2.99
KMM_2-1 19 1052268 G A ABCA7 p.S1068N T-Mis T 11.7 . . . . 0.00 -1.47
KMM_2-1 4 57180668 CG C KIAA1211 p.R334fs frameshift_deletion . . . . . . 0.00 0.36
KMM_35-1 17 12028609 A C MAP2K4 c.847-2A>C splicing . 33.0 . . . . 1.00 3.23
KMM_36-1 12 72030698 C T ZFC3H1 p.E623K D-Mis T 25.9 . . . . 1.00 2.14
KMM_39-1 5 140962861 T C DIAPH1 c.534-2A>G splicing . 33.0 . . . . 0.92 1.65
KMM_40-1 12 18552718 A C PIK3C2G p.H529P D-Mis T 24.2 . . . . 0.00 -0.97
KMM_40-1 8 104240298 C G BAALC p.R172G D-Mis T 20.2 . . . . 0.00 -0.26
KMM_42-1 19 33609999 C T GPATCH1 p.R833W D-Mis T 23.4 3.50E-05 7.96E-06 1.64E-05 . 0.00 0.68
KMM_42-1 5 140961905 A G DIAPH1 p.C220R D-Mis D 28.2 . . . . 0.92 1.65
KMM_42-1 5 6742701 T C TENT4A p.N369N synonymous . 11.0 . . . . 1.00 231
KMM_50-1 10 33200833 G A ITGB1 p.S563S synonymous . 11.6 . . . . 0.98 3.46
KMM_5-1 17 71434185 G A SDK2 p.D278D synonymous . 5.3 . 3.19E-05 4.00E-05 3.23E-05 0.00 2.68
KMM_5-1 3 151163065 A C IGSF10 p.51568S synonymous . 0.8 . . . . 0.00 -1.63

© 2021 American Medical Association. All rights reserved. 14



AA Change - Amino Acid Change; Bravo WGS Freq - Bravo Whole Genome Sequencing Frequency; gnomAD WES Freq - Gnome Aggregation Database Whole Exome Sequence Frequency; MetaSVM - Meta-analytic
support vector machine is an ensemble score that predicts the tolerability of a mutation. CADD1.6 - Combined Annotated Dependent Depletion is a validated tool for scoring the deleteriousness of single nucleotide

deletions, insertions, or variations. pLl is a gene-wide constraint metric that estimates the probability of being intolerant to loss-of-function mutations. mis_Z is a gene-wide constraint metric that estimates the
probability of being intolerant to missense mutations.

© 2021 American Medical Association. All rights reserved. 15



eTable 6. Demographic characteristics of primary MMD cases and controls

Cases UTHealth cases Autism Sibling Controls
Sample size 24 84 1,798
Gender
Male 14 (58.3%) 22 (26.2%) 842 (46.8%)
Female 10 (41.7%) 62 (73.8%) 956 (53.2%)
Ethnicity
European 18 (75.0%) 65 (77.4%) 1,418 (78.9%)

African American/African*

East Asian

South Asian

Mexican

Other

1 (4.2%)
1 (4.2%)
0 (0.0%)
4 (16.6%)

0 (0.0%)

5 (5.9%)
3 (3.6%)
2 (2.4%)
3 (3.6%)

6 (7.1%)

77 (4.3%)
40 (2.2%)
88 (4.9%)
129 (7.2%)

46 (2.6%)

© 2021 American Medical Association. All rights reserved. 16



The number of samples is shown in each category with the corresponding percentage in parentheses. Ethnicity is determined by principal component analysis
compared to HapMap samples using EIGENSTRAT. Plink --check-sex was used to determine sex.

© 2021 American Medical Association. All rights reserved. 17



eTable 7 Sequencing metrics for all reported samples

1x 2x 4x 8x 10x 15x 20x 30x 40x 50x 100x
Num Num Mean MEd' PCR . Reads Bases Mean target target target target target  target target target target target target
ID Read reads base  cover- an dupli Multiply un- on- on- error base base base base base base base base base base base Targets
Length (M) s (G) age c_(:é:r cates M2 ol R target:  target rate cover-  cover-  cover-  cover-  cover- cover- COver- Ccover-  COver  cover-  cover
age age age age age age age age -age age -age
cHO00 76 65.6 5 659 56 00476 00648 00012 0.6333 04752 0003 098 0973 096 0934 092 0882 0839 0746 065 0558 0.212 V2
cHOSOk 76 847 64 833 71 00592 0.0629  0.0013 0.6205 0.4649 00039 0981 0974 0963 00943 0932 0904 0872 0802 0727 0651 033 V2
HO00 76 707 54 69 58  0.0605 0064 00012 0.6155 04613 00037 0981 0973 096 0934 092 0883 0842 0753 0661 0572 0.236 V2
kmmMi1 101 572 58 676 65 01627 0.0672  0.0022 0.6135 04551 00019 0987 00986 0985 0984 0983 0978 0969 0926 0842 072 0124  IDT
kMM_112 101 742 7.5 957 92 01065 0.0642  0.0012 0.6646 0.4968 0.0018 0.987 098 00985 00984 0983 0982 098 097 0947 0902 0.414 IDT
KMM_113 101 59.6 6 779 74 0.0957 0.0694  0.0022 0.6759 0.5032 0.0019 0987 098 00985 00984 0983 098 0975 0951 09 0814 0215 IDT
kMM_131 101 839 85 132' 99  0.1264 00615  0.0009 0.6263 04684 0.0019 0988 0988 0987 098 0985 0984 0982 0973 0952 0913 0.493 IDT
kMM 132 101 549 55 623 60 0169  0.0607  0.0021 0.5863 04368 0.0019 0987 0098 0985 0984 0983 0979 0971 0925 0826 0683 0.066 IDT
kMM_133 101 645 65 827 79  0.0831 00662  0.0008 0.6601 0.4938 0.0019 0988 0987 098 00985 0985 00982 0978 0959 0914 084 027 IDT
kMM_141 101 47 47 603 58 0.0925 00671 00023 0.661 04942 00018 0988 00987 098 00984 0983 0977 0964 0906 0794 064  0.062 IDT
kMM 142 101 639 65 799 77 00923 00617 00008 0.6456 04814 00018 0987 00987 098 00985 0984 0982 0979 0963 0921 0844 0.227 IDT
kMM_143 101 79.5 8 1?30' 97  0.0997 00692 00008 0.6533 04879 00018 0988 0987 098 00986 0.985 00984 0982 0973 0953 0915  0.47 IDT
kMvM_is1 101 87.9 89 120' 107  0.0981 0.0663  0.0007 0.6494 0.4856 0.0018 0.987 098 00985 0985 0984 0983 0982 0977 0966 0942 0573 IDT
kMMm_t62 101 917 9.3 125 © 111  0.0872 00684  0.0006 0.646 0.4844 00017 0987 0987 0986 0985 0985 0984 0983 0978 0967 0944 0.603 IDT
kMM_163 101 108.6 11 1?;3' 129  0.1019 0.0663  0.007 006335 0.4742 00019 00988 0988 0987 098 0986 0985 00984 0981 0973 0958 0.721 IDT
kMM 191 101 688 69 82 79 01392 00584 00012 0.6201 04589 0.0018 0983 00987 098 00985 0984 0982 0979 0962 0921 085  0.261 IDT
kMM_192 101 88.8 9 1?17' 100  0.1524  0.064  0.0017 006236 0.4658 00019 0987 098 0985 0984 0984 0982 098 0973 0955 0919 0.509 IDT
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kMv21 101 811 8.2 1?13' 93 01275 00671  0.0015 0.6555 04912 0002 0987 00987 098 0984 0983 0981 0976 0957 092 0863 0.447 IDT
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KMM_211 76 74 56 495 42 00883 0.0769  0.0291 0.4954 0.4105 0.0029 0984 0981 0974 0957 0947 091 0858 0712 0545 0391 0.056 '\f'ﬁ::x
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eTable 8. Rare transmitted/unphased variants in known MMD genes

a. Characteristics of four patients with mutations in ACTA2 and RNF213

- Position AA Bravo Meta  CADD .
Proband ID Ethnicity Sex Type Class Gene (GRCh37) Change Freq SVM 16 Cons46aa (cons46diffcnt)
KMM_16-1 European F T'anslgtt;ee? from D-Mis ACTA2  10:90707044:T:C  p.I77V D 221 WHNHA-I-UANIITA—ITT )
Transmitted from . , . . C-CC-CCCCC/-CC-CC-Cl-
KMM_36-1 European F Vothor D-Mis RNF213  17:78293080:T:C  p.C998R  8.0x10 T 23.8 et e o 0
KMM_14-1 European M T'anslgtt;ee? from D-Mis RNF213  17:78357556:T:C  p.l4717T T 217 MINVLIIVIY '”"23;"”””” MLLLLL-
KMM_40-1 European M Transmitted from D-Mis RNF213  17:78359416:C:A  p.T4845K T 207  TUMITT-TTATT-TT--/TTTTTTTT-

Father

TTTTTTTT/TT-M-T-— (2)

b. Phylogenetic conservation of reference amino acid at each variant position described in this work.

. RNF213 - RNF213 -
Species ACTA2 - p.177 RNF213 - p.l14717
P P p.C998 p p.T4845
H. sapiens:
YPIEHGIITNWDD AKTFEKCIIEAVS SNPVAKIIYGDPV  LRRSLETNGEINL
M. musculus:
YPIEHGIITNWDD SRSFEKCVIEAVS  SNPVTKIIYGDPA LRRSLETNGEIKL
R. norvegicus:
YPIEHGIITNWDD ARSIEKCVIEAVS  SNPVTKIIYGDPA LRRSLETNGEIKL
X. laevis:
YPIEHGIITNWDD GKCFEDCAIEAVR SNPIVKIVYGDPL LRDSVYANSDIKL
C. familiaris:
YPIEHGIITNWDD SKCFEKCVVEAVS  SNPVARIVYKDPT LRRSLQTNGEIKL
R. macaque:
YPIEHGIITNWDD AKTFEKCIIEAVS SNPVAKIIYGDPV  LRRSLETNGEINL
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AA Change - Amino Acid Change; Bravo Freq - Bravo Whole Genome Sequencing Frequency; MetaSVM - Meta-analytic support vector machine is an ensamble score that predicts the tolerability of a mutation. CADD1.6 - Combined
Annotated Dependent Depletion is a validated tool for scoring the deleteriousness of single nucleotide deletions, insertions, or variations. Cond46aa represents “Residues among 46 vertebrate species" as described before in Furey et. al:
reference #46
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eTable 9. De novo variant enrichment analysis for each functional class in 22
primary Moyamoya case trios

Primary Moyamoya Cases, N = 22

Observed Expected Enrichment p

N Rate N Rate

All genes (N=19,347)

Total 24 1.09 244 111 0.99 0.56
Syn 7 0.32 69 031 1.01 0.54
T-Mis 2 0.09 53 024 0.38 0.97
D-Mis 12 0.55 10.1 0.46 1.19 0.31
LoF 3 0.14 2.1 0.1 1.42 0.36
Protein altering 17 077 175 0.8 0.97 0.58
Protein damaging 15 0.68 122  0.55 1.23 0.25
High brain-expressed genes (brain expression rank 2 75%; N=4,522)

Total 7 032 6.3 0.29 1.11 0.44
Syn 2 009 1.8 0.08 1.14 0.52
T-Mis 2 0.09 1 0.05 2 0.26
D-Mis 3 0.14 3 014 0.99 0.59
LoF 2 0.09 06 0.03 3.52 0.11
Protein altering 5 023 45 0.2 1.1 0.47
Protein damaging 5 023 36 0.16 1.38 0.3
Loss-of-function intolerant genes (gnomADv2.1.1 pLI 2 0.9; N=3,049)

Total 9 041 58 0.26 1.54 0.14
Syn 2 0.09 1.6 0.07 1.21 0.49
T-Mis 0 0 0.8 0.04 0 1
D-Mis 5 023 29 0.3 1.7 0.18
LoF 2 009 05 0.02 3.83 0.1
Protein altering 7 032 42 0.19 1.67 0.13
Protein damaging 7 032 35 0.16 2.02 0.06

Loss-of-function-intolerant & high brain expressed genes (N=1,495)
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Total 5 023 28 013 1.79 0.15
Syn 2 009 0.8 004 2.58 0.18
T-Mis 0 0 0.3 0.01 0 1

D-Mis 2 009 15 0.07 1.38 0.43
LoF 1 0.05 03 0.01 3.88 0.23
Protein altering 3 0.14 2  0.09 1.48 0.33
Protein damaging 3 014 17 0.08 1.75 0.25

N: number of de novo variants; Rate: number of de novo variants per subject; Enrichment: ratio
of observed to expected numbers of de novo variants; D-Mis: damaging missense variants as
predicted by MetaSVM or CADD v1.6 (=20); LoF: loss-of-function variants comprised of
premature termination, frameshift or splice site mutation; High brain-expressed genes denote
genes in the top quartile of expression in the developing mouse brain; Loss-of-function-
intolerant genes denote genes with a pLI = 0.9 in the gnomAD database (v2.1.1).
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eTable 10. Damaging recessive variants in 26 MMD cases

CADD nomAD nomap ~ PLiscore mis_z
ID Variant Type CHROM:POS:REF:ALT Gene AA change Variant Class MetaSVM Bravo WGS Freq g g (gnomAD (gnomAD
v1.6 WES Freq WGS Freq
v2.1.1) v2.1.1)
KMM-4-1  Homozygous 2:218686643:T:A TNS1 p.E1027V D-Mis D 29.1 8.28E-04 2.00E-03 3.60E-03 0.06 0.55
CHO_0001-01  Homozygous 3:1369255:G:C CNTNG p.E400Q D-Mis T 25 7.09E-04 1.30E-03 5.00E-04 0.00 -3.00
KMM_13-3  Homozygous 8:121290743:A:G COL14A1 p.K1136R D-Mis T 214 8.28E-04 1.00E-03 7.00E-04 0.00 1.54
CHO_0001-01  Homozygous 15:52539165:G:A MYO5C p.T643M D-Mis T 236 9.16E-04 1.10E-03 6.00E-04 0.00 0.48
KMM 3-1  Homozygous 17:14110391:G:A CoX10 p.R398H D-Mis D 24.9 1.35E-04 9.83E-05 0.08 -0.18
) compound . . . . IV TI . 2.31E-04/ 2.00E-04/ :
KMM_13:3 | SR 17:48264049.CT/17:48276622:GT  COLIAT  p.A1256T/pP146T  D-Mis/D-Mis D/D 26/20.1 3 o8EO osion | BATE0S/. 1.00 353
) compound . P o~ N /M 7.96E-06/ 1.67E-05/ )
KMM_13-3 | o s 389250601:G:A/3:89456470:C.T EPHA3  p.E249K/p.A549V  D-Mis/D-Mis /T 24.7/20.5 ©oaE0n S oonon /64TEDS 0.00 0.65
) compound . Ty, . < AN 1.59E-05/ ; } R
KMM_13:3 | SR 216B097184T:C/2:168100235:C.T XIRP2 p.L360P/p.P778L D-Mis/D-Mis D/T 24.2/26.4 S 20 0n 4.06E-06/0  ./3.23E-05 0.00 2.40
) compound . o N . 9.64E-04/ 1.20E-03/  1.20E-03/ )
KMM_14-1 | o s 2L7947928BAG/2:179647563:C.T TIN  pJ16318T/p.v1024l  D-Mis/D-Mis D/T 21.8/20.7 S 30E O 5 A8EOn S 7O 0.00 1.10
) compound . - . - M /M 3.74€E-04/ 6.00E-04/ :
KM 211 TR 17:10301792:T:C/17:10323469:G:A MYH8  pJ1383V/p.R26W  D-Mis/D-Mis /D 22.5/23.9 0L N 13t0n  AO0E-04/. 0.00 0.35
D-
] compound . o . ‘ ‘ 7.88E-04/ 1.50E-03/  3.00E-04/
KM 351 e s 7122028773.CT/7:122076416:GT:G  CADPS?  p.EBS6K/pT671fs  Mis/frameshif T/. 32/. aebon 5 0E-0a Y 0.37 1.09
-deletion
) compound . P - < AN 1.59€-05/ 2.02E-05/ :
KMM 361 | e s 1:22155342:C:T/1:22198756:G:A HSPG2  p.G4075S/p.L1382F  D-Mis/D-Mis D/D 26.2/27 b Loaron  3:24E05/. 0.00 1.14
KMM_40-1 hzg;gx‘g';is 16:67985888:C:T/16:68002521:C:T  SLCI2A4  p.A324T/p.G13R D-Mis/D-Mis /T 20.4/22.9 /4.14E-04 J6.00E-04  ./3.00E-04 0.00 135
KMM_42-1 compound  14:100595081:A:G/14:100604139:G: EVL p.Q238R/p.R365K D-Mis/D-Mis T 21.3/35 7.96E-06/. /. /3.23E-05 1.00 1.48
heterozygous A
compound . " . - . . 4.78E-05/ 4.89E-05/
KMM_a2-1 | e s 16:68912084:AG/16:69008053:CT  TANGO6  p.T399A/pR942X  D-Mis/stopgain T/. 22.1/40 A esb.on  /323E05 0.00 0.45
) compound . P - v ; 7.96E-06/ ) :
km_az1 | SRR 631733817TC/631743113:G:A VWA7  p.N7815/p.0203X  D-Mis/stopgain T/, 25.4/36 S J4.18E-06  3.23E-05/. 0.00 1.01
compound , e . p.H1166P/p.51142 _ 4 1.59E-05/ 4.47E-05/
KMM_a5-1 | o s 3142259830.T:6/3:142261533.T:C ATR . D-Mis/D-Mis /T 26.1/21.9 S sE.on e o0r.0a  /400E-04 0.00 436
) compound . P . AN ) 8.25E-06/ )
KMM_S0-1 e s 2:26667804:C.T/2:26673482:A.G DRC1 p.L462F/p.D541G D-Mis/D-Mis /T 23/29.6 /7.96E-05 P J. 0.00 0.05
KMM_50-1 h;’;’gfy“gﬁs 2:241658469:G:A/2:241702220:T:C KIFIA  p.Al640V/p.S703G  D-Mis/D-Mis /T 24.3/23.1 2.87E-04/. 3.00E-04/.  4.00E-04/. 1.00 5.16
KMM_50-1 hz(t’;:gz"y“gr;is 16:3452194:C:T/16:3454579:C:T ZNF174  p.L64F/p.R186W D-Mis/D-Mis /T 23.7/21.2 /3.19E-05 J1.65E-05 J. 0.01 0.56
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AA Change - Amino Acid Change; Bravo WGS Freq - Bravo Whole Genome Sequencing Frequency; gnomAD WES Freq - Gnome Aggregation Database Whole Exome Sequence Frequency; MetaSVM - Meta-analytic support vector
machine is an ensemble score that predicts the tolerability of a mutation. CADD1.6 - Combined Annotated Dependent Depletion is a validated tool for scoring the deleteriousness of single nucleotide deletions, insertions, or

variations. pLl is a gene-wide constraint metric that estimates the probability of being intolerant to loss-of-function mutations. mis_Z is a gene-wide constraint metric that estimates the probability of being intolerant to missense
mutations.
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eMethods. Detailed Methods

Kinship analysis
Relationship between proband and parents was estimated using the pairwise identity-by-descent (IBD) calculation in

PLINK €. The IBD sharing between the proband and parents in all trios is between 45% and 55%.

Ruling out duplicated samples

To identify subjects who could have been recruited multiple times in case cohorts, control cohorts, or both, we
calculated the overlap of high-confidence rare variants (MAF = 0% in EXAC, gnomAD, and Bravo) between each pair
of individuals. For pairs that share > 80% of rare variants, the sample with greater sequence coverage was kept in

the analysis and the other discarded.

Principal component analysis

To determine the genetic ancestry of each subject, we used the EIGENSTRAT software ' to analyze tag single-

nucleotide polymorphisms (SNPs) in cases, controls, and HapMap subjects as described 2.

De novo variant expectation model
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Because the MMD trios were captured by three different reagents (i.e., Nimblegen V2, MedExome. and IDT), we
took the union of all bases covered by different capture reagents and generated a Browser Extensible Data (BED)
file representing a unified capture for all trios. We used bedtools (v2.27.1) to extract sequences from the BED file 3.
A total of 1,798 control trios consisting of unaffected siblings and parents of patients with autism spectrum disorder
from the Simons Simplex Collection were analyzed in parallel . We then applied a sequence context-based method
to calculate the probability of observing a DNV for each base in the coding region, adjusting for sequencing depth in
each gene as described previously °. Briefly, for each base in the exome, the probability of observing every tri-
nucleotide mutating to other tri-nucleotide was determined. ANNOVAR (v2015Mar22) was used to annotate the
consequence of each possible substitution. RefSeq was used to annotate variants (based on the file
“hg19_refGene.txt” provided by ANNOVAR). For each gene, the coding consequence of each potential substitution
was summed for each functional class (synonymous, missense, canonical splice site, frameshift insertions/deletions,
stop-gain, stop-loss, start-lost) to determine the gene-specific variant probabilities °. The probability of a frameshift
mutation was determined by multiplying the probability of a stop-gain mutation by 1.25, as described previously °. In-
frame insertions or deletions are not accounted for by the model and were not considered in the downstream
statistical analyses. To align with ANNOVAR annotations, analysis was limited to variants that were located in the
exonic or canonical splice site regions and were not annotated as “unknown” by ANNOVAR. Following the inclusion
criteria, we identified potential coding mutations and generated gene-specific mutation probabilities for 19,347

unique genes. Owing to differences in the exome capture kits, DNA sequencing platforms, and variable sequencing
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coverage used to study case and control cohorts, respectively, separate de novo probability tables were generated

for cases and controls.

De novo mutation enrichment analysis

The burden of DNVs in MMD cases was determined using the denovolyzeR package as previously described 2.
Briefly, the expected number of DNVs in the case cohort across each functional class was calculated by taking the
sum of each functional class-specific probability multiplied by the number of probands in the study x 2 (diploid
genomes). Then, the expected number of DNVs across functional classes was compared to the observed number in
each study using a Poisson test °. Gene-set enrichment analyses only considered variants observed or expected in

genes within the specified gene set (i.e., high brain-expressed, LoF-intolerant).

Prediction of variant impact on mDial structure

The mDial protein sequence (UniProt O60610) was used to query the Protein DataBank for structural homologs
using MolSoft ICM-Pro ver 1.8.7c 7. The search identified two structures of mDial from mouse (PDB id 2BNX"® and
1v9D’"). The homology model was built in ICM-Pro based on a 96.1% sequence identity with the mouse template
over the resolved residues of mouse mDial separately. The AAG value was calculated using the Molmechanics tool
of ICM-Pro and used to predict the impact of the variant on protein structure 8; this is mathematically expressed by

the equation:
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AG = AGnmistolded — AGunfolded

In this equation, AGunrided refers to the sum of the energies attributed to the individual residues before the mutation,
while AGnisroided refers to the sum of the energies attributed to the individual residues after the mutation. A positive
AAG indicates a destabilization effect on protein structure caused by the point mutation. More detailed information

can be found in eFigure 2.
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