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Table 1. Demographic data for WBS cohort. Demographics are presented overall and by SVAS severity subgroup. Age at last SVAS phenotyping

is listed
Variable All patients No SVAS (N =46) Mild SVAS (N =42) Severe SVAS (N=16)
Sex (%) Female 53.8% 64.7% 45.2% 37.5%
Ethnicity (%) Caucasian 87.5% 87.0% 88.1% 87.5%
Latinx 6.7% 8.7% 7.1% 0%
Asian 4.8% 4.3% 4.8% 6.3%
Middle Eastern 1.0% 0% 0% 6.3%
Deletion size (%) Typical 92.3% 95.7% 90.5% 87.5%
Atypical 7.7% 4.3% 9.5% 12.5%
Age at phenotyping 16.4 20.9 11.0 18.0
(mean, range) (0.1-66.6) (3.3-66.6) (0.1-32.5) (0.9-46.0)

and intracardiac anomalies) (17). The issue of small sample size
is a significant challenge for all rare-disease association studies
using whole exome/genome data and requires analysis pipelines
that optimize discovery.

To combat these problems, we collected a larger cohort
of well-phenotyped WBS patients (N=104)—the largest WBS
patient group exome sequenced to date—and directed our
efforts to identifying modifiers specific to the SVAS phenotype
(Supplementary Material, Fig. S1 outlines our sequencing
analysis pipeline). We wundertook an extreme-phenotype
analysis, focusing only on patients with either no SVAS or
severe (hemodynamically significant) SVAS, an approach that
has proven effective in identifying rare causal variants of
common disease (18). To increase the likelihood that the
variants identified would have meaningful biological impact,
we concentrated on those most likely to alter protein function
(missense, stop-gain and stop-loss). We then employed variant
prescreening using the phred-scaled Combined Annotation-
Dependent Depletion (CADD) score (19) and marginal frequency
between the groups to refine our variant set. Finally, we used
gene set enrichment analysis (GSEA) (20) to test for enrichment
of Molecular Signatures Database (MSigDB) biological pathways
in our gene set (http://software.broadinstitute.org/gsea/msigdb/
index.jsp), followed by association tests of SVAS severity with
each of the top pathways using the Optimal Sequence Kernel
Association Test (SKAT-O) (21,22) and RQTest (23,24). Our
methods identified several candidate modifier pathways that
were tested in mouse models of ELN insufficiency.

An improved understanding of genes and pathways associ-
ated with SVAS pathology will aid in drug targeting and devel-
opment with the goal of decreasing morbidity and mortality due
to stenosis in the WBS population.

Results
Patient cohort demographics

Our study evaluated data from 104 individuals with documented
WBS. Their demographics are shown in Table 1. The population
was majority Caucasian, and the number of males and females
was approximately equal. The average age of last SVAS phe-
notyping was 16.4 years. Forty-six participants had no SVAS,
42 had mild (non-hemodynamically significant) SVAS and 16
had a history of severe SVAS. The mild SVAS group exhibited
a wide spectrum of disease and a large number of children
younger than 5 years (13/42), whose final SVAS phenotype may
not be known due to the potential for progression of stenosis
severity in this age group (25). To ensure that only patients with
conclusive SVAS status were studied and to provide the widest

phenotypic difference between groups, subsequent testing was
performed on the extreme outcomes (no SVAS vs severe SVAS)
only (N=62). This subset was also majority Caucasian and was
59.7% female. The average age at last SVAS phenotyping was
higher (20.1 years; range: 11 months to 66.6 years), with 90.3% of
patients being 5 years or older. Of the six children younger than
5 years, four had severe SVAS, leaving only two young children
(both aged 3.3 years) marked as ‘no SVAS,” who had the potential
to progress.

We performed univariate analysis of the demographic data,
but no variables were statistically significantly correlated with
SVAS severity (Supplementary Material, Table S1; Bonferroni-
corrected «=0.017). Male sex was the only marginally signifi-
cant correlate of SVAS severity (P=0.04). Consequently, we did
not include these covariates in subsequent association testing
models.

Single-nucleotide variants in the ELN gene and the
broader WBS critical region do not appear to modify
SVAS severity

To identify modifiers of the SVAS phenotype, we first focused
on variation in the remaining ELN copy, since missense changes
in this allele could impact the quality of residual ELN deposited.
Only two non-synonymous single nucleotide variants (SNVs;
rs2071307 and rs17855988, both with phred-scaled CADD
score > 10) were identified as variable in the cohort; both were
included in the analysis. Single-gene SKAT-O analysis revealed
no significant association between these ELN SNVs and severe
SVAS (P=0.159; Fig. 1A).

Extending our search beyond ELN itself, we evaluated variants
within the genes in the WBSCR—an area already at genetic
risk due to its hemizygous state. For this analysis, we excluded
three patients with atypically small WBS deletions, so all partic-
ipants would have one copy of all genes analyzed. Single-gene
SKAT-O revealed no association of WBSCR gene variation with
the severe SVAS phenotype (Supplementary Material, Fig. S2A;
Bonferroni-corrected o = 0.0045). The most nominally significant
gene association was seen for CLIP2 (P=0.09). Similarly, Fisher’s
exact testing revealed no correlation between the number of
variants in this region and SVAS phenotype severity (P=0.37,
Supplementary Material, Fig. S2B).

Further restricting this analysis to only those SNVs with a
minor allele frequency (MAF) difference > 5% between the severe
and no SVAS groups and a phred-scaled CADD score > 10—i.e.
a pool more likely to contain causative variants—revealed no
significant improvement (N =3 variants, including the two ELN
variants noted above and rs1128349 in DNAJC30; SKAT-O P=0.29).

€20z Aenuer g uo Jasn sinoT 1S Ul AlistaAlun uoibuiysep) Agq G626 /2€8G/5£02/2 L/62/2101e/Bwy/woo dnosolwepeoe//:sdyy wolj pepeojumoq


http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://software.broadinstitute.org/gsea/msigdb/index.jsp

2038 | Human Molecular Genetics, 2020, Vol. 29, No. 12

1 No SVAS
Il Severe 4
SVAS =
0. P=0.159 N —

COL11A1

SBK2
WDR36
MYT1
PAPSS1 OR10G9
craPsgFZR4 7 ATP4B  pKDRE

CACNA1B

e
IS)
b

Number of alleles in WBS cohort
=

Q
> &
w\q}\e}?’ @}@Q’

\/
» e \
DEFB131 CD226 NUPS54 /ﬁ

Chromosome B

STRING protein-protein interaction (PPl)

¢ N FDR value
/IFITS s & enr ( F

~ OASL PSMD3 SIGIRR

CDQG CD207 / \ _Tvk2 D Immune System 4.42E-46
S
/ - . Adaptive Immune System 2.11E-34
RPSGKAS MX1 = = ~

" / }_/ \\\ . BTB1§\\ . |:l gl:fesslel:]/lgﬁco rr]nedlated antigen processing 1.62E-14

8 ASB13
— SIPM 9 7CUL2S< q . Cytokine Signaling in Immune system 5.65E-13

CGAP1 RAF2 N\ > \\ |:I Antigen processing: Ubiquitination &
; s | 5 4 8.30E-12
/ / / BE3A Proteasome degradation
5// QPZS / RNF18 l:' MHC class Il antigen presentation 4.58E-09
KIFSA___ & YRS a2, _

RASG FL T/IAP(V ,\ D Interferon Signaling 8.59E-09

IF5B NI ~ CuLs
\ \L 4 / :Ps g\ / /\/ /BE2D - |l| Interferon alpha/beta signaling 6.06E-08
' D74 \RIPK1 SRQ\ Z D Signaling by Interleuki 1.16E-07

KIF15 S}ECerl'Q . ’\\<(\ ignaling by Interleukins 16E-
/ \ \\ & HSP9OB1__ > S~ D Innate Immune System 3.34E-07
/ ___SYK RAPGEF/SAKTz
‘/ NLRC4 _— g
SEC61B & GSK3A
a RAP1GAR2
__CTsA
s ~~ C
TPP2 ™~~~ &

Figure 1. Variation in immune pathways, but not ELN, is associated with severe SVAS. (A) SKAT-O burden analysis of patients with no or severe SVAS. (B) Manhattan
plot of gene-based exome-wide association testing of 42 360 variants in 12 546 genes. No individual genes reached exome-wide significance, but nominally significant
genes of interest are noted. The blue line indicates P < 0.05, which was used as the cutoff for GSEA. The red line indicates P < 3.1 x 103, (C) Network of experimentally

validated interactions between proteins of Reactome immune system gene set
10 Reactome pathways that are enriched within this network.

Exome-wide gene-based analyses reveal enrichment
for immune variants

Not finding strong candidate modifiers in the WBSCR, we
expanded our search to the exome. We performed two analyses:
one examining all non-synonymous, stop-gain and stop-
loss variants in the exome on a gene-by-gene basis, and a
second analysis including only those variants with phred-
scaled CADD score > 10 and a known difference in MAF among

(N'=53). Outer ring of each node contains colors corresponding to membership in top

extreme-phenotype groups. Both methodologies favor unbiased
discovery: the first method allows an underpowered but com-
plete view of all variants and the second includes prescreening
for variants most likely to impact functional differences between
groups.

For the unfiltered analysis, we used gene-based SKAT-O
with Madsen-Browning SNV weights (26) to evaluate functional
variants in individuals with extreme SVAS phenotypes (N=62).
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Table 2. Top hits for GSEA of top genes in gene-based exome-wide analysis. Variants with P <0.05 (N =944) were analyzed. Q-values are FDR-

adjusted P-values

Pathway # Genes in gene  # Genes in k/K P-value q-value
set (K) overlap (k)

Reactome immune system 933 53 0.057 4.59 x 10711 6.10 x 1078
Reactome adaptive immune system 539 37 0.069 2.54 x 10710 1.69 x 1077
Reactome generic transcription pathway 352 26 0.074 2.68 x 1078 1.19 x 10>
Reactome transmembrane transport of small 413 26 0.063 6.05 x 1077 2.01 x 107*
molecules

Reactome L1CAM interactions 86 11 0.13 1.56 x 1076 4.15 x 1074
Reactome developmental biology 396 24 0.061 3.12 x 107 6.37 x 1074
KEGG MAPK signaling pathway 267 19 0.71 3.35 x 1076 6.37 x 107*

For this purpose, 42 360 variants in 12 546 genes were analyzed.
While underpowered to detect all but the strongest associations,
the data were overall of high quality, especially at smaller P-
values (Supplementary Material, Fig. S3). The best single-gene
P-value (uncorrected) was in the range of 1 x 10~* (Fig. 1B,
Supplementary Material, Table S2). The top genes included
WDR36 (P=1.8 x 107*), a gene involved in T cell activation,
and FZD4 (P=4.6 x 107*), which is associated with incomplete
vascularization and tortuosity of the retinal vasculature in some
retinopathies (27,28). Additionally, we noted the presence of
COL11A1 (P=1.6 x 1073), a key gene in collagen fibril formation,
and CACNA1B (P=1.5 x 1073). None met the threshold for exome-
wide significance.

Rather than one single gene acting as a modifier of the SVAS
phenotype, we hypothesized that risk could be influenced by
multiple low-impact changes in genes within the same pathway.
We thus chose to perform GSEA of top genes from the exome-
wide analysis (genes with P < 0.05, N =944/12 543). Here we used
P-values to rank the degree to which variants in these genes were
differentially present in our extreme phenotype groups. Using
this cutoff, we selected the top 8% of genes to carry forward for
GSEA.

GSEA identified several gene sets of interest, with statis-
tical significance measured by g-values, which indicate false
discovery rate (FDR)-adjusted P-values (Table 2). The top two
gene sets were related to the immune and adaptive immune
systems (9=6.10 x 1078 and 1.69 x 1077, respectively). Affected
genes in the immune system pathway (Fig. 1C) are involved
in multiple aspects of adaptive and innate immune function,
including antigen processing and presentation and cytokine

signaling.

Filtered variant analysis identifies extracellular matrix
modifiers of SVAS

Our initial analyses evaluated all non-synonymous variants in
the exome on a gene-by-gene basis. Given our sample size of
62, evaluation of such a large number of variants and genes
limited our power to find significant associations. Consequently,
our second analysis was restricted to a subset of all variants with
both a phred-scaled CADD score > 10 and a MAF difference > 10%
between the severe and no SVAS groups (N=860/12 543 genes;
colored purple in Fig. 2A and shown in Supplementary Material,
Table S3), as these are more likely to contribute to protein
function differences between groups (19). In this analysis, no
single variant was present in all members of a severity class and
variants with the highest CADD scores (colored red in Fig. 2A)
were uncommon (MAF < 5%) and present in similar fractions of
patients with and without severe stenosis.

GSEA of these higher CADD/higher MAF difference variants
(1005 variants in 860 genes) identified multiple canonical path-
ways, with the top 25 pathways, which involved 188 of the 860
genes, shown in Supplementary Material, Table S4. Examination
of the affected genes in these top 25 pathways suggested that
several clusters of these genes were driving enrichment for
multiple pathways and further, that some of the pathways had
biologically related functions. Hierarchical clustering showed
that the enriched pathways cluster into four nearly distinct sets,
which also correspond to related sets of biological functions
(Fig. 2B, Supplementary Material, Table S5). In each cluster, the
pathway with the largest number of affected genes was taken
as a representative set when assessing significance of enrich-
ment. The four clusters included pathways and genes related to
the ECM (e.g. Naba matrisome: q=4.67 x 1072%), to G protein-
coupled receptor (GPCR) signaling (e.g. Reactome signaling by
GPCR: q=4.71 x 1077), to lipid metabolism (Reactome lipids and
lipoprotein metabolism: q=3.01 x 107°) and to the immune
system (Reactome immune system: g=1.95 x 107°).

Recognizing that multiple pathways appeared enriched in
potentially high-impact variants, we assessed whether there
was a statistical association between genotypes for the genes
in these specific pathways and extreme-phenotype status. We
applied the SKAT-O method to test the association of genotype
variants in each pathway with the severe and no SVAS cohorts
using RVTESTS (22). We found a significant association between
variants and phenotype with FDR <0.05 in 21 of the 25 top
pathways from GSEA overall, including each of the four repre-
sentative pathways previously highlighted by clustering analysis
(Table 3, Supplementary Material, Table S6). The variants in the
matrisome and lipid metabolism pathways had the strongest
association with SVAS severity (q=0.004 for both).

We also applied RQTests using Wald statistics in the R pack-
age ‘rqt’ to test the association of variants in the identified
pathways with SVAS severity (Table 3, Supplementary Material,
Table S6) (23,24). The matrisome pathway had the strongest asso-
ciation with SVAS severity (q=3.4 x 10~*3). Twenty-one out of 25
pathways were significantly associated with SVAS severity, with
FDR <0.05 (Supplementary Material, Table S6). Patient-specific
genotype/phenotype data are shown for the Naba matrisome
gene list (Fig. 3A). Seven genes were identified with particularly
high phred-scaled CADD scores and allele-frequency differences
(Fig. 3B). Genotype/phenotype data for the remaining three key
pathways are shown in Supplementary Material, Figures S4-S6.

Validation of candidate pathways in mice

Our human genomic analyses revealed four candidate modifier
pathways. To confirm that the pathways revealed by exome
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Figure 2. Filtered variant assessment shows prominent role for ECM genes in SVAS risk. (A) Plot of phred-scaled CADD score vs AF difference between severe and
no SVAS groups from 42360 non-synonymous variants of 12546 genes. Variants with phred-scaled CADD score > 40 are red; variants with CADD-phred >10 and AF
difference between severe and no SVAS groups > 0.1 are purple (1005 variants in 860 genes); and variant density is shown in red and green contour. (B) Gene sets for
the top 25 pathways identified by GSEA of these 860 genes; affected genes within pathways in black. Hierarchical clustering (right and top) of gene sets and sets of
pathway membership based on matrices of Jaccard similarity (bottom and left) ranging from none (blue) to complete identity (yellow). Bold arrows and text at right
indicate four pathways taken as representatives for the broader clusters (gene names visible in Supplementary Material, Table S5).

Table 3. SKAT-O and RQTest results for four representative pathway association with SVAS. FDR, false discovery rate; GPCR, G protein-coupled
receptor

Pathway RVTEST SKAT-O FDR RQTest rqt FDR

Naba matrisome 3.7 x 1073 3.4 x 10713

Reactome signaling by GPCR 1.0 x 1072 4.4 x10°°

Reactome metabolism of lipids and lipoproteins 3.7 x 1073 24 x 1074

Reactome immune system 3.5 x 1072 4.4 x 107°

analysis contained relevant genes, we evaluated two candidate narrowed arterial caliber, an increased number of elastic
pathways in Eln*/~ mice. These mice share many vascular lamellae, higher blood pressure and increased vascular stiffness

features with human ELN insufficiency patients, including (12,29).
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