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Abstract

Purpose—To maximize the discovery of potentially pathogenic variants to better understand the
diagnostic utility of genome sequencing (GS) and to assess how the presence of multiple risk
events might affect the phenotypic severity in autism spectrum disorders (ASD).

Methods—GS was applied to 180 simplex and multiplex ASD families (578 individuals, 213
patients) with exome sequencing and array comparative genomic hybridization further applied to a
subset for validation and cross-platform comparisons.

Results—We found that 40.8% of patients carried variants with evidence of disease risk,
including a de novo frameshift variant in NR4AZ2and two de novo missense variants in SYNCRIP,
while 21.1% carried clinically relevant pathogenic or likely pathogenic variants. Patients with
more than one risk variant (9.9%) were more severely affected with respect to cognitive ability
compared with patients with a single or no-risk variant. We observed no instance among the 27
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multiplex families where a pathogenic or likely pathogenic variant was transmitted to all affected
members in the family.

Conclusion—The study demonstrates the diagnostic utility of GS, especially for multiple risk
variants that contribute to the phenotypic severity, shows the genetic heterogeneity in multiplex
families, and provides evidence for new genes for follow up.
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utility

INTRODUCTION

Detailed phenotyping coupled with sequencing of patient cohorts with autism spectrum
disorder (ASD) and related neurodevelopmental disorders (NDDs) have allowed the
identification of hundreds of risk genes and related variants.1~> While useful, most of these
studies have largely focused on a particular subset of patients or have imposed strict
enrollment criteria that have led to phenotypic ascertainment biases. One of the most useful
and deeply phenotyped cohorts, the Simons Simplex Collection (SSC),° for example, was
restricted to simplex cases and carried a relatively lower proportion of intellectual disability
(ID) cases (<25%). Such biases have likely skewed our understanding of the relative
contribution of de novo and private variants as well as the potential diagnostic or predictive
utility of genome sequencing (GS) in a clinical setting.

The genetic architecture of ASD has become clearer in the last decades and hundreds of risk
genes and related variants have now been identified for both syndromic and idiopathic
autism, based on genome-wide microarrays,’ exome sequencing (ES),34 and more recently,
GS.89 Nevertheless, rare genetic variants, including de novo single-nucleotide variants
(SNVs) and insertions/deletions (indels), and copy number variants (CNVSs) still account for
only a limited fraction of simplex cases (10%—-30%).3:10 The high heritability of ASD
(50%-80%)11 suggests that the monogenic model is likely too simplistic and that other risk
variants await discovery. Although hundreds of risk variants have been identified, many of
them demonstrate reduced penetrance and/or variable expressivity, including the
transmission of potentially pathogenic variants from an unaffected parent to offspring.

One possibility may be that the penetrance of such risk alleles depends upon the genetic
background on which these variants occur. Multiple gene-disruptive events, for example,
may co-occur in probands and act synergistically or additively to lead to a more severe
phenotype as suggested by several recent studies.12-14 Among multiplex families where
more than one sibling is affected, differential transmission of such variants in conjunction
with additional de novo variants may lead to phenotypic variability, even when Mendelian
inheritance seems likely.1> These situations make genetic diagnosis or risk prediction of
individuals with ASD and related NDDs particularly challenging.

Comprehensive variant discovery is key to disease association and gene discovery. GS is
now regarded as the preferred approach to identify the full spectrum of risk variants and
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explore the individual-level genetic architecture. In this study, we applied three platforms—
GS, ES and array comparative genomic hybridization (aCGH)—in order to study a local
cohort of families presenting to the clinic with at least one child with ASD features. Our
goal was to maximize the discovery of potentially pathogenic variants to better understand
the diagnostic utility of GS compared to a multiplatform approach, identify/validate novel
disorder-related variants, and assess how the presence of multiple pathogenic variants might
affect the phenotypic severity in individuals with ASD.

MATERIALS AND METHODS

Patients

We selected autism families for genetic investigation where at least one proband had been
diagnosed with ASD and had been clinically evaluated at the Seattle Children’s Autism
Center over the last five years from the Study of Autism Genetics Exploration (SAGE)
collection (Supplementary Methods). SAGE included individuals with ASD and ID as well
as individuals with intact cognitive abilities and included children from both multiplex and
simplex families. We only selected samples where DNA from both parents was available and
probands were diagnosed with ASD by meeting cutoff criteria on the Autism Diagnostic
Observation Schedule and/or DSM-5. In total, we investigated 180 families (578 individuals,
213 patients and 5 unaffected siblings), including 149 trios, 23 multiplex quads, 3 simplex
quads, 3 multiplex five-member families, 1 simplex five-member family, and 1 seven-
member family (Supplementary Figure S1, Supplementary Table S1). Clinical information
was extracted from medical record review, standardized psychological evaluation, and/or
parent report. For 64 affected individuals from 55 families, quantitative intelligence quotient
metrics (full-scale 1Q (FSIQ) and/or non-verbal 1Q (NVIQ)) were available (Supplementary
Table S1). All participants provided informed consent prior to participation in the study
(IRB protocol #44219).

GS and analysis

Sequencing and quality control (QC)—AIl GS samples were analyzed at the New
York Genome Center (NYGC) using 1 microgram of DNA, an Illumina PCR-free library
protocol, and sequencing on the Illumina HiSeq X Ten platform. Sequence analysis was
performed using a Centers for Common Disease Genomics (CCDG)-compliant pipeline as
described elsewhere.1® Generated reads were aligned to the genome (GRCh38) using BWA-
MEM?7 (v0.7.15), duplicate reads were marked using Picard (v2.4.1), and base scores were
recalibrated using GATK!8 (v3.5). QC analysis included GS metrics estimation (Picard
v2.4.1), flagstat estimation (SAMtools v1.3.1), and insert-size estimation (WHAM-
Graphening v1.7.0) (Supplementary Figure S2a-d). Genomes were sequenced to a mean
coverage of 35.4x (37.3x for the CCDS region). Full QC statistics are available in
Supplementary Table S2. Kinship coefficients (¢) by KING!® were used to assess family
relationships. All family relatedness was estimated as reported (Supplementary Figure S2e,
Supplementary Table S2). Mitochondrial haplogroup analysis (Supplementary Figure S2f)
indicates that most families are of European descent (consistent with self-reporting).
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SNV/indel calls—We used the same pipeline to call SNVs and small indels as described
previously.® In summary, SNVs and indels were called using the GATK HaplotypeCaller
(v3.5) on a multiple-samples joint-calling basis and FreeBayes (v1.0.2) on a per-family
basis. De novo SNVs and indels were called using a custom pipeline with family-level VCFs
for both FreeBayes and GATK. First, a BCFtools (v.1.8) norm was used to left-align and
normalize indels. Then, candidate sites were chosen where the father’s genotype was 0/0, the
mother’s genotype was 0/0, and the child’s genotype was either 0/1 or 1/1. Finally, we
applied allele count, read-depth and allele balance filters: the father alternate allele count =
0, mother alternate allele count = 0, child allele balance > 0.25, father depth > 9, mother
depth > 9, child depth > 9, and either child genotype quality > 20 (GATK) or sum of quality
of the alternate observations > 20 (FreeBayes). Any sites in low-complexity regions were
removed from further analysis.

CNV calls—We use the same pipeline to call CNVs as described previously® with several
changes to the callers applied. In our original pipeline, CNV detection was performed by
five SV-calling programs (dCGH,2° Genome STRiP,2! LUMPY,22 WHAMG,23 and
VariationHunter). In this study, we excluded VariationHunter and added CNVnator?4 and
DELLY? for six total algorithms. Calls generated from those six CNV callers were then
merged on a per-sample basis with calls being reported with the breakpoints from one
algorithm and supporting algorithms annotated. Breakpoint selection was accomplished by
our previously described® algorithm, which utilizes a combination of relative known
breakpoint accuracy (Genome STRIiP, LUMPY, WHAMG, DELLY, CNVnator and finally
dCGH), read depth, and SVtyper support. In addition, we manually visualized all high-
quality, private de novo CNVs using samplot (https://github.com/ryanlayer/samplot) and
WSSD read-depth line plot, and only consider the ones that passed our visualization for
further analysis.

ES and microarray-based CNV analysis

RESULTS

A subset of families were also subjected to ES and CNV analyses using standard procedures
(Supplementary Methods).

GS and variant discovery

We performed GS on all 180 families (578 DNA samples) and applied GATK and
FreeBayes to detect SNVs/indels (Supplementary Figure S3). After filtering, 35,384 putative
de novo SNVs/indels were detected by both GATK and FreeBayes. We randomly selected
150 putative de novo SNVs for validation distributed from unique (n=50), ancient repetitive
(n=50) and recent repetitive (n=50) regions as described previously.8 After excluding
variants that cannot be amplified or reliably Sanger sequenced, we estimate a validation rate
of 95.5% (42/44) in unique regions, 65.7% (23/35) in ancient repeat regions, and 16.2%
(6/37) in recent repeat regions. Correcting for differential validation, we estimate a genome-
wide rate of 79 de novo SNVs per child.
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We selected 70 families (90 affected offspring, 230 individuals) for ES (Supplementary
Figure S1, Supplementary Methods). To compare the ES and GS results, we analyzed both
datasets using the same analysis software and filtering pipeline for de novo variants, while
also applying GATK hard filtering to remove high-frequency variants (minor allele
frequency > 1% in EXAC). Of the putative de novo coding events detected by either GS or
ES, 108 variants were supported by both, 25 by GS only, and 8 by ES only. We attempted to
validate all GS-only and ES-only variants. Six GS-only variants could not be validated by
Sanger sequencing, one ES-only variant was maternal, and all the others were validated as
de novo (Figure 1a, Supplementary Table S3). Of the GS-only de novo events, we
discovered a frameshift variant in NR4AZ2and a missense variant in K/RREL3 (Combined
Annotation Dependent Depletion (CADD) score = 33), both NDD-associated genes missed
by ES data due to reduced sequence coverage across these exons (Figure 1b-d). GS also
detected eight rare nonsynonymous variants not present in the exome target, including a
frameshift variant in C/C, a known autism-associated gene2® (Figure 1b). No variants within
NDD-associated genes were identified by only ES.

In addition to SNVs/indels, we detected 3,498 private CNVs (specific to a SAGE family) in
the offspring of which 623 intersected at least one RefSeq gene (Supplementary Table S4).
After visualizing the de novo CNVs, we predicted 41 private CNVs to be de novo, including
19 deletions ranging in size from 302 bp to 6.6 Mbp, and 22 duplications ranging in size
from 1 kbp to 9.2 Mbp.

Classification of disorder-related SNVs/indels

We set criteria to define and comprehensively characterize disorder-related SNVs/indels in
this study (Supplementary Methods, Supplementary Table S5). We identified and validated
56 de novo disorder-related SNVs/indels (15 likely gene-disruptive (LGD), 40 missense and
1 in-frame) from 52 genes in 49 affected individuals (Table 1, Supplementary Table S6). We
identified and validated seven inherited disorder-related SNVs/indels (Table 1,
Supplementary Table S7). We estimate that 25.4% of the affected offspring carry disorder-
related SNVs/indels in one or more candidate genes. To evaluate how many patients carried
clinically relevant variants, we further curated the disorder-related SNVs/indels following
the standards and guidelines for the interpretation of sequence variants from the American
College of Medical Genetics and Genomics (ACMG).27 In total, we classified 14 as
pathogenic and 7 as likely pathogenic variants. Clinically relevant pathogenic or likely
pathogenic SNVs/indels account for 8.9% of patients.

Multiple occurrences of de novo variants were identified in three NDD genes. We identified
and validated two LGD variants in AR/D1B, two missense variants in SYNCRI/P, and two
missense variants in SL/TRK5 (Table 1). ARID1B de novo variants have been strongly
implicated in ASD and ID. Recurrent SYNCR/PLGD variants were identified in ID! and
the probability of finding two de novo missense variants within this gene in a cohort of this
size is significantly low (P=8.7 x 107/, Pagi=0.02, one-tailed binomial test; Supplementary
Methods). For SL/TRKS, after integrating two de novo missense variants from denovo-db v.
1.5, a compendium of primarily human de novo NDD variants,28 we identify a potential
cluster of them for future investigation (Supplementary Figure S4).
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We also identified and validated variants in two other NDD genes, NR4A2and MYT1, with
putative missense clusters. We discovered a de novo frameshift variant in NR4AZ2, of which
a cluster of four missense variants from denovo-db associated with the DNA-binding domain
was observed (Supplementary Figure S4). We similarly discovered a de novo missense
variant in MYT1 (CADD score = 25), a paralog of the autism-associated MY T71L. Sporadic
case reports of MYT1 de novo missense variants were identified in patients with oculo-
auriculo-vertebral spectrum (OAVS), which presents with autism-like features.2°
Interestingly, a de novo missense variant, which is in close proximity to the one identified in
this study, was recently detected in a patient with developmental delay from denovo-db
(Supplementary Figure S4).

Classification of disorder-related CNVs

We also set criteria to define the disorder-related CNVs in this study (Supplementary
Methods, Supplementary Table S8) and identified 46 disorder-related CNVs and two
abnormal karyotypes (48, XXXY and 47, XXY). We attempted to validate these CNVs by
two approaches: aCGH validation for relatively large CNVs (>50 kbp) and Sanger
sequencing of small deletions that could not be assessed by the aCGH platform
(Supplementary Methods). We successfully validated 45/46 disorder-related CNVs or
abnormal karyotypes (2/2) accounting for 20.2% of participants (Supplementary Table S9).
Once again, we further triaged these 47 CNVs or abnormal karyotypes into those that are
clinically relevant following the ACMG standards and guidelines.30 In total, we classified 19
as pathogenic and 11 as likely pathogenic variants accounting for 13.1% of the patients.

Clinically relevant pathogenic CNVs included 13 de novo (10 del, 3 dup) and four inherited
(1 del, 3 dup) from 11 genomic regions among 12 affected offspring (Supplementary Table
S9). One pathogenic CNV region was recurrent and observed in multiple families: the
chromosome 16p11.2 CNV (5 del, 2 dup). The remaining 10 pathogenic CNVs were
observed in eight de novo instances: 8p12-11.1 duplication, 5p15.33 deletion, 6p25.3-25.2
deletion, 17p12 deletion, 16p11.2 distal deletion, 15q11-13 duplication, 1q42.11-42.12
deletion, 22913.32-13.33; one paternal: 17q12 duplication; and one maternal: 1g21.1-21.2
duplication.

Likely pathogenic CNVs included two de novo (1 del, 1 dup) and nine inherited CNVs (6
del, 3 dup) from seven genomic regions among 10 affected offspring from six families
(Supplementary Table S9). A chromosome 22 duplication (1.6 Mbp) was identified in the
five-member family. This segmental duplication-mediated duplication was transmitted from
the affected father (high-functioning autism formerly classified as Asperger’s syndrome) to
two affected children and was recently identified in an ASD family.3! A deletion involving
almost the entire 3’ untranslated region (UTR) of FOXP2was detected in the seven-member
family and transmitted from the affected father to 4/5 affected siblings. The other likely
pathogenic CNVs include large de novo deletions or duplications, or encompass known
neurodevelopmental or neuropsychiatric genes. The set includes a 18p11 duplication (4.7
Mbp, de novo), 18p11 deletion (3.2 Mbp, de novo), 2q32.1 duplication (2.8 Mbp, maternal),
13921.1 deletion (2.9 Mbp, maternal), and 7CF4 deletion (4.5 kbp, paternal).
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Patients with multiple variants and phenotypic severity

We classified pathogenic or likely pathogenic variants according to ACMG guidelines as
stated above. Other disorder-related SNVs or CNVs were classified as potentially disorder-
related (PDR) variants (Supplementary Methods). We estimate that 40.8% (87/213) of the
affected offspring carry de novo or rare events in pathogenic, likely pathogenic or PDR
variants, while 21.1% (45/213) carry one or more event that would be classified as
pathogenic or likely pathogenic (Figure 2). One goal of this study is to understand the
individual-level genetic architecture of ASD and determine if patients with multiple events
are more clinically impaired. Considering only validated events among NDD candidate
genes, we identify 21 affected offspring from 21 families with more than one event,
accounting for 9.9% (2%213) of the affected offspring (Figure 3). A subset of these (seven
affected individuals from seven families) carried multiple events in different genes that
would be classified as pathogenic or likely pathogenic. We observed families with all
combinations of variant event types (e.g., SNV + SNV, CNV + CNV, SNV + CNV), which
are only accessible in a single experiment by GS. Neither ES nor aCGH could detect 52.4%
multiple-hit events in this study. Those include the combination of both SNVs and CNVs,
and small CNVs (<50 kbp) that could not be detected by the aCGH platform used in this
study (Figure 2a).

To assess the relationship between the number of disorder-related variants and phenotypic
severity, we performed two analyses. First, we compared the median distribution of the 1Q
data across affected offspring with multiple genetic events, single events, and no event. We
observed significantly lower FSIQ (P,g = 0.0004, Mann-Whitney U test) in affected
offspring with multiple variants in different NDD risk genes when compared to the affected
offspring with a single event (Figure 2b). Although there is a weak trend toward lower 1Q
between affected offspring with a single event and no identified genetic lesion, this
difference does not reach significance (P = 0.8, Mann—-Whitney U test). When we restrict
the analysis to variants deemed to be pathogenic or likely pathogenic, the trend still holds
(Pagj = 0.028) (Figure 2b).

Second, we performed a burden analysis comparing the proportion of individuals with
multiple hits with (ASD+ID) and without (ASD-ID) ID. As expected, we observed more
individuals with multiple NDD risk gene variants in the ASD+ID group compared to the
ASD-ID group (P,g;=0.0003, OR = 12.5, Fisher’s exact test) (Figure 2c). The trend still
holds (OR = 8.36) when we restrict to pathogenic or likely pathogenic events, although not
yet significant (P, = 0.084). The same trend was also observed in the overall burden
analysis considering all disorder-related events (P4 = 0.011, one-way ANOVA) or clinically
relevant events only (P, = 0.039) (Figure 2d).

Genetic and clinical heterogeneity in multiple affected siblings

In this cohort, there are 27 multiplex families, including a total of 60 affected offspring
(Supplementary Figure S1). We identified five clinically pathogenic or likely pathogenic
variants in nine affected offspring from five of these families (Supplementary Figure S5).
This suggests a reduced diagnostic yield (15%) when compared to simplex and trio families
(23%) (P=0.35, OR = 0.66, Fisher’s exact test). Interestingly, there is no case among these
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multiplex families where a pathogenic or likely pathogenic variant was transmitted to all
affected members in the family, thus implying considerable locus heterogeneity
(Supplementary Figure S5) as previously observed.

It is also noteworthy that some of the clinical variability within these families correlates with
the number and overall impact of such gene-disruptive variants. In family BK246
(Supplementary Figure S5), for example, the proband with two variants (the de novo
frameshift variant in ADNP and the paternally inherited 1.6 Mbp duplication) is the only
individual in the family with severe ID (FS1Q=19, NVIQ=20). This contrasts with the
sibling with only the inherited duplication who is diagnosed with anxiety and ADHD
without 1D (FSIQ=94, NVI1Q=100). The third sibling with no detected pathogenic variants
has the highest 1Q (FSIQ=104, NV1Q=107), although the difference is still within the realm
of test-retest noise. Similarly in family BK599 (Supplementary Figure S5), the child
(BK599.07) with both variants (4 kbp deletion of the 3 UTR of FOXP2and a de novo
missense variant within SPG11) is more impaired than the other siblings (FSIQ=60,
NVIQ=64). Once again, the sibling without any disorder-related event has the highest 1Q
(NV1Q=129) among all affected siblings.

DISCUSSION

In this study, we set out to determine the phenotypic and genotypic heterogeneity of a
minimally ascertained clinical cohort of families with ASD. We demonstrated the diagnostic
utility of GS for the discovery of disease-related variants, especially for multiple rare risk
variants that contribute to the phenotypic severity of ASD; the genetic heterogeneity within
multiplex families with ASD; and the identification of new ASD risk genes for future
investigation. Given the narrow clinical definition of pathogenic and likely pathogenic
variants, we used available neurodevelopmental gene lists and the literature to define the
PDR variants. The expanded definition was necessary to explore the full heterogeneity and
correlation with phenotypic severity.

Approximately 10% of the ASD-affected offspring in this study carried multiple risk
variants, and multiple hits correlated with increased phenotypic severity. We observed a
significant difference in FSIQ and NVIQ scores when comparing affected individuals with
multiple hits with those with one or zero hits. The finding is crucial from a clinical
perspective as the genetic workup of children with autism and developmental delay often
ends if a likely pathogenic SNV or CNV is found by microarray or ES. Since such cases are
unlikely to proceed to GS, variants contributing more significantly to the phenotype may
remain undiscovered unless such families are subject to full GS. Furthermore, this finding
provides support to the oligogenic model of ASD, specifically where multiple rare disruptive
variants lead to more severe phenotypes.

We observed considerable genetic heterogeneity within families consistent with earlier
observations.12:32 Although such multiplex families are thought to share the same genetic
risk event(s), 92% (12/13) of the families failed to segregate phenotype and genotype
faithfully when a disorder-related event was discovered (i.e., affected individuals that did not
carry the disorder-related variant were present in most families albeit such members tended
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to be less severely affected). This genetic heterogeneity was not only restricted to de novo
variant events (e.g., the de novo LGD within ADNPin family BK246 or de novo 16p11.2
duplication in family BK187) but also observed for transmitted variants (e.g., paternally
inherited 16p11.2 duplication in family BK313 and a maternally inherited 13921.3 deletion
in family BK413). These complicated combinations of disorder-related events and
phenotypic diversity within families highlight the importance of GS for affected and
unaffected members prior to genetic counseling of families.

Variants discovered in this study add substantial evidence confirming ASD candidate genes
described in the literature, including but not limited to NR4A2, SYNCRIP, MYT1 and
TRANK1. NR4AZencodes a transcription factor essential for the differentiation of
dopaminergic neurons.33 Recently, several de novo deletions covering NR4AZ2only or
NR4AZ and the adjacent GPD2were recently reported in patients with ASD, 1D and/or
language impairment.34 In this study, we identified a de novo frameshift variant and
identified a cluster of de novo missense variants within the DNA-binding domain of the
predicted protein. Similarly, an excess of de novo truncating variants within SYNCR/Pwas
previously identified in patients with ID.1 In this study, we identified two individuals with
ASD with SYNCRIP de novo missense variants. SYNCRIP is a component of mRNA
granules bound for the dendrites where it contributes to synaptic plasticity3® and, in
Drosophila, is thought to play a role in decommissioning of neural stem cells.3¢ We also
identified two individuals with de novo missense variants in TRANKI. Patients with 1D and
de novo variants in TRANKI were previously reported and the locus has been associated
with bipolar disorder in different genome-wide association studies; 3738 however, the
function of this gene is largely unknown. MYT1is a paralog of the autism-associated gene
MYTIL. Sporadic case reports of MYT1 de novo missense variants were reported in
patients with OAV'S, which often presents with autism-like features.2

As a diagnostic test, consistent with other recent reports,12 GS provides a slight advantage
over ES for the detection of protein-encoding risk variants. In this study, GS enabled the
discovery of potential de novo ASD-associated variants missed by ES, including a
frameshift variant in NR4AZ, a frameshift variant in C/C, and a missense variant in
KIRREL3. Improvements in capture design and increases in ES coverage have continued to
minimize such differences with false negative rates now estimated at less than 2.5%.8 Most
GS advantages lie in the greater uniformity of sequence coverage and improved detection of
gene-disruptive CNVs. This is especially relevant with respect to the detection of multiple
variant events where ES and aCGH could detect and confirm less than half of such cases
independently in this study.

The complete genetic architecture of ASD remains to be elucidated. Analysis of the SAGE
cohort demonstrated the utility of GS in a clinical setting. The ability to capture most genetic
variants enables the discovery of multiple hits that are clinically relevant in determining the
severity of presentation of ASD. Our analysis showed that in multiplex families, it is crucial
to not assume Mendelian inheritance and suggests that a combination of factors, including
genetic background, play a role in phenotypic severity. Moving forward, it will be important
to elucidate the full spectrum of genetic variation in clinically relevant cohorts. This will
include not only the characterization of unrelated ASD patients with different variants in the
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same gene but also the comparison of affected siblings with one or more risk alleles within
the same family. In addition, GS will provide a platform for assessing the contribution of
noncoding regulatory mutation and the interplay between rare and common variants in
contributing to the risk of ASD and other NDDs.3%:40 Such studies will require much larger
sample sizes but will provide an unprecedented opportunity to develop an integrated model
for the genetic architecture of autism that will be valuable for future clinical diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GSversus ES detection.
(a) Comparison of the number of de novo coding SNVs and indels detected in exome-

targeted regions by GS and ES. (b) Families with de novo variants in NDD risk genes
missed by ES. (c) Comparison of ES and GS coverage of variants in NR4AZ, KIRREL3, and
CIC in mother, father, and proband. (d) Mean coverage across all samples sequenced by
both GS and ES across NR4AZand KIRREL3. Arrows point to location of the two variants
discovered by GS but missed in ES.
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Figure 2. Diagnostic yield of GS and phenotypic severity in multiple-hit patients.
(a) Diagnostic yield of GS. Pie chart on left compares the proportion of patients with

clinically relevant (CR) (pathogenic or likely pathogenic), potentially disorder-related (PDR)
(e.g., candidate NDD risk genes), and no risk variant identified. Middle pie chart compares
the number of patients with multiple variants versus those with a single event. Right pie
chart compares the number of such multiple events that can be resolved by ES or aCGH
(green) and those that cannot (yellow). (b) Comparison of full-scale 1Q (FSIQ) for patients
with multiple events (M), single events (S), and no event (N). Left panel considers both CR
and PDR events (CR+PDRY); right panel considers CR events only. (c) Burden analysis
comparing the proportion of ASD patients with and without ID for all CR+PDR or CR only
events. (d) Overall burden analysis for patients with and without ID considering all CR
+PDR or CR only events. P values were adjusted for multiple comparisons.
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Figure 3. Patients with multiple variants.
Family structures shown for ASD patients with multiple disorder-related variants. The first

seven patients from seven families carried multiple pathogenic or likely pathogenic variants.
ae novo (lightning bolt), paternally (blue arrow) and maternally (green arrow) inherited SNV
and CNV (duplication or deletion) events are indicated as well as the severity of the
missense variants as determined by CADD score (i.e., MIS27 denotes a missense variant
with a CADD score of 27).
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