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Abstract Exome sequencing (ES) has become an important tool in pediatric genomic med-
icine, improving identification of disease-associated variation due to assay breadth. Depth
is also afforded by ES, enabling detection of lower-frequency mosaic variation compared to
Sanger sequencing in the studied tissue, thus enhancing diagnostic yield. Within a pediatric
tertiary-care hospital, we report two years of clinical ES data from probands evaluated for
genetic disease to assess diagnostic yield, characteristics of causal variants, and prevalence
of mosaicism among disease-causing variants. Exome-derived, phenotype-driven variant
data from 357 probands was analyzed concurrent with parental ES data, when available.
Blood was the source of nucleic acid. Sequence read alignments were manually reviewed
for all assessed variants. Sanger sequencing was used for suspected de novo or mosaic var-
iation. Clinical provider notes were reviewed to determine concordance between laborato-
ry-reported data and the ordering provider’s interpretation of variant-associated disease
causality. Laboratory-derived diagnostic yield and provider-substantiated diagnoses had
91.4% concordance. The cohort returned 117 provider-substantiated diagnoses among
115 probands for a diagnostic yield of 32.2%. De novo variants represented 64.9% of dis-
ease-associated variation within trio analyses. Among the 115 probands, five harbored dis-
ease-associated somatic mosaic variation. Two additional probands were observed to
inherit a disease-associated variant from an unaffected mosaic parent. Among inheritance
patterns, de novo variation was the most frequent disease etiology. Somatic mosaicism is
increasingly recognized as a significant contributor to genetic disease, particularly with in-
creased sequence depth attainable from ES. This report highlights the potential and impor-
tance of detecting mosaicism in ES.

[Supplemental material is available for this article.]

INTRODUCTION

Massively parallel sequencing (MPS) of the exome has demonstrated significant diagnostic and
clinical utility in patients with suspected genetic disorders (Lee et al. 2014; Farwell et al. 2015;
Mengetal. 2017; Clark etal. 2018; Hu et al. 2018). Molecular diagnostic rates from clinical test-
ing by hospital and reference laboratories performing exome sequencing (ES) range from 24%
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to 58%, likely influenced by laboratory-specific methodologies and by the characteristics of the
patient population being evaluated (Clark et al. 2018). Given the utility of ES, it has been pro-
posed that the assay should be considered as a first-tier molecular test (Stark et al. 2016; Hu
etal. 2018). An additional advantage to this type of testing is the ability to reevaluate existing
sequence data as advances in bioinformatic processing and variant detection occur over time.
Furthermore, this approach allows for a consideration of the evolution of patient phenotype, in
addition to the inclusion of updated/emerging data for disease—gene associations, thus further
enhancing diagnostic potential (Ewans et al. 2018; Nambot et al. 2018).

The increased utilization of MPS, including ES, has expanded our understanding of the
contribution of somatic mosaicism in genetic disorders by enhancing our ability to identify
disease-associated variants at low variant allele frequency/fraction (VAF). Genetic variation
acquired during embryogenesis and resulting in the establishment of two or more genetical-
ly distinct cell populations represents postzygotic mosaicism. Disease-causing variants can
be confined to the germline (gonadal mosaicism), resulting in disease when passed on to
subsequent offspring. Alternatively, a genetic variant can occur in the soma of a developing
embryo (somatic mosaicism), with variable levels of the variant throughout the body depen-
dent on cell lineage. In addition, a mosaic variant affecting both the soma and germline is
referred to as gonosomal mosaicism (Biesecker and Spinner 2018). The phenotypic spec-
trum of postzygotic somatic mosaicism can vary and is dependent upon timing of the man-
ifestation of the variant during development, along with the proportion of cells harboring the
variant and distribution across tissue types. Pathogenic variants at very low VAF in affected
tissue can be sufficient to cause disease. For example, in diseases such as Sturge-Weber
or vascular anomalies with overgrowth (e.g., Proteus syndrome or PIK3CA-related over-
growth spectrum [PROS)), the VAF of pathogenic variants in affected tissue has been report-
ed as low as 1% (Lindhurst et al. 2011; Shirley et al. 2013; Hucthagowder et al. 2016).

Among unselected clinical exome cohort studies of pediatric, and combined pediatric
and adult populations, disease-associated mosaic variants were noted at a frequency of
~1%-1.5% (Yang et al. 2013; Retterer et al. 2016; Cao et al. 2019). The frequency of mosa-
icism increases when examining for specific phenotypes. For example, in epilepsy-related
neurodevelopmental disorders, 3% of the pathogenic variants identified by either an MPS
epilepsy panel or ES were mosaic (Stosser et al. 2018). In certain disorders (e.g., McCune-
Albright and PROS), mosaic variants are the primary mechanism of disease (Aldred and
Trembath 2000; Keppler-Noreuil et al. 2015; Hucthagowder et al. 2016).

We evaluated two years of clinical ES data from our laboratory within a pediatric tertiary
care center to determine the characteristics of disease-associated variants within our cohort,
as well as to compare the diagnostic yield reported by the laboratory versus the ordering
clinical provider's interpretation of laboratory reported variant causality. We sought to eval-
uate the concordance of the molecular ES diagnostic rate generated by the laboratory with
clinical provider-confirmed diagnoses recorded in the electronic medical record (EMR) to
test if the laboratory workflow, including selection of genes relevant to the proband pheno-
type and subsequent variant assessment, resulted in meaningful results being reported back
to the ordering provider. We further summarized the characteristics of these provider-con-
firmed causal variants and evaluated the contribution of mosaic variants to genetic disease
within the context of these diagnoses.

RESULTS

Patient Cohort

In a consecutive 24-month period, proband (n=357) and parental (when available, n=601)
peripheral blood samples were submitted for ES to The Steve and Cindy Rasmussen Institute
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for Genomic Medlicine at Nationwide Children’s Hospital, Columbus, Ohio. Two submitted
parental samples were excluded because of nonpaternity. Cases represented 267 (74.8%)
trio analyses of the proband plus both parental samples, 65 (18.2%) duo analyses of the pro-
band and one parental sample, and 25 (7%) proband-only analyses. All cases were reviewed
or referred by a clinical geneticist at the time of test order. The cohort consisted primarily of
pediatric probands or young adults with symptoms that initially presented in childhood (av-
erage age = 7.2 yr, range 0-56 yr). A phenotype-informed approach was applied for tertiary
analysis. The top 20 Human Phenotype Ontology (HPO) terms representing the most com-
mon clinician-provided phenotypic characteristics among probands in this population are
shown in Table 1. Consistent with other ES cohorts, global developmental delay (73.4% of
our cohort), abnormal facial shape (51.3%), and muscular hypotonia (51.0%) were the most
frequently described features (Lee et al. 2014; Yang et al. 2014; Farwell et al. 2015).

Genomic Analyses

The clinical laboratory reported variants as likely causal for the proband'’s phenotype for 128
genetic disorders among 123 probands (34.5%; 95% Cl, 29.5%-39.6%). Ordering provider
documentation in the EMR corroborated 115 instances of the variant(s) being attributed to
the etiology of the proband phenotype for a provider-substantiated diagnostic yield of
32.2% (95% Cl, 27.4%-37.3%). Two probands were found to have two separate genetic dis-
orders, for a total of 117 clinically confirmed genetic diagnoses. Clinical laboratory diagnos-
es and provider-substantiated diagnoses had an overall concordance of 91.4% [95% Cl,
85.1%—95.6%]. Of the 11 laboratory-reported genetic disorders not substantiated by clini-
cian data in the EMR, five were due to insufficient overlap of features, four remained in

Table 1. Frequency of the top 20 Human Phenotype Ontology (HPO) terms used to describe features of 357
probands referred for exome sequencing

HPO ID HPO term Number of probands (%)
HP:0001263 Global developmental delay 262 (73.4)
HP:0001999 Abnormal facial shape 183 (51.3)
HP:0001252 Muscular hypotonia 182 (51.0)
HP:0000750 Delayed speech and language development 157 (44.0)
HP:0001270 Motor delay 136 (38.1)
HP:0002194 Delayed gross motor development 127 (35.6)
HP:0001250 Seizures 119 (33.3)
HP:0100543 Cognitive impairment 98 (27.5)
HP:0001508 Failure to thrive 91 (25.5)
HP:0004322 Short stature 90 (25.2)
HP:0007010 Poor fine motor coordination 77 (21.6)
HP:0000252 Microcephaly 74 (20.7)
HP:0002020 Gastroesophageal reflux 69 (19.3)
HP:0000729 Autistic behavior 69 (19.3)
HP:0000717 Autism 59 (16.5)
HP:0001290 Generalized hypotonia 57 (16.0)
HP:0001622 Premature birth 56 (15.7)
HP:0002019 Constipation 56 (15.7)
HP:0001510 Growth delay 52 (14.6)
HP:0002376 Developmental regression 50 (14.0)
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the differential for further clinical evaluation as the proband features develop, and two had
discordant inheritance patterns among affected/unaffected family members. A diagnosis
was determined for 10/25 (40.0%) of the proband-only analyses, 10/65 (15.4%) duo analyses,
and 95/267 (35.6%) trio analyses. The patterns of inheritance for the 117 diagnoses included
75 (64.1%) autosomal dominant, 25 (21.4%) autosomal recessive, and 17 (14.5%) X-linked
(Fig. 1).

Out of the 916 individuals consented for medically actionable findings, 29 individuals
(3.2%) had variants meeting American College of Medical Genetics and Genomics
(ACMG)/Association for Molecular Pathology (AMP) criteria supportive of a Pathogenic/
Likely Pathogenic classification. Eight families demonstrated a proband-parent shared find-
ing, whereas four probands and nine parents harbored events individually. Diseases repre-
sented by these findings were Loey-Dietz syndrome (4%), malignant hyperthermia
susceptibility (10%), hypertrophic cardiomyopathy (10%), familial hypercholesterolemia
(14%), arrhythmogenic right ventricular cardiomyopathy (14%), long QT syndromes (24%),
and hereditary breast and ovarian cancer (24%).

Among 95 diagnostic ES trio studies, we identified 97 genetic disorders, of which the in-
heritance patterns were autosomal dominant (n=62; 63.9%), autosomal recessive (n=21;
21.7%), and X-linked (n = 14; 14.4%). Among the autosomal dominantly inherited diseases,
54 variants (87.1%) were confirmed as de novo, whereas nine (64.3%) of the X-linked inher-
ited disorders were attributable to de novo variation. Overall, de novo variation accounted
for 64.9% [63/97, 95% Cl, 54.6%—-74.4%] of the inheritance pattern of genetic disorders de-
tected in trio ES.

Of the 117 disorders, genetic disease associations were diverse among this cohort with
65% of the identified disease-associated genetic loci unique to a single proband. Recurrently
involved genetic loci included CREBBP, in which causal variants associated with Rubenstein—
Taybi syndrome were identified in three probands. Additionally, four probands each had
causal variants in ANKRD11 and IQSEC2, associated with KBG syndrome and X-linked intel-
lectual disability, respectively. Causal variants of provider-substantiated diagnoses are pro-
vided in Table 2 and Table 3, with the most common HPO terms describing this cohort
detailed in Table 1.

The proportion of the causal variant allele was documented for proband and parental
samples from all cases with a provider-substantiated diagnosis by evaluation of VAF.

117 provider

substantiated
diagnoses

—

75 autosomal 25 autosomal .
dominant recessive 17 K—Iur;ksd
(64.1%) (21.4%) (14.5%)
1 1 1
"
1 2 with one SNV + . :
54 confirmed 9 confirmed 14 compound 9 confirmed 5 confirmed
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Figure 1. Distribution of variant types for 117 provider-substantiated diagnoses identified by exome sequenc-
ing in a pediatric cohort. (SNV) Single-nucleotide variant.
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# Molecular Case Studies Mosaicism in clinical exome sequencing

Among the 115 provider-substantiated diagnostic cases with 117 disorders, a causal variant
with a VAF < 20% (Supplemental Table 1) occurred in five probands and contributed to 4.3%
[95% Cl, 1.4%—-9.9%)] of our total diagnoses and 7.9% [95% Cl, 2.6%—17.6%)] of our confirmed
de novo variants. As established within our pipeline, heterozygous calls (0/1 genotype) rarely
deviate toward extreme allelic proportions, with 0.3% of high-confidence calls within a ref-
erence standard occurring at VAF < 20 or VAF > 80 (Supplemental Fig. 1). In addition, causal
variants in two probands were found in a mosaic state in two unaffected parents (0.3% of
available parental samples). All mosaic variants were verified by Sanger sequencing analysis
as evidenced by disparate peak height in the electropherogram (Supplemental Fig. 2). In to-
tal, mosaic etiology in a proband, or that originating in a parent with transmission to a pro-
band, was associated with seven out of 117 (6.0%) provider-substantiated genetic
diagnoses. These mosaic variants were recurrently associated with several types of disorders,
predominately involving neurodevelopmental features, including early infantile epileptic en-
cephalopathies, intellectual disability syndromes, Coffin-Siris syndrome, and megalence-
phaly-polymicrogyria-polydactyly-hydrocephalus syndrome (MPPH) (Table 3).

DISCUSSION

We evaluated the concordance of the molecular ES diagnostic rate generated by the clinical
laboratory with ordering clinical provider-substantiated diagnoses. Our results demonstrate
the robust clinical utility of ES, with 91.4% of the laboratory findings reported as likely causal
for the proband phenotype resulting in a clinically confirmed diagnosis by the ordering pro-
vider. This concordance may increase over time, as four laboratory-reported diagnostic cas-
es were still under consideration in the patient differential. The high concordance rate may
be attributable to the detailed clinical feature information form submitted by an experienced
clinical geneticist or genetic counselor at the time of ES ordering, additional curation of the
medical record as performed by the variant analysis team or laboratory genetic counselor to
enable a phenotype-informed variant analysis approach, and the multidisciplinary expertise
achieved by group evaluation of annotated, filtered variants in a case conference setting.
Within our primarily pediatric population, we obtained a 32.2% diagnostic yield, with
64.9% of causal variants identified by trio analysis confirmed as de novo. These numbers
are in line with previously reported exome and genome sequencing diagnostic yields (aver-
age = 31%) and de novo rates (average = 44%) (Clark et al. 2018). In comparison to other
large clinical exome sequencing cohorts, our study found a similar rate of cases submitted
for trio analysis. In addition, the distribution of AD, AR, and XL inheritance patterns of causal
variants were also comparable (Yang et al. 2013, 2014; Lee et al. 2014; Farwell et al. 2015;
Retterer et al. 2016).

Of the 115 diagnostic cases, we confirmed mosaicism of a disease-associated variant in
five probands and two parental samples. The contribution of parental mosaicism may be
higher, given that trio analyses were available for 74.8% of our cases. The frequency of mo-
saicism in our cohort is higher than what has previously been reported in unselected clinical
exome sequencing cohorts (Yang et al. 2013; Retterer et al. 2016; Cao et al. 2019). Several
differences between our study and previous reports may contribute to this difference, includ-
ing sequencing in a hospital-based laboratory representing a pediatric patient population
referred by clinical geneticists within a single institution, stringent quality control metrics
for sequencing data (including both assay and variant quality measures), diagnostic yield
based on EMR clinical substantiation versus solely a laboratory-defined molecular diagnostic
yield, and manual evaluation of all assessed variants with specific review of aligned reads and
variant characteristics in proband and parental samples.
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Our positive mosaic findings contributed to several types of disorders associated with
neurodevelopmental features including Coffin-Siris syndrome (n = 2), early infantile epilep-
tic encephalopathy (n = 2), intellectual disability syndromes (n = 2), and the brain overgrowth
syndrome MPPH (n=1). The presence of mosaicism in these patients is consistent with the
reported association of mosaic variants within these types of disorders (Krupp et al. 2017;
Lim et al. 2017; Madsen et al. 2018; Stosser et al. 2018). The enrichment of our pediatric
ES population for various neurodevelopmental features, such as developmental delays, cog-
nitive impairment, and autistic behavior, also may have contributed to the high prevalence of
mosaicism seen within this cohort.

Identifying that a disease-causing variant is mosaic can have several implications when
counseling families. Although the presence of mosaicism is generally unable to predict dis-
ease severity, as often only a single tissue type is available for study, it can be informative in
providing a clinical explanation for a proband with a mild presentation. In this cohort, detec-
tion of mosaicism provided a mechanism to explain a mildly affected male diagnosed with
the X-linked disorder, early infantile epileptic encephalopathy 2, primarily seen in females
(Case 2). Identifying mosaicism in proband or parental samples is of particular importance
to inform recurrence risk in future pregnancies. Evaluating parental samples for the presence
of mosaicism can also be beneficial for providing an explanation for why a parent positive for
pathogenic variant may be mildly symptomatic or unaffected, as evidenced in this series by
the unaffected mother with an IQSEC2 mosaic variant, which was hemizygous in the affected
proband, as well as his affected brother (Case 4, previously reported by Barrie et al. 2019).

Mosaic variants can be challenging to detect clinically because of several factors, and
consensus guidelines addressing how to detect, assess, and report mosaicism are not cur-
rently available. These variants can occur at very low frequencies and thus may be below
the threshold of detection if coverage or read depth is insufficient at the affected residue.
Acuna-Hidalgo et al. (2015) modeled that the probability of detecting mosaicism at 100x
coverage is >90% for variants occurring at 10% VAF or higher. However, the ability to detect
these variants decreases considerably with decreasing read depth. The higher sequence
depth in coding regions typically achieved by exome sequencing thus offers an advantage
for detecting mosaicism compared to genome sequencing, because of cost-related limita-
tions to genome sequencing read depth. Despite sufficient coverage across a given region,
if the variant is present in a limited number of reads, it may be below the sensitivity of the
variant caller software. In our cohort, one of the mosaic variants in a parental sample
(Case 6), the ARID2 variant at 4% VAF, was not detected by the variant caller and came to
attention during manual review of reportable variants within aligned sequencing reads.
This highlights the utility in manual review of variant calls within the aligned reads to evaluate
variant authenticity.

Alternatively, identifying an authentic mosaic variant can also present a challenge. With
MPS, false-positive variants may occur by several means. These include biologic contamina-
tion during sample acquisition, nucleic acid extraction, or library preparation, low-level ad-
mixture during sequencing, or as a result of sample carryover from prior sequencing runs,
as well as polymerase chain reaction (PCR) or sequencing artifacts (incorporation errors
and library chimeras). Additionally, index hopping can result in false positive calls at very
low-level as single-indexed reads can incur misassignment of indices within multiplexed li-
braries, a phenomenon known to be enhanced on patterned flow cells in short-read se-
quencing chemistries. The confounding variable of index hopping in the setting of trio
analyses can be decreased by the use of dual indexing of libraries (Costello et al. 2018).
To increase confidence in calling mosaicism and rare, low-frequency variants, the addition
of dual-indexed libraries containing unique identifiers known as molecular barcodes
(Kinde et al. 2011; Schmitt et al. 2012) allows discrimination of improperly indexed libraries
and random errors. In this study, all de novo and mosaic variants called with single-indexed
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libraries were confirmed by Sanger sequencing. Evidence of the low-level variant allele could
be visualized for all mosaic variants by review of peak heights in the electropherogram. A pri-
ori knowledge of suspected mosaicism facilitated review of Sanger sequencing data and en-
abled scrutiny of allelic peak heights, including the variant allele relative to background.
Thus, data points from two orthogonal methodologies (MPS and Sanger) were considered
prior to report out of a mosaic call. The variant with a VAF of 4% in a maternal sample
(Case 6) was visualized by Sanger sequencing, despite being below the threshold typically
appreciable by this method (~10%-20%), because of the nature of the variant (2-nt deletion),
as well as prior observation of the heterozygous variant in the proband. However, if the VAF is
too low to be appreciable by Sanger, high-depth amplicon sequencing or other quantitative
approaches including digital droplet PCR could be used. The testing of alternative tissue
sources can also be considered to aid in confirming suspected mosaicism in patients, al-
though multiple tissue sources may be required, and may be impractical orimpossible to ob-
tain. Authentic mosaic variants with high VAFs can also be challenging to detect, as they may
be mistaken for heterozygous calls that deviate from the expected 50% VAF because of tech-
nical variation and platform bias (Acuna-Hidalgo et al. 2015).

Outside of technical limitations of the assay, mosaic variants can go undetected when the
variant is confined to specific tissue types. In these cases, sequencing of the affected tissues
is required for detection. Confinement of mosaicism in a parent to predominately or exclu-
sively germline cells would also go undetected by clinical ES trio analysis and typically only
comes to lightin instances of multiple affected children from an otherwise unaffected parent.

In conclusion, our study highlights two years of an ongoing ES assay within a pediatric
tertiary care institution and emphasizes the utility of clinical-provider engagement in ES
test ordering and phenotypic curation, as demonstrated by the strong concordance of lab-
oratory-reported and ordering provider-substantiated diagnostic yield. Additionally, we
demonstrate that mosaicism is an important contributor to disease-causing variation identi-
fied by ES within the pediatric population. Given that our diagnostic yield of mosaic variants
exceeds those reported by other ES studies, vigilant manual review of variant calls by a highly
skilled variant analysis team and clinical laboratory directors may be a key differentiator in
detecting somatic mosaic events. This must occur in concert with adequate read depth
and breadth of the assay, appropriate bioinformatic processing parameters, and in consid-
eration of the proband’s clinical characteristics to attribute causality. As we begin to appre-
ciate the expanding role of mosaicism in genetic disease, further research on the types of
disorders with mosaicism, clinical implications, and optimal laboratory practices for identify-
ing and reporting mosaicism are needed.

METHODS

Sequencing, Bioinformatics, and Quality Control

Proband and parental peripheral blood samples were submitted for ES to The Steve and
Cindy Rasmussen Institute for Genomic Medicine at Nationwide Children’s Hospital,
Columbus, Ohio. Prior to ES studies, microarray analysis was previously performed on the
submitted proband, unless deemed to not be clinically indicated by the ordering provider
(5% of the cohort). Genomic DNA was extracted using the Puregene DNA isolation kit ac-
cording to the manufacturer protocol (QIAGEN) or EZ1 DNA isolation kit (QIAGEN), with
two separate DNA extractions performed per each submitted proband and parental sample
to facilitate identity and provenance analyses. Genotyping of 30 autosomal loci representing
single-nucleotide variants with high population minor allele frequency was performed in the
parental and proband samples using a custom Agena MassArray panel (Agena).
Subsequently, a comparison of the Agena-derived genotype data was performed relative
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to aligned sequencing read data derived by MPS to further ensure sample provenance
throughout the extraction, library preparation, sequencing, and bioinformatic analysis stag-
es, as well as to verify familial relationships.

Libraries were subject to target capture using SureSelect Human All Exon V6 (Agilent) fol-
lowed by paired-end 101- or 151-bp sequencing to 137x mean depth on a HiSeq 2500 or
HiSeq 4000 (lllumina), with 96.5% of targeted bases at 20x or greater (Supplemental
Table 2). Sequencing data were demultiplexed and analyzed by GenomeNext (Columbus,
OH) v1.1, which performs alignment to the reference sequence (GRCh37/hg19 Feb 2009),
deduplication, and single sample variant calling with GATK Unified Genotyper 1.6-13 via
the Churchill secondary analysis pipeline (Kelly et al. 2015). Mitogen (Sunquest) was used
for annotation and tertiary analysis filtering informed by clinician-provided phenotypes,
which were converted into HPO terms (Kohler et al. 2017).

As standard of practice in our exome workflow, aligned sequencing reads in the BAM file
were reviewed at all assessed variants using the Integrative Genomics Viewer v2.3-2.4.4
(Broad) (Robinson et al. 2011). This allowed for a review of variant authenticity and encom-
passed an examination of read counts and strandedness, location of the variant within the
read, VAF, homology, read quality, and mapping. Manual review of read-aligned proband
data was performed relative to review of identity-confirmed parental sequence to allow
for side-by-side comparison, with IGV alignment preferences set to allow for display of cov-
erage allele-fraction threshold at 2% and retention of soft-clipped reads. Genomic regions
with known homology as defined by Mandelker et al. (2016) have been incorporated into
ES analysis through BED file track definitions to visually flag the level of homology of the local
region in IGV. Parentage was confirmed in our data set for all de novo calls, with familial re-
lationships established by genotyping per our standard workflow. Hemizygous variants were
X-linked variants identified in >95% of reads in male patients. Homozygous calls applied to
autosomal variants in >95% of reads. Variants deviating to the extreme of VAF <20 or >80
were considered suspicious for mosaicism, and subsequently underwent orthogonal testing
by Sanger sequencing.

Sanger sequencing was performed on proband and available parental samples for all de
novo variants and suspected mosaic variants identified as likely causal for the proband phe-
notype. Analysis by Sanger was used to distinguish from MPS or PCR artifact, and verify re-
duction in allelic ratio as visualized by disparate peak heights for mosaicism. For Sanger
sequencing, PCR amplification of the region of interest was followed by purification using
the QlAquick purification kit (QIAGEN). Forward and reverse sequencing reactions were per-
formed with the Big Dye v3.1 terminator mix (ThermoFisher). Sequencing was performed on
an Applied Biosystems 3130 or 3730 instrument (ThermoFisher). Mosaic variants were con-
firmed by observation of a nonreference allele with a disparate peak height during Sanger
analysis.

Variant Interpretation

Custom scripting allowed for enrichment of variant attribute data including disease associa-
tion and phenotype overlap. For each proband, the annotated filtered variant list was eval-
uated at a case conference attended by laboratory directors, genetic counselors, variant
scientists, residents, fellows, and geneticists, including the ordering provider, when avail-
able. Variants that met group consensus were assessed according to ACMG/AMP recom-
mendations (Richards et al. 2015). Following assessment, variants are reported as either
likely causal for proband phenotype or as findings of undetermined clinical relevance to
the proband phenotype based upon strength of phenotype overlap with the associated dis-
ease at the discretion of the ABMGG board-certified signing director. Laboratory diagnostic
yield was defined as the number of cases with a variant or variants reported as likely causal for
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the proband phenotype. Concordance between the laboratory and the ordering provider as
to reported variant-associated disease causality was examined via clinical documentation in
the EMR. Variants were considered clinically confirmed as causal if the ordering provider at-
tributed some or all features in the proband to the variant(s).
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