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Preconception Carrier Screening by Genome
Sequencing: Results from the Clinical Laboratory
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Advances in sequencing technologies permit the analysis of a larger selection of genes for preconception carrier screening. The study was
designed as a sequential carrier screen using genome sequencing to analyze 728 gene-disorder pairs for carrier and medically actionable
conditions in 131 women and their partners (n = 71) who were planning a pregnancy. We report here on the clinical laboratory results
from this expanded carrier screening program. Variants were filtered and classified using the latest American College of Medical Genetics
and Genomics (ACMG) guideline; only pathogenic and likely pathogenic variants were confirmed by orthologous methods before being
reported. Novel missense variants were classified as variants of uncertain significance. We reported 304 variants in 202 participants.
Twelve carrier couples (12/71 couples tested) were identified for common conditions; eight were carriers for hereditary hemochromato-
sis. Although both known and novel variants were reported, 48% of all reported variants were missense. For novel splice-site variants,
RNA-splicing assays were performed to aid in classification. We reported ten copy-number variants and five variants in non-coding
regions. One novel variant was reported in F8, associated with hemophilia A; prenatal testing showed that the male fetus harbored
this variant and the neonate suffered a life-threatening hemorrhage which was anticipated and appropriately managed. Moreover,
3% of participants had variants that were medically actionable. Compared with targeted mutation screening, genome sequencing
improves the sensitivity of detecting clinically significant variants. While certain novel variant interpretation remains challenging,
the ACMG guidelines are useful to classify variants in a healthy population.

Introduction

Traditionally, carrier screening has focused on specific
disorders that are known to have a higher prevalence in
certain ethnic populations. More recently, lower
sequencing costs coupled with higher accuracy of next
generation sequencing-based methodologies have made
it affordable for clinical laboratories to offer screening for
substantially more conditions." Both autosomal-reces-
sive and X-linked conditions, which comprise a typical car-
rier-screening panel, are often observed in individuals with
no family history of the condition. Therefore, for a healthy
couple, offering pan-ethnic, expanded carrier screening is
appropriate, particularly in a culturally and genetically het-
erogeneous population such as the United States. Many
professional societies have developed their own practice
guidelines on expanded carrier screening, in recognition
of its increasing popularity. Furthermore, the American
College of Medical Genetics and Genomics, American
Congress of Obstetricians and Gynecologists, National
Society of Genetic Counselors, Society of Maternal-Fetal
Medicine, and the Perinatal Quality Foundation have

collaborated to issue a joint statement for healthcare pro-
viders and clinical laboratory personnel to educate and
guide them on the use of this screening approach.’

Massively parallel sequencing or next-generation
sequencing (NGS) has provided the technical means to
not only screen the full gene, but also analyze multiple
genes and multiple individuals simultaneously, as com-
pared to the targeted mutation panel approach of tradi-
tional carrier screening. However, given the rapid pace of
its application, there is a paucity of information on the
downstream impact of NGS in the healthcare system and
in routine medical care.

To this end, the NextGen study (Figure S1A), a part of the
National Human Genome Research Institute’s Clinical
Sequencing Exploratory Research consortium (CSER), was
focused on exploring the possibility of using genome
sequencing as part of a preconception expanded carrier
screening program from a variety of contexts. The multi-
disciplinary team generated evidence on a variety of goals
to achieve this overarching objective including evaluating
the clinical utility of genome sequencing (GS) in this
clinical scenario, exploring critical interactions between
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individuals, providers, and laboratories that influence the
implementation of clinical sequencing programs, and
identifying and addressing barriers to integration of
genomic and health data for clinical decision making.
The study was designed as a randomized controlled trial
with GS and analysis of a pre-selected list of 728 gene-
disorder pairs (genes known to be associated with human
disorders) for autosomal-recessive and X-linked condi-
tions® as well as 148 genes’ ® for conditions that are consid-
ered medically actionable. We reported known as well as
novel variants that for this study were defined as those
not previously reported in affected individuals. Here, we
describe the analytic pipeline and the clinical laboratory
results for subjects who received GS as part of the NextGen
study.

Subjects and Methods

Selection of Participants and Study Design

All female participants were members of the Kaiser Permanente
Northwest (KPNW) integrated healthcare delivery health manage-
ment system. Our study is based on the sequential model and not
the couple-based model of carrier screening. Females were first
sequenced and if at least one positive carrier result was disclosed
to the participant, her male partner was invited to join the GS
arm of the study following consent (Figure S1B). To be eligible to
participate in this experimental randomized controlled trial,” the
female participants must have satisfied three criteria: (1) planning
a pregnancy in the near future, (2) had a carrier screening test, usu-
ally cystic fibrosis (MIM: 219700), ordered by a clinician that was
resulted and completed, and (3) not pregnant at the time of
consent. Allwomen who consented to participate in the study filled
out a baseline survey including demographic information prior to
being randomly assigned into the GS arm or the usual care arm of
the study (Figure S1A). At KPNW, all participants (i.e., females
and males) in the GS arm had a pre-test consent visit with a genetic
counselor before their blood draw. Blood samples were sent to the
CLIA laboratories at Illumina Clinical Services Laboratory and
Oregon Health & Science University’s (OHSU) Knight Diagnostic
Laboratories for GS and variant confirmation, respectively, while
secondary analysis was performed at the University of Washington.
Positive carrier results were discussed with a genetic counselor for
all participants during post-test counseling (Figure S1B). We
sequenced a total of 202 participants: 131 females and 71 male part-
ners (i.e., 71 couples). This study was reviewed and approved by the
Institutional Review Board (IRB) at Kaiser Permanente Northwest,
the University of Washington, and OHSU ceded IRB authority to
KPNW. All participants received full written and IRB-approved con-
sent and could withdraw at any time during the study without
consequences.

Genes Analyzed

Within the GS arm of the study, only variants in pre-selected genes
that were determined by the NextGen Return of Results Commit-
tee (RORC)® were chosen for analysis (Figure S1). These genes
included those for carrier screening and medically actionable find-
ings. For carrier screening, the 728 gene-disorder pairs, which
comprised autosomal-recessive and X-linked conditions, were
categorized into lifespan limiting (177 genes), serious (406 genes),

mild (93 genes), unpredictable (41 genes), and adult onset
(11 genes). For medically actionable (also called secondary or addi-
tional) findings,'® we used an expanded list compared with the
most recent ACMG list."* This list was comprised of 121 genes
for autosomal-dominant conditions, 23 genes for autosomal-
recessive conditions, and 4 genes for X-linked conditions. The
selection process for these genes has been previously published”
and was based on their clinical validity and the clinical utility of
medically actionable genes. The analytical validity of these genes
was one of the metrics that was assessed in this study. The genes
are listed in the Supplemental Note. All participants who con-
sented to the study received results for at least the 177 conditions
that were categorized as lifespan limiting.® The remaining cate-
gories of carrier conditions were optional and were returned
only if requested. The National Center for Biotechnology Informa-
tion (NCBI)-curated reference sequences (“NM and NP categories”)
were used for variant analysis. In addition, variants in the pro-
moter region of CFTR (MIM: 602421) were also analyzed.

Sequencing

Genome sequencing was performed at the Illumina Clinical Ser-
vices Laboratory. Briefly, genomic DNA was extracted from the par-
ticipant’s blood and processed for sequencing using the Illumina
TruSeq DNA LT kit. The DNA sample was sequenced on a HiSeq
2000 or 2500 (Illumina, version 3 chemistry) with 100 base pair,
paired-end reads. The sequenced fragments were assessed for qual-
ity and aligned to the NCBI reference genome (GRCh37/hg19) to
generate BAM files. The BAM files were subsequently sent to the
University of Washington for secondary analysis.

Bioinformatics Pipeline (Secondary Analysis)

For compatibility with the University of Washington’s data analysis
pipeline, FASTQ files, with the original read sequences, were gener-
ated from the BAM files received from the Illumina Clinical Services
Laboratory. The reads were re-aligned to the NCBI GRCh37/
hgl9 reference sequence with the Burrows-Wheeler Aligner
(v. 0.7.6a)."* The aligned read data were subject to further analysis
using tools from the Genome Analysis Tool Kit (GATK)"* by removal
of duplicate reads (Picard MarkDuplicates v.1.96), indel realignment
(GATK RealignerTargetCreater and IndelRealigner v.2.6), and base-
quality recalibration (GATK BaseRecalibrator v.2.6).

Single-Nucleotide Variants (SNV) and Small Insertion
and Deletions (Indel)

SNVs and indel variants were called by the GATK
UnifiedGenotyper v.2.6, followed by the GATK VariantAnnotation
and VariantFiltration (to flag low-quality calls). Variant quality
terms, QUAL and QD, were assigned by UnifiedGenotyper and
the VariantFiltration tool assigned a “PASS” to all variants with a
QUAL score > 100 and a QD (QUAL score normalized by allele
depth) score > 5. Further annotation was performed by
SeattleSeqAnnotation138,'* using a local cache database that
also served the website. These annotations that are included on
the website are dbSNP'® and clinical association data as well as
scores from PolyPhen,'® GERP,'” CADD,'® Grantham,'® protein-
protein interactions,”” microRNAs from miRbase,”’ and popula-
tion frequencies from NHLBI GO Exome Sequencing Project
(ESP)** and Exome Aggregation Consortium (ExAC).>* Also pre-
sent were University of California Santa Cruz (UCSC) Browser**
annotations: repeats, chimp alleles, CpG islands, and KEGG path-
ways. Additional annotations that are not part of the standard
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SeattleSeqAnnotation138 software suite were included to further
support variant interpretation. These additional tools were
SIFT?® and SPIDEX for splicing,”® data from ClinVar®” and the pro-
fessional version of Human Gene Mutation Database,”® and pop-
ulation frequencies in 1000 Genomes Project,”’ ICR1000 UK
exomes,*’ and 500 local exomes. The Human Genome Variation
Society (HGVS)*! notations were used for the nomenclature of

SNVs and indels in exons.

Structural Variant Analysis of the Sequencing Data
Structural variants were called by LUMPY*? and augmented by
CNVnator® for the entire genome. For the RORC-selected genes,
regions were defined that included 2,000 nucleotides upstream
and downstream of the first and last exon in the longest transcript.
Overlapping reads that included one or more exons of RORC-
selected genes were then analyzed for structural variants. Quality
metrics were applied by CNVnator and LUMPY to filter for signal
type paired-end and/or split-read. Finally, structural variants in the
BAM files were manually curated using the Integrated Genome
Viewer (IGV).>* Pathogenicity of copy-number variants (CNVs)
were based on a laboratory-developed guideline that included
consideration of the pathogenic mechanism of the variants, clas-
sifications in the population databases such as the Database of
Genomic Variants (DGV)*® and the human disease databases
such as ClinVar and DECIPHER,*® medical literature review, the
variant frequency, and the consequence of the CNV; i.e., a dele-
tion of several exons resulting in the remaining flanking exons be-
ing out of frame, or loss of the translation start site. Novel duplica-
tions were generally not reported due to lack of functional
evidence of their effect on gene product or location, unless located
in a well-studied gene (e.g., DMD [MIM: 300377]).

Tertiary Analysis and Variant Confirmation for SNVs and
CNVs

The variants that were called and annotated at the University
of Washington were sent via a secure site to the OHSU CLIA-
laboratory for variant filtering, interpretation, confirmation, and

Benign Fupresenenennnd [ R sequencing frequency of the variant in the population
03 variants) O lorn) databases (1000 Genomes Project, ESP,

and ExAC), a 5% threshold for variant

frequency was used for initially filtering

variants (Figure 1). The 2015-ACMG

guidelines®” were used for variant inter-

pretation and classification for SNVs and
small indels. Confirmation for SNVs and small indels was per-
formed, in both directions, by capillary electrophoresis-based
Sanger sequencing (CE).*® If a SNV was detected in a gene that
was also known to have a pseudogene, long-range PCR followed
by nested PCR was performed before CE. Structural variant confir-
mation for HBA2 (MIM: 141850) deletion variants was performed
by a multiplex polymerase chain reaction method.** Other
structural variant confirmations were performed on a clinically
validated gene-focused array, CytoSure Medical Research Exome
Array (Oxford Gene Technology), according to the manufacturer’s
instructions. Finally, for splice-site variants, splicing analysis
was performed by extracting RNA from whole blood, converting
the mRNA to cDNA (SuperScript II Reverse Transcriptase,
ThermoFisher Scientific), and sequencing the product by CE.
Disorders associated with trinucleotide repeats were not analyzed.
All reported variants were submitted to ClinVar.?’

Clinical Report

The clinical reporting was performed in two phases to enable post-
test genetic counseling and survey completion. The first phase
included only the carrier results. For participants who chose to
receive medically actionable (secondary) findings, an additional
report containing positive results, if any, was provided at a later
date. A sample clinical report is available in the Supplemental
Note.

Results

Participant Choices for Results

The average participant age was 32 years for females
(range: 21-46 years) and 34 years for males (range: 24—
50 years). White/non-Hispanic participants comprised
78% of study participants. While most (93%) participants
opted for receiving all categories of carrier results, some
participants (~7%) did not want to know their carrier
status for unpredictable or adult-onset onset conditions.
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Table 1.

Carrier Findings for Well-Known Disease-Associated Variants within Introns

Gene Variant Disorder Condition Category Variant Category Classification

PTS MIM: 612719) NM_000317.2 BH4-deficient serious known likely pathogenic
(c.84_291A>G) hyperphenylalaninemia

(MIM: 261640)

GAA (MIM: 606800) NM_001079804.2 glycogen storage disease II serious known pathogenic
(c.—32-13T>G) (MIM: 232300)

GJB2 (MIM: 121011) NM_004004.5 deafness and hearing loss mild known pathogenic
(c.—22—2A>C) (MIM: 220290)
NM_004004.5 known pathogenic
(c.—23+1G>A)

PYGM (MIM: 608455) NM_005609.3 McArdle disease (MIM: unpredictable known likely pathogenic

(c.425-26A>G) 232600)

These variants are not in the canonical splice-site within introns. An a priori knowledge of the mutation spectrum in a gene is not required for using GS-based carrier
testing. The variants are annotated according to the Human Genome Variation Society (HGVS)*® recommended nomenclature. The variants in GAA and GJB2 are
located in the introns that are upstream (5’ in the coding strand) of the translational start codon (where the adenine position in ATG start codon is +1).

Almost every participant (99%) requested the return of
medically actionable findings.

Sequencing Performance

For GS, the average depth of sequencing was 38.5x with an
average of 79.5% of reads covered at a depth of at least
30%x. SMN1 ([MIM: 600354]; spinal muscular atrophy
[MIM: 253300, 253550, 253400, 271150]) and IKBKG
(IMIM: 300248]; X-linked hypohidrotic ectodermal
dysplasia with immune deficiency [MIM: 300291] and
anhidrotic ectodermal dysplasia with immune deficiency,
osteopetrosis, and lymphedema [MIM: 300301]) were
consistently sequenced at less than 10x coverage. This
was due to the close proximity of these genes to their
respective pseudogenes, thereby resulting in poor mapping
quality of the sequence reads. Furthermore, specific
bioinformatic strategies would be required for variant
detection of these regions by NGS.*” Therefore, variant
interpretation for those gene-disorder pairs that were
sequenced at less than 10X depth were not returned due
to insufficient coverage.

Variant Filtering and Confirmation

On average, approximately 70,000 variants were detected
in the 728 gene-disorder pairs for each participant. Based
on the ACMG guidelines’ stand-alone criterion for a benign
classification, those variants with an average frequency
of >5% in the population databases were classified benign,
with the exception of the known clinically significant var-
iants, GenBank: NM_000410.3 (c.845G>A [p.Cys282Tyr])
and GenBank: NM_000410.3 (c.187C>G [p.His63Asp]),
variants in HFE (MIM: 613609), and the factor V (F5)
(MIM: 612309) Leiden variant (GenBank: NM_000130.4;
c.1601G>A [p.Arg534GlIn]). The GenBank: NM_000410.3
(c.187C>G [p.His63Asp]) variant that has a frequency of
10.6% in the EXAC database was reported only if that
participant’s partner had consented to be tested and carried
a heterozygous, GenBank: NM_000410.3 (c.845G>A
[p.Cys282Tyr]) variant in HFE. Additionally, well-described,
common variants (such as GenBank: NM_004004.5;

¢.109G>A [p.Val371Ile] in G/B2 [MIM: 121011] that has a
frequency of 7.2% in the East Asian population) that met
the criteria for pathogenicity albeit with high prevalence
(>5%) in a specific ethnic population were retained. Based
on the 5% threshold for filtering variants, approximately
98% of all variants were classified as benign.

For each participant, an average of four missense vari-
ants were identified that had a population frequency below
the disease allele frequency for that respective gene, but
with no published records in the medical literature at the
time of analysis. These novel missense variants were classi-
fied as variants of uncertain significance (VUS) and were
not reported.

We reported a total of 304 variants in this study. Approx-
imately 92% (280/304) of variants passed the NGS variant
quality filter (described in Subjects and Methods) and were
confirmed by Sanger sequencing (CE), while 8.5% (26/304)
of the variants did not pass the quality filter by NGS but
met the criteria for pathogenicity and were confirmed by
CE. In contrast, three variants were labeled as false positive
calls from NGS-based analysis. These variants, which
included two SNVs detected by NGS analysis pipeline
and one CNV detected by the CNV analysis software, satis-
fied the criteria for pathogenicity but were not confirmed
by CE and exon-centric aCGH, respectively, and therefore
not reported.

Carrier Status and Types of Variants Reported

Among the 202 participants’ samples analyzed, 78%
received at least one positive carrier result. The average
number of variants was 1.5 per individual, with a range
of 0 to 5 variants and a mode of 1 variant per individual.
We have reported all types of variants (Table S1) with
known missense variants comprising the majority of a
specific type of variant (48%). Table S2 lists all variants
reported in this study. While most variants were reported
within coding regions of the genes or affecting the
canonical splice-site at the intron/exon junctions, we
have reported five well-known pathogenic, non-coding
variants that were not in the canonical splice site (Table 1).
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Table 2.

Classification of Putative Splice Variants before and after mRNA Analysis

Condition Variant Initial Final
Gene Variant Disorder Category Category Classification Classification
CEP290 NM_025114.3 ciliopathies (MIM: 615991, 610188, lifespan novel likely pathogenic likely pathogenic
(MIM: 610142) (c.6645+1G>A) 611755, 611134, 610189) limiting
CEP290 NM_025114.3 ciliopathies (MIM: 615991, 610188, lifespan novel likely pathogenic pathogenic
(MIM: 610142) (c.6818+1_6818+2insGG) 611755, 611134, 610189) limiting
ERCC2 NM_000400.3 trichothiodystrophy (MIM: serious novel likely pathogenic pathogenic
(MIM: 126340) (c.594+2_594+5delTGAG) 601675)
LRPPRC NM_133259.3 Leigh syndrome, French-Canadian lifespan novel likely pathogenic likely pathogenic
MIM: 607544) (c.469+1G>A) type (MIM: 220111) limiting
FAH (MIM: NM_000137.2 tyrosinemia type I (MIM: 276700)  serious novel likely pathogenic VUS®
613871) (c.81+2T>A)

These genes are expressed in leukocytes. All individuals were heterozygotes.

“The assay results did not indicate a splicing defect in FAH; however, allele drop-out analysis was not performed, and further confirmation is necessary to determine
the functional consequence of the GenBank: NM_000137.2 (c.81+2T>A) variant.

Approximately 64% of variants (195 of 304 total vari-
ants reported) were “distinct” (i.e., every reported variant
counted only once). Within this distinct category, approx-
imately 22% (44/195) were novel variants. The majority
of the novel variants were classified as likely pathogenic,
with the exception of some novel splice-site variants
(Table 2) and CNVs (Table 3). For the genes that were ex-
pressed in blood (listed in Table 2), RNA-based splice-site
analysis was performed on novel variants that were
initially classified as likely pathogenic. RNA analysis was
used as evidence to re-interpret the classification of the
variant to determine whether the variant caused an in-
frame exon skipping, out-of-frame exon skipping, intron
retention, or no splicing defect. Thus, two variants were
upgraded to pathogenic and one was downgraded to a
VUS (Table 2).

Five individuals were identified as silent carriers for
a-thalassemia (MIM: 604131); however, only four samples
could be confirmed by multiplex PCR because there was
no DNA available to confirm the fifth sample. Addition-
ally, five other individuals harbored a CNV in a gene on
either the carrier list or the medically actionable list
(Table 3). Therefore, approximately 5% (10/202) of all par-
ticipants were carriers of at least one clinically significant
CNV.

Condition Categories Reported

The reported conditions comprised approximately 18%
(134/728) of all the carrier gene-disorder pairs® analyzed
in this study. Due to the small population size (n = 202)
and ethnicity bias (78% were of European descent), there
were variants and conditions that were observed multiple
times (Table 4). For some disorders, the calculated carrier
frequency in this study was higher than the estimated
carrier frequency in the general population (Table 4). As ex-
pected, the common variants for HFE-associated hereditary
hemochromatosis (MIM: 235200) comprised approxi-
mately 20% (40/202) of all heterozygotes in the study
and 13% (40/304) of all variants reported.

Carrier Couples

Each couple’s data were analyzed to determine whether
they were carriers for the same condition as their respective
partner. Not surprisingly, we identified carrier couples for a
few common conditions: eight carrier couples for heredi-
tary hemochromatosis (MIM: 235200), with each partner
a carrier of either GenBank: NM_000410.3 (c.845G>A
[p-Cys282Tyr]) or GenBank: NM_000410.3 (c.187C>G
[p-His63Asp]), two couples for alpha-1 anti-trypsin defi-
ciency (MIM: 613490), and one couple each for Factor V
Leiden (MIM: 227400) and non-syndromic hearing loss
(IMIM: 220290]; GJB2). We did not identify a carrier couple
for any rare autosomal-recessive disorder. Three females
were carriers for X-linked conditions, of which one was
hemophilia A (MIM: 306700), a serious condition; the
other two conditions were categorized as mild conditions
(Table 5).

Medically Actionable (Secondary)

Based on our expanded medically actionable gene list
(148 genes), additional findings were reported in 3.5% of
participants (7 of 202); however, considering only the up-
dated ACMG v2.0 list for secondary findings (59 genes),"’
the proportion of participants with such findings would be
2.9% (Table 6). The difference is due to the absence of
SERPINA1 (MIM: 107400) on the ACMG list. Although
two participants were found to be compound heterozy-
gotes in HFE (GenBank: NM_000410.3; c.845G>A
[p.Cys282Tyr]; GenBank: NM_000410.3; c.187C>G
[p-His63Asp]) for hereditary hemochromatosis, only
homozygotes for the GenBank: NM_000410.3 (c.845G>A
[p-Cys282Tyr]) variant in HFE would have been considered
medically actionable. This study did not identify any indi-
vidual who was homozygous for GenBank: NM_000410.3
(c.845G>A [p.Cys282Tyr]). In addition, we identified a
male with a pathogenic variant, GenBank: NM_000059.3
(c.4965C>G [p.Tyr1655Ter]), in BRCA2 (MIM: 600185).
This variant was considered a carrier finding for Fanconi
anemia (MIM: 605724) as well as a medically actionable
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Table 3.

CNV:s Identified by NGS in Carriers and Confirmed by an Orthogonal Method

Variant No. of
Gene Deletion Variant Disorder Condition Category Category Classification Heterozygotes
HBA2 (MIM: 141850) whole gene alpha thalassemia carrier list: lifespan known pathogenic 5°
(NM_000517.4) (MIM: 604131) limiting
FANCA (MIM: 607139) exons 18-28 Fanconi anemia carrier list: serious novel likely pathogenic 1
(NM_000135.3) (MIM: 227650)
TBCE (MIM: 604934) exons 3-4 hypoparathyroidism- carrier list: serious novel pathogenic 1
(NM_001079515.2)  retardation-
dysmorphism-syndrome
(MIM: 241410)
INVS (MIM: 243305) 5" UTR, exons 1 and nephronophthisis 2 carrier list: lifespan novel likely pathogenic 1
2 (NM_014425.4) (MIM: 602088) limiting
PROM1 (MIM: 604365) 5’ UTR and exon 1 retinitis pigmentosa 41 carrier list: mild novel likely pathogenic 1
(NM_006017.2) (MIM: 612095)
BRCA1 (MIM: 113705) 5’ UTR exons 1-11  hereditary breast and medically actionable  known pathogenic 1

(NM_007300.3) ovarian cancer (MIM:

604370)

Variants were confirmed by high-density microarray, except the whole gene deletion of HBA2, which was confirmed by multiplex PCR (see Subjects and Methods).
?One variant was not confirmed because additional DNA was unavailable for confirmatory testing.

finding for an increased risk of male breast and prostate
cancer (MIM: 114480 and 176807, respectively).

Moreover, we identified an incidental finding in an indi-
vidual with mild hearing loss who harbored two variants,
GenBank: NM_004004.5 (c.35delG [p.Glyl2Valfs*2];
¢.101T>C [p.Met34Thr]) in G/B2 (MIM: 121011) for non-
syndromic hearing loss and deafness (DFNB1A [MIM:
220290]) (Table 6). This finding was not included in the
medically actionable findings.

Discussion

One of the goals of this exploratory study was to learn
more about the clinical utility of using GS for carrier
screening in a clinical setting. To this end, a broad selection
of gene/disorder pairs that would impact carrier status was
analyzed. GS coupled with this large selection of gene/
disorder pairs allowed us to increase the sensitivity of
capturing most clinically significant variants. Recent
studies have highlighted the advantages®' and contro-
versies*” surrounding expanded carrier screening using
an NGS-based approach. It is expected, as observed with
this study, that clinically significant variants for non-
serious and reduced penetrance, adult-onset conditions
will be detected with high frequency. While the inclusion
of mild or reduced penetrant conditions (hereditary hemo-
chromatosis and factor V Leiden) may not be considered
appropriate for clinical carrier screening, from a research
perspective, it posits an unbiased approach to gather infor-
mative data on carrier status while offering autonomy of
the participant’s choices. As shown in our study, most par-
ticipants requested results for all condition categories after
appropriate genetic counseling.

In this study, the male partner of female carriers of path-
ogenic and likely pathogenic variants were invited to join

the GS arm of the study. Again, only pathogenic and likely
pathogenic variants in the genes reported for the female
participant were reported to the male partner. This was de-
signed to avoid prenatal diagnosis based on VUS results.

The NGS technology is advancing rapidly. Additionally,
there is a simultaneous effort to improve and standardize
the variant interpretation process.?”*** To our knowledge,
there are currently very few studies reported to use the
2015-ACMG guidelines for variant interpretation to
analyze genomic data in individuals with no clinical
phenotype. For novel variants that predicted a null effect
in genes where loss-of-function is an established mecha-
nism of disease, it was challenging to predict genotype-
phenotype correlation. To add to the complexity of classi-
fying novel variants in the absence of phenotype, it is also
challenging to classify novel variants in a gene that is
associated with clinical heterogeneity. For example, one
participant was a carrier for a novel variant, GenBank:
NM_020366.3 (c.1116delA [p.Lys372Asnfs*3]) in RPGRIP1
(MIM: 605446). RPGRIP1 pathogenic variants are associ-
ated with both Leber congenital amaurosis (MIM:
613826) and cone-rod dystrophy 3 (MIM: 608194), but it
was not possible to predict for which condition the partic-
ipant was a carrier. Thus, in our experience, the ability to
accurately classify variants and predict outcomes is more
challenging in a healthy population than in an affected
individual and is less robust than in individuals presenting
with an adverse phenotype.** While evidence based on
phenotype is not a strong consideration in favor of patho-
genicity according to the ACMG variant interpretation
guidelines, sometimes highly specific phenotypic informa-
tion does provide important evidence for interpreting var-
iants associated with single-gene disorders.

Our finding of a variant in an X-linked condition, which
was particularly impactful for a pregnancy outcome,
illustrates the advantage of phenotypic information
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Table 4. Genes with Variants Reported as Pathogenic or Likely Pathogenic More than Once

Frequency
No. of of Disorder Carrier

Variants Condition Variant heterozygotes in Study Frequency
Gene Reported Disorder Category Category Classification (n = 202) (n=202) (%)
HFE (MIM: NM_000410.3 hereditary adult onset Known pathogenic 30 20% 6%-13%
613609) (c.845G>A hemochromatosis

[p.Cys282Tyr]) (MIM: 235200)

NM_000410.3 Known pathogenic 10

(c.187C>G

[p.His63Asp])”
GJB2 (MIM: NM_004004.5 nonsyndromic, mild Known pathogenic 3 9% 2.3%
121011) (c.35delG hearing loss

[p-Gly12Valfs*2]) (MIM: 220290)

NM_004004.5 Known pathogenic 1

(c.35dupG

[p.Val13Cysfs])

NM_004004.5 Known likely 4

(c.109G>A pathogenic

[p.Val37Ile])

NM_004004.5 Known pathogenic 1

(€.—23+1G>A)

NM_004004.5 Known likely 4

(c. 101T>C pathogenic

[p-Met34Thr])

NM_004004.5 Known pathogenic 3

(c.269T>C

[p.Leu90Pro])

NM_004004.5 Known likely 1

(c.416G>A pathogenic

[p.Ser139Asn])

NM_004004.5 Known pathogenic 1

(c.—22-2A>C)
F5 (MIM: NM_000130.4 factor V Leiden unpredictable known pathogenic 17 8% 3%-8%
612309) (c.1601G>A thrombophilia

[p.Arg534GIn]) (MIM: 227400)
SERPINA1 NM_001127700.1 alpha-1 adult onset known pathogenic 6 6% 2.4%—4.8%
(MIM: 107400)  (c.1096G>A antitrypsin

[p.Glu366Lys]) deficiency (MIM:

613490)

NM_001127700.1 known pathogenic 6

(c.863A>T

[p.Glu288Val])
ABCA4 (MIM: NM_000350.2 cone rod mild known pathogenic 1 4% 2%
601691) (c.6089G>A dystrophy 3

[p-Arg2030GIn]) (MIM: 604116);

Stargardt disease

NM_000350.2 (MIM: 248200) known likely 2

(c.1964T>G pathogenic

[p.Phe655Cys])

NM_000350.2 known pathogenic 1

(c.4139C>T

[p.Pro1380Leu])

NM_000350.2 known likely 2

(c.2588G>C pathogenic

[p.Gly863Ala])

NM_000350.2 known pathogenic 3

(c.5882G>A

[p.Gly1961Glu])

(Continued on next page)
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Table 4. Continued

Frequency
No. of of Disorder Carrier

Variants Condition Variant heterozygotes in Study Frequency
Gene Reported Disorder Category Category Classification (n = 202) (n=202) (%)
CYP21A2° (MIM: NM_000500.8 congenital serious known pathogenic 3 4% 1.6%-6%"
613815) (c.1360C>T adrenal

[p.Pro454Ser]) hyperplasia

(MIM: 201910)

NM_000500.8 known pathogenic 3

(c.844G>T

[p.Val282Leu])

NM_000500.8 known pathogenic 2

(c.955C>T

[p.GIn319Ter])
CFTR (MIM: NM_000492.3 cystic fibrosis serious known pathogenic 6 3% 4%
602421) (c.1521_1523delCTT (MIM: 219700)

[p.Phe508delPhe])
SPG7 (MIM: NM_003119.3 spastic paraplegia adult onset known pathogenic 3 2% 0.9%-1.5%
602783) (c.1529C>T 7 (MIM:

[(p.Ala510Val)) 607259)

NM_003119.3 known pathogenic 2

(c.1045G>A

[p.Gly349Ser])

All variants use the HGVS nomenclature.
aSource: GeneReviews or Genetics Home Reference.

PThe H63D variant in HFE was analyzed and reported only if the partner was a carrier of GenBank: NM_000410.3 (c.845G>A [p.Cys282Tyr]).

“The coding DNA nomenclature is used instead of the protein sequence nomenclature to avoid the discrepancy associated with the latter when using the hg19
genomic reference sequence; the coding DNA is also used for nomenclature for splice/intronic variants; one participant was homozygous for the SERPINAT Gen-
Bank: NM_001127700.1 (c.1096G>A [p.Glu366Lys]) allele and was excluded from the table.

4Combined classic and non-classic with 3% carrying a variant for the non-classic form and 1% carrying a variant for the classic form.

€Combined frequency for classic and non-classic form; most of these variants were observed more than once.

for variant interpretation. In a female participant,
we reported a heterozygous, nonsense variant in F8
(MIM: 300841), which is associated with hemophilia A
(MIM: 306700). This variant was novel and the limited
evidence satisfied the criteria for only a likely pathogenic
classification. The participant, who was already pregnant
at the time of receiving this result, opted for prenatal
testing. Her male fetus was found to harbor this variant,
and subsequently, the newborn developed a complica-
tion, an acute subgaleal hemorrhage that is associated
with the severe form hemophilia A. The prior knowledge
that this infant was suspected to be affected with hemo-
philia A helped guide the immediate treatment plan (red
cell and platelet transfusions with anti-hemophilic fac-
tor/von Willebrand factor complex) to avoid a fatal
outcome. The additional evidence on phenotype promp-
ted variant re-classification to pathogenic. Being novel,
this variant would not have been detected on a targeted
mutation panel. Overall, we conclude that the 2015-
ACMG variant interpretation guideline is a powerful tool
for systematic and organized classification for rare and
novel variants that are detected by GS.

The variant classification process is continually evolving
and this may explain the discrepancies in the carrier status
results between our study and those from a previous study
by Bell et al.** In the latter study, the authors focused on
448 recessive disorders in 104 individuals and reported a
carrier burden of 2.8 per individual. In contrast, we

analyzed more gene/disorder pairs (728) but reported 1.5
clinically significant variants per individual. The databases
used for variant interpretation in the Bell et al. study*®
were limited compared with the currently available re-
sources and the criteria for selecting pathogenicity of vari-
ants were also different. Of note, more than 70% (76/104)
of individuals in the Bell et al. study®® were either affected
or known carriers of severe pediatric conditions, but in our
study, only 3% of participants were previously known to be
carriers for cystic fibrosis (MIM: 219700).

We also identified 3.5% of participants with a variant in
a gene on our medically actionable list. While our list of
genes (148 genes) was more extensive than that recom-
mended by ACMG'"*® (59 genes), all of the medically
actionable findings detected in this study were in genes
on the ACMG list, except SERPINA1. This result is consis-
tent with that of a previous report’ that used an expanded
medically actionable findings list. Considering only the
ACMG list (i.e., excluding SERPINA1), our rate of second-
ary findings also remains consistent with that of another
study on 2,000 exomes.*’

It is important to note that the lack of ethnic diversity
and the small size of our individual cohort represented
some limitations to our study. Although the study was
designed to be offered to a pan-ethnic population, the
data from this study were biased toward the fact that
the majority of our participants were of European descent.
Furthermore, data from 202 participants have limited
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Table 5. Carrier Females for X-Linked Disorders

Gene Variant Disorder Condition Category Variant Category Classification
F8 (MIM: 300841) NM_000132.3 (c.3144G>A hemophilia A (MIM:  serious novel pathogenic
[p.Trp1048Ter]) 306700)

TRAPPC2 (MIM: NM_001128835.2 (c.12G>A X-linked mild novel likely pathogenic
300202) [p.Trp4Ter]) spondyloepiphyseal

dysplasia tarda

(MIM: 313400)
G6PD (MIM: 305900)  NM_001042351.2 (c.376A>G  G6PD deficiency mild known pathogenic

[p.Asn126Asp]);
NM_001042351.2
(c.202G>A" [Val68Met])

(MIM: 300908)

*The A-haplotype in G6PD comprises two variants, GenBank: NM_001042351.2 (c.376A>G [p.Asn126Asp]) and GenBank: NM_001042351.2 (c.202G>A

[p.Val68Met]) that are present in cis.

statistical power for analysis of carrier frequency. The
small sample size may be a factor in the observed carrier
frequency of certain conditions above the expected
value. For example, in SPG7 (MIM: 602783), which is
associated with spastic paraplegia 7 (MIM: 607259) that
has a reported prevalence of 2-6:100,000 (GeneReviews
in Web Resources), the GenBank: NM_003119.3
(c.1529C>T [p.Ala510Val]) variant has an allele frequency
of 0.0025 in the ExAC database; however, in our study, it
was observed three times. While the frequency in our
study suggested a variant of uncertain significance, we
classified it as pathogenic based on other published
evidence for its pathogenicity.*

Compared with mutation screening panels that were
traditionally designed to target certain ethnic populations,
NGS technologies are much better at detecting rare and
novel pathogenic variants in a pan-ethnic population.

Some of the current drawbacks of GS include the inability
to detect mosaicism because of low read depth, high data
storage, and generating a large number of VUSs. However,
within existing NGS platforms, GS can address some of the
limitations of a capture or amplicon-based sequencing
approach. GS can bypass the disadvantages of PCR-based
library preparation, which can be a source of introducing
variant artifacts and PCR biases resulting in a non-uniform
representation of the DNA library. It is a superior method
for determining structural variation in the genome because
the exact breakpoint in the DNA sequence can be identi-
fied. Finally, from a cost perspective, it can overcome the
continuous need to re-design and validate clinical targeted
gene panels when new pathogenic variants are identified
in non-coding regions.

Current clinical NGS applications still do not have the
sensitivity and specificity to detect all types of variants,

Table 6. Secondary and Incidental Findings in Participants

Gene Variant Disorder Condition Category Variant Category Classification

BRCA1 (MIM: 113705) NM_007300.3 (c.2071delA  hereditary breast and medically actionable known pathogenic
[p.Arg691Aspfs*10]) ovarian cancer (MIM:

604370, 612555)

NM_007300.3 (c.3485delA known pathogenic
[p-Asp1162Valfs*48])
NM_007300.3 (c.(?_-30)_ known pathogenic
(4185+1_4186-1)del)

BRCA2* (MIM: 600185) NM_000059.3 (c.4965C>G medically actionable known pathogenic
[p.Tyr1655Ter]) and serious (carrier)

SERPINAI" (MIM: 107400) NM_001127700.1 alpha-1 antitrypsin medically actionable known pathogenic
(c.1096G>A [p.Glu366Lys]) deficiency (MIM: 613490)

APC (MIM: 611731) NM_000038.5 (c.1042C>T APC-associated polyposis  medically actionable known pathogenic
[p.Arg348Ter]) conditions (MIM: 175100)

GJB2° (MIM: 121011) NM_004004.5 (c.35delG nonsyndromic hereditary carrier list: mild known pathogenic
[p.Gly12Valfs*2]); hearing loss (DFNB1)
NM_004004.5 (c.101T>C  (MIM: 220290)
[Met34Thr])

SMAD3 (MIM: 603109) NM_005902.3 (c.484G>T  Loeys-Dietz syndrome medically actionable novel likely pathogenic

[p.Glul62Ter])

type 3 1C (MIM: 613795)

These results are based on screening 130 female and 69 male participants; 3 individuals did not opt-in to receive these results.

@Carrier for Fanconi anemia.

bHomozygous GenBank: NM_001127700.1 (c.1096G>A [p.Glu366Lys]) (PI*ZZ).

“Incidental finding for the GenBank: NM_004004.5 (c.35delG [p.Gly12Valfs*2]); NM_004004.5 (c.101T>C [p.Met34Thr]) variants in one individual presumed to

be in trans.
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such as those causing triplet repeat disorders (e.g., fragile X
[MIM: 300624]) and regions of the genome with high ho-
mology (pseudogenes). Due to the inherent limitations of
the short-read approach in NGS platforms that are
currently utilized in most clinical laboratories, multiple
methodologies would need to be used to support detection
of the full range of variant classes. However, these chal-
lenges will be short-lived because the implementation of
long-read DNA sequencing (third generation) technolo-
gies*® coupled with advances in bioinformatic pipelines
for detecting short tandem repeats*’ and copy number
variation®” is imminent in the clinical laboratory. NGS is
a paradigm shift in the rate at which carrier status is deter-
mined for several hundred disorders simultaneously. It
may soon teplace other methodologies and become a
unifying platform for performing most molecular genetic
tests.
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