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Summary
Despitewidespread clinical genetic testing,many individualswith suspectedgenetic conditions lack aprecise diagnosis, limiting their oppor-

tunity to take advantageof state-of-the-art treatments. In somecases, testing reveals difficult-to-evaluate structural differences, candidate var-

iants that donot fully explain the phenotype, single pathogenic variants in recessive disorders, or no variants in genes of interest. Thus, there

is aneed for better tools to identify aprecise geneticdiagnosis in individualswhenconventional testing approacheshavebeen exhausted.We

performed targeted long-read sequencing (T-LRS) using adaptive sampling on theOxfordNanopore platformon 40 individuals, 10 of whom

lacked a completemolecular diagnosis.We computationally targeted up to 151Mbpof sequence per individual and searched for pathogenic

substitutions, structuralvariants, andmethylationdifferencesusinga singledata source.Wedetectedall genomicaberrations—including sin-

gle-nucleotide variants, copy number changes, repeat expansions, and methylation differences—identified by prior clinical testing. In 8/8

individuals with complex structural rearrangements, T-LRS enabled more precise resolution of the mutation, leading to changes in clinical

management in one case. In ten individuals with suspectedMendelian conditions lacking a precise genetic diagnosis, T-LRS identified path-

ogenic or likely pathogenic variants in six and variants of uncertain significance in two others. T-LRS accurately identifies pathogenic struc-

tural variants, resolves complex rearrangements, and identifies Mendelian variants not detected by other technologies. T-LRS represents an

efficient and cost-effective strategy to evaluate high-priority genes and regions or complex clinical testing results.
Introduction

Routine use of genetic testing in clinical and research set-

tings has improved diagnostic rates and uncovered the

genetic basis for many rare genetic conditions, yet approx-

imately half of individuals with a suspected Mendelian

condition remain undiagnosed.1–4 Broadly, undiagnosed

individuals who have undergone testing by DNA

sequencing fall into two main categories: (1 those with a
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DNA sequence variant or structural difference that does

not fully fit their phenotype (i.e., variant of unknown sig-

nificance) and (2) those in whom routine clinical evalua-

tion—including exome sequencing—failed to reveal any

candidate variants or identified only a single variant for a

recessive condition that fits the phenotype. Thus, new

tools and technologies that provide a comprehensive and

accurate survey of genetic variation have the potential to

improve diagnostic rates.
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Clinical testingmethods suchas chromosomalmicroarray

(CMA) and exome sequencing do not provide a complete

view of human genetic variation. Structural variants (SVs)

such as repeat expansions, insertions, deletions, or

rearrangements may account for many of the pathogenic

variants that go undetected,5 but they are challenging to

identify using existing short-read sequencing technology.

Long-read sequencing (LRS) technology, which sequences

native DNA molecules, can generate reads from 1,000 to

over 1 million base pairs in length while also providing

information on DNA methylation.6 The improved perfor-

mance of LRS for SV detection has been demonstrated.5,7–9

However, generating sufficient LRS data for genome-wide

analysis remains prohibitively expensive, which makes

studies comparing short-read sequencing to long-read

sequencing challenging and slows clinical implementation.

Current methods allow LRS of targeted genomic regions

using targeted long-read sequencing (T-LRS) either by PCR

enrichment or Cas9-mediated isolation of targets.10–12

However, these methods typically remove critical informa-

tion such as methylation status, take time to design and

optimize, and are restricted to a relatively modest number

of genomic targets. To overcome these limitations, we im-

plemented a computational method to select and

sequence native DNA using Oxford Nanopore Technolo-

gies (ONT). This method, known as adaptive sampling, ac-

cepts or rejects DNAmolecules for sequencing based on set

target sequences and can be modified in real time.13,14

We assessed the specificity and sensitivity of T-LRS using

adaptive sampling to detect known pathogenic SVs, such

as copy number variants (CNVs), repeat expansions, and

translocations by sequencing 30 individuals in whom

such variants were identified in the course of clinical

testing and identified the known variant in all cases (Table

S1). These individuals acted as control subjects and

allowed us to evaluate whether T-LRS could better charac-

terize previously identified structural changes. In 8/8 per-

sons with complex structural rearrangements, T-LRS

enabled more precise resolution of the mutation, which

led, in one case, to a change in clinical management. In

addition, we sequenced ten persons with a known or

suspected autosomal-recessive or X-linked Mendelian con-

dition in whom either only one (n ¼ 8) or no (n ¼ 2) path-

ogenic variants were found by standard clinical testing. We

identified pathogenic or likely pathogenic variants in six

and variants of uncertain clinical significance in two of

these ten. Our results demonstrate the potential added

value of T-LRS as a clinical test to efficiently and cost-effec-

tively evaluate individuals with complex SVs or to identify

causal variants in high-priority candidate genes.
Material and methods

Study design
Individuals were identified based on previous clinical or research

testing results, which included chromosomal microarray, karyo-
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type, clinical exome sequencing, or research WGS. Individuals

with complex copy number changes were defined as those with

two or more CNVs or one CNV and at least one translocation. Per-

sons with ‘‘missing’’ variants were defined as those in whom clin-

ical testing had identified one pathogenic variant in a gene associ-

ated with an autosomal-recessive disorder or no variants in a gene

associated with an X-linked disorder.
DNA isolation and library preparation
DNA for sequencing was isolated from blood, saliva, or fibroblasts

using standard methods (Table S1). Extracted DNA was quantified

and sheared to a target fragment size of 8–12 kbp using a Covaris g-

TUBE. Approximately 1.5 mg of sheared DNA was used to make

sequencing libraries using the ONT Ligation Sequencing Kit

(SQK-LSK109) following the manufacturer’s instructions, except

that for each library the short fragment buffer was used during

cleanup, and all elutions were done for 10 min at 37�C. All

15 mL of each library was loaded onto a release 9.4.1 flow cell for

sequencing on an ONT GridION runningMinKNOW control soft-

ware v18.04.1.
Sequencing and selection of target regions
Target regions were enriched using ReadFish v.0.0.4.13 In this

mode, the software analyzes the signal after a DNA molecule en-

ters a pore to determine whether that molecule lies within a

specified genomic region of interest. If it does, the pore con-

tinues to sequence the molecule; if not, the DNA molecule is

ejected from the pore. In cases with complex CNVs, we targeted

large genomic regions on either side of the known aberration.

For cases in which a single gene was suspected, at least 100

kbp of DNA surrounding the gene was targeted for sequencing

(Table S2). In all cases, standard regions were targeted on multi-

ple chromosomes to serve as internal copy number and

coverage controls. ReadFish was run with guppy 3.4.5 and

configured to use the dna_r9.4.1_450bp_fast model with min_

chunks ¼ 0 and max_chunks ¼ 12. The sequencing_

MIN106_DNA file was modified to set break_reads_after_sec-

onds ¼ 0.4. For each experiment, at least 100 kbp and up to

several Mbp on either side of the gene or region of interest

were targeted (Table S2). Sequencing experiments were run for

up to 72 h and, in some cases, a second DNA library was loaded

onto the same flow cell after washing at approximately 24 h

into a sequencing experiment in order to increase output (Table

S1).
Sequence analyses
FASTQ files were generated using guppy 4.0.11 and aligned to

GRCh38 using both minimap2 (v.2.17)15 and NGMLR (v.0.2.7)16

with default parameters. Variants were called using Longshot

(v.0.4.1),17 Clair (v.4.0.0),18 and medaka (v.1.2.3). VCF files that

combined all variant calls were annotated with variant effect pre-

dictor annotations19 and CADD v.1.6 scores.20 Novel intronic var-

iants or those with allele frequencies < 2% were annotated using

SpliceAI (v.1.3.1).21 Variants for analysis were filtered based on

allele frequency < 2%, CADD score > 15, and SpliceAI prediction

> 0.1. If no causative variant was identified with these parameters,

the filters were removed, and all variants were manually inspected

in the specific gene of interest. Variants were phased using both

Longshot and medaka. Copy number changes and breakpoint

transitions were identified using circular binary segmentation.22

SVs were identified using both Sniffles (v.202006)16 and SVIM
Journal of Human Genetics 108, 1436–1449, August 5, 2021 1437
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Figure 1. Targeted long-read sequencing simultaneously detects repeat expansion and methylation status
Expansion and methylation of a GGC repeat in the 50 UTR of XYLT1 is a common cause of Baratela-Scott syndrome.
(A) Southern blot of family 04 reported by LaCroix and colleagues26 demonstrates that the proband (04-01) carries an expansion (1) of a
region defined by two KpnI restriction enzyme sites containing a GGC repeat, the mother (04-02) carries one premutation (2) and one
wild-type allele (3), and the father (04-03) carries two wild-type alleles (4). Both panels are from the same Southern blot on day 6 of
exposure.
(B) T-LRS of the trio revealed that the length of fragments from single reads spanning both KpnI cut sites used in (A) was consistent with
the results from the Southern blot. Colored dots in (B) correspond to methylated (red) and non-methylated (blue) reads shown in (C);
gray represents reads where methylation status was not determined.
(C) Expansion of the GGC repeat in the proband results in methylation of the 50 UTR and exon 1. Two reads in the mother are meth-
ylated (red), one of which spans the region between the KpnI cut sites and whose length is consistent with a premutation allele as shown
in (B). The second methylated read terminates within the repeat and the length cannot be assayed.
(v.1.0.1)23 on both minimap2 and NGMLR alignments. Only

those SVs supported by four or more reads within the regions tar-

geted for sequencing were analyzed. For cases in which CpG

methylation was assayed, methylation changes were identified

in select samples using Nanopolish (v.0.8.4),24 and BAM files

were subsequently converted for visual analysis using Nanopore

methylation utilities (commit ece6507).25

The complex rearrangements in individuals S014, S020, and

S036 were identified by searching the variant files generated by

Sniffles and SVIM for SVs that occurred near the deletion break-

points identified bymicroarray.We then filtered each file for inver-

sion or translocation events with at least three supporting reads.

These events were manually evaluated to ensure that the recon-

structed path resulted in a structurally normal chromosome that

contained one centromere and two telomeres. Subway plots in Fig-

ures 2 and S29 were manually drawn.

PacBio CLR sequencing of family 04
PacBio CLR libraries were generated according to manufacturer’s

instructions and as described in Chaisson et al.7 with some modi-

fications. Briefly, high-molecular-weight DNA was sheared using

Megaruptor (Diagenode) using the 50 kbp setting. After adaptor

ligation with the SMRTbell Express Template Prep Kit, samples

were size-selected on a BluePippin instrument using a high-pass

cutoff of 35 kbp or 40 kbp, resulting in average library sizes

(measured with FEMTO Pulse) of 61 and 72 kbp, respectively.

Each library was loaded on three SMRT Cell 1Ms on the Sequel

platform using v3 chemistry with 10 h movie times. Final data

yield was 32 Gbp Reads of Insert (ROI) (103 coverage) for 38-2

and 38 Gbp ROI (123 coverage) for 38-4, with mean subread

lengths of 23 kbp and N50 subread read lengths of 40 kbp.
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HiFi sequencing of individual S020 and analysis for

additional rearrangement breakpoints
A PacBio HiFi library was generated as in Wenger et al.27 with the

following modifications: high-molecular-weight DNA was sheared

using g-TUBE (Covaris) to a mode size of 26 kbp. After adaptor liga-

tion with the SMRTbell Express Template Prep Kit 2.0 and removal

of imperfect SMRTbells with the Enzyme Clean Up Kit, the library

was size-fractionated on a SageELF platform (Sage Science) using

the 1–18 kbp protocol and the fraction’s size was measured on a

FEMTO Pulse instrument (Agilent) and quantified with the Qubit

dsDNA HS (High Sensitivity) Assay Kit (ThermoFisher). A fraction

with a roughly 22 kbp average size was sequenced on one SMRT

Cell 8M on a Sequel II instrument (PacBio) using v.2.0 bind and

sequencing chemistry, with 4 h pre-extension and 30 h movie

time. CCS analysis was performed through SMRT Link v9.0 with

default settings (3 full passes, estimated quality 0.99) except the

maximum read-length cutoff was extended to 100 kbp. Final data

yield was 12.2 Gbp of sequence (~43 coverage) with an average

length of 21.6 kbp and median estimated quality (Phred scaled) of

Q28. Reads were aligned to GRCh38 and SVs were detected as

described in Audano et al.28 We searched for genome-wide translo-

cations or rearrangements missed by T-LRS by filtering out BND var-

iants overlapping a segmental duplication, near a reference gap, or

near a contig end. Variants that passed this filter were visually eval-

uated with IGV and none identified were missed by T-LRS.
Calculation of average read length within and outside of

targeted regions
Average read length both genome-wide and within target re-

gions (Table S2) was calculated using a custom script. Briefly,
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Figure 2. Targeted long-read sequencing identifies additional structural differences not observed by standard clinical testing
(A) T-LRS of individual S014 revealed two additional deletions and one rearrangement (inversion) not reported by CMA. Reanalysis of
the CMA data confirmed deletion L. The ‘‘subway’’ plot shows how each region is connected and allows for reconstruction of the new
DNA sequence and gene order in the individual.
(B) Clinical CMA of individual S020 identified three deletions on chromosomes 4 and 14 and the subsequent karyotype revealed a
complex translocation involving chromosomes 2, 4, 10, and 14. T-LRS identified 11 translocations, 13 rearrangements, and 6 de-
letions directly affecting 12 genes. Reconstruction of each derivative chromosome estimates the size of each event, as represented
by the boxes surrounding part of the derivative chromosomes on the karyotype and is consistent with expected sizes based on
karyotype.
the average length of all reads in all FASTQ files from a sample

was used to calculate the genome-wide average read length. To

calculate the average length of reads within target regions,

SAMtools was used to isolate reads that mapped to the target

region. Read IDs were then extracted and the length of the
The American
read in the FASTQ file was calculated. Each read ID was

counted once. Because two flow cells with two different target

regions were run for samples S020 and S036, the genome-wide

read length was calculated using reads separated by

experiment.
Journal of Human Genetics 108, 1436–1449, August 5, 2021 1439



Depth-of-coverage calculations within target regions

and genome-wide
Coverage of target regions and genome-wide coverage was calcu-

lated using SAMtools depth with the -a and -Q 0 flag, which calcu-

lates coverage using reads with quality scores of 0 or above.29
Refinement of copy number variant breakpoints using

binary segmentation
We used sequence depth information from the ONTreads to refine

the CNV breakpoints. Specifically, we processed the read-depth in-

formation through a binary segmentation, implemented in the R

package changepoint.22 The function cpt.meanvar() was used,

which considers both mean and variance of sequencing depth to

identify the transition points in the data (i.e., point of sudden in-

crease or decrease in depth). The Bayesian Information Criterion

was used to identify the best fit for the optimal regions of distinct

depth profiles. This approach helped us refine coordinates for de-

letions and duplications. All analyses were done using R.3.6.1, and

the scripts used for breakpoint refinement are publicly available

on GitHub. Results are in Figure S1.
Generation of coverage plots
Data for coverage plots were generated using SAMtools depth with

the -a and -Q 0 flags; a custom script then calculated the average

coverage in 1 kbp nonoverlapping windows. Plots were generated

using average coverage in karyoploteR.30
Southern blot of family 04
Southern blot was performed using standard methods as previ-

ously described.26 DNAwas digested with KpnI restriction enzyme

(New England Biolabs), followed by electrophoresis (0.8%

agarose), overnight capillary transfer of the separated DNA frag-

ments via charged nylon membrane (GE Amersham), and cross-

linking by exposure to ultraviolet light. The probe

(chr16:17,563,659–17,564,191, GRCh37/hg19) was prepared by

PCR amplification, cloned into a plasmid, labeled with p32-

alpha-dCTP (MegaPrime), and hybridized to the membrane at

6�C overnight. The membrane was washed two times for 15 min

each time in 23 SSC, 0.1% SDS and once with 0.23 SSC, 1%

SDS at 6�C. Probes were exposed to film for 6 days at �80�C before

development.
Estimating the size of reads spanning the KpnI cut sites

in family 04
The number of base pairs between KpnI cut sites in family 04

(Figure 1; Tables S4 and S6) was estimated by first determining

the genomic position of both KpnI sites by computationally di-

gesting 5 kbp of reference genome using restriction analyzer.

This resulted in a 2,589 bp fragment that aligned to

chr16:17,468,735–17,471,324 using BLAT (GRCh38 coordinates).

A custom script was then used to extract reads from the minimap2

assembly that spanned a 500 or 50 bp interval around the repeat

expansion site (Table S4) and to count the total number of nucle-

otides within that interval by parsing the CIGAR string. All reads

spanned the complete interval between the two KpnI sites. The

length of the read in the targeted interval was then reduced by

the additional target space (either 500 or 50 bp) and 2,589 bases

were added to this value, which represented the difference be-

tween the length of the interval within the KpnI cut sites and

the 1 bp interval that was targeted for counting.
1440 The American Journal of Human Genetics 108, 1436–1449, Aug
Calculation of repeat lengths
To estimate the size of repeats, we analyzed regions within FMR1

(MIM: 300805), ATXN3 (MIM: 607047), and ATXN8OS (MIM:

603680) identified as tandem repeats by Tandem Repeats

Finder31 using sensitive parameter settings to maximize tandem

repeat discovery despite potential sequence errors in the ONT

reads: trf dna_sequence.fa 2 7 7 80 10 20 50 -h -d. For FXN we

defined the repeat window as the region of the reference genome

containing the GAA repeat, and forXYLT1 (MIM: 608124) we used

the position given in LaCroix et al.26 All targets can be found in

Table S4. We used a reference-guided approach to estimating the

size of the repeat length. Prior to analysis we re-aligned reads to

GRCh38 (without alternative contigs) using minimap2 with the

-r 50000, -end-bonus 10000, and–no-end-flt options to optimize

the number of reads that spanned the repeats. This reduced the

number of reads split by the aligner (Figures S16–S21). A custom

script was then used to identify reads that spanned the target re-

gion plus a variable number of repeats that depended on the qual-

ity of the alignment (given in Table S4). For each read, the CIGAR

string was then parsed to determine the length of the sequence

that spanned the interval and the length of the additional

sequence analyzed was subtracted from the length to get the esti-

mated repeat size. The supplemental alignment of read b0a508ce-

069d-43ac-865e-7b7cd900eb70 in sample 04-02 was manually

removed, leaving 16 reads remaining for that sample. Repeats

were then grouped by their length and the average was calculated

(Tables S5 and S6). Reads spanning the interval chrX:32,554,300–

32,555,300 were isolated and used to estimate the number of

AGAA repeats using Tandem Repeats Finder within DMD (MIM:

300377). Nine reads were used to estimate the number of AGAA re-

peats within the interval; three reads were excluded because the

repeat in those reads contained a mix of AGAA and TGTT repeats

(Table S17).
Validation of variants
To validate that the splice variant in S004 indeed affected splicing,

we assayed for a 50 bp insertion between NPHP4 (MIM: 607215)

exons 5 and 6 with PCR of cDNA from fibroblasts using two primer

pairs. The first pair flanks the exon junction (forward: 50-
CTCCTGCACCCGCTTCTC-30 and reverse: 50-GGATTCTCCATGA

GCTGGAA-30); the second pair uses the same reverse primer, but

the forward primer (50-CAGCACTCACTGCTCTCGTG-30) falls

within the expected 50 bp insertion of intron 5–6. RNA was ex-

tracted using the Aurum Total RNA Kit (Bio-Rad) with a spin-medi-

ated protocol. cDNAwas synthesized using iScript cDNA Synthesis

Kit (Bio-Rad). PCRwas performed on the cDNA using 15 mL 2x Fail-

safe PCR Buffer J (2X) (Lucigen), 5.6 mL of water, 2.5 mL of 10 mM

forward and reverse primer mix, 2 mL of 50 ng/mL template, and

0.4 mL Platinum Taq (5 U/mL) per reaction. A touchdown cycling

protocol was used: the first 10 cycles had a variable annealing tem-

perature from 65�C to 56�C, and the next 25 cycles had an anneal-

ing temperature of 55�C, for a total of 35 cycles. Extension time

was 30 s per cycle. Bands were then excised and extracted using

Monarch DNA gel extraction Kit (New England Biolabs). For the

first primer pair, two bands were seen and were extracted for sepa-

rate sequencing. Due to low yield after gel extraction, the extracted

bands were run again using the same PCR protocol and primers,

then un-purified PCR products or column-purified products (Mon-

arch PCR & DNA Cleanup Kit, New England Biolabs) were submit-

ted to Genewiz with the reverse primer for Sanger sequencing

(Figure S33D).
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For validation of segregation in S004, PCR was performed using

the above protocol with the same temperature and extension time

onDNA samples from the proband and parents. ProbandDNAwas

extracted using Gentra Puregene Cell kit (QIAGEN) from fibro-

blasts, and for parents the prepIT-L2P reagent (DNA Genotek

Inc.) was used to extract from saliva. Primers used were forward

(50-TTGAGAACCACTGCTCCAGA-30) and reverse (50-ACGAAAC

ATCTGCCAAAACC-30). Unpurified PCR products or column-puri-

fied PCR products were submitted to Genewiz for Sanger

sequencing using the forward primer, and the splice variant was

confirmed to be maternally inherited.

The ~1,900 bp deletion breakpoint in sample S013 was validated

by PCR. Briefly, 12.5 mL of Roche FastStart PCR Master mix was

combined with 10.5 mL of water, 1 mL of genomic DNA, and 1 mL

each of forward (50-CCCCTTAGAGCAGAAAGGGAC-30) and

reverse (50-TCATTACCTGACACCCGCAC-30) primers. PCR was

run at an annealing temperature of 55�C for a total of 35 cycles

with an extension time of 2 min.

Sanger sequencing was performed to validate the WDR19 (MIM:

608151) intronic variant. Parental DNA was extracted from saliva

using the prepIT-L2P reagent (DNA Genotek Inc.). The same PCR

protocol described above for S004 was used, with the forward (50-
CTCCTCCCCATCACCTTTC-30) and reverse (50-ACATCCTTGCTT

CCTGACCA-30) primers. The forward primer was used for Sanger

sequencing (Genewiz).

Phasing of individual S025 by linkage disequilibrium
Using physical phasing information from the ONT reads that span

the 1,450 bp insertion, we determined that a nearby SNV

(rs2184339, T>C) had its alternative allele, C, on the same haplo-

type as reads with the insertion. Using the 1000 Genomes Project

SNV genotypes, we calculated linkage disequilibrium between

rs2184339 and the missense mutation rs61750120 (G>A) using

the R2 and D0 statistics.32 Among 2,504 total unrelated individuals

representing 26 world populations,33 we observed no haplotypes

containing both the C and A alleles (D0 ¼ 0, and R2 ¼ 0.0002)

(Figure S39). These observations suggest that the insertion allele

within intron 1 of ABCA4 (MIM: 601691) and the missense allele

in exon 22 reside on different haplotypes.

Study approval
This study was approved by the institutional review board at the

University of Washington under protocols 7064 (University of

Washington Repository for Mendelian Disorders), 4125, and

28853. All participants or their legal guardians provided written

informed consent. The procedures followed in this study were in

accordance with the ethical standards of the responsible commit-

tee on human experimentation (institutional and national) and

proper informed consent was obtained from all individuals or

their guardians.
Results

T-LRS using the adaptive sampling approach allows for

rapid selection and real-time discovery of pathogenic vari-

ants from candidate genomic regions.13 We applied this

method by direct sequencing of DNA from blood, saliva,

or cell lines from 40 affected individuals (and 4 unaffected

parents) clinically diagnosed with a variety of genetic con-

ditions (Tables S1 and S2). Among the 40 affected individ-
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uals, 14 had a known (i.e., detected by prior genetic testing)

pathogenic or suspected pathogenic SV such as a CNV,

mobile element insertion, or translocation; 6 had known

pathogenic repeat expansions; 8 had known complex rear-

rangements; 2 had variants identified by clinical testing

that could not be phased; and 10 had a clinical diagnosis

of an X-linked or recessive Mendelian condition but either

no known pathogenic variants (n ¼ 2) or only one known

variant out of the expected two (n ¼ 8). All previously

known pathogenic SVs were identified in 30 individuals

(28 affected individuals and two parents) by T-LRS,

including14 individualswith single or simpleCNVs, 8 indi-

viduals withmultiple CNVs or translocations, 6 individuals

with repeat expansions, and 2 parents carrying repeat ex-

pansions classified as premutation alleles (Table S1).

Detecting known pathogenic SVs

Fourteen individuals were previously found to have a single

pathogenic or suspected pathogenic CNV, translocation, or

transposable element insertion detected by CMA, karyo-

type, short-read sequencing, or long-read sequencing (Table

S3). This set includes, for example, frequently observed

recurrent deletions or duplications associated with autism

and developmental delay (chromosomes 15q11, 16p11,

22q11, and 1q21). We generated 10–623 coverage of the

target regions (1–40Mbp)usinga singleflowcell for each in-

dividual. This sequencing-based approach identified SVs in

the expected regions for all 14 persons (Table 1, Figures S1–

S15, Table S3). In 5/14 affected individuals, T-LRS provided

additional information, including further refining the

breakpoint region (n ¼ 4; BK144-03, BK364-03, S046,

S060), clarifying the orientation of a duplication (BK364-

03, Figure S5), and identifying a previously unknown un-

balanced translocation (BK506-03, Figure S10). Evaluation

of the underlying genic sequence on the normal homolo-

gous chromosomes overlapping the deleted segments

found no pathogenic or likely pathogenic variants, consis-

tent with a dominant effect of these SVs.

We also independently identified, in individual S063, an

SVA insertion in BRCA1 (MIM: 113705), originally identi-

fied by CRISPR-Cas9 targeting of ~200 kbp regions at tu-

mor suppressor genes followed by long-read sequencing

on a PacBio platform.34 Using our method, we identified

the pathogenic SVA insertion after a standard Nanopore

ligation library preparation (approximately 2 h) followed

by 48 h of sequencing and 1 h of analysis (Figure S15).

Ourmethod also allowed us to identify the precise break-

points of a translocation that was suspected but not

confirmed to be pathogenic. Individual S060 had a clinical

diagnosis of campomelic dysplasia (MIM: 114290) and was

known to carry a translocation between chromosomes 12

and 17 that was suspected to affect SOX9 (MIM: 608160).

Unfortunately, this could not be confirmed using addi-

tional clinical testing such as CMA and single-gene testing.

T-LRS of the regions near the known translocation break-

points at 12q13.3 and 17q25 (35 Mbp total, Table S2) al-

lowed us to identify a translocation breakpoint on
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Table 1. Structural variants identified in this study

Deletions Duplications Translocations Inversions or rearrangements Total

Events identified by clinical testing 22 15 8 1 46

Events identified by clinical testing and
missed by T-LRS

0 0 0 0 0

Events newly identified by T-LRS and not
reported on clinical testing

6 0 13 22 41

Total 28 15 21 23 87

Among 14 affected individuals with simple SVs and 8 affected individuals with complex SVs, targeted long-read sequencing detected all 46 structural variants
previously identified by clinical testing as well as an additional 41 events not identified by clinical testing.
chromosome 17 located 164 kbp from SOX9 (Figure S14).

While mutations within SOX9 are themost common cause

for campomelic dysplasia, SVs such as translocations and

inversions that fall within 1 Mbp of SOX9 have been asso-

ciated with it as well, suggesting that the translocation in

this individual is the likely pathogenic variant.35
Detecting triplet repeat expansions and methylation

status

Next, we focused on six persons carrying known repeat ex-

pansions associated with spinocerebellar ataxia (MIM:

608768), Friedreich’s ataxia (MIM: 229300), fragile X

(MIM: 300624), and Baratela-Scott syndromes (MIM:

615777). Repeat expansions in the latter two are, in partic-

ular, difficult to detect and resolve using standard

sequencing because of the length and high GC content

of the repeats. Detecting hyper-expansion and methyl-

ation typically require time-consuming Southern blotting

with methylation-sensitive enzymes to diagnose.26,36 We

generated a minimum of 83 coverage for all six samples

carrying pathogenic expansions in FMR1, FXN (MIM:

606829), ATXN3, ATXN8OS, or XYLT1. In each sample,

we detected pathogenic repeat-sized alleles, and at least

one read spanned the complete expansion, providing a

more precise estimate on the allele size. We were also

able to determine the exact sequence of the expanded

allele (Figures S16–S21, Tables S4–S6). In some instances,

especially with DNA from cell lines, the length of the

expansion was more variable than anticipated. For

example, a cell line heterozygous for an expansion within

FXN was reported to have predominant alleles at 750 and

1,030 repeat units while our sequencing-based estimate

identified predominant repeats of 333 and 1,049 repeat

units. This finding is consistent with previous work

showing repeat length instability in cell lines or somatic

mosaicism of expanded alleles.36

Expansion of a GGC repeat in the 50 untranslated region

(UTR) of XYLT1was recently shown to be a common cause

of Baratela-Scott syndrome mediated by methylation and

transcriptional silencing (Figure 1A).26 T-LRS of two

affected families from that study (family 04 and 06) al-

lowed us to simultaneously assay repeat length, sequence

content, and methylation using a single test (Figures 1B

and 1C). Comparing read length and methylation in
1442 The American Journal of Human Genetics 108, 1436–1449, Aug
each individual revealed that some reads for the premuta-

tion haplotype in the proband’s mother (individual 04-02)

were methylated, suggesting that some, but not all, of her

cells have silenced the expansion. Thus, T-LRS of native

DNA molecules provides additional information not

available when repeat length and methylation are assayed

separately. Interestingly, methylation analysis in the

FMR1-expanded CGG repeat obtained from a cell line re-

vealed that the disease locus was no longer methylated

despite containing an expansion of nearly 400 repeats

(Figure S17). This finding is consistent with a recent obser-

vation thatmethylation status of fragile X full-mutation al-

leles between 200 to 400 is not stably maintained and, if

observed in primary material from an individual, may pre-

dict a less severe phenotype.37
Phasing of clinically identified variants

We tested whether T-LRS could be used to phase previously

identified variants that had exhausted clinical testing op-

tions. In an individual (S071) with global developmental

delay, clinical trio exome sequencing identified two vari-

ants of uncertain significance (VUSs) in METTL5 (MIM:

618628). These variants were approximately 3.3 kbp apart

and could not be phased given one variant was paternally

inherited while the other was de novo; thus, it was unclear

whether both alleles were affected. Using T-LRS we recov-

ered reads spanning both variant positions, allowing us

to determine that the variants were in fact in trans

(Figure S22).

A second individual (S086) with epilepsy was found to

have two pathogenic variants in KIAA1109 (MIM:

611565): a maternally inherited deletion and a second de

novo mosaic missense variant. The variants were approxi-

mately 52 kbp apart and clinical exome sequencing sug-

gested that the variant allele fraction of the mosaic variant

was 16%. We targeted a 2.1 Mbp region around the gene

and recovered approximately 293 coverage of the target

region. Medaka was used to phase the variants into two

different haplotypes, suggesting that the variants are

indeed in trans (Figure S23).
Characterization of complex structural rearrangements

To assess the added diagnostic value of T-LRS, we selected

eight individuals in whom routine clinical testing using
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CMA or karyotype revealed complex structural changes

classified as pathogenic, such as multiple noncontiguous

CNVs or rearrangements affecting multiple chromosomes.

We hypothesized that T-LRS would identify additional re-

arrangements or CNVs that would be clinically informa-

tive. Samples were sequenced by targeting 15–151 Mbp

of genomic sequence generating 7–393 coverage of each

target region.We identified and refined deletion and dupli-

cation breakpoints using a binary segmentation algorithm

to delineate transitions in read-depth (Figure S1). Our anal-

ysis identified all previously reported events, further

refining the rearrangements in four of eight individuals:

uncovering a common duplication (S021), refining the

breakpoints of a focal amplification (S022), identifying a

duplication as tandem (S035), and clarifying the orienta-

tion of a terminal deletion and duplication event (S083)

(Table 1; Figures S24–S31; Tables S7–S9).

In the four other individuals, we detected additional

CNVs, rearrangements, and translocations of potential

clinical relevance. For example, in individual S014, a

CMA identified three noncontiguous deletions of chromo-

some 6 spanning a 5 Mbp interval. T-LRS of 15 Mbp sur-

rounding the known deletions revealed two additional

deletions and an additional rearrangement not associated

with a deletion (Figure 2A; Tables S10 and S11). Thus, the

analysis resolved the structure of the region and identified

new candidate genes for further consideration, such as IP-

CEF1 (MIM: 617476) and CNKSR3 (MIM: 617476). In indi-

vidual S082, CMA identified a likely pathogenic deletion

on chromosome 10 as well as multiple deletions and dupli-

cations on chromosome 17 that included a pathogenic

duplication of RAI1 (MIM: 607642) and PMP22 (MIM:

601097). We identified the known CNVs using T-LRS and

were able to determine that two CNVs on chromosome

17 were associated with inversions, which revealed the

complex structure of the chromosome (Figure S30).

We identified more extensive chromosomal differences

in two individuals. Clinical testing of individual S020

identified multiple deletions and translocations involving

four different chromosomes. To evaluate these differences

further, we targeted 74Mbp of sequence around the known

CNVs and obtained approximately 273 coverage of four

target regions using one ONT flow cell (Table S2). However,

because analysis of these regions indicated rearrangements

involving regions outside the targeted area, a second flow

cell was run, targeting an additional 77 Mbp of sequence

flanking thepreviously targeted region. In total,weanalyzed

151 Mbp of genomic space and identified the precise posi-

tion of 11 translocations, 13 intrachromosomal rearrange-

ments, and 6 deletions that directly impacted 12 genes, 11

of which were not reported by clinical testing (Figure S25).

All 30 of these structural breakpoints were subsequently

validated by low-coverage PacBio HiFi whole-genome

sequencing (WGS) (Figure 2B; Table S12). Reconstruction

of all translocation and rearrangement breakpoints resulted

in derivative chromosomes of lengths expected based on

karyotype (Figures 2C and 2D). Among the 12 genes disrup-
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ted by an SV, two may be associated with autosomal-domi-

nant arrhythmogenic right ventricular dysplasia (CTNNA3

[MIM: 607667]) and thoracic aortic aneurysms (PRKG1

[MIM: 176894]) (Table S13). As a result, this individual was

referred to cardiology for additional evaluation, which did

not reveal any abnormalities, and for anticipatory moni-

toring for dysrhythmias. Similar to individual S020, clinical

testing identified multiple SVs in individual S036. T-LRS

identified two additional deletions, five rearrangements,

and six translocations not previously detected. In total,

these events bisected seven genes, only two of which were

reported on prior clinical testing (Figure S29, Tables S14

and S15).

Identifying missing variants in recessive and X-linked

Mendelian conditions

We performed T-LRS on ten individuals in whom clinical

testing or follow-up research studies revealed only a single

variant in a gene associated with a recessive condition (n ¼
8) or no variants in genes associatedwith anX-linked condi-

tion (n ¼ 2) (Table 2). Each of these individuals had a

strongly suspected clinical diagnosis but themolecular diag-

nosis was missing or incomplete. Using ACMG criteria,38

T-LRS revealed a pathogenic or likely pathogenic variant in

six of ten persons with suspected recessive or X-linked con-

ditions, and a VUS in two of ten; no second candidate

variant was found in two others (S004 and S018) (Figure 3;

Table 2; Figures S32–S41; Tables S16–S18). Thenewlydiscov-

ered variants included deletions,mobile element insertions,

inversions, repeat expansions, and intronic variants pre-

dicted to affect splicing. In 50% of cases, we generated the

data using a single ONT flow cell (Table S1).

Sequencing of two individuals with suspected recessive

disorders, S003 (nephronophthisis, NPHP4) and S056 (cra-

nioectodermal dysplasia, WDR19), revealed that both car-

ried rare intronic variants predicted by SpliceAI21 to affect

splicing located on the opposite haplotype from the

known pathogenic variant (Figure 3A). In a fibroblast cell

line from S003, we confirmed aberrant splicing by PCR

and Sanger sequencing (Figure S27). In S003, we also iden-

tified heterozygous intronic GA-rich tandem repeat expan-

sions with both haplotypes fully spanned by at least one

long read. Because both expansions are within the range

previously observed in control subjects,39 we were able to

exclude them as candidate second hits, which would

have been challenging to conclude using short reads alone

(Figure S33).

Using T-LRS we identified two deletions missed by previ-

ous testing. In an individual with Hermansky-Pudlak

syndrome (MIM: 203300) (S013) and a known paternally

inherited stop-gain variant, T-LRS revealed a novel

1,900 bp deletion on the maternal haplotype not identi-

fied by clinical CMA or exome sequencing. The deletion

spanned all of exon 3, resulting in a frameshift and was

subsequently clinically validated with an exon-level array

(Figure 3B, Figure S37). An individual with glycogen stor-

age disease III (MIM: 232400) (S047) was found by clinical
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Table 2. Missing disease-causing variants

Individual
(gene) Inheritance

Prior
genetic
testing

Known
variant
identified
by T-LRS

Missing
variant
identified
by T-LRS

Category
of variant

ACMG
criteria
met Confirmation

S002
(ALMS1)

AR SNP, ES, ELA p.Ser745* Alu insertion
in exon 20

P PVS1,
PM3,
PP4

clinically
confirmed

S003
(NPHP4)

AR SNP, ES, ELA p.Gln45* NM_015102.4:c.517þ
50C>G; splice site
variant

P PS3, PM2,
PM3, PP3,
PP4

confirmed to
affect splicing by
RT-qPCR

S004
(VARS2)

AR SNP, ES, ELA p.Ala420Thr none identified – – –

S008
(HPRT1)

X-linked karyotype,
TS of HPRT1

N/A 17 Mbp paracentric
inversion bisecting
HPRT1

P PVS1 clinically
confirmed

S009
(DMD)

X-linked SNP, ELA, TS
of DMD

N/A AGAA expansion in
intron 16

VUS PM2 observed in
mother and
absent in
unaffected
brother of
proband

S013
(HPS1)

AR SNP, ES p.Arg439* ~1,900 bp deletion
that includes exon
3 (first coding exon)

LP PVS1, PM3 clinically
confirmed

S018
(PAH)

AR PKU panel c.1066�11G>A none identified – – –

S025
(ABCA4)

AR SNP, ES,
research WGS

p.Arg1108Cys ~1,500 bp
transposable
element insertion
in intron 1

VUS PM3, PP3,
PP4

confirmed by
reanalysis of
short-read WGS

S047
(AGL)

AR TS of AGL,
research WGS

p.Val426* 1,525 bp deletion
including part of
exon 3

P PVS1 confirmed by
reanalysis of
short-readWGS data

S056
(WDR19)

AR ciliopathy
panel, ELA

p.Arg1178Gln NM_025132.3:c.
1250-
197C>T; splice
site variant

LP PM2, PM3,
PP3, PP4

variant confirmed
by PCR

In eight of ten individuals with suspected genetic diseases, T-LRS identified six pathogenic or likely pathogenic disease-causing variants and two variants of un-
certain clinical significance not identified by clinical or research testing. Prior testing of individual S009 included a muscle biopsy and immunohistochemistry,
which found minimal dystrophin present.
AR, autosomal recessive; SNP, single-nucleotide polymorphism array; ELA, exon-level array; ES, exome sequencing; TS, targeted sequencing; PKU, phenylketonuria;
P, pathogenic; LP, likely pathogenic; VUS, variant of uncertain significance; RT-qPCR, reverse transcription quantitative PCR; WGS, whole-genome sequencing.
testing to have a single-nucleotide deletion in AGL (MIM:

610860) leading to a frameshift, with no second variant

identified after research-based WGS. T-LRS revealed a

1,525 bp deletion that removed part of exon 3 resulting

in a frameshift and permitted phasing of both variants

onto different haplotypes (Figure S40). Review of the

short-read WGS data confirmed the presence of a deletion

(Figure S40).

We were also able to identify other types of SVs using T-

LRS. In an individual with Alström syndrome (MIM:

203800) and a known paternally inherited stop-gain

variant (S002), we identified a novel Alu repeat mobile

element insertion in exon 20 not identified by clinical

exome sequencing, which was confirmed by a clinical lab-

oratory as a pathogenic second hit (Figure 3C, Figure S32).

S008 was an individual with biochemically confirmed

Lesch-Nyhan syndrome (MIM: 300322) in whom T-LRS

identified a 187 bp deletion within intron 3 of HPRT1
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(MIM: 308000), where evaluation of the flanking reads

suggested a 17 Mbp paracentric inversion that was clini-

cally confirmed using FISH (Figure 3D, Figure S35).

Research-based WGS and targeted sequencing of ABCA4

and locus in S025, an individual with Stargardt disease

(MIM: 248200), failed to identify a 1,500 bp composite ret-

rotransposable element insertion consisting of AluJ (SINE)

and partial L2a, L2c, L2d2, and L1HS (LINEs) mapping

within the first intron of ABCA4. We identified the event

using both SV callers applied in this study and found

that it mapped to a different haplotype than the known

pathogenic variant. We categorized this as a VUS; however,

consistent with previous work on similar insertions, in sil-

ico analysis with SpliceAI strongly suggests the insertion re-

sults in aberrant splicing of the first exon of ABCA4

(Figure 3E, Figure S25, Table S18).

Finally, we used T-LRS to evaluate DMD in a family with

multiple individuals affected by X-linked Duchenne
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Figure 3. Targeted long-read sequencing identifies variants not detected by clinical testing
Pathogenic, likely pathogenic, or variants of uncertain significance (VUSs) identified by T-LRS along with variants identified by prior
clinical testing (denoted by an asterisk).
(A) T-LRS detected a candidate intronic splice acceptor variant as well as the known paternally inherited stop-gain. Long-read phasing
demonstrates that these variants are in trans.
(B) A 1,900 bp deletion within HPS1 removes exon 3; phasing revealed that this variant and the previously known paternally inherited
stop-gain occur on different haplotypes. Clinical testing with an exon-level array confirmed the deletion.
(C) T-LRS reveals a previously known paternally inherited stop-gain as well as a novel Alu insertion in exon 20 of ALMS1. Subsequent
clinical testing confirmed the Alu was pathogenic and maternally inherited.
(D) A 187 bp deletion and 17 Mbp inversion disrupts HPRT1. Clinical testing confirmed the presence of an inversion.
(E) Insertion of a 1,500 bp composite retrotransposable element is predicted to create multiple splice acceptor and donor sites and rep-
resents a candidate second hit. Linkage disequilibrium phasing suggests the variants are on different haplotypes.
(F) Expansion of an AGAA repeat within DMD represents a VUS in an individual with Duchenne muscular dystrophy and a family his-
tory lacking a genetic diagnosis.
muscular dystrophy (MIM: 310200) lacking a precise ge-

netic diagnosis. T-LRS of DMD in the proband (S009) re-

vealed no candidate single-nucleotide variants (SNVs) but

did reveal an intronic 117 AGAA repeat expansion

(Figure 3F). The proband’s mother was heterozygous for

this expansion but it was not found in his unaffected older

brother (Figure S36). To determine the frequency of this

expansion in a population sample, we analyzed nearly

9,000 short-read genomes40 using ExpansionHunter,41

identifying 72 individuals with 117 AGAA repeats or longer

for an estimated population allele frequency of 0.4%.

Remarkably, 71 (98.6%) of the individuals with large alleles
The American
are female—an observation inconsistent with Hardy-Wein-

berg equilibrium (OR ¼ 52, p ¼ 3e�16, Fisher’s exact test).

Based on this information, we categorize this expansion as

a high-priority VUS for future research investigation.
Discussion

Here, we show that T-LRS using adaptive sampling on the

ONT platform can be used for phasing and detection of

clinically relevant variants, such as SNVs, CNVs, repeat ex-

pansions, and methylation differences. Because target
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regions are computationally defined for sequencing, this

technique is flexible and can be used to interrogate any

part of the genome without the need to design specific

experimental assays. Drawbacks do exist, such as the

need to shear DNA prior to sequencing to increase

coverage and the limited ability to assay for mosaic vari-

ants compared to exome sequencing. In addition, the anal-

ysis of complex structural changes is challenging to fully

automate, which may limit its adoption by clinical labora-

tories, although methods are being developed to both

systemically call SVs from long-read phased genome as-

semblies and merge them to better define their precise

breakpoints.28,42 Regardless, T-LRS removes a substantial

barrier to widespread clinical use of long-read technology

by reducing per-sample costs of sequencing selected genes

or regions to a price point comparable to short-read WGS.

When reagents are purchased at scale, the per-sample

materials cost of T-LRS is approximately $650 USD when

a single ONT flow cell and library is used. Current materials

costs for short-read WGS can vary significantly from insti-

tution to institution but, on average, are likely around

$1,000 USD. The immediate potential clinical uses of T-

LRS include screening of candidate genes in which existing

technologies have failed to provide a precise genetic diag-

nosis, refinement of isolated or complex structural break-

points, phasing of known variants, and evaluation of

repeat structure.

Clinical evaluation of SVs typically ends after identifica-

tion of a single pathogenic CNVor a complex series of both

CNVs and rearrangements. Here, we demonstrate that

among 22 individuals with known simple or complex

SVs, clinical testing identified only 53% (46/87) of the

SVs found by T-LRS (Table 1). Additional SVs were recov-

ered in 27% of persons (6/22) and in two persons this in-

formation revealed 16 additional genes directly disrupted

by an SV. In one individual, the discovery of additional

affected genes associated with dysrhythmia and aortic dila-

tion resulted in further clinical evaluation and establish-

ment of a surveillance plan. Detailed understanding of

these events also provides key information for understand-

ing the mechanisms behind their formation.43

Our understanding of the normal SV spectrum is only

beginning to emerge from population-based LRS of indi-

viduals without a known condition.7,28,44 As a result, the

pathogenicity of many variants remain uncertain. For

example, in case S009 with X-linked Duchenne muscular

dystrophy, the intronic AGAA repeat expansion is not

only rare in population samples but also found almost

exclusively in females. Whether this expansion perturbs

the function of DMD, perhaps by blocking transcript elon-

gation,45 acting as a novel transcription factor binding

site,46 or inducing cellular death through a process such

as RAN translation,47 remains to be determined. However,

its low prevalence in males makes it a compelling candi-

date for further evaluation, and if determined to be patho-

genic, a potential target for therapeutic intervention.48 We

anticipate that more widespread application of T-LRS will
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lead to discovery of many more SVs of unknown signifi-

cance. Assessment of pathogenicity of these variants will

benefit from greater public sharing of SVs (e.g., establish-

ment of a database, development of robust mechanisms

for matching, etc.), as has been the case for SNVs and in-

dels discovered by short-read exomes and genomes.49,50

The availability of haplotype-resolved genomes42 and im-

provements in reference genomes, such as those made

possible by complete telomere-to-telomere assemblies of

human chromosomes51 as well as the characterization of

thousands of human genomes as part of initiatives such

as All of Us,52 will also help with characterization of poten-

tially pathogenic SVs identified by clinical and research

testing.

In our cohort of individuals with a clinical diagnosis of a

recessive or X-linked condition, in whom a single variant

or no candidate variants were identified by prior clinical

or research testing, T-LRS revealed a pathogenic variant,

likely pathogenic variant, or VUS in 80% of affected indi-

viduals. Among the eight affected individuals in whom a

second hit was identified, two had undergone research

WGS that did not identify the causative variants because

of filtering of data that reduced the sensitivity of the anal-

ysis. Identifying SVs in short-read sequencing data is an

active area of research and challenges are well known.53

While short-read WGS technology may have revealed the

candidate second variant in 7/8 affected individuals, our

results suggest that T-LRS may be a better next step after

clinical genetic testing when a candidate locus of interest

is known and has increased sensitivity to detect SVs over

short-read WGS in these cases. While large-scale, prospec-

tive studies of varied populations will be required to fully

assess the advantages of T-LRS over conventional testing

strategies, we anticipate that T-LRS may be used to increase

the diagnostic rate for Mendelian conditions. Indeed,

given that short-read WGS results in only a small increase

in the diagnostic rate of unsolved conditions, T-LRS could

be a more sensitive and cost-effective approach to

screening candidate genes or regions for disease-causing

variants in high-priority regions.54 Additional studies will

be needed to understand the sensitivity of T-LRS compared

to either short- or long-read WGS in syndromic cases with

negative clinical testing that are known to be associated

with multiple genes. Individual evaluation of cases with

nondiagnostic T-LRS will determine the next best evalua-

tion, which could include either short- or long-read WGS

or RNA studies.3,55

We predict eventual implementation of whole-genome

LRS (WG-LRS) will have a major impact on clinical genetic

testing, because as a single test WG-LRS has the potential

to replace nearly every other genetic test currently offered,

excepting perhaps analysis by karyotype.56 For example, in

a person suspected to have a Mendelian condition, WG-

LRS data could first be used to evaluate sequence

variants within a specific gene or genes. If no explanatory

variant was found, the same dataset could reflexively be

analyzed to interrogate sequence variants in all exons
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and high-priority noncoding regulatory regions, as well as

search genome-wide for SVs and mutated repetitive ele-

ments. This testing strategy would replace the often-used

stratified approach to testing (i.e., single gene testing,

CMA, followed by exome sequencing). Moreover, these

steps are computationally applied to the same LRS data,

so such a stepwise analysis could be completed in hours

or days compared to weeks to months for conventional

stratified testing strategies. Clinical adoption of T-LRS or

WG-LRS is likely to increase the diagnostic rate, reduce

the cost, and shorten the time to diagnosis for families

with rare genetic conditions.
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