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Abstract

Many individuals with muscular dystrophies remain genetically undiagnosed

despite clinical diagnostic testing, including exome sequencing. Some may har-

bor previously undetected structural variants (SVs) or cryptic splice sites. We

enrolled 10 unrelated families: nine had muscular dystrophy but lacked com-

plete genetic diagnoses and one had an asymptomatic DMD duplication. Nano-

pore genomic long-read sequencing identified previously undetected pathogenic

variants in four individuals: an SV in DMD, an SV in LAMA2, and two single

nucleotide variants in DMD that alter splicing. The DMD duplication in the

asymptomatic individual was in tandem. Nanopore sequencing may help

streamline genetic diagnostic approaches for muscular dystrophy.
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Introduction

Genomic advances enable us to pinpoint genetic diag-

noses ever more thoroughly in Mendelian disorders. Yet a

persistent subset of affected individuals remains geneti-

cally unsolved or partially solved. Numerous individuals

with muscular dystrophy have either no pathogenic vari-

ants or one heterozygous pathogenic variant in genes that

are primarily recessive.1–4 In limb-girdle muscular dystro-

phy, clinical genetic testing yields diagnoses in a quarter

of affected individuals,4 while exome sequencing identifies

pathogenic variants in up to half the remainder.1–3,5 Diag-

nostic genetic sequencing is currently based on short-read

sequencing (SRS) techniques (second-generation sequenc-

ing), including targeted sequence panels6 and whole-exome

sequencing (WES),7 which may not reliably detect certain

structural variant (SVs) or pathogenic intronic variants

such as aberrant splice sites that lie outside the captured

sequences. Long-read sequencing (LRS) (third-generation

sequencing) may be more sensitive for detecting SVs and

intronic variants than SRS.8 Among LRS techniques, nano-

pore sequencing generates data from native nucleic acid

strands and detects a broad range of variants, from single

nucleotide variant (SNVs) to large SVs.8,9

To determine whether LRS can detect SVs and intronic

SNVs not detected via standard clinical genetic techniques,

we used nanopore LRS to examine a cohort of unsolved or

partially unsolved individuals suspected of having patho-

genic variants in specific muscular dystrophy genes.

Methods

Under the auspices of institutional review board protocols

at the University of Minnesota, the University of Florida,

and Boston Children’s Hospital, we enrolled 10 families

without a definitive molecular diagnosis and performed

LRS (Fig. 1). Genomic DNA (gDNA) was extracted from

blood and saliva samples. Whole-genome sequencing

libraries were generated (ONT Ligation Sequencing Kit

SQK_LSK109 or SQK_LSK110; Oxford Nanopore Tech-

nologies), then loaded on flow cells (R9.4.1) for sequenc-

ing on the Nanopore MinION or GridION. We

implemented an analytic pipeline that includes basecalling

and FASTQ file generation using GUPPY 5.0.11, mapping

of reads to GRCh38 using MINIMAP2 (v.2.22), and SV

detection using SNIFFLES (V.1.0.12). Nanopore data were

visualized using INTEGRATIVE GENOMICS VIEWER (IGV). SVs

supported by three or more reads were analyzed further.

Assemblies were inspected for SNVs in genes of interest.

Variants were confirmed using a combination of PCR

and Sanger sequencing. To confirm altered DMD splicing

in one proband, we performed a hybrid minigene assay

(Data S1).10–12 We classified confirmed variants in

families 1441, 1462, 1480, 1466, 120, and 1443 according

to ACMG criteria.13

Results

We generated and analyzed whole-genome LRS data in 12

individuals from 10 unrelated families with undiagnosed

or incompletely diagnosed muscular dystrophy (Table 1

and Table S1). Depth of coverage was similar in blood

and saliva samples and was greater than 10x in regions

encompassing affected genes. The average read length

N50 was 8.38 and 7.07 kb for blood and saliva samples,

respectively.

In 1441-1 (DMD without a pathogenic variant), nano-

pore sequencing identified a 5.9 Mb inversion

(chrX:26,911,024–32,855,668, hg38) that disrupts DMD

exons 3–79 (NM_004006.3) (Fig. 2A and B) and is pre-

dicted to result in a truncated DMD transcript that is

degraded by nonsense-mediated decay (NMD).14 The

breakpoint at chrX:26,911,024 is within an LTR (THE1B-

int); the other breakpoint is in a LINE (LIMA3). PCR

and Sanger sequencing confirmed that the proband is

hemizygous and that the unaffected mother is heterozy-

gous for this inversion (Fig. 2C–E). This SV was absent

from the DATABASE OF GENOMIC VARIANTS (DGV), ClinVar,

and gnomAD-SVs (v2.1). This copy-neutral variant is

consistent with the absent dystrophin on muscle biopsy

and would not be expected to be detected consistently on

clinical SRS or multiplex ligation-dependent probe ampli-

fication (MLPA).

In 1462-1 (DMD without a pathogenic variant), nano-

pore sequencing identified a hemizygous pathogenic SNV

(DMD NM_004006.3, chrX:32,348,339T>C; c.5548+67A>G;
(p.Met1816_Asn1817insValAsnTrpLeu*); rs72468626).15

Sanger sequencing confirmed that this variant was present

in the hemizygous state in 1462-1 and in the heterozygous

state in the mother, 1462–2. This SNV is predicted to acti-

vate a cryptic donor site in intron 38 (SpliceAI donor loss

0.19, donor gain 0.83; HSF3 variation score 38%; regSNP-

intron probability 0.83). An altered splicing pattern was

confirmed via PCR, and via Sanger sequencing on RNA iso-

lated from 1462-1’s muscle biopsy.

In 1480-1 (DMD without a pathogenic variant), nano-

pore sequencing identified a hemizygous SNV (DMD

NM_004006.3, chrX:32,362,974A>T; c.5155-16T>A;
(p.Lys1718_Arg1719insLeuMetGluTyrSerVal*)) with unclear

pathogenicity (rs72468631).16 Sanger sequencing con-

firmed this variant in 1480-1. This SNV is predicted to

activate a cryptic acceptor site in intron 36 that is

expected to outcompete the canonical acceptor site (Spli-

ceAI acceptor loss 0.81, acceptor gain 0.70; HSF3 varia-

tion score 51%; regSNP-intron probability 0.66). An

altered splicing pattern was confirmed via PCR, and

ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1303

C. C. Bruels et al. Nanopore Sequencing in the Muscular Dystrophies

 23289503, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51612 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [30/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sanger sequencing of cDNA was obtained from a mini-

gene assay.

Individual 1466-1 was found to have an in-frame

duplication of DMD exons 10–26 during a genetic evalua-

tion for an unrelated issue. He is a 40-year-old construc-

tion worker with no weakness on physical examination

and a normal serum creatine kinase level, thus it was sus-

pected that the duplication may be nontandem. Nanopore

LRS determined that the duplication was indeed in tan-

dem, suggesting that this SV is benign. We confirmed the

breakpoints of this duplication (chrX:32,444,637 and

chrX:32,649,432; hg38) in 1466-1 using PCR and Sanger

sequencing. This SV was absent from DGV, ClinVar, and

gnomAD-SVs (v2.1).

Individual 120-1 presented with a sporadic congenital

muscular dystrophy phenotype suggestive of merosin defi-

ciency. Clinical WES identified a paternally inherited,

heterozygous LAMA2 c.2962C>T, p.Gln988Ter pathogenic
variant.17 Nanopore LRS identified a heterozygous

3463 bp duplication (chr6:129,339,012–129,342,475, hg38)
that includes all of exon 30 and 4 bp of intron 30 in

LAMA2 (Fig. 3A and B), predicted to result in a frame-

shift and premature termination. This SV was absent

from DGV, ClinVar, and gnomAD-SVs (v2.1). This

heterozygous duplication was confirmed via PCR in 120-1

(proband) and 120-2 (mother) (Fig. 3C–E). Reanalysis of
the clinical SRS data provided additional confirmation of

the duplication (data not shown).

Pathogenic variants previously detected on clinical

genetic testing were confirmed on nanopore LRS for fam-

ilies 110, 122, 125, and 1126 (Table 1). Individual 1443-1

presented with an facioscapulohumeral muscular dystro-

phy (FSHD) phenotype and nondiagnostic clinical genetic

testing. Research studies showed decreased D4Z4 methyla-

tion and a heterozygous SMCHD1 c.182_183delGT vari-

ant,18 confirmed on nanopore LRS.

Discussion

In our cohort, nanopore LRS identified four pathogenic

SVs and SNV splice variants that were undetected on

clinical testing and confirmed all pathogenic SNVs that

were found on clinical testing. Current SV analytic pro-

tocols for SRS in clinical diagnostic laboratories rely on

statistical analyses of read-depth variations and discor-

dant paired-read mapping, which detect some SVs but

are less accurate in highly repetitive regions. LRS detects

SVs that are not reliably found by such clinical SRS pro-

tocols19; however, prior studies did not focus on muscu-

lar dystrophy. In addition to screening for SVs in known

disease genes, potential clinical applications of LRS in

muscular dystrophy include the quantification of

macrosatellite repeats in FSHD20–22 and the quantifica-

tion of microsatellite repeats in myotonic dystrophy

(DM1).23,24

Previously, LRS technology had high error rates for

identifying smaller variants such as SNVs compared with

SRS. Recent iterations of nanopore LRS have shown

improved SNV detection.25 We found that a mean read

depth of 10–20X was generally sufficient to ascertain SVs.

SNVs were usually identifiable at 10X coverage, but we

found that 20–30X was more reliable. A nanopore library

preparation from recently extracted gDNA typically yields

10–20 Gbp of basecalled data. We estimate that in our

laboratory, the cost of detecting SVs for a gene of interest

is $1800–3600 per gDNA sample, whereas the cost of

detecting both SNVs and SVs is $3600–5400 per sample.

We anticipate that these costs will continue to diminish.

A key clinical diagnostic question that arises from this

study is whether it is better to optimize bioinformatic

analyses of SRS data or to develop LRS further. Our find-

ing in LAMA2 for family 120 would support the former,

as more sensitive computational pipelines may have

Figure 1. DNA to diagnosis. Families without a definitive molecular diagnosis were eligible for inclusion in the study. Long-read nanopore

sequencing was performed on genomic DNA from informative individuals. Computational analysis and variant filtering and resolution were per-

formed in an iterative manner. QC, quality control; SV, structural variant; SNV, single nucleotide variant; ACMG, American College of Medical

Genetics and Genomics; PCR, polymerase chain reaction.
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detected the second variant in the SRS data. However, it

is difficult to pinpoint the diagnostic gaps in current clin-

ical testing without more sensitive techniques such as LRS

for comparison. Furthermore, whole-genome LRS detects

variant types that would not have been detected by other

techniques, even when optimized. For example, exome

sequences do not capture deep intronic splice variants.

The DMD inversion in 1441-1 is copy-neutral, and thus

would not be expected to be detected even via optimized

analysis of SRS genome sequencing. Other genomic tech-

niques such as transcriptome sequencing (RNAseq) rely

on the availability of a tissue that expresses the genes

under investigation; a consistent substitute for skeletal

muscle samples has not been found to date.26

A limitation of this study is the small cohort. Our

depth of coverage is lower than in comparable SRS pro-

jects, though our average read length (N50) is much lar-

ger, facilitating the identification of SVs. To offset a

potential bias toward false positives, the previously unde-

tected pathogenic variants in the current study were con-

firmed by PCR and/or Sanger sequencing.

Nanopore LRS detects pathogenic variants ranging

from SNVs to SVs in muscular dystrophy. Currently, LRS

may be most appropriate for cases with specific candidate

Table 1. Summary of nanopore LRS findings.

Individual Clinically identified variant Nanopore LRS results and (ACMG category) Confirmation or supporting findings

1441-1 No variants identified in DMD Identified novel maternally inherited 5.9 Mbp

inversion that disrupts DMD exons 3–79

(ACMG: P/LP)

PCR and Sanger sequencing confirmed

1441-1 is hemizygous and 1441-2

(mother) is heterozygous for inversion

1441-2 Mother of 1441-1; asymptomatic Identified novel 5.9 Mbp inversion that

disrupts DMD exons 3–79 (ACMG: P/LP)

PCR and Sanger sequencing confirmed

1441-2 is heterozygous for inversion

1462-1 No variants identified in DMD Identified maternally inherited intronic

splice variant

DMD c.5548+67A>G

(ACMG: P)

Sanger sequencing confirmed 1462-1 is

hemizygous and 1462-2 (mother) is

heterozygous for the DMD splice

variant; PCR and Sanger sequencing of

RNA from muscle specimen confirmed

aberrant splicing

1462-2 Mother of 1462–1; asymptomatic Identified intronic splice variant

DMD c.5548+67A>G (ACMG: P)

Sanger sequencing confirmed 1462-2 is

heterozygous for the DMD splice variant

1480-1 No variants identified in DMD Identified intronic splice variant

DMD c.5155-16T>A

(ACMG: P)

Sanger sequencing confirmed 1480-1 is

hemizygous for DMD splice variant;

aberrant splicing confirmed via

minigene assay

1466-1 Duplication of DMD exons 10–26,

suspected to be nontandem

Determined duplication including DMD exons

10–26 was in tandem and identified

breakpoints (ACMG: VUS)

PCR and Sanger sequencing confirmed

1466-1 is hemizygous for tandem

duplication

120-1 LAMA2 c.2962C>T; p.Gln988Ter

(ACMG: P/LP)

An identified novel heterozygous LAMA2

3463 bp duplication

(chr6:129,339,012–129,342,475,

hg38) (ACMG: P); confirmed clinical SNV

PCR and Sanger sequencing confirmed

maternally inherited SV; LRS confirmed

previously reported paternally

inherited SNV

1126-1 LAMA2

c.2538-1G>C;

(splice variant) (ACMG: LP)

Confirmed clinical SNV NA

1443-1 Decreased D4Z4 methylation; no

FSHD1 or FSHD2

variants identified

Confirmed SMCHD1

c.182_183 delGT heterozygous variant

(ACMG: LP)

NA

110-1 ANO5 c.692G>T;

(p.Gly231Val) (ACMG: P/LP)

Confirmed clinical SNV NA

122-1 CAPN3 c.1505T>C; p.Ile502Thr

(ACMG: LP)

Confirmed clinical SNV Sanger sequencing results suggest SNV is

paternally inherited

125-1 CAPN3 c.640G>A; p.Gly214Arg

(ACMG: P/LP)

Confirmed clinical SNV Sanger sequencing confirmed SNV is

paternally inherited

In 10 individuals, nanopore LRS identified four previously undetected pathogenic or likely pathogenic variants (shown in bold in families 1441,

1462, 1480, and 120), fully characterized a duplication noted on clinical testing, and confirmed all previously noted pathogenic SNVs. Variants

identified in this study (in families 1441, 1462, 1480, 1466, 120, and 1443) were classified according to ACMG criteria; previously identified vari-

ants were classified by the reporting laboratory or according to their ClinVar designation. LRS, long-read sequencing; FSHD, facioscapulohumeral

muscular dystrophy; P, pathogenic; LP, likely pathogenic; VUS, variant of unknown significance; SNV, single nucleotide variant.
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genes. As analytic pipelines mature, potential clinical

applications will expand. We anticipate that future studies

will build a foundation for clinical applications of LRS.
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the location of the DMD gene. The top schematic shows the reference sequence, the bottom schematic shows the effect of the inversion found

in 1441-1. The region in the schematic is 6730 kb from chrX:26,750,000–33,480,000 (hg38). (B) The location of the DMD inversion. (C) gDNA

positions are targeted by primer pairs P1/P2 and P3/P4, which straddle the predicted breakpoints when the inversion is not present. The red box

outlines the predicted inversion and the blue box outlines the DMD gene. (D) gDNA positions are targeted by primer pairs P1/P3 and P2/P4 when

the inversion is present. The red box outlines the predicted inversion and the blue box outlines the DMD gene. (E) PCR reactions are performed

using primer pairs P1/P2, P3/P4, P1/P3, and P2/P4 to amplify gDNA extracted from 1441-1 (proband), 1441-2 (mother), and an unaffected individ-

ual (UA). A no template control (NTC) is also included in all reactions. In 1441-1 and 1441-2, primers P1/P3 amplify an ~2000 bp amplicon and

primers P2/P4 amplify an ~800 bp amplicon, indicating that they carry the inversion, while the unaffected individual does not. Primers P1/P2 and

P3/P4 do not produce an amplicon in 1441-1 but do for 1441-2 and the unaffected individual, indicating that 1441-1 is hemizygous for the inver-

sion and 1441-2 is a heterozygous carrier.
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blue. The IGV view shows ~6500 bp from chr6:129,337,495–129,343,993 (hg38). (B) Diagram indicates the location of the chromosome 6

duplication found on LRS that falls within LAMA2. The IGV view shows 27 bp from chr6:129,297,778–129,297,804 (hg38). (C) Diagram indicates

relative positions of primers P1, P2, P3, and P4 in duplicated gDNA. Primer pair P3/P2 should only produce an amplicon if the duplication is

present. Maroon and gold boxes outline the duplicated region and the black bars show expected amplicons. (D) PCR reactions are performed

using primer sets P1/P2, P3/P4, and P3/P2 to amplify gDNA extracted from 120-1 (proband), 120-2 (mother), 120-3 (father), and a control UA. A

NTC is also included in all reactions. Primers P3/P2 yield an ~400 bp amplicon in 120-1 and 120-2, indicating that these two individuals carry the

duplication, whereas 120-3 and the unaffected individual do not. (E) Sanger sequencing of the P3/P2 amplicon from 120-1 and 120-2 confirms

the tandem duplication and refines the breakpoint positions as chr6:129,339,013 and chr6:129,342,471 (hg38). Sequence data from proband

and mother are separated by a black line. LRS, long-read sequencing; IGC, INTEGRATIVE GENOMICS VIEWER; UA, unaffected individual; NTC, no template

control.
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