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Abstract
Background and Objectives
Facioscapulohumeral muscular dystrophy type 1 (FSHD1) is caused by contraction of the 
D4Z4 repeat array at 4q35. Genetic diagnosis is particularly difficult in somatic mosaic cases, 
where conventional short-read sequencing cannot directly resolve pathogenic haplotypes. We 
aimed to establish a strategy using Nanopore ultra-long-read sequencing for accurate haplotype 
resolution and to demonstrate its clinical application in preimplantation genetic testing for 
monogenic disease (PGT-M).

Methods
A male patient with somatic mosaic FSHD1 underwent Nanopore ultra-long-read sequencing 
to directly span the D4Z4 repeat array, identify contraction events, and distinguish normal and 
pathogenic haplotypes. Embryos derived from the patient were subsequently screened using 
this approach combined with short-read sequencing and Sanger sequencing to determine 
carrier status. Finally, Bionano optical genome mapping (OGM) was performed for prenatal 
validation.

Results
Nanopore sequencing revealed 3 haplotypes with 4, 16, and 33 D4Z4 repeat units on 4qA, 
consistent with somatic mosaicism. Ultra-long reads enabled direct identification of a patho-
genic 4-unit haplotype and precise haplotype phasing despite limited downstream SNPs. 
Methylation profiling confirmed hypomethylation of the pathogenic allele. Of 8 biopsied 
embryos, 5 were definitively classified as unaffected, 2 showed upstream recombination within 
a 224-kb region, and 1 carried the pathogenic haplotype. Integration of Nanopore, short-read 
sequencing, and Sanger sequencing resolved uncertain cases and reduced misclassification risk. 
An unaffected embryo was transferred, leading to the birth of a healthy infant. Prenatal OGM 
confirmed 17 and 33 D4Z4 repeat units without contraction, concordant with preimplantation 
results.

Discussion
Nanopore ultra-long-read sequencing provides accurate detection of D4Z4 repeat contractions 
and haplotype resolution in somatic mosaic FSHD1, overcoming the limitations of conven-
tional short-read sequencing. Applied to PGT-M, this approach ensured reliable embryo di-
agnosis and successful prevention of disease transmission. These findings support the broader 
potential of ultra-long-read sequencing for genetic testing and diagnosis of neurologic disorders 
involving complex repeat-mediated loci.
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Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is a rare 
genetic myopathy characterized by marked heterogeneity in 
onset, progression, and severity. The pathogenesis of FSHD 
primarily involves alterations in tandem repeats of D4Z4 and 
abnormal epigenetic regulation. FSHD can be categorized 
into 2 types, FSHD1 and FSHD2, with FSHD1 representing 
approximating 95% of cases and FSHD2 the remaining 5%. 
Most individuals with FSHD1 develop symptoms after pu-
berty, with symptom onset typically occurring in adolescence 
or early adulthood in male individuals and in the third to 
fourth decades of life in female individuals, whereas early-
onset disease (<10 years of age) is uncommon and associated 
with greater clinical severity. Core manifestations include 
facial and shoulder muscle weakness, with potential associa-
tions with hearing loss, retinal vasculopathy, and occasional 
cardiac/respiratory involvement. 1-4 Clinical severity ranges 
from mild to severe, with approximately 20% of patients re-
quiring wheelchairs 3,5 and weakness typically spreading from 
upper to lower limbs with asymmetry.

Contrary to most hereditary myopathies, which result from 
variants in genes responsible for muscle structure, regulatory 
elements, or signaling components, FSHD is characterized by 
toxic expression of the gene DUX4. 6-10 The FSHD pathogenic 
locus resides in the atypical subtelomeric 4q35 region of chro-
mosome 4, within D4Z4 tandem repeat arrays flanked by 
4qA/4qB allelic haplotypes. 11-13 Healthy individuals carry 
11–100 D4Z4 repeats, whereas patients with FSHD1 harbor 
contractions to ≤10 repeats on a permissive 4qA haplotype, 
which provides the polyadenylation signal (PAS) essential for 
stable DUX4 expression. 11,14-19 Epigenetically, D4Z4 is hyper-
methylated and transcriptionally repressed in healthy individuals, 
whereas hypomethylation in FSHD1/FSHD2 induces chroma-
tin relaxation and transcriptional activation. 20-24

The length of a single D4Z4 unit is 3.3 kb, with the entire 
repeating region exceeding 100 kb, posing challenges for 
detection with conventional Oxford Nanopore Technologies 
read lengths (average N50 of 20 kb). Given the unique 
pathogenic gene location and intricate gene structure of 
FSHD, current short-read sequencing methods are unable to 
directly discern haplotypes without a proband as a reference. 
In addition, informative upstream single-nucleotide poly-
morphisms (SNPs) are often located far from the D4Z4

repeat array. Recently developed Nanopore ultra-long-read 
sequencing technology has a maximum sequencing read 
length exceeding 2 Mb, offering substantial benefits for the 
detection of structural variations and complex genomic 
regions. Nanopore sequencing has been used to investigate 
the D4Z4 repeat arrays in FSHD. Nevertheless, previously 
reported mean read lengths of 8.14 kb were insufficient for 
accurate D4Z4 repeat quantification.

Preimplantation genetic testing for monogenic disease (PGT-
M) enables the selection of unaffected embryos for transfer. 25 

Currently, there is a growing demand for preimplantation ge-
netic testing (PGT) among patients with FSHD. However, the 
requirement for substantial quantities of DNA makes it im-
practical to directly determine the size and haplotype of the 
D4Z4 repeat array from DNA extracted from embryo biopsy. 
Therefore, PGT for FSHD mainly relies on indirect detection 
methods, yet the selection of suitable markers is complicated by 
the specific location of the D4Z4 array. In 2023, 4 polymorphic 
markers adjacent to the D4Z4 array were selected for analysis in 
a previous study. 26 In the same year, a panel of 6 polymorphic 
short-tandem repeat markers was developed and effectively 
used in PGT for FSHD. 27 However, the interpretation of PGT-
M results should be approached with significant care because of 
the potential risks of recombination. Furthermore, this ap-
proach is limited in cases with somatic mosaicism.

This study used Nanopore ultra-long-read sequencing to 
detect the entire pathogenic region of FSHD, demonstrating 
its potential value for FSHD detection. Optical genome 
mapping (OGM) was incorporated as a complementary ap-
proach to independently estimate D4Z4 repeat number and 
resolve highly homologous D4Z4 arrays, thereby enhancing 
the robustness of pathogenic repeat detection. Block-based 
haplotype analysis was then applied to ensure accurate 
phasing for PGT, while prenatal diagnosis using an in-
dependent method validated the accuracy of the PGT results.

Methods
Bionano Optical Genome Mapping Detection 
and Data Analysis
Bionano optical genome mapping (OGM) technology was 
used to detect structural variations. Ultra-high–molecular-
weight (UHMW) DNA was extracted from peripheral

Glossary
ADO = allele dropout; DLS = Direct Label and Stain; DSS = Dispersion Shrinkage for Sequencing data; E3 = embryo 3; 
FSHD = facioscapulohumeral muscular dystrophy; GSA = Genome Sequence Archive; HMW = high molecular weight; 
Hap 1 = haplotype 1; IGV = Integrative Genomics Viewer; MDA = multiple displacement amplification; OGM = optical 
genome mapping; PAS = polyadenylation signal; PGT = preimplantation genetic testing; PGT-M = preimplantation genetic 
testing for monogenic disease; SNP = single-nucleotide polymorphism; SV = structural variant; UHMW = ultra-high–molecular 
weight; VCF = Variant Call Format.
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blood, labeled, and processed according to the manu-
facturer’s standard protocols (Bionano Genomics; San 
Diego, CA) for analysis on the Saphyr platform. Labeled 
DNA was loaded onto Saphyr flow cells for imaging and data 
acquisition. Real-time quality control was performed using 
the GRCh38 reference genome, with quality thresholds set 
according to the manufacturer’s recommendations.

For data analysis, de novo assembly was performed using 
Bionano Access 1.7.1 for structural variant (SV) calling by 
comparing label patterns. The genome assembly generated 
from UHMW DNA molecules was directly compared with 
the human GRCh38 reference genome to identify SVs based 
on differences in marker alignment. Detected SVs included 
translocations, inversions, insertions, deletions, duplications, 
large copy number variations, and aneuploidy. UHMW DNA 
images were converted into digital representations of labeled 
molecules (.bnx files) and analyzed in Bionano Access. The 
Bionano Solve pipeline was used to assemble molecules into 
consensus maps (.cmAPS) prior to SV analysis.

For estimation of the D4Z4 repeat number, the pipeline 
first measured the distance between the flanking labels lo-
cated on both sides of the D4Z4 array. Because the flanking 
labels do not align exactly with the boundaries of the repeat 
array, expected offsets at both the start and the end of the 
array are applied. These offsets were determined in advance 
based on analyses of reference genomes. The number of 
D4Z4 repeat units (N) was then calculated using the fol-
lowing formula:

N = 
DP − D l − D AjB 

S
+ 1

where DP is the distance in base pairs (bp) between the 
proximal and distal flanking labels; D l is the start offset (in 
bp), defined as the distance between the proximal flanking 
label and the beginning of the first D4Z4 repeat unit; D A and 
D B are haplotype-specific end offsets (in bp), representing the 
distance between the end of the final repeat unit and the distal 
flanking label for haplotype A or B, respectively; and S is the 
expected size of a single D4Z4 repeat unit (3.3 kb).

The appropriate haplotype-specific offset (D A or D B ) is se-
lected according to the assigned haplotype. Overall, this ap-
proach follows previously reported OGM-based strategies for 
estimating D4Z4 repeat number in FSHD, 28 whereas the 
calculation formula is defined according to the manufacturer’s 
analysis pipeline. 29

Distinction Between chr4 and chr10
D4Z4 Arrays
Given the high sequence similarity between D4Z4 repeat 
units on chromosome 4 and chromosome 10, the chromo-
somal origin of D4Z4 arrays was determined based on 
chromosome-specific flanking sequence features. 30

D4Z4 arrays derived from chromosome 4 were identified by 
the presence of the XapI restriction site at the centromeric 
flank and the haplotype-specific 4qA/4qB pLAM sequence at 
the distal flank, which contains a PAS required for stable 
DUX4 expression. By contrast, chromosome 10 D4Z4 arrays 
were distinguished by the presence of a BlnI restriction site at 
the centromeric flank and the absence of a functional pLAM/ 
PAS sequence. 30,31

DNA Extraction and Library Preparation
of Nanopore
Peripheral blood was collected in an EDTA anticoagulant 
tube and subsequently processed using the BAClong Blood 
DNA Isolation Kit (Cat#XJZZ-SZ-006-2, Grandomics 
genomics, China). The NanoDrop One ultraviolet-visible 
spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA) and Qubit 3.0 fluorometer (Invitrogen life Technolo-
gies, Carlsbad, CA) assessed the mass and concentration of 
total DNA, respectively. For preparation of ultra-long 
Nanopore libraries, 8–10 μg gDNA was screened using the 
SageHLS high molecular weight (HMW) library system 
(Sage Science, America), and the resulting gDNA fragments 
were larger than 50 kb after screening. For the library prep-
aration, the Oxford Nanopore Ligation Sequencing kit 
(Cat#LSK110, Oxford Nanopore, the United Kingdom) was 
used according to the manufacturer’s instructions. The DNA 
library (approximately 1,000 ng) was prepared and sequenced 
on PromethION (Model#P24, Oxford Nanopore, England).

Data Analysis of Nanopore
The raw data of Nanopore ultra-long reads in the Fast5 format 
were converted into the Fastq format after basecalling. Then, 
minimap2 software (version 2.24) was used to align the Fastq 
data to the telomere-to-telomere (T2T) reference genome, and 
Pepper software (version 0.8) was applied for variant detection 
and haplotype construction on Bam files generated by mini-
map2. Finally, the pathogenic site was identified from Variant 
Call Format (VCF) files. The relevant charts were drawn using 
the Integrative Genomics Viewer (IGV) (version 2.17.0) and 
Ribbon (version 1.1). Ribbon is a long-read genome visuali-
zation tool optimized for haplotype-resolved data, which maps 
ultra-long sequencing reads to phased haplotypes and displays 
read coverage across target genomic regions. For this study, 
Ribbon was used to validate coverage of the D4Z4 locus: full 
read spanning of the region indicated a normal repeat, while 
fragmented/absent coverage signaled D4Z4 repeat variation. 
This tool enabled direct, visual confirmation of haplotype-
specific D4Z4 status (normal vs pathogenic).

Analysis of Methylation Levels in Pathogenic 
Regions of the Patient
Nanopore sequencing of Fast5 data with methylation in-
formation was analyzed, using nanopolish (version 0.13.2) to 
create an index connecting between Fastq files and Fast5 files 
and detecting methylation modification on the 2 haplotyped 
Bam files, respectively. The results were processed using DSS 
(version 2.50.1) to assess differential methylation.
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Embryo Biopsy and the Whole-Genome 
Amplification
Intracytoplasmic sperm injection was performed for fertil-
ization. Subsequently, the fertilized eggs were cultured in vitro 
for 5–6 days to reach the blastocyst stage. Approximately 6–8 
trophectoderm cells were biopsied for whole-genome ampli-
fication (WGA) using the Genomic DNA Amplification Kit 
(Cat#N603-C1, Vazyme, China). The entire amplification 
procedure was performed strictly in accordance with the 
manufacturer’s standard instructions, with no modifications 
to the recommended protocol. The products of WGA were 
purified by Agencourt AMPure XP (Cat#A63881, Beckman, 
Germany) and eluted with 40 μL of nucleotide-free water. 
The concentration of the resulting WGA products was 
quantified using a Qubit 3.0 fluorometer, and each reaction 
consistently yielded at least 15 μg of amplified DNA; the 
amplified DNA fragments had a size distribution of >10 kb.

DNA Extraction and Library Preparation of 
High-Throughput Sequencing
After collection, the blood stored in the EDTA anticoagulant 
tube was inverted to ensure proper mixing, after which 1.0 mL 
was aliquoted and transferred into clean and sterile 1.5-mL 
tubes. Genomic DNA extraction was then performed using 
a magnetic bead blood genome extraction kit (Cat#DP329, 
Tiangen, China). The concentration of extracted gDNA 
was determined using a NanoQ micro spectrophotometer 
(Model#160010, CapitalBio Technology, China). The library 
was prepared by applying the NEXTflex Rapid DNA-seq Kit 
(Cat#NOVA-5144-08, Bioo Scientific, United States), and the 
primer pools were independently developed and designed by 
Jabrehoo. Then, the sequencing was performed on the Illumina 
MiseqDX (Model#MiseqDx, Illumina, United States).

Data Analysis of High-Throughput Sequencing
The raw data of high-throughput sequencing were in the 
Fastq file format. The analysis steps of raw data were as fol-
lows: First, Trimmomatic software (version 0.40) was used to 
remove adapter sequences from the Fastq data, trim low-
quality bases based on quality scores, and retain reads with 
a quality score (Q) greater than 30. 32 Next, the Burrows-
Wheeler Aligner, Samtools, and Genome Analysis Toolkit 
(version 4.1.9.0) were used to align high-quality sequences 
obtained in the previous step to the human genome. The 
target segment of chr4:187121154-191044276 (GRCh37/ 
hg19) and heterologous SNPs in the 2-Mb range upstream 
and downstream of the target region were identified. The 
analyzed SNPs were converted from GRCh37/hg19 to T2T 
reference genomes.

SNP Site Validation by Sanger
Based on the heterozygous SNP sites identified in the carrier 
using Nanopore technology, 52 informative SNPs from both 
upstream and downstream of the pathogenic region were 
chosen for amplification via PCR and subsequent Sanger se-
quencing. In addition, PCR amplification and Sanger se-
quencing were conducted on the SNPs of the spouse to

ascertain the presence of informative SNPs in embryos. 
Subsequently, the informative SNPs in embryos were used for 
embryo verification, ultimately determining the SNPs of the 
embryos and enabling the assessment of haplotypes both 
upstream and downstream of the pathogenic region.

Standard Protocol Approvals, Registrations, 
and Patient Consents
The study was approved by the Ethics Committee of the First 
Affiliated Hospital of Sun Yat-sen University. Written in-
formed consents were obtained from the proband and his wife 
for participation in the study and for the genetic analyses.

Data Availability
The sequencing data generated in this study have been de-
posited in the Genome Sequence Archive (GSA) under 
BioProject accession number PRJCA054610. Owing to pa-
tient confidentiality and ethical restrictions, the data are 
available under controlled access and can be obtained through 
the GSA data access process for qualified researchers.

Results
Clinical Presentation and Reproductive History
The proband was a male patient who was diagnosed with 
muscular dystrophy at the age of 24. He presented with 
progressive weakness of both upper limbs for more than 
5 years and of the left lower limb for 6 months, accompanied 
by winged scapulae, bilateral scapular protrusion, gastrocne-
mius atrophy of the left lower leg, and asymmetric calf cir-
cumference (33 cm on the left and 39 cm on the right).

In 2019, his wife experienced a missed abortion (retained 
miscarriage) at 8 weeks of gestation. In November 2022, the 
couple sought PGT at the Reproductive Medicine Center of 
the First Affiliated Hospital of Sun Yat-sen University. After 
ovarian stimulation using a gonadotropin-releasing hormone 
agonist protocol, 8 blastocysts were obtained.

OGM Detection of the Patient With FSHD
Initially, Bionano OGM detection was used to analyze the 
peripheral blood of the patient. The findings revealed a path-
ogenic variant in the patient, with only 4 D4Z4 repeat arrays 
detected in the chromosome 4q35 region. Furthermore, the 
patient was identified as a chimera with 3 distinct types of 
D4Z4 repeat arrays. As presented in Table 1 and eFigure 1, 3 
haplotypes of the target region, with 4 (4qA), 16 (4qA), and 
33(4qA) D4Z4 repeat arrays, respectively, corroborated the 
clinical diagnosis of FSHD1.

Nanopore Detection of the Patient With FSHD
Ultra-long-read libraries were prepared and sequenced for the 
patient with FSHD, with data quality metrics outlined in eTable 1. 
A total of 7,160,327 reads were generated, boasting an average 
length of 35,241.5 bp, with 88.3% of reads exhibiting a quality 
value exceeding 10, indicative of high sequencing quality.
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Given that the pathogenic region of FSHD was situated near 
the telomere at the terminal end of chromosome 4, careful 
consideration must be given to the reference genome selec-
tion. In comparison with commonly used reference genomes, 
such as GRCh37 and GRCh38, T2T-CHM13 was selected as 
the reference genome, for it encompasses the complete un-
interrupted sequence of the human genome, spanning from 
one chromosome’s telomeres to the other. Notably, the T2T-
CHM13 reference genome encompasses 33 D4Z4 repeat 
arrays and DUX4 genes.

On importing the Bam and Bam.bai files of haplotype 1 (Hap1) 
and haplotype 2 (Hap2) into IGV software, it was observed that 
reads spanned the entire D4Z4 region in Hap1, while no reads 
traversed the same region in Hap2. Furthermore, the presence 
of chimerism involving 2 contraction types was evident in 
Hap2, specifically with D4Z4 repeat arrays occurring 4 times 
and 16 times (Figure 1A). Ribbon analysis revealed that full-
length reads spanning the pathogenic region were present on 
Hap1 (Figure 1B), which confirmed no deletion of the D4Z4 
here (consistent with a normal haplotype). By contrast, Hap2 
lacked complete reads across this region. Notably, 2 distinct 
haplotypes were observed on Hap2, with D4Z4 repeat arrays 
occurring 4 times (Figure 1C) and 16 times (Figure 1D), 
aligning with its pathogenic D4Z4 repeat variations. The find-
ings from Ribbon analysis were consistent with those obtained 
from IGV. Consequently, the linked base sites on Hap1 rep-
resented a typical haplotype, while the linked base sites on 
Hap2 represented a pathogenic haplotype.

In the context of data analysis, we conducted reads block 
analysis of heterozygous SNPs and colocalization analysis 
of SVs and SNPs to validate the precision of the haplotype. 
The specific target region on the T2T reference genome was 
chr4:193436060-193539568. The reads block containing 
the pathogenic region spanned from chr4:72063640 to 
chr4:193552927, with SNPs in this range being inter-
connected to create a substantial block, thereby ensuring the 
accuracy of the haplotypes of linked SNPs within the block. 
Upstream and downstream SNPs were selected for confir-
mation through Sanger sequencing, and the chromosomal 
boundaries of target region, as well as all the selected SNPs, 
are shown in eFigure 2. Owing to the proximity of the 
downstream region to the telomeres of chromosomes, the 
presence of heterozygous SNPs was limited, resulting in the 
detection of only 2 heterozygous SNPs. These SNPs were 
subjected to Sanger sequencing, revealing that only the 
SNP at chr4:193552927 was identified as a heterozygous

SNP (G/A), while the SNP at chr4:190175612 was identified 
as a homozygous SNP (A/A).

Through an analysis of the linked bases present on the 2 
haplotypes, the distinction between the normal haplotype 
and the pathogenic haplotype of the patient was effectively 
achieved using IGV and VCF files. The data pertaining to the 
upstream and downstream SNPs identified within the path-
ogenic region, as well as the haplotype outcomes, are pre-
sented in Table 2. Notably, a multitude of heterozygous SNPs 
were observed upstream of the pathogenic region, whereas 
only a single SNP was detected downstream.

Analysis of Methylation Levels in the Patient 
With FSHD
The methylation information of reads can be maintained 
during sequencing by Nanopore, allowing for the subsequent 
identification of differentially methylated regions in Hap2 and 
Hap1 using both Naopolish and Dispersion Shrinkage for 
Sequencing data (DSS) methods, with Hap1 as a control. A 
total of 16 differentially methylated regions were identified in 
the pathogenic region, specifically the chr4:193436060-
193539568 region. Analysis of the results indicated a consis-
tently lower differentially methylated ratio in Hap2 compared 
with Hap1 across all 16 regions, as presented in eTable 2 and 
Figure 2. The findings suggested that Hap2 exhibited hypo-
methylation in the pathogenic region of FSHD when com-
pared with Hap1, thereby providing additional support for the 
pathogenic nature of Hap2 as a haplotype.

In addition to methylation analysis of the chr4 D4Z4 array, we 
examined methylation levels at the 10q26 D4Z4 locus in the 
proband. As summarized in eTable 3, although some vari-
ability in methylation was observed at 10q26, the magnitude 
of variation was generally smaller than that observed at the 
4q35 locus. Consistent with previous reports, methylation 
variability at the 10q26 D4Z4 locus showed only a weak 
correlation with the clinical phenotype, supporting the spec-
ificity of chr4 D4Z4 hypomethylation in FSHD. 33

Haplotype Results of High-Throughput 
Detection of Family Samples
A total of 8 blastocysts were biopsied. Analysis of high-
throughput sequencing data (Table 3) revealed that no in-
formative SNPs were detected within the target region in the 
embryos. The last identified SNP upstream of the pathogenic 
region was located 224 kb away, indicating a potential risk of 
gene recombination in the embryo. Furthermore, embryos 3

Table 1 Results of Bionano OGM for the Patient With FSHD

Calculated repeat count of D4Z4 units Haplotype Repeat-spanning coverage (X) Normal reference range of D4Z4 repeat count

4 4qA 48 11–150

16 4qA 29

33 4qA 40
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(E3), 5 (E5), and 7 (E7) exhibited a recombination between 
the normal and pathogenic strands.

By integrating the consistent SNPs identified in Tables 2 and 
3, it was established that certain SNPs on Hap1 corresponded 
to the F0 haplotype, denoting F0 as the normal haplotype and 
F1 as the pathogenic haplotype.

Through the amalgamation of high-throughput sequencing 
and Nanopore sequencing data, a preliminary analysis sug-
gested that embryos E1, E2, E4, E6, and E8 inherited the 
reference haplotype from the patient. Recombination on 
regions upstream of the pathogenic locus was observed in the 
E3, E5, and E7, with the normal haplotype detected near the 
locus. However, given that the last informative SNP of the 
embryo was located 224 kb away from the pathogenic locus, 
the possibility of recombination in the embryos within this

region cannot be excluded. Consequently, Sanger sequencing 
was conducted on the embryos to ascertain the presence of 
gene recombination within the 224-kb range, based on the 
SNPs identified by Nanopore sequencing.

Sanger Verification of Family Samples
Sanger sequencing was used to confirm the presence of 
informative SNPs in biopsied embryos. The findings 
revealed the identification of pathogenic chain-associated 
SNPs in embryos E5 and E7, suggesting a recombination 
event within a 224-kb region upstream of the target locus. 
Of note, recombination was detected at a remote upstream 
site, as evidenced in Table 4. The utilization of Nanopore 
sequencing and Sanger sequencing served to mitigate 
the ambiguity inherent in high-throughput sequencing 
outcomes and ensured the primacy of unaffected embryo 
implantation.

Figure 1 Nanopore Data for the Detection of FSHD in the Patient

(A) The distinction between normal and pathogenic haplotypes was achieved using Integrative Genomics Viewer (IGV) analysis. (B) The normal haplotype was 
analyzed using Ribbon software. (C) The pathogenic haplotype of D4Z4 with 4 repeat units was also analyzed using Ribbon. (D) The pathogenic haplotype of 
D4Z4 with 16 repeat units was also analyzed using Ribbon. Note: It was observed that reads with D4Z4 of 16 repeat units on Hap2 had break points in the 
middle position, indicating that they were not from a single read. This was highlighted in panel D with an enlarged area indicated by a red arrow.
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Prenatal OGM Detection of Fetal
Amniotic Fluid
The E1 embryo was transferred into the uterus, resulting in 
a clinical pregnancy. At 17 weeks and 3 days of gestation, 
amniotic fluid was collected and amniotic cell cultures were 
established for the Bionano OGM test. HMW DNA was 
extracted, followed by Direct Label and Stain (DLS) la-
beling and data qualification. The data were subsequently 
analyzed using the EnFocus FSHD pipeline. The DNA 
analysis of the amniotic cells revealed D4Z4 repeat arrays 
of 17 and 33 with a 4qA haplotype, inherited from the 
pregnant woman and her husband, respectively, as illus-
trated in Figure 3. The repeat-spanning coverage for these
2 haplotypes was 42× and 28× (the normal reference range 
of the D4Z4 repeat count is 11–150 units), consistent with 
the technical requirements for D4Z4 locus analysis via 
OGM. The findings confirmed the absence of a patho-
genic contraction variant within the D4Z4 repeat arrays 
in embryo E1. These results were consistent with the 
haplotype analysis performed using Nanopore sequencing

technology. Subsequently, a healthy male infant was de-
livered via cesarean section in 2024.

Discussion
This study demonstrated that PGT for FSHD with somatic 
mosaic variant can be successfully performed based on hap-
lotypes derived from ultra-long-read sequencing with Nano-
pore technology. The distinction between normal and 
pathogenic haplotypes was achieved by leveraging long reads 
to span the pathogenic region. Furthermore, the haplotype 
assignments derived from Nanopore sequencing were con-
sistent with high-throughput sequencing results at in-
formative upstream SNP loci, supporting the accuracy of 
haplotype phasing.

The current challenges in PGT for FSHD included the fol-
lowing: (1) the need to accurately identify the D4Z4 repeat 
array as either 4qA or 4qB on chromosome 4, for the

Table 2 Analysis of Linked Base Sites on Hap1 and Hap2

Region Position (T2T-CHM13) Distance to D4Z4 region (bp)
Normal haplotype 
Hap1

Pathogenic haplotype 
Hap2

Upstream of pathogenic region 191456274 1979786 G A

191456290 1979770 T C

191456298 1979762 A T

191486089 1949971 C T

191702246 1733814 A G

191803711 1632349 A G

192226351 1209709 A G

192560315 875,745 G C

192618792 817,268 G A

193296454 139,606 C T

193305933 130,127 T C

193308484 127,576 A G

193333418 102,642 T C

193339216 96,844 A C

193343294 92,766 A G

193353029 83,031 G C

193389072 46,988 G A

193399893 36,167 A C

193404569 31,491 C T

193432824 3,236 A C

Downstream of pathogenic region 193552927 13,359 A G

Abbreviations: Chr = chromosome; Hap1 = haplotype 1; Hap2 = haplotype 2.
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proximity of the DUX4 gene to the telomeres of chromo-
somes challenges the design and verification of multiple 
primers; (2) the impact of high-frequency homologous re-
combination of 10q26 on test results determined by enzyme 
digestion; (3) the diagnosis of mosaicism, which is prevalent 
in FSHD, with somatic mosaicism detected in approximately 
14–20% of FSHD cases 34,35 ; in addition to parental mosai-
cism, a high frequency (26%) of somatic mosaicism was also 
identified in a patient with neonatal FSHD 36 ; (4) assessment 
of methylation levels.

Generally, multiprimer pool–based high-throughput sequenc-
ing approaches are applied for detecting FSHD variants; 
however, their ability to directly interrogate the D4Z4 repeat 
array is limited. Accordingly, several alternative strategies for 
D4Z4 repeat detection have been reported. Previous studies 
using Nanopore sequencing achieved partial characterization of 
D4Z4 repeat arrays but failed to generate reads fully spanning 
the entire region or to accurately quantify repeat numbers. 37,38

By contrast, as demonstrated in this study, Nanopore ultra-
long reads spanned the entire D4Z4 repeat region, enabling 
direct visualization of repeat arrays and accurate haplotype 
resolution. Using this approach, we successfully identified the 
patient’s pathogenic and normal haplotypes.

It is important to note that, in the context of somatic 
mosaic FSHD, PGT risk assessment is based on the 
transmission of a disease-associated parental haplotype,

rather than on the D4Z4 repeat number detected at a single 
time point. In the proband, both the pathogenic 4-repeat 
allele and the nonpathogenic 16-repeat allele originated 
from the same paternal haplotype, consistent with post-
zygotic contraction on a shared chromosomal background. 
Although a 16-repeat D4Z4 array does not meet the di-
agnostic threshold for FSHD1, this haplotype retains the 
potential for further pathogenic contraction. Therefore, 
embryos inheriting this haplotype cannot be considered 
definitively unaffected based solely on repeat number es-
timation. Consequently, haplotype-based analysis, rather 
than direct repeat counting, provides a more appropriate 
strategy for PGT in mosaic FSHD.

Guided by haplotype information, 8 embryos were genotyped 
using high-throughput sequencing. Embryos E1, E2, E4, E6, 
and E8 inherited the patient’s normal haplotype, whereas 
embryos E3, E5, and E7 exhibited a crossover of pathogenic 
chain at a substantial distance upstream of the pathogenic 
region, resulting in normal haplotypes in proximity to the 
D4Z4 locus.

Owing to the proximity of the last SNP identified through 
high-throughput sequencing being 224 kb away from the 
target region, the possibility of recombination of pathogenic 
alleles in this region within the embryos cannot be definitively 
ruled out. The conclusive determination of the genetic 
makeup of embryos E3, E5, and E7 remained uncertain based 
on high-throughput sequencing alone. To reduce the risk, we

Figure 2 Analysis of Methylation Levels in the Patient

This plot depicts the CpG methylation landscape of a region of D4Z4 on chromosome 4 (coordinates labeled at the top). The upper panels show genomic 
signal distributions, while the bottom curve plot quantifies methylation levels: the blue line represents the methylation level of the target region in the normal 
haplotype (hap1), and the green line represents the methylation level of the target region in the pathogenic haplotype (hap2). The shaded area denotes the 
focal genomic segment of interest.
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Table 3 Haplotype Results of High-Throughput Detection of Family Samples

Informative site no. Position in chr4

Spouse of the patient Patient E1 E2 E3 E4 E5 E6 E7 E8

M0 M1 F0 F1 M1 F0 M1 F0 M0 F10 M0 F0 M0 F10 M0 F0 M0 F10 M1 F0

0_p 191456274 A A G A A G A G A A A G A A A G A A A G

1_p 191456290 C C T C C T C T C C C T C C C T C C C T

6_p 191803711 A A A G A A A A A G A A A G A A A G A A

11_p 192226351 A A A G A A A A A G A A A G A A A G A A

13_p 192226497 T T T C T T T T T C T T T C T T T C T T

14_m 192276089 G A G G A G A G G G G G G G G G G G A G

16_m 192529237 G A A A A A A A G A G A G A G A G A A A

17_m 192535835 T C C C C C C C T C T C T C T C T C C C

18_p 192539802 T T G T T G T G T G T G T T T G T T T G

23_p 192560315 G G G C G G G G G G G G G C G G G C G G

24_p 192571862 C C T C C T C T C T C T C C C T C C C T

25_p 192618792 A A G A A G A G A G A G A A A G A A A G

36 192979550 T T C C T C T C T C T C T C T C T C T C

37_m 192996025 A T A A T A T A A A A A A A A A A A T A

38_p 193019506 G G A G G A G A G A G A G A G A G A G A

39_p 193019543 C C T C C T C T C T C T C T C T C T C T

40_p 193019567 T T C T T C T C T C T C T C T C T C T C

41_m 193019570 T G T T G T G T T T T T T T T T T T G T

43_p 193019610 G G A G G A G A G A G A G A G A G A G A

46_m 193089950 C T C C T C T C C C C C C C C C C C T C

49_m 193153682 T C T T C T C T T T T T T T T T T T C T

51_m 193209030 C T T T T T T T C T C T C T C T C T T T

52_m 193212428 T C C C C C C C T C T C T C T C T C C C

Abbreviations: F0 = male risk chromosome; F10 = recombinant haplotype derived from the recombination of the patient’s F1 and F0 chromosomes.

Table 4 The Sanger Sequencing Validation of SNPs Within the Specified Blank Region

Position
Normal haplotype 
Hap1

Pathogenic haplotype 
Hap2 Patient Spouse of the patient E1 E2 E3 E4 E5 E6 E7 E8

193275816 C T T|C T/T T/C T/C T/C T/C T/T T/C T/T T/C

193301196 T A A|T T/T T/T T/T T/T T/T A/T T/T A/T T/T

193339216 A C C|A C/C A/C A/C A/C A/C C/C A/C C/C A/C

193404569 C T T|C C/C C/C C/C C/C C/C T/C C/C T/C C/C

193432824 A C C|A C/C A/C A/C A/C A/C C/C A/C C/C A/C

193552927 A G G|A G/A A/G A/G A/G A/G A/G A/G A/G A/G

The SNPs associated with the pathogenic haplotype are highlighted in red and bold font.
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used Nanopore sequencing and Sanger sequencing to address 
the 224-kb gap left by high-throughput sequencing. Further 
verification of genetic characteristics of 3 embryos exhibiting 
a crossover of pathogenic chain was conducted. Analysis of 
relevant SNPs in E5 and E7 embryos revealed the occurrence 
of a crossover of pathogenic chain within a 224-kb region 
upstream of the pathogenic locus. While recombination was 
observed upstream of the pathogenic region, it did not recur 
near the locus. Using Nanopore ultra-long-read sequencing 
and Sanger sequencing, the potential misdiagnosis in high-
throughput sequencing results was mitigated, ensuring the 
precedence of standard embryo transfer procedures 
(i.e., prioritizing embryos that completely inherited the nor-
mal haplotype from the male proband first, followed by em-
bryos with upstream recombination of the pathogenic locus 
but normal haplotypes near the D4Z4 region, such as 
embryo E3).

It has been reported that the incidence of allele dropout 
(ADO) is approximately 5%–15% and can be as high as 40% 
at some sites. 39 Three billion SNPs of human genome analyzed 
by second-generation sequencing in single-cell multiple dis-
placement amplification (MDA) samples showed an average 
ADO rate of 12.47%. 40 In this study, all informative SNPs used 
to supplement the blank region were detected as heterozygous 
by Sanger sequencing in the embryos, with no evidence of 
ADO observed at these loci. Given the short intermarker dis-
tances, the risk of ADO affecting haplotype inference in 
this region was, therefore, considered low. Furthermore, the

methylation levels of the patient were assessed, with the find-
ings aligning with existing literature. 41

After the successful implantation of embryo E1, amniotic fluid 
was obtained from the patient’s spouse for prenatal diag-
nostics. Bionano OGM revealed that the quantity of dupli-
cated units of D4Z4 in E1 embryos was 17 and 33, indicating 
the absence of any pathogenic contraction variants in D4Z4. 
These findings aligned with the outcomes obtained from 
Nanopore sequencing, thereby reinforcing the reliability and 
precision of Nanopore’s ultra-long reads.

This study is constrained by several limitations. First, despite 
using ultra-long reads, a limited number of reads were avail-
able to cover the entire D4Z4 repeat array region, and the 
interruption of reads occurred randomly, preventing the ac-
curate determination of the true chimerism ratio of the 
samples. Second, the identification of embryos was solely 
reliant on the constructed haplotypes, making it challenging 
to ascertain whether embryos detected in the chimeric FSHD 
analysis carry D4Z4 repeat arrays of 4 or 16 repeats, partic-
ularly in cases inherited a pathogenic haplotype.

While the current utilization of Nanopore sequencing for the 
detection and diagnosis of FSHD is constrained, especially in 
the realm of ultra-long-read applications, the advancing 
capabilities of third-generation sequencing suggest promising 
opportunities for its enhanced incorporation in the medical 
field as sequencing technologies progress.

Figure 3 The Bionano OGM Detection of Fetal Cells in the Amniotic Fluid Derived From Embryo E1

This plot presents optical genome 
mapping (OGM) results of the D4Z4 
region (purple segment) and adjacent 
4qA locus (red box) from a prenatal 
amniotic fluid sample, showing 2 hap-
lotypes (Hap1 and Hap2).
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Using ultra-long-read sequencing with Nanopore technology 
to the proband, we successfully performed PGT for FSHD 
with somatic mosaic variant. Nanopore ultra-long-read se-
quencing technology enables precise detection of D4Z4 unit 
contractions and accurate identification of chimerism. This 
capability highlights its potential for preventing the trans-
mission of FSHD within families.
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