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Abstract

Background: Genetic defects in von Willebrand factor (VWF) can lead to von Wille-
brand disease (VWD). Identifying causative or modifier variants of VWF is crucial for
the diagnosis, classification, and clinical management of VWF disorders. However,
owing to the length (178 kb) and complexity of VWF and the presence of the pseu-
dogene VWFP1, Sanger sequencing or short-read next-generation sequencing is often
challenging.

Obijectives: This study aimed to establish a long-read sequencing method using Oxford
nanopore technology (ONT) to overcome difficulties associated with VWF gene
analysis.

Methods: Genetic analyses were established using genomic DNA from a healthy donor
and validated using 3 VWF disorder patient samples. Long-range (~15 kb) polymerase
chain reaction was optimized to obtain 21 amplicons covering the entire VWF gene,
avoiding unwanted amplification due to repetitive sequences and VWFP1. ONT nano-
pore sequencing data were analyzed using software programs, including Clair3, Long-
shot, and Sniffles. The identified candidate variants were verified by several approaches
such as Sanger sequencing and haplotyping.

Results: The entire VWF gene was successfully read using ONT nanopore sequencing,
with >200 variants called in each patient sample. A rare missense variant,
p.(GIn2442His) and a rare 2599 bp deletion were identified in patients 2 and 3,
respectively. However, the deletion was confirmed as long-range polymerase chain
reaction artifacts, which warrant attention when using this method.

Conclusion: This study presents an optimal solution using ONT nanopore sequencing to

identify variants in VWF, which may improve the diagnosis of VWF disorders.
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Essentials

» von Willebrand factor (VWF) gene is large and complex, making genetic analysis challenging.

« This study used Oxford Nanopore Technology for long-read sequencing of the VWF gene.

« Oxford Nanopore Technology identified ~200 variants per patient, including a rare missense mutation and a large deletion.

« Long-read sequencing may improve diagnosis of VWF-related disorders by detecting complex genetic changes.

1 | INTRODUCTION

von Willebrand factor (VWF) is a multimeric plasma glycoprotein
essential for normal hemostasis by promoting the platelet adhesion to
subendothelial collagen exposed during vascular injury [1-3]. VWF is
also important for protecting factor (F)VIII from proteolysis in the
circulation [4]. High-molecular-weight multimers of VWF are consid-
ered to be crucial for its function in the plasma [5,6].

The VWF gene (VWF) is located on chromosome 12 (12p13.31),
consists of 52 exons and is approximately 178 kb in length [4,7].
Abnormalities in the VWF protein due to VWF mutations would result
in von Willebrand disease (VWD), a common inherited bleeding dis-
order with an estimated prevalence from 1 per 1000 to 1 per 100
population, while the real prevalence is still not well established yet
[8-10]. VWD s classified into 3 main types [11,12], and in most pa-
tients, VWF antigen or binding affinity tests can readily differentiate
the VWD type and help patients receive the most appropriate treat-
ment [13]. Genetic analysis also plays an important role in providing a
more precise diagnosis, thereby supporting the clinical management of
VWD, particularly in patients with atypical presentations. For
example, it enables differentiation between type 2N VWD and he-
mophilia A in males, distinguishes type 2B VWD from platelet-type
VWD, and can be applied in prenatal diagnosis for families affected
by type 3 VWD [14]. Furthermore, examining the relationship be-
tween VWF genetic variation and plasma VWEF activity can contribute
to prevalence estimation in specific populations, as exemplified by the
Suita study, which investigated the frequency of hereditary throm-
botic thrombocytopenic purpura in the Japanese population [15].

Nevertheless, the analysis of VWF is complicated by several fac-
tors in addition to its large size. For example, a number of repetitive
sequences have been identified, including 14 Alu repeats and
approximately 670-bp TCTA simple repeat in intron 40, which may be
polymorphic [7]. Moreover, a 21- to 29-kb VWFP1 pseudogene
located on chromosome 22q11-13 shares 97% sequence identity with
VWF exons 23 to 34 [16]. These characteristics further complicate
specific polymerase chain reaction (PCR) amplification and DNA
sequencing and pose notable obstacles to genetic analyses. Commonly
used techniques, such as Sanger sequencing and short-read next-
generation sequencing (NGS), frequently encounter difficulties in this
context [17,18].

To address this issue, we used a long-read sequencing platform,
Oxford nanopore technology (ONT). ONT is a combination of genetic
engineering and computational technology that can directly analyze

single DNA molecules in real time and is therefore commonly referred
to as third-generation sequencing or single-molecule sequencing. ONT
identifies different nucleotides by measuring changes in electrical
charge as DNA passes through biological nanopores [19]. It can pro-
vide exceptionally long reads (10-100 kb) that allow direct sequencing
of regions previously inaccessible or problematic for short-read plat-
forms, including long repetitive elements, regions with extreme GC
content, and complex gene loci [20]. With these prominent advantages
of long-read lengths and fast sequencing times (2-10 hours), ONT has
become one of the most powerful tools in genomic research, used not
only for identifying small single-nucleotide variants (SNVs) but also for
the application of direct haplotype phasing, detection of complex
structural variants (SVs), de novo genome assembly, and telomere-to-
telomere chromosome assemblies [21-24].

Although ONT technology is currently used for long-read whole-
genome sequencing, its application remains limited by high costs,
imprecise base-calling accuracy, and relatively low coverage in target
gene regions [25]. To overcome these challenges and achieve suffi-
cient read depth for more precise base calling in the genetic analysis
of VWF, we developed an optimal workflow using long-range PCR and
an ONT platform (Figure 1A). First, we demonstrated the efficacy of
this method by performing genetic analyses on a healthy donor. The
results confirmed that the entire VWF gene, including intronic regions,
was successfully sequenced. We then validated its applicability in
VWEF-related disorders using DNA samples from 3 patients registered
under the keyword “VWD” in the National Cerebral and Cardiovas-
cular Center (NCVC) Biobank. Identified candidate variants were
confirmed through methods such as Sanger sequencing and
haplotyping.

To our knowledge, this is the first report describing the use of
ONT nanopore sequencing in VWF research. This method has the
potential for broad application in disease investigation and clinical

management of VWF-related disorders in the near future.

2 | METHODS

2.1 | DNA samples

Genomic DNA (gDNA) samples from the health donor and 3 patients
were prepared from whole blood specimens using the Puregene Blood
Kit and QIAsymphony (Qiagen). This study was approved by the
NCVC Research Ethics Committee (approval number R22005-5).
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FIGURE 1 Long-read sequencing design and results. (A) Schematic representation of the advantages of long-read sequencing for VWF
genetic analysis and the objective of this study. The red lines above the VWF gene indicate polymerase chain reaction (PCR) amplicons
generated from DNA samples. (B) Design of long-range PCR covering the entire VWF gene. PCR2, PCR3, PCR15, and PCR16 (yellow) represent
regions where amplification was unsuccessful with the initial primer pair. PCR11-PCR14 (red) target the pseudogene homology region, while
PCR21 (green) spans a short overlapping region between PCR5 and PCRé. (C) Representative image of 1.2% agarose gel electrophoresis of PCR
amplicons generated from a healthy donor DNA sample. M, DNA ladders of 1.5, 2, 3, 4, 5, 6, 8, and 10 kb. (D) ONT nanopore sequencing reads
from healthy donor samples visualized using Integrative Genomics Viewer software. The numbers indicate the positions of exons 1, 10, 20, 23,
28, 34, 40, and 52. ONT, Oxford nanopore technology.
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2.2 | Long-range PCR
The design of the long-range PCR for VWF is shown in Figure 1B. PCR
primer pairs used to amplify 21 amplicons (12-15 kb) covering the
entire VWF gene with a 3- to 8-kb overlap were designed using
Primer-BLAST at National Institutes of Health with single-nucleotide
polymorphism (SNP) handling, repeat and low complexity filters. For
regions that could not be amplified by primer pairs with these strict
requirements, each region was replaced by 2 overlapping regions that
covered a longer distance and can be amplified using qualified primer
pairs (Figure 1B, yellow). To amplify the 4 amplicons covering the
pseudogene homology region (Figure 1B, red), 2 forward and 2
reverse primers were designed outside the homology region, and the
corresponding reverse or forward primers were designed inside the
region [16]. All primer sequences are listed in Supplementary Table 1.
Each PCR reaction mix consisted of 0.2 pM each of the forward and
reverse primer, 1x PrimeSTAR GXL Buffer, 0.2 mM dNTP mix, 100 to
300 ng gDNA, and 1.25 units of PrimeSTAR GXL DNA Polymerase
(Takara Bio), combined in a 50-uL reaction. The PCR cycling conditions
were as follows: For PCR1 to PCR12 and PCR16 to PCR21, initial
denaturation of 94 °C for 2 minutes, followed by 30 cycles of 98 °C for
10 seconds, 68 °C for 10 minutes, followed by a final extension of 68 °C
for 5 minutes; for PCR13 to PCR15, initial denaturation of 94 °C for 2
minutes, followed by 30 cycles of 98 °C for 10 seconds, 60 °C for 15
seconds, 68 °C for 10 minutes, followed by a final extension of 68 °C for
5 minutes. Thin-walled 8-row PCR microtubes (BM Equipment) were
used. All PCR amplicons were verified using agarose gel electrophoresis
(Figure 1C). The PCR amplicons subjected to ONT library preparation
were purified using Ampure XP magnetic beads (Beckman Coulter) and

quantified using a Qubit Fluorometric Quantification Assay (Invitrogen).

2.3 | ONT nanopore sequencing and data analysis

An overview of the analytical workflow is presented in Figure 2.

The final 20-fmol DNA library was prepared from long-range PCR

long-range PCR | [Figure S1]
Library preparation

I ONT sequencing using flow-cell |

Raw data output
FASTQ files

Data filtering (high quality, >8 kb, <16 kb ) and mapping
l Filtlong, Nanoplot, Minimap2, etc

L SNV/INDEL analysis

| BAM files }
— Longshot, Clair3

[Figure S2]

SV analysis
Sniffles

VCF files list of variants

candidate variants

phased VCF files, etc

[Table 52]

Database verification
54KJPN, dbSNP, etc

[Table 1]
Sanger sequencing, Haplotyping, etc

variants validation

[Figures 3-5]

amplicons using a ligation kit (SQK-LSK114) according to the manu-
facturer’s instructions (ONT). ONT nanopore sequencing was per-
formed on a GridlON sequencer integrated with MinKNOW v22.08.9
(later upgraded to v22.12.5 and v24.11.8) with a run time of 2 to
12 hours using an R10.4 flow cell. Base calling was performed using
Guppy v6.2.11 (subsequently upgraded to v6.4.6) and Dorado v7.6.7
in the high-accuracy model.

Reads with a quality >9 and a length ranging between 8000 and
16,000 nucleotides were selected using Filtlong (github.com/rrwick/
Filtlong/) combined with Nanoplot [26]. The selected reads were then
mapped using Minimap2 to generate binary alignment map files [27],
which were explored using the latest Integrative Genomics Viewer
software [28]. The variants were called using Clair3 v0.1-r12 [29]
and Longshot v0.4.0 [30]. WhatsHap v1.6 was used for haplotype
phasing [31], and Sniffles v2.2 was used for SV calling [32]. The
human genome sequence (GRCh38/Hg38) downloaded from the
University of California Santa Cruz (UCSC) Genome Browser Data-
base (genome.ucsc.edu/cgi-bin/hgGateway?db=hg38) was used as the
reference sequence for data analysis.

The identified variants were named according to the Human
Genome Variation Society Nomenclature (hgvs-nomenclature.org/
stable/). Allele frequencies and other related details of SNVs and
insertion-deletion variants (INDELs) were investigated using the
54KJPN database on jMorp (jmorp.megabank.tohoku.ac.jp), which
is an SNV/INDEL allele genotype frequency panel constructed from
short-read whole-genome sequencing analyses of approximately
54,000 Japanese individuals. We used dbSNP (www.ncbi.nlm.nih.
gov/snp) and ClinVar (www.ncbi.nlm.nih.gov/clinvar) to verify the
identified variants and their clinical significance. The Leiden Open
Variation Database (https://www.lovd.nl) and Human Gene Muta-
tion Database (https://www.hgmd.cf.ac.uk/ac) were consulted to
examine any reported phenotype associations. Rare, non-
synonymous variants with an allele frequency <0.01 in the 54KJPN
database were considered candidate pathogenic variants and were
validated by Sanger sequencing.

FIGURE 2 Workflow of ONT nanopore
sequencing data analysis in this study. Each
step of the workflow is annotated with the
corresponding algorithms and databases
used, shown in red. BAM, binary alignment
map, a comprehensive raw data of genome
sequencing; INDEL, insertion-deletion
variant; FASTQ, format containing
nucleotide sequences and the corresponding
quality scores; ONT, Oxford nanopore
technology; SNV, single-nucleotide variant;
SV, structural variant; VCF, variant call
format.
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2.4 | Sanger sequencing 3 | RESULTS

The PCR primer pairs used for Sanger sequencing were designed using 3.1 | Amplification of the VWF gene by long-range
Primer-BLAST at the National Institutes of Health to amplify the PCR

amplicons covering each variant. PCR was performed in 20 to 50 pL
reaction, containing 0.2 to 0.5 pM each of the forward and reverse
primer, 1x PrimeSTAR GXL Buffer, 0.2 mM dNTP mix, 50 to 200 ng
gDNA or 0.05 ng PCR amplicon, and 0.5 to 1.25 units of PrimeSTAR
GXL DNA Polymerase (Takara Bio). The PCR cycling conditions were
as follows: initial denaturation of 94 °C for 2 minutes, followed by 30
cycles of 98 °C for 10 seconds, 68 °C for 1 minute, or 30 cycles of 98
°C for 10 seconds, 60 °C for 15 seconds, 68 °C for 3 minutes, followed
by a final extension at 68 °C for 5 minutes. The PCR amplicons were
verified by agarose gel electrophoresis and treated with an ExoSAP-IT
kit (Thermo Fisher Scientific). The amplicons were purified using
CleanSEQ (Beckman Coulter) and sequenced in both directions using
a Big-Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
and an Applied Biosystems 3500xL Genetic Analyzer.

2.5 | Haplotyping

ONT nanopore sequencing reads covering the region of interest
were randomly extracted from raw data and manually inspected. A
20-bp specific sequence (gacttcctggttcaagggat
chr12:6081426-6081445, which is near the end of the PCR21 region
and in the middle of the PCRé region) was used to locate PCR21

reads in the format containing nucleotide sequences and the cor-

located at

responding quality scores (FASTQ) file containing over 100,000
reads. Only reads with a length of ~11,941 or 9342 bp and with this
20-bp sequence near the end, either from the forward or reverse
direction, were considered to be generated from the PCR21 ampli-
con and were selected for haplotyping. Sequence data from 50
eligible reads (25 from each of the forward and reverse directions)
were imported into Genetyx software (Nihon Server). All 50 reads
were divided into normal-length (~11,941 bp) and deleted-length
(~9342 bp) reads and assembled into the corresponding PCR21
reference sequences (amplicon sequence with or without deletion)
using Sequencher software (Gene Codes). Based on the heterozy-
gous SNVs identified in the PCR21 region, nucleotides of each read
at each heterozygous SNV position were visually checked using
Sequencher, and the distribution of heterozygous SNVs per allele
was used to distinguish the reads derived from different alleles.

— Not reported

Long-range PCR was designed to ensure full coverage and accurate
amplification of VWF (Figure 1B). A gDNA sample from a healthy
donor was used to determine optimal PCR conditions. For each PCR, 2
to 4 primer pairs were designed targeting the corresponding ~15-kb
region, and the amplification efficiency and specificity of all primer pair
combinations were examined by agarose gel electrophoresis after
PCR. The selected primer pairs were used to investigate the minimum
amount of template DNA required and the most appropriate cycling
condition (2 or 3 steps) for each PCR. After several optimizations, 21
primer pairs were determined (Supplementary Table 1), and 12- to 15-
kb 21 PCR amplicons covering the entire VWF (184.7 kb from 4 kb
upstream to 5 kb downstream of VWF) were successfully generated
(Figure 1C).

3.2 | ONT nanopore sequencing

A DNA library was prepared by combining 21 long-range PCR
amplicons from healthy donor samples and applied to a flow cell. ONT
nanopore sequencing generated 448.01 Mb of passed bases, with
24.89k reads selected using Filtlong. The sequence within the 184.7-
kb region encompassing the entire VWF gene was successfully read,
with ONT coverage ranging from approximately 80 to 9791 reads
(Figure 1D). In contrast, coverage in the VWFP1 pseudogene region
(chr22:16,690,097-16,704,461) (Supplementary Figure 3) was below
28 reads, confirming the specificity of the primer pairs used in our
long-range PCR. Variant calling was not performed for the healthy
donor sample but was conducted for the 3 patient samples

(Supplementary Table 2).

3.3 | Long-range PCR and ONT nanopore
sequencing using patient samples

To assess the applicability of this genetic analysis method in VWF-
related disorders, we selected and analyzed DNA samples from the
only 3 patients registered under the keyword VWD in the NCVC
Biobank. These samples were processed using the optimized protocol

LOVD and HGMD  Clinical information
VWD 1: VWF:Rco 26%, VWF:Ag 39%

LVAD-AVWS: no available VWF result

TABLE Candidate variants of the VWF gene identified in Japanese patient samples.
Patient  Region on VWF Identified variant AF on 54KJPN  ClinVar
1 —_ —_ — —_ —_
2 Exon 43 p.(GIn2442His) 0.0049998
3 Intron 6 8.6087520_6090118del -

— Not reported

LVAD-AVWS: no available VWF result

AF, allele frequency; AVWS, acquired von Willebrand syndrome; HGMD, Human Gene Mutation Database; LOVD, Leiden Open Variation Database;
LVAD, left ventricular assist device; VWD, von Willebrand disease; VWF, von Willebrand factor.



6 of 12 rpm YE ET AL

eeeeeee h & practice
in thrombosis & haemostasis

0.5976222C>A

* G e d 6 i ABNT & 6 6 66
C CRHG B A T 6 6 C C C
— PCR (412bp) — i N A
bp /\/\/ \/\}! \/ \\mf |
1000 : : Y

-

L

—
—
l - =
. bp = 9.5976222C>A
Sanger sequencing 412 - 0 : =8 c.7326G>T
1: PCR using patient 2's gDNA pAlineg42kii)
2: PCR using patient 2's PCR18 amplicon 100
B 1 2mM

g.6087520_6090118del

Ia 2599 bp  —
E i = A C c a c N COCHEHEG G O
E—PCR(ZQGpr)—E bp Ekb T 9 4 T 9 ¥ d d ¥ I J d
! ! - \ f '5,
l - A
-
Sanger sequencing |- 1.0 Heterogeneous sequences
) . = due to deletion
1: PCR using patient 3's gDNA = o5
2: PCR using healthy donor gDNA 370 .. S

g.6087544G>T, g.6087560C>T, g.6087566T>C S T o T Lo T T aola
— I " — /*".\\ . ;\ »*"\ﬁ' | f \
i | MWV
je==PCR (441 bp) == 4
E iq 9.6087544G>T
1 2 3 m G G GEl T T ¢ A C T G T
J )J)JA AA @89 T d A I A
9.6087659T>C /\/\/me’ﬂ\/"\ /\A A m
vV \ ‘/ \ f \
: — 4 4
i i bp g.6087560C>T g.6087566T>C
o PCR (556 bp) — | - ' 1000
i 2 e .. 55555555
. ' 500
441 . - X
- / IARY;
g.6089912G>C » 100 4

g.6087659T>C

PCR using patient 3's

PCR21 amplicon i

I AT
— PCR (631 bp)
3 VAN A \ \ ,." \ / \A
l ' i\ Y ‘/\/ N VY f_\

4
Sanger sequencing g.6089912G>C

A A THET
AACTCT
f A

L1

FIGURE 3 Validation of candidate variants by Sanger sequencing. (A) Confirmation of the heterozygous missense SNV p.(GIn2442His)
identified in patient 2. The 412-bp polymerase chain reaction (PCR) products using genomic DNA (gDNA) from patient 2 (lane 1) and using a
long-range PCR amplicon from the patient’s gDNA (lane 2) were directly sequenced using the Sanger method. (B) Confirmation of the



YE ET AL

validated in the healthy donor analysis (Figure 2). Following long-
range PCR and agarose gel electrophoresis, some primers with low
efficiency—likely due to patient-specific SNP variations—were
replaced to improve DNA amplification and ensure optimal ONT
nanopore sequencing (Supplementary Figure 1).

ONT nanopore sequencing was successfully performed on the
3 patient samples, yielding 501.25, 483.38, and 250.88 Mb of
passed bases, respectively—comparable with the output obtained
from the healthy donor. For variant calling, 20,320, 22,550, and
14,250 high-quality reads were selected from each sample based on
quality score and read length, as described in the Methods section.
Using these reads, we identified intronic variants (245, 234, and 254
SNVs and 59, 60, and 59 INDELs) and exonic variants (10, 12, and 11
SNVs) in the 3 respective samples (Supplementary Table 2 and 3). The
read coverage profiles of the patient samples exhibited patterns
consistent with those of the healthy control (Supplementary Figures 2
and 3).

Rare, nonsynonymous variants with allele frequencies <0.01 on
54KJPN were considered potentially pathogenic. No candidate variants
were detected in 1 patient sample, whereas 1 rare missense SNV
NC_000012.12:g.5976222C>A NM_000552.5:¢c.7326G>T p.(GIn2442His)
and 1 rare 2599-bp deletion NC_000012.12:g.6087520_6090118del
NM_000552.5:c.657+5342_657+7940del were identified in the
other 2 patient samples (Table). The p.(GIn2442His) variant is
registered as rs139290955 in dbSNP and has an allele frequency
of 0.0049998 in the Japanese population (54KJPN) and 0.000012
in the global population (dbSNP). The g.6087520_6090118del
variant was not listed in any of the referenced databases, including
dbSNP, Leiden Open Variation Database, and Human Gene
Mutation Database.

3.4 | Validation of pathogenic candidate variants

One pathogenic candidate variant, p.(GIn2442His), in patient 2 was
confirmed by PCR-direct Sanger sequencing (Figure 3A). The other
candidate variant, g.6087520_6090118del, in patient 3 was confirmed
in the same manner (Figure 3B). However, the variant calling list
generated by Clair3 and Longshot unexpectedly identified 5 hetero-
zygous SNVs in the 2599-bp deletion region of patient 3, which was
also confirmed by Sanger sequencing (Figure 3C), indicating that this
deletion may be erroneous. Therefore, 50 ONT nanopore sequencing
reads generated from the PCR21 amplicon covering this region were
visually inspected. The 50 reads could first be divided into 2 length
groups: 24 normal reads (average, 11,987 + 26 bp) and 26 deletion
reads (9379 + 16 bp), subsequently assembled into the corresponding

|} p .
research & practice
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reference sequences (11,941 or 9342 bp). By confirming all hetero-
zygous SNVs in each read, we found that 24 reads of normal length
comprised 13 reads from 1 allele and 11 reads from the other allele
(Figure 4). Notably, all 26 deleted reads were from the same allele as
the 11 normal reads. These results indicated the presence of 3 alleles
in this region.

To investigate the factors underlying this confusing result, we
analyzed the flanking nucleotide sequence around the 2 breakpoints of
the 2599-bp deletion variant g.6087520_6090118del and considered it
an artifact of long-range PCR due to a special sequence called “direct
repeats” [33]. It can form a slipped-strand structure, a type of mispairing
caused by hairpin loops between 2 highly repetitive sequences
(Figure 5A). Although this type of sequence also exists in the VWF
reference sequence, it is short and appears to have little effect on long-
range PCR. Accordingly, we examined the raw ONT data from the
healthy donor and patients 1 and 2 and found that deletion reads were
remarkedly rare in these 3 samples (Supplementary Figure 4). In patient
3,8 heterozygous SNVs in the region of g.6087416-6087659 on 1 allele
(Figure 4) lengthened the repeat unit and easily generated more dele-
tion amplicons than the reference sequence (~70% vs <5%) (Figure 5B).
Long-range PCR using the excised 2969-bp band as a template gener-
ated the original 2969-bp band, along with a short 370-bp band, indi-
cating a correlation between the occurrence of the artifact and the

specific sequence during long-range PCR (Figure 5C).

4 | DISCUSSION

In this study, we present a genetic analysis method using ONT
nanopore sequencing to rapidly identify variants in VWF with minimal
interference from multiple repetitive sequences or the pseudogene
VWEFP1. To develop a practical and feasible approach using the ad-
vantages of ONT, we used long-range PCR to amplify the entire VWF
gene sequence, which can provide PCR products favorable for sub-
sequent library preparation and long-read sequencing.

Although long-range PCR is widely used in NGS workflows [34]
and is considered a cost-effective option, amplifying ~15-kb products
from the 178-kb VWF remained technically challenging in our study.
Through extensive optimization—focusing on DNA polymerase choice,
primer design, template quantity, and PCR microtube selection—we
established the most effective protocol, as described in the Methods
section. The specificity of the resulting PCR amplicons was subse-
quently validated by ONT nanopore sequencing. Notably, we found
that using thin-walled PCR microtubes significantly improved ampli-
fication success and vyield for ~15-kb fragments, and we recommend

this as a practical tip for similar long-range PCR applications.

heterozygous 2599 bp deletion g.6087520_6090118del identified in patient 3. PCR amplification of the region containing the deletion produced
the 2969-bp and 370-bp bands using patient 3 gDNA (lane 1), but only the 2969-bp band using healthy donor gDNA (lane 2). Direct Sanger
sequencing of the patient’s PCR products indicated the heterogeneous sequences from the deleted site. (C) Identification of heterozygous SNVs
within the g.6087520_6090118del region. Three PCR products (441, 556, and 631 bp) using a long-range PCR amplicon from gDNA of patient 3
carries 5 heterozygous SNVs. m, DNA ladders every 100 bp; M, DNA ladders of 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, and 10 kb. SNV, single-nucleotide

variant.
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FIGURE 4 Haplotyping analysis of the polymerase chain reaction (PCR) amplicon carrying g.6087520_6090118del. (A) Schematic
representation of the expected haplotyping result of a PCR amplicon with a true 2599-bp deletion under normal circumstances. (B) Fifty reads
generated from PCR21 amplicon of patient 3, covering the 2599-bp deletion, were extracted from the raw ONT data. All reads were sorted into
3 types according to the heterozygous SNVs identified in this region and their length. The haplotype of 26 deleted reads (9342 bp) matches that
of 11 normal-length reads (11,941 bp). Heterozygous SNVs identified in patient 3 but not in the healthy donor or patients 1 and 2 are shown in
light blue. SNV, single-nucleotide variant.
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FIGURE 5 Polymerase chain reaction (PCR) artifacts due to slipped-strand structure. (A) Specific nucleotide sequences with 2 copies of
repeats and 1 copy of a nonrepetitive spacer form a slipped-strand structure. (B) Eight SNVs in the g.6087416-6087659 region on 1 allele of
patient 3 caused a slipped-strand structure, which tended to produce more deletion amplicons in long-range PCR (~70% of total amplicons). In
contrast, alleles with reference sequences in the region are less likely to have a slipped-strand structure due to incomplete repeat sequences,
resulting in few deletion reads (<5% of total amplicons). (C) The first PCR was performed with gDNA from patient 3 as shown in Figure 3B. The
second PCR was performed with the same primers using the normal-length band (2969 bp) excised from the agarose gel as a template. The second
PCR also produced a 370-bp band, indicating that this phenomenon was a PCR artifact. gDNA, genomic DNA; SNV, single-nucleotide variant.
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Due to the high sequence homology between VWF and its
pseudogene VWFP1, previous studies have reported that short-read
NGS technologies fail to adequately cover exon 26, as they cannot
reliably map reads to this region [35]. Our data showed no significant
drop in coverage in exon 26 compared with its neighboring exons 25
and 27 (Figure 1D and Supplementary Figures 2), further highlighting
the strength of ONT for analyzing structurally complex genomic
regions such as VWF.

Our study demonstrated the long-range PCR, especially when
combined with ONT sequencing, serves as a reliable and cost-effective
tool for genomic analysis, consistent with previous reports [36,37].
However, the detection of PCR artifacts in the amplicons from patient
3 highlights a limitation of this approach: the amplification of regions
harboring repetitive sequences remains technically challenging. In this
case, the presence of “direct repeat” sequences in VWF is presumed to
have led to the formation of secondary structures, such as hairpin
loops, which interfered with accurate amplification [38,39]. Therefore,
rigorous validation and confirmation of variants, particularly those
located within repetitive or structurally complex regions, are required
to avoid false-positive or misleading results.

The first patient enrolled in our study was diagnosed with type 1
VWD, as shown in Table. Genetic defects associated with this type of
VWD are reportedly distributed throughout the VWF gene. However,
due to the high polymorphism of VWF, rare variants do not always
cause the disease [40]. Additionally, not all patients with type 1 VWD
exhibit a genetic defect in VWF, with reported variant detection rates
ranging from 45% to 68% [41,42]. This may explain why no candidate
variant was identified in this patient.

The second and third patients were also registered under the
keyword VWD in the NCVC Biobank. However, after their samples
had already been used for genetic analysis, we were informed that
both had actually been diagnosed with left ventricular assist device-
associated acquired von Willebrand syndrome, not VWD, according
to their clinical records (Table). Nevertheless, a p.(GIn2442His) variant
located in the C3 domain of VWF was identified in the second patient.
Using 2 in silico approaches, this variant was previously predicted to
be a deleterious mutation in an Asian population [43]. Notably, this is
the first time the variant has been identified in a clinical case, sug-
gesting a potential association with acquired von Willebrand syn-
drome risk. To explore its impact on VWF structure and function, we
conducted further investigations. However, there was no significant
correlation with synthesis, secretion, or ADAMTS13 cleavage (data
not shown). Given that the mutation is located near the binding site of
platelet receptor glycoprotein (GP)lIb/Illa, it is possible that the
mutant rVWF exhibits impaired GPlIb/Illa-binding affinity. Applying
the cell-based GPIIb/Illa-binding assay reported in 2019 [44] may be a
suitable approach to further assess this potential effect.

This study has several limitations. First, we analyzed only 3 pa-
tient samples, including just 1 VWD case. Nevertheless, leveraging the
strengths of ONT sequencing, we detected a substantial number of
variants in intronic regions, with >290 per sample, which was
>20-fold, greater than the number of exonic variants (Supplementary

Table 3). Although the pathogenic significance of intronic variants in

VWF remains underexplored, emerging evidence suggests their
potential relevance. For instance, in 2022, a homozygous deep intronic
variant (c.997+118T>G in intron 8) was identified in a patient with
type 3 VWD and classified as pathogenic due to the creation of a
novel donor splice site, resulting in aberrant mRNA with a premature
stop codon [45]. Additionally, a VWF SNP and haplotype analysis from
the Atherosclerosis Risk in Communities cohort identified 18 SNPs
associated with VWF levels in 7856 European-descent subjects in
2011 [46]. These findings highlight the potential role of intronic var-
iants in VWD pathogenesis. Given this, we used splicing prediction
bioinformatics tools—Neural Network and the Berkeley Drosophila
Genome Project—to assess the impact of 7 intronic variants with an
allele frequency below 0.01 in our VWD case. While no novel donor or
acceptor splice sites were predicted (data not shown), expanding this
approach through collaboration with a larger VWD registry could help
identify previously unrecognized disease-causing intronic variants,
further elucidating the mechanisms of VWD. Second, the algorithms
(Clair3 and Longshot) used for variant calling and haplotype phasing
were not designed for long-range PCR-based ONT nanopore
sequencing analysis. Accordingly, we are developing a novel software
with lower error rates. Upon application to VWF analysis, it may
detect variants that are overlooked by the current software.

In conclusion, we developed a novel method for VWF genetic
analysis by combining long-range PCR with ONT nanopore
sequencing. This approach provides a powerful tool for investigating
the pathogenetic mechanisms of VWF-related disorders and holds the
potential to serve as a first-line sequencing method as long-read

sequencing technology becomes more widely adopted in the future.

ACKNOWLEDGMENTS

We thank Dr Keiko Maruyama and Ms Hiroko lkejima for their
technical assistance with the Sanger sequencing. We thank Dr Keiko
Sonoda for helping with ONT nanopore sequencing. S.Y. is grateful for
support from the Japan-China Sasakawa Medical Fellowship.

FUNDING

This work was supported in part by the Japan Society for the Pro-
motion of Science (Grant numbers 23K07567 and 23K27372), the
Ministry of Health, Labour, and Welfare of Japan (Grant number
JPMH23FC1022), and the Takeda Japan Medical Office Funded

Research Grant.

AUTHOR CONTRIBUTIONS

S.Y. and Y.E. designed the study, performed the experiments, analyzed
the data, and wrote the manuscript. M.M. analyzed the data and
revised the manuscript. K.K. designed the study, analyzed the data,
and revised the manuscript. All authors approved the final version of

the manuscript.

RELATIONASHIP DISCLOSURE

The are no competing interests to disclose.



YE ET AL

11 of 12

ORCID

Koichi Kokame

https://orcid.org/0000-0002-9654-6299

REFERENCES

(1

[2]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Sporn LA, Chavin SI, Marder VJ, Wagner DD. Biosynthesis of von
Willebrand protein by human megakaryocytes. J Clin Invest.
1985;76:1102-6.

Springer TA. von Willebrand factor, Jedi knight of the bloodstream.
Blood. 2014;124:1412-5.

Lenting PJ, Christophe OD, Denis CV. von Willebrand factor
biosynthesis, secretion, and clearance: connecting the far ends.
Blood. 2015;125:2019-28.

de Jong A, Eikenboom J. Von Willebrand disease mutation spectrum
and associated mutation mechanisms. Thromb Res. 2017;159:65-75.
Eura Y, Kokame K. Commonly used anti-von Willebrand factor
antibody for multimer analysis cross-reacts with fibronectin, which is
difficult to distinguish from von Willebrand factor. Res Pract Thromb
Haemost. 2021;5:e12598. https://doi.org/10.1002/rth2.12598
Stockschlaeder M, Schneppenheim R, Budde U. Update on von
Willebrand factor multimers: focus on high-molecular-weight multi-
mers and their role in hemostasis. Blood Coagul Fibrinolysis.
2014;25:206-16.

Mancuso DJ, Tuley EA, Westfield LA, Worrall NK, Shelton-Inloes BB,
Sorace JM, et al. Structure of the gene for human von Willebrand
factor. J Biol Chem. 1989;264:19514-27.

Rodeghiero F, Castaman G, Dini E. Epidemiological investigation of
the prevalence of von Willebrand’s disease. Blood. 1987;69:454-9.
Bowman M, Hopman WM, Rapson D, Lillicrap D, James P. The
prevalence of symptomatic von Willebrand disease in primary care
practice. J Thromb Haemost. 2010;8:213-6.

Seidizadeh O, Cairo A, Baronciani L, Valenti L, Peyvandi F. Popula-
tion-based prevalence and mutational landscape of von Willebrand
disease using large-scale genetic databases. NPJ Genom Med. 2023;
8:31.

Sadler JE, Budde U, Eikenboom JC, Favaloro EJ, Hill FGH,
Holmberg L, et al. Update on the pathophysiology and classification
of von Willebrand disease: a report of the Subcommittee on von
Willebrand Factor. J Thromb Haemost. 2006;4:2103-14.

James PD, Connell NT, Ameer B, Di Paola J, Eikenboom J, Giraud N,
et al. ASH ISTH NHF WFH 2021 guidelines on the diagnosis of von
Willebrand disease. Blood Adv. 2021;5:280-300.

Seidizadeh O, Eikenboom JCJ, Denis CV, Flood VH, James P,
Lenting PJ, Baronciani L, et al. von Willebrand disease. Nat Rev Dis
Primers. 2024;10:51.

Goodeve A. Diagnosing von Willebrand disease: genetic analysis.
Hematology Am Soc Hematol Educ Program. 2016;2016:678-82.
Kokame K, Kokubo YMiyata T. Polymorphisms and mutations of
ADAMTS13 in the Japanese population and estimation of the
number of patients with Upshaw-Schulman syndrome. J Thromb
Haemost. 2011;9:1654-6.

Mancuso DJ, Tuley EA, Westfield LA, Lester-Mancuso TL, Le
Beau MM, Sorace JM, et al. Human von Willebrand factor gene and
pseudogene: structural analysis and differentiation by polymerase
chain reaction. Biochemistry. 1991;30:253-69.

Borras N, Batlle J, Pérez-Rodriguez A, Lopez-Fernandez MF,
Rodriguez-Trillo A, Lourés E, et al. Molecular and clinical profile of
von Willebrand disease in Spain (PCM-EVW-ES): comprehensive
genetic analysis by next-generation sequencing of 480 patients.
Haematologica. 2017;102:2005-14.

Platton S, Baker P, Bowyer A, Keenan C, Lawrence C, Lester W, et al.
Guideline for laboratory diagnosis and monitoring of von Willebrand
disease: a joint guideline from the United Kingdom Haemophilia
Centre Doctors’ Organisation and the British Society for Haema-
tology. Br J Haematol. 2024;204:1714-31.

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

[35]

[36]

(37]

(38]

| ] m
Tesearch & practice .
in thrombosis & haemostasis

Lin B, Hui J, Mao H. Nanopore technology and its applications in
gene sequencing. Biosensors (Basel). 2021;11:214.

Ameur A, Kloosterman WP, Hestand MS. Single-molecule
sequencing: towards clinical applications. Trends Biotechnol. 2019;37:
72-85.

Ascari G, Rendtorff ND, De Bruyne M, De Zaeytijd J, Van Lint M,
Bauwens M, et al. Long-read sequencing to unravel complex struc-
tural variants of CEP78 leading to cone-rod dystrophy and hearing
loss. Front Cell Dev Biol. 2021;9:664317. https://doi.org/10.3389/
fcell.2021.664317

Feng Z, Clemente JC, Wong B, Schadt EE. Detecting and phasing
minor single-nucleotide variants from long-read sequencing data.
Nat Commun. 2021;12:3032.

Maestri S, Maturo MG, Cosentino E, Marcolungo L, ladarola B,
Fortunati E, et al. A long-read sequencing approach for direct
haplotype phasing in clinical settings. Int J Mol Sci. 2020;21:9177.
de la Morena-Barrio B, Stephens J, de la Morena-Barrio ME,
Stefanucci L, Padilla J, Mifano A, et al. Long-read sequencing identifies
the first retrotransposon insertion and resolves structural variants
causing antithrombin deficiency. Thromb Haemost. 2022;122:1369-78.
Kaplun L, Krautz-Peterson G, Neerman N, et al. ONT long-read WGS
for variant discovery and orthogonal confirmation of short read WGS
derived genetic variants in clinical genetic testing. Front Genet. 2023;14:
1145285. https://doi.org/10.3389/fgene.2023.1145285

De Coster W, Rademakers R. NanoPack2: population-scale evalua-
tion of long-read sequencing data. Bioinformatics. 2023;39:btad311.
https://doi.org/10.1093/bioinformatics/btad311

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bio-
informatics. 2018;34:3094-100.

Robinson JT, Thorvaldsdottir H, Turner D, Mesirov JP. igv.js: an
embeddable JavaScript implementation of the Integrative Genomics
Viewer (IGV). Bioinformatics. 2023;39:btac830. https://doi.org/10.
1093/bioinformatics/btac830

Zheng Z, Li S, Su J, Leung AW, Lam TW, Luo R. Symphonizing pileup
and full-alignment for deep learning-based long-read variant calling.
Nat Comput Sci. 2022;2:797-803.

Edge P, Bansal V. Longshot enables accurate varigant calling in
diploid genomes from single-molecule long read sequencing. Nat
Commun. 2019;10:4660.

Martin M, Patterson M, Garg S, Fischer SO, Pisanti N, Klau GW, et al.
WhatsHap: fast and accurate read-based phasing. bioRxiv. 2016:
085050. https://doi.org/10.1101/085050

Smolka M, Paulin LF, Grochowski CM, Horner DW, Mahmoud M,
Behera S, et al. Detection of mosaic and population-level structural
variants with Sniffles2. Nat Biotechnol. 2024;42:1571-80.
Weissensteiner MH, Cremona MA, Guiblet WM, Stoler N, Harris RS,
Cechova M, et al. Accurate sequencing of DNA motifs able to form
alternative (non-B) structures. Genome Res. 2023;33:907-22.
Chowdhary MR, Gupta N. Long-range PCR in next generation
sequencing: a low cost approach for large & complex genes. Indian J
Med Res. 2023;157:591-2.

Seidizadeh O, Baronciani L, Peyvandi F. Challenges and consider-
ations of genetic testing in von Willebrand disease. Res Pract Thromb
Haemost. 2025;9:102686. https://doi.org/10.1016/j.rpth.2025.102
686

Jia H, Guo Y, Zhao W, Wang K. Long-range PCR in next-generation
sequencing: comparison of six enzymes and evaluation on the MiSeq
sequencer. Sci Rep. 2014;4:5737.

de Sousa Dias M, Hernan |, Pascual B, Borras E, Mané B, Gamundi MJ,
et al. Detection of novel mutations that cause autosomal dominant
retinitis pigmentosa in candidate genes by long-range PCR amplifi-
cation and next-generation sequencing. Mol Vis. 2013;19:654-64.
Canceill D, Viguera E, Ehrlich SD. Replication slippage of different
DNA polymerases is inversely related to their strand displacement
efficiency. J Biol Chem. 1999;274:27481-90.


https://orcid.org/0000-0002-9654-6299
https://orcid.org/0000-0002-9654-6299
https://orcid.org/0000-0002-9654-6299
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref1
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref1
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref1
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref2
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref2
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref3
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref3
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref3
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref4
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref4
https://doi.org/10.1002/rth2.12598
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref6
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref6
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref6
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref6
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref7
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref7
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref7
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref8
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref8
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref9
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref9
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref9
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref10
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref10
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref10
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref10
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref11
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref11
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref11
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref11
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref12
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref12
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref12
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref13
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref13
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref13
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref14
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref14
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref15
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref15
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref15
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref15
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref16
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref16
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref16
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref16
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref17
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref18
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref18
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref18
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref18
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref18
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref19
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref19
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref20
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref20
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref20
https://doi.org/10.3389/fcell.2021.664317
https://doi.org/10.3389/fcell.2021.664317
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref22
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref22
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref22
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref23
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref23
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref23
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref24
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref24
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref24
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref24
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref24
https://doi.org/10.3389/fgene.2023.1145285
https://doi.org/10.1093/bioinformatics/btad311
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref27
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref27
https://doi.org/10.1093/bioinformatics/btac830
https://doi.org/10.1093/bioinformatics/btac830
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref29
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref29
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref29
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref30
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref30
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref30
https://doi.org/10.1101/085050
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref32
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref32
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref32
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref33
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref33
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref33
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref34
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref34
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref34
https://doi.org/10.1016/j.rpth.2025.102686
https://doi.org/10.1016/j.rpth.2025.102686
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref36
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref36
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref36
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref37
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref38
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref38
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref38

12 of 12 rpm

[39]

[40]

[41]

[42]

[43]

YE ET AL

research & practice §
in thrombosis & haemostasis

Hommelsheim CM, Frantzeskakis L, Huang M, Ulker B. PCR ampli-
fication of repetitive DNA: a limitation to genome editing technol-
ogies and many other applications. Sci Rep. 2014;4:5052.

Flood VH, Garcia J, Haberichter SL. The role of genetics in the
pathogenesis and diagnosis of type 1 Von Willebrand disease. Curr
Opin Hematol. 2019;26:331-5.

Yadegari H, Driesen J, Pavlova A, Biswas A, Hertfelder H-J. Mutation
distribution in the von Willebrand factor gene related to the
different von Willebrand disease (VWD) types in a cohort of VWD
patients. Thromb Haemost. 2012;108:662-71.

Flood VH, Christopherson PA, Gill JC, Friedman KD, Haberichter SL,
Bellissimo DB, et al. Clinical and laboratory variability in a cohort of
patients diagnosed with type 1 VWD in the United States. Blood.
2016;127:2481-8.

Wang QY, Song J, Gibbs RA, Boerwinkle E, Dong JF, Yu FL. Character-
izing polymorphisms and allelic diversity of von Willebrand factor gene in
the 1000 Genomes. J Thromb Haemost. 2013;11:261-9.

[44]

[45]

[46]

Konig G, Obser T, Marggraf O, Schneppenheim S, Budde U,
Schneppenheim R, et al. Alteration in GPIIb/Illa binding of VWD-
associated von Willebrand factor variants with C-terminal
missense mutations. Thromb Haemost. 2019;119:1102-11.
Yadegari H, Jamil MA, Marquardt N, Oldenburg J. A homozygous
deep intronic variant causes von Willebrand factor deficiency and
lack of endothelial-specific secretory organelles, Weibel-Palade
bodies. Int J Mol Sci. 2022;23:3095.

Campos M, Sun W, Yu F, Barbalic M, Tang W, Chambless LE, et al.
Genetic determinants of plasma von Willebrand factor antigen
levels: a target gene SNP and haplotype analysis of ARIC cohort.
Blood. 2011;117:5224-30.

SUPPLEMENTARY MATERIAL
The online version contains supplementary material available at
https://doi.org/10.1016/j.rpth.2025.102888.


http://refhub.elsevier.com/S2475-0379(25)00212-2/sref39
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref39
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref39
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref40
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref40
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref40
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref41
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref41
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref41
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref41
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref42
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref42
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref42
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref42
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref43
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref43
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref43
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref44
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref44
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref44
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref44
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref45
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref45
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref45
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref45
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref46
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref46
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref46
http://refhub.elsevier.com/S2475-0379(25)00212-2/sref46
https://doi.org/10.1016/j.rpth.2025.102888

	Genetic analysis using long-read sequencing to overcome the difficulties in VWF gene
	1. Introduction
	2. Methods
	2.1. DNA samples
	2.2. Long-range PCR
	2.3. ONT nanopore sequencing and data analysis
	2.4. Sanger sequencing
	2.5. Haplotyping

	3. Results
	3.1. Amplification of the VWF gene by long-range PCR
	3.2. ONT nanopore sequencing
	3.3. Long-range PCR and ONT nanopore sequencing using patient samples
	3.4. Validation of pathogenic candidate variants

	4. Discussion
	Funding
	Author contributions
	Relationaship Disclosure
	slink10

	References


