
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhang et al. BMC Medical Genomics          (2025) 18:138 
https://doi.org/10.1186/s12920-025-02202-8

BMC Medical Genomics

*Correspondence:
Shanshan Wu
wsszhuhe@163.com
Haibo Li
lihaibo-775@163.com

Full list of author information is available at the end of the article

Abstract
Background  Hemophilia A (HA) is an X-linked recessive bleeding disorder caused by pathogenic variants in the 
F8 gene, resulting in deficient coagulation factor VIII activity. Although intron 22 and intron 1 inversions (Inv22 and 
Inv1) accounts for approximately 50% of severe HA cases, complex structural rearrangements mediated by intron 22 
homologous region (int22h) repeats have rarely reported and poorly characterized.

Methods  In this study, we investigated a Chinese severe HA pedigree with a complex rearrangement of F8 gene 
by integrating 750 K SNP arrays, long-read sequencing (Oxford Nanopore Technologies, ONT), and optical genome 
mapping (OGM). This multi-platform strategy enabled comprehensive characterization of the structural variations 
affecting the F8 gene.

Results  We identified a complex rearrangement in the proband’s F8 gene, characterized by sequential duplications 
inserted within intron 22. These include a 7.75 kb direct duplication involving a portion of int22h-1, a 78.78 kb inverted 
duplication containing partial sequences of int22h-3 and int22h-2, and an 86.56 kb direct duplication spanning a 
portion of int22h-3 and exons 2–8 of the TMLHE gene. The structural variation in the F8 gene of the proband was 
inherited from the mother.

Conclusion  Our findings revealed that the complex rearrangement of F8 is the genetic cause of HA in this pedigree. 
The combined use of OGM and ONT provides an effective approach for deciphering the characterization of complex 
structural variants and determining the orientation of inserted segments, although base-precision breakpoint 
mapping remains challenging in highly homologous regions.
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Introduction
Hemophilia A (HA) is an X-linked recessive bleeding 
disorder caused by pathogenic variants in the F8 gene 
encoding coagulation factor VIII [1]. It has a prevalence 
of approximately 1 in 5000 males worldwide. HA is clini-
cally classified as severe (FVIII: C < 1%), moderate (1% 
≤ FVIII: C < 5%), or mild (5% ≤ FVIII: C < 40%) on the 
basis of plasma FVIII activity (FVIII: C) [2]. The F8 gene, 
located at the Xq28 locus on the distal long arm of the 
X chromosome, spans approximately 186  kb and com-
prises 26 exons interspersed with 25 introns [3]. Disrup-
tion of the F8 gene caused by intron 22 inversion (Inv22) 
and intron 1 inversion (Inv1) account for 45% and 1–5% 
of severe HA cases, respectively [4]. Inv22 results from 
non-allelic homologous recombination (NAHR) between 
the intragenic intron 22 homologous region-1 (int22h-1) 
and two extragenic homologous sequences (int22h-2 
and int22h-3) in the Xq28 region [5]. Int22h-1, a 9.5 kb 
sequence within F8 intron 22, contains F8A (OMIM: 
305423), the first exon of F8B (OMIM: 305424), and their 
shared bidirectional promoter [6]. int22h-2 and int22h-3 
show 99.93% mutual identity and are located ~ 488  kb 
and ~ 566  kb telomeric to F8, respectively. These share 
99.2% sequence homology with int22h-1 [6]. Their > 99% 
sequence homology facilitates NAHR, leading to char-
acteristic F8 rearrangements including intron 22 inver-
sions, deletions, and duplications. LR‒PCR is a widely 
employed technique for the rapid screening and diagno-
sis of Inv22 [7]. In this method, primers P and Q are posi-
tioned at −1212 bp and + 1334 bp, respectively, flanking 
the int22h-1 region, while primers A and B are located 
at −167  bp and + 118  bp, respectively, flanking the 
int22h-2 and int22h-3. In normal males, PCR amplifica-
tion generates two segments: PQ (an amplicon spanning 
int22h-1) and AB (an amplicon spanning int22h2/h3). By 
contrast, in males with severe HA caused by the Inv22, 
PCR produces three amplicons, including PB (a recom-
binant amplicon formed by the fusion of primer P target-
ing int22h-1 and primer B targeting int22h2/h3), AQ (a 
recombinant amplicon formed by the fusion of primer A 
targeting int22h2/h3 and primer Q targeting int22h-1), 
and AB (an amplicon derived from the non-recombined 
extragenic homolog) [7].

In addition to the typical F8 Inv22 or Inv1, some stud-
ies have reported uncommon F8 structural rearrange-
ments in severe HA [8–14]. In this study, we investigated 
the X chromosome structure in a Chinese severe HA 
pedigree and revealed that a complex genomic rearrange-
ment disrupts the F8 gene structure, which is attributed 
to the insertion of duplications in intron 22.

Materials and methods
Subjects
A 2-year-old male presented with severe HA (FVIII:0.2%), 
initially evaluated at 6 months for prolonged bleeding. 
Coagulation studies showed markedly prolonged APTT 
(88.6  s; normal 22.3–32.5  s) with moderately decreased 
FIX activity (42.7%). Family history identified one 
affected male in the maternal lineage (great-uncle with 
confirmed severe HA and disabling arthropathy), while 
no other family members exhibited abnormal bleeding. 
The FVIII levels of the patient’s other family members 
were within the normal range. Subsequently, following 
the detection of abnormal LR-PCR fragment patterns 
(AQ, PQ, AB) at external institution, the proband was 
referred to our hospital for molecular diagnosis. Tar-
geted exon capture sequencing of F8, performed by a 
third-party laboratory (Shenzhen BGI Gene Co., China), 
excluded coding region variants in the proband and his 
maternal relatives (mother, aunt, grandmother). To con-
firm the diagnosis and enable prenatal genetic counseling 
for the proband’s maternal aunt, we performed sequential 
genomic analyses beginning with Affymetrix CytoScan 
750 K SNP array and optical genome mapping (OGM) on 
the proband, followed by OGM confirmation in both the 
aunt and grandmother to determine inheritance patterns. 
Oxford Nanopore long-read sequencing (ONT-LRS) was 
then conducted on the aunt to precisely characterize the 
structural variant.

Affymetrix CytoScan 750 K SNP array
Peripheral blood (5 mL) was collected from the proband 
using K2EDTA Vacutainer tubes (Becton Dickinson, 
USA) to prevent coagulation. Genomic DNA (gDNA) 
was extracted from the blood samples using a QIAamp 
DNA Blood Mini Kit (Qiagen, Germany) according to the 
manufacturer’s protocol. The gDNA was then digested, 
ligated, amplified, purified, fragmented, labeled, hybrid-
ized with probes, washed, and scanned via the CytoScan™ 
750 K SNP Array (Thermo Fisher Scientific, USA) accord-
ing to standard operating procedures. A computational 
analysis of the scanned image results was performed to 
detect copy number variants using Chromosome Analy-
sis Suite 4.0.

Optical genome mapping
High-molecular-weight (HMW) gDNA was isolated 
from fresh peripheral blood collected in K2EDTA Vacu-
tainer tubes (Becton Dickinson, USA) from the proband, 
grandmother, and aunt using the Bionano Prep SP Blood 
and Cell Culture DNA Isolation Kit (Bionano Genom-
ics, USA) according to the manufacturer’s protocol. DNA 
integrity (> 150 kb) was verified by pulsed-field gel elec-
trophoresis, and quantification was performed using 
the Qubit dsDNA BR Assay (Thermo Fisher Scientific, 
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USA). HMW gDNA (750 ng) was fluorescently labeled 
using DLS DNA Labeling Kit (Bionano Genomics, USA) 
with DLE-1 enzyme and DL-green fluorophores, fol-
lowed by counterstaining and quality assessment using a 
Saphyr system. The labeled DNA molecules were linear-
ized in nanochannel arrays using Saphyr Chips (Bionano 
Genomics, USA). Raw BNX files were filtered based on a 
minimum length of 150 Kb and ≥ 9 labeled sites per sin-
gle molecule. We performed in silico DLE1 digestion of 
the human reference genome (GRCh38) to generate the 
reference map, and the preset parameters of the software 
were used for comparison. The de novo assembly of sin-
gle molecules to generate consensus genome maps was 
implemented using Bionano Solve v3.5.1.

Oxford Nanopore long-read sequencing
To obtain high-quality HMW gDNA for ONT-LRS, 5 
mL of fresh peripheral blood was collected from the 
proband’s aunt into a K2EDTA Vacutainer tube (Bec-
ton Dickinson, USA). High-quality, HMW gDNA was 
extracted from peripheral blood leukocytes using the 
manual extraction protocol. The cells were lysed with a 
lysis buffer, followed by chloroform extraction and iso-
propanol precipitation. The gDNA was further purified 
using Agencourt AMPure XP magnetic beads (A63882, 
Beckman Colter, USA). The integrity of gDNA was 
assessed by pulsed-field gel electrophoresis (PFGE), con-
firming high-molecular-weight DNA with optimal integ-
rity. Subsequently, one microgram of gDNA underwent 
end repair and dA-tailing using the NEBNext® Ultra™ 
II End Repair/dA-Tailing Module (E7546, New Eng-
land Biolabs) according to the manufacturer’s instruc-
tions. The reaction products were purified and eluted 
using Agencourt AMPure XP beads. Adapter ligation 
was then performed using the NEBNext Quick Ligation 
Module (E6056, New England Biolabs) for constructing 
sequencing libraries. The DNA library was then analyzed 
via PromethION long-read sequencing (Oxford Nano-
pore Technologies, UK). The reads were aligned to the 
human reference genome hg19 using Minimax2 software. 
structural variations (SVs) analysis was performed using 
Sniffles software, and RepeatHMM was used for STR 
analysis. SVs were filtered to retain those with > 2 reads 
and whose read support after normalization in the 10 kb 
region upstream and downstream of the variant exceeded 
the read support after normalization * 0.3 in normal sam-
ples. The breakpoint positions were obtained using the 
SV calling software Sniffles, followed by manual valida-
tion in IGV.

Results
The SNP array revealed a 158  kb duplication in 
the F8 extragenic region involving exons 2–8 of 
TMLHE genes and the int22h-3 region (GRCh38: 

X:155,387,916 − 155,546,034) in the proband, with a 
resolution of 50 kb (Fig. 1). To increase the resolution of 
copy number variations (CNVs), OGM was conducted 
on the proband, his grandmother, and his aunt. OGM 
achieved an average N50 (> 150 Kb) of 266.25 Kb, a map-
ping rate of 91.9%, an average label density of 15.44/100 
Kb, an effective coverage of 144.74x, and a negative 
label variance (NLV) of 7.49. In the proband, OGM 
analysis revealed a 130.3  kb inverted duplication span-
ning int22h-2 and a partial int22h-3 region (GRCh38: 
X:155,337,184 − 155,467,470), as well as a 91.9  kb direct 
duplication (GRCh38: X:155,455,366 − 155,547,276) 
encompassing exons 2–8 of TMLHE gene and a par-
tial int22h-3 region, both located within Xq28 (Fig. 2A). 
Additionally, OGM marker annotation indicated that 
duplications were inserted into F8 intron 22, with the 
breakpoint at chrX:154,877,228-chrX:154,889,607 
(GRCh38) (Fig.  2A). OGM analysis confirmed that the 
proband’s grandmother and aunt carried the identical F8 
rearrangement(Fig.  2B and C), demonstrating maternal 
inheritance of this structural variant in the proband.

ONT sequencing generated 91.5 Gb of data, with an 
average read length of 13,529  bp and an average depth 
of 32x. Through structural variation analysis using Snif-
fles and validation with IGV, five approximate break-
points were identified, located at hg19: chrX:154,105,777, 
154,113,526, 154,610,638, 154,689,386, and 154,776,950 
(Fig.  3A-3D). The int22h family exhibit high sequence 
similarity but distinguishable by unique single nucleo-
tide variants (SNVs). A chimeric read spanning the criti-
cal region demonstrated a rearrangement structure, with 
its 5’ segment (hg19: chrX:154,105,777 − 154,113,526) 
mapping exclusively to the int22h-1 specific locus, 
as evidenced by unique SNVs. Conversely, the 3’ seg-
ment (hg19: chrX:154,113,527 − 154,118,602) aligned 
with the int22h-3 specific region. This finding sug-
gests a potential recombination event between int22h-1 
and int22h-3(Figure 3B). The ribbon plot illustrates 
paired-end sequencing reads spanning two duplicated 
segments (hg19: chrX:154,610,638 − 154,689,386 and 
chrX:154,689,387 − 154,776,950) in the Xq28 region. 
Anti-parallel orientation of connecting ribbons indi-
cates a potential inversion-driven recombination event 
between these duplications (Supplementary Fig. 1). ONT 
analysis identified three sequential duplications in F8 
gene intron 22 (hg19: X:154,105,777), confirmed through 
integration of breakpoint depth profiles, spanning reads, 
and genome annotation consistency. These include a 
7.75-kb duplication (hg19: X:154,105,777 − 154,113,526) 
involving a portion of int22h-1, a 78.75-kb inverted dupli-
cation (hg19: X:154,610,638 − 154,689,386), and an 87.56-
kb direct duplication (hg19: X:154,689,387 − 154,776,950) 
(Fig.  3A-D). Corresponding GRCh38 coordinates are 
provided in Supplementary Table e1. Reanalysis of the 
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CMA data based on ONT results revealed an upshift in 
the probe signal within int22h-1, corresponding to a 3 kb 
region (GRCh38: X:154,880,715 − 154,883,745) (Fig. 1).

Although the combined use of ONT-LRS and OGM 
successfully determined the overall architecture of the F8 
rearrangement, including the size, order, and insertion 
sites of duplicated/inverted segments, the high sequence 
homology among int22h regions precluded single-nucle-
otide resolution of breakpoints. Thus, breakpoints were 
mapped to an approximate location.

Discussion
As of February 2025, the Factor VIII gene (F8) variant 
database (www.factorviii-db.org) has documented 6,211 
unique variants, underscoring the extensive genetic 
diversity of the F8 gene. Given this complexity, the molec-
ular diagnosis of HA often requires integrating multiple 
approaches, including LR-PCR, inverse PCR (IS-PCR), 
short-read high-throughput sequencing (NGS), Sanger 

sequencing, and multiplex ligation‒dependent probe 
amplification (MLPA) [7, 10, 15]. The initial step employs 
either LR-PCR or IS-PCR to screen for Inv22 and Inv1in 
the F8 gene. Subsequent steps utilize NGS to identify 
single nucleotide variants (SNVs) and MLPA to detect 
whole-exon deletions and duplications. Notably, John-
sen et al.. demonstrated that NGS-based genotyping can 
simultaneously detect recurrent inversions, mutations, 
and CNVs, supporting its potential as a comprehensive 
diagnostic approach [16].

Conventional molecular diagnostic approaches, includ-
ing inversion screening, sequencing, and CNV analysis, 
resolve approximately 99% of severe HA cases. How-
ever, in 1–2% of severe HA cases, no F8 abnormality is 
detected via these methods. Deep intronic variants or 
rare SVs in the F8 gene may account for these unresolved 
cases [17, 18]. In this study, we challenged the accuracy 
of the initial diagnosis as the proband’s LR‒PCR results 
revealed aberrant fragment patterns (AQ, PQ, AB), which 

Fig. 1  Duplications at the Xq28 locus detected by Affymetrix CytoScan 750 K assay. The scatter plot depicts copy number variations (CNVs) on Xq28 
(GRCh38: X:155,387,916 − 155,546,034) analyzed by weighted log2 ratio, revealing copy number gains (log2 ratio ~ 1) that encompass exons 2–8 of the 
TMLHE gene and the int22h-3 region. Additionally, an approximately 3 kb signal upshift suggestive of a potential duplication was identified at the break-
point coordinates X:154,880,715 − 154,883,745 (GRCh38). The solid blue box highlights the duplicated segments in the Xq28 region, while the red dashed 
box delineated the genomic region spanning F8 and TMLHE genes. Each data point represents either a CNV probe (weighted log2 ratio on the y-axis) or 
an SNP probe (allele difference on the y-axis), plotted against genomic position (GRCh38: X:148,500,000-155,600,000)
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Fig. 3  Chromosomal rearrangement of Xq28 identified via Oxford Nanopore sequencing. Identification of complex structural variants in the Xq28 region 
using Oxford Nanopore sequencing, including a 7.75 kb duplication sequence (hg19: X:154,105,777 − 154,113,526), a 78.75 kb inverted duplication (hg19: 
X:154,610,638 − 154,689,386), and an 87.56 kb duplication (hg19: X:154,689,387 − 154,776,950). A The Integrated Genomics Viewer (IGV) visualization of 
split reads supporting the 5’ breakpoint (chrX:154,105,777) of the 7.75 kb duplication. B IGV indicated that there may be homologous recombination in 
the intron 22 and its flanking regions of the F8 gene, with the red box highlighting the suspected homologous recombination between int22h1 and 
int22h3. C IGV coverage plot confirming the 78.75 kb inverted duplication (chrX:154,610,638 − 154,689,386). D IGV split-read alignment validating the 3’ 
breakpoint (chrX:154,776,950) of the 87.56 kb duplication

 

Fig. 2  OGM reveals novel complex structure rearrangements affecting the F8 gene. A Optical genome mapping (OGM) analysis of the proband identified 
two complex structural variants in the Xq28 region: a 130.3 kb inverted duplication (GRCh38: X:155,337,184 − 155,467,470) and a 91.9 kb direct duplication 
(GRCh38: X:155,455,366 − 155,547,276), both inserted as a contiguous segment into intron22 of the F8 gene (GRCh38: X:154,877,228 − 154,889,607). B and 
C) are the OGM results of the proband’s aunt and grandmother, respectively. They carry the same structural variants in the Xq28 region as those identified 
in the proband, confirming maternal inheritance
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was inconsistent with the expected results for HA. ONT 
analysis revealed a complex rearrangement involving 
int22h-mediated duplications in the F8 gene, which was 
consistent with the aberrant fragment patterns observed 
by LR-PCR. Homologous recombination between 
a partial duplication of int22h-1 (within the 7.75  kb 
direct duplication) and a partial duplication of int22h-3 
(within the 78.75 kb inverted duplication) generated the 
int22h1-int22h3 junction (AQ).The native int22h-1 (PQ), 
int22h-2, and int22h-3 (AB) regions remain largely intact 
in their original genomic contexts, while the rearranged 
locus contains duplicated and inverted segments derived 
from these homologous regions (Fig. 4).

Chromosomal inversions typically do not result in a 
net gain or loss of genomic material. However, rare non-
canonical rearrangements involving deletions or dupli-
cations of int22h and other genes have been reported, 
which are often classified as aberrant or abnormal pat-
terns of Inv22 [12, 13]. Duplications including the 
int22h-2 and int22h-3 regions, have also been recorded 
in the Database of Gnom AD SV V4.1 in healthy indi-
viduals. Lannoy N et al.. proposed that duplications of 
int22h-2 and int22h-3 frequently recombine with each 

other, suggesting that these events may represent struc-
tural variation polymorphisms [5]. In this study, an 
158 kb duplication involving int22h-3 and exons 2–8 of 
the TMLHE gene, detected via SNP array, could be clas-
sified as a polymorphic variation according to the Ameri-
can College of Medical Genetics and Genomics (ACMG) 
and the Clinical Genome Resource (ClinGen) guidelines. 
However, the clinical significance of int22h duplications 
depends on their alignment, position, and underlying 
mechanisms [5]. While the SNP array identified a dupli-
cation in the F8 extragenic region, it could not determine 
orientation and functional impact of the duplication.

As a next-generation cytogenetic technology with a 
resolution of approximately 500  bp, OGM is capable of 
identifying chromosomal abnormalities, including CNVs, 
balanced rearrangements, and repeat amplifications [19]. 
Previous studies have confirmed that OGM is highly con-
sistent with karyotyping and CMA in detecting CNVs 
and SVs [19, 20]. Moreover, OGM offers distinct advan-
tages in identifying clinically significant cryptic balanced 
translocations and complex chromosomal rearrange-
ments [8, 21]. Fahiminiya S et al.. demonstrated that 
OGM is an effective diagnostic tool for detecting both 

Fig. 4  Schematic description of F8 gene rearrangement Complex F8 rearrangement in the proband’s Xq28 region, as resolved by Oxford Nanopore long-
read sequencing and optical genome mapping (OGM). The rearrangement comprises three sequentially inserted duplications within F8 intron 22: a 7.75-kb 
direct duplication (GRCh38: X:154,877,502 − 154,885,251) containing part of int22h-1, a 78.75-kb inverted duplication (GRCh38: X:155,380,989 − 155,459,725) 
spanning partial sequences of int22h-3 and int22h-2, and an 87.56-kb direct duplication (GRCh38: X:155,459,726 − 155,547,289) involving part of int22h-3 
and exons 2–8 of TMLHE. The 78.75 kb inverted duplication connects proximally to the 7.75 kb duplication (int22h1/3 junction, AQ), and distally to the 
87.56 kb duplication (int22h2/3, AB). The rearrangement retain the complete int22h-1 (PQ), int22h-2, and int22h-3 (AB) regions. P, Q, A, and B indicate the 
binding sites of the primers used for long-range PCR to detect int22h-related inversions
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known recurrent inversions in F8 and novel complex 
Inv22 events accompanied by F8 extragenic duplications 
[9]. In this study, OGM identified the F8 complex rear-
rangements involving highly homologous int22h regions 
in HA proband, demonstrating its utility for characteriz-
ing such SVs.

To resolve ambiguities in breakpoint assignment across 
int22h homologs and determine the topological rela-
tionship between the duplications, we conducted ONT 
sequencing, we conducted ONT sequencing on the pro-
band’s aunt. ONT-LRS is particularly useful for analyz-
ing large SVs and complex genomic regions, which are 
challenging to resolve with short-read NGS. Previous 
studies have reported the use of LR‒PCR and LRS-based 
assays to identify F8 variants, significantly improving 
the genetic diagnosis of HA. However, these methods 
may miss large duplications or deletions not covered by 
the primers [18, 22]. In this study, we employed ONT-
LRS to validate the complex SVs in the F8 gene involving 
int22h regions, ensuring the accuracy of the OGM find-
ings. ONT confirmed that an inverted duplication and a 
direct duplication were sequentially inserted into F8 gene 
intron 22. Owing to the 500 bp resolution limit of OGM, 
ONT further identified an additional 7.75 kb duplication, 
including a partial duplication of int22h-1. We hypothe-
size that the insertion of these duplications into intron 22 
of the F8 gene disrupts its expression, leading to severe 
HA in this pedigree. ONT was also proven to be an effi-
cient strategy for the identification of F8 complex recom-
bination mediated by int22h regions in HA patient.

Through the combined application of OGM and ONT 
technologies, we have revealed the F8 complex recombi-
nation event involving five critical breakpoints in Xq28 
region. Among these, three breakpoints mapped to the 
highly homologous int22h regions, while the remaining 
two were localized to distinct genomic loci: one within 
exons 2–8 of the TMLHE gene (GRCh38: X:155,547,289) 
and another in the distal portion of F8 intron 22 
(GRCh38: X:154,877,502). Due to the extreme sequence 
homology of the int22h regions, ONT-LRS alignment 
encountered multi-mapping phenomena, preventing 
precise determination of which homologous copy con-
tained the breakpoints. By employing flanking sequence 
anchoring and read depth analysis, we were able to indi-
rectly localize the breakpoint positions. Concurrently, 
OGM provided independent, high-resolution genomic 
physical maps through label pattern analysis, identifying 
a 130.3 kb inverted duplication and a 91.9 kb direct dupli-
cation in the Xq28 region. Through integrative analysis 
of ONT and OGM datasets, we successfully resolved the 
macro-scale topological architecture of the recombina-
tion event. However, single-nucleotide resolution of the 
breakpoints could not be achieved.

In conclusion, the complex recombination mediated 
by int22h regions duplications in this pedigree disrupts 
F8 expression, resulting in severe HA in proband. OGM 
and ONT have significantly increased our ability to iden-
tify F8 complex genomic rearrangements, particularly 
in cases unresolved by conventional genetic approaches. 
The F8 complex structural variants identified in this 
study represent a novel rearrangement pattern that, to 
our knowledge, has not been previously reported in the 
literature, thereby expanding the spectrum of genetic 
alterations associated with severe HA. While our study 
successfully characterized the macroscopic architecture 
of this complex rearrangement, the precise molecu-
lar mechanisms underlying the recombination events 
remained unresolved due to the inability to achieve 
single-nucleotide resolution of breakpoints within the 
highly homologous int22h regions. To address this limi-
tation, future studies could employ targeted long-range 
PCR amplification spanning predicted breakpoint junc-
tions, followed by TA cloning and high-throughput 
Sanger sequencing of multiple clones. This approach 
would enable precise nucleotide-level mapping of break-
points and reveal the rearrangement mechanism.
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