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Abstract

Purpose Hereditary angioedema due to Cl-inhibitor deficiency (HAE-C1INH) is caused by heterozygous pathogenic vari-
ants in the SERPINGI gene. Structural variants (SVs) account for 10—15% of cases, and while many can be identified using
conventional diagnostic approaches such as multiplex ligation-dependent probe amplification (MLPA), some remain dif-
ficult to detect. This study aims to assess the utility of optical genome mapping (OGM) for the detection of both typically
described and atypical structural variants in HAE-C1INH.

Methods MLPA, OGM, long-read whole-genome sequencing (LR-WGS), Sanger sequencing and cDNA analysis.

Results First, we assessed whether OGM could detect common SVs in HAE-C1INH affecting the SERPING coding region.
We tested a family previously diagnosed by MLPA with a large heterozygous deletion encompassing exons 1-2 of SERP-
ING1. OGM successfully identified this deletion in both affected members. Next, we analyzed a three-generation HAE-
C1INH family with no genetic findings after Sanger sequencing and MLPA. OGM revealed a 3.8 kb insertion in SERP-
ING1, which was further characterized using LR-WGS as a SINE-VNTR-Alu (SVA) mobile element inserted in intron 7,
demonstrating the complementary role of LR-WGS in precisely defining the nature and location of SVs detected by OGM.
Finally, we demonstrated that the allele carrying the SVA insertion was absent in cDNA resulting in SERPING1 functional
haploinsufficiency in this family.

Conclusion OGM is a reliable and robust technique for detecting SVs affecting both coding and non-coding regions in HAE-
C1INH. Using OGM, we report the first case of HAE-C1INH caused by the insertion of an SVA mobile element.
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Introduction

Hereditary angioedema (HAE) is a rare disorder affecting
approximately 1 in 50,000 individuals worldwide [1]. It is
characterized by recurrent episodes of swelling that vary
in trigger, frequency, and severity, and may result in life-
threatening airway obstruction. Most cases of HAE result
from uncontrolled bradykinin production due to heterozy-
gous loss-of-function genetic variants in SERPING I, which
encodes the C1 inhibitor protein (C1INH). C1INH concen-
tration and function are ordinarily assessed when HAE is
suspected, and if C1INH function is reduced -regardless
of whether the C1INH concentration is also decreased-
the diagnosis of HAE-C1INH is confirmed. In such cases,
sequencing of SERPINGI (by Sanger or NGS), typically
reveal pathogenic point mutations or small indels. However,
up to 10% of patients may remain genetically undiagnosed
due to the presence of structural variants (SVs), which are
not detectable by Sanger sequencing and may be missed by
conventional short-read NGS [2]. This relatively high pro-
portion of SVs in HAE-C1INH can be attributed to intrinsic
characteristics of SERPINGI, including its genomic loca-
tion and sequence composition [3—-5]. Classically, the gold
standard technique for identifying SVs in HAE-C1INH, as
well as in other human diseases, has been multiplex liga-
tion-dependent probe amplification (MLPA) [5, 6]. MLPA
uses probe pairs that hybridize to adjacent target sites;
only correctly ligated probes are amplified and quantified,
allowing for simultaneous analysis of multiple targets in a
single reaction [7]. Although MLPA is useful for identify-
ing SVs not detectable by standard sequencing methods, it
typically detects only copy number variations (CNVs), such
as deletions or duplications affecting exonic regions. This
represents a limitation, as balanced SVs (e.g., inversions
and translocations) and variants in non-coding regions (e.g.,
introns or the promoter) may remain undetected.

We aimed to demonstrate the utility of a relatively novel
technique, optical genome mapping (OGM), for identifying
SVs in HAE-C1INH. OGM is a next-generation cytoge-
nomic technology designed to detect SVs in the genome with
high resolution and accuracy. Unlike traditional sequencing,
which analyzes short DNA fragments, OGM uses ultra-high
molecular weight DNA molecules labeled at specific 6-mer
sequence motif. These molecules are linearized and imaged
as they pass through nanochannels, generating optical maps
that represent the physical layout of the genome [8]. OGM
can identify a wide range of SVs -including insertions, dele-
tions, duplications, inversions, and translocations- across
both coding and non-coding regions [9]. It is particularly
valuable for detecting variants that are difficult to identify
using conventional short-read sequencing or methods like
MLPA. The technique does not require prior knowledge of
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the target region, allowing for genome-wide analysis in a
single experiment.

In the context of HAE-C1INH, OGM offers a promis-
ing approach to uncovering cryptic or complex structural
alterations in the SERPING! gene that may underlie cases
unresolved by standard genetic testing. In this study, we
evaluated the ability of OGM to detect SVs in HAE-C1INH.
First, we demonstrated that OGM can successfully identify
CNVs affecting exonic regions, which are the most com-
mon SVs in HAE-C1INH. Next, we applied OGM to inves-
tigate a three-generation family with HAE-C1INH, who had
remained undiagnosed for over 20 years. OGM identified
a large insertion in the non-coding region of the SERP-
ING1 gene. Using long-read whole genome sequencing,
we confirmed that this insertion corresponded to a mobile
element located in intron 7 of SERPING, leading to func-
tional haploinsufficiency and causing HAE-C1INH. Our
findings highlight the utility of OGM in detecting SVs in
HAE-C1INH and provide, for the first time, a description of
a mobile element insertion as the cause of the disease.

Methods
Patients and Samples

This study included five patients from two unrelated fami-
lies. Family A comprised two affected individuals from two
consecutive generations, while Family B included three
affected individuals spanning three consecutive generations.
All patients were attended at the Allergy Division of Vall
d’Hebron University Hospital (Barcelona, Spain). Writ-
ten informed consent for the studies reported here and for
publication of the article was obtained from all patients,
according to the procedures of the Clinical Research Ethics
Committee of the Vall d’Hebron University Hospital [code:
PR(AG)202/2021].

Laboratory Tests

Serum levels of C4, and C1-INH were determined by tur-
bidimetry (Optilite, Binding Site, UK). C1-INH functional
activity was determined by ELISA (QuidelOrtho, USA).

Multiplex Ligation-Dependent Probe Amplification

Multiplex ligation-dependent probe amplification (MLPA)
was employed to identify CNVs affecting the coding region
of SERPINGI using the Salsa MLPA Probemix P243 kit
(MRC Holland), following the manufacturer’s protocol.
The probe mix includes 11 control probes, 8 probes target-
ing SERPING1, 13 probes for F/2, and 1 probe for APLNR,
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a gene located upstream of SERPING . Four DNA samples
without CNVs in this region were used as controls alongside
patient samples. Fragment separation was performed on an
ABI 3500 Genetic Analyzer (Applied Biosystems), and data
analysis was conducted using Coffalyser software version
220513.1739.

Optical Genome Mapping

Optical genome mapping (OGM) was performed as
described previously [10], with minor modifications. In
brief, ultra-high molecular weight DNA (UHMW-DNA)
was isolated from peripheral blood (stabilized with EDTA)
using the SP-G2 Blood & Cell Culture DNA Isolation Kit
(Bionano Genomics, San Diego, CA, USA). Labeling of
isolated UHMW-DNA was performed using the Direct label
and stain (DLS) kit (Bionano Genomics, San Diego, CA,
USA). 750ng Labeled DNA was analyzed on a Saphyr sys-
tem, using G3.3 chips. De novo assembly and variant call-
ing was done with Bionano Solve v3.7 and Bionano Access
v1.7.2. Variants were filtered for being present in less than
1% of a Bionano control database (containing approxi-
mately 300 samples).

Long Read Whole Genome Sequencing

Long read whole genome sequencing (LR-WGS) was per-
formed using SPRQ chemistry and a PacBio Revio system
(PacBio, Menlo Park, CA, USA). For this, 2.6ug UHMW-
DNA (left-over from OGM UHMW isolation) was first pre-
sheared by pipetting and vortexing. Library preparation was
performed with the Revio SPRQ HiFI prep kit 96 with a
Hamilton Star V liquid handler following the protocol “Pre-
paring whole genome libraries using the HiFi prep kit 96,
Procedure & checklist ” (103-420-700 REV04 APR2025).
Two additional samples were pooled together and sequenced
on the a Revio system using the Revio SPRQ Sequencing
plate (250 pm loading, 24 hour movie time), leading to an
average coverage of ~ 10x for our sample. Data analysis
was performed as described by Hops et al. [11]. The region
of interest in SERPINGI was manually checked in the bam
files opened in IGV (Integrated Genomics Viewer, v2.17.0).
From there, the insertion sequence was copied to Dfam
(release 3.9) to investigate the source of inserted sequence.

SERPING1 cDNA Analysis

Upon identifying a mobile element insertion in intron 7
of the SERPINGI gene, we investigated potential altera-
tions in RNA processing. Total blood was collected using
Tempus™ Blood RNA Tubes (Thermo Fisher Scientific,

USA) and total RNA was isolated using the Tempus™
Spin RNA Isolation Kit (Thermo Fisher Scientific, USA).
cDNA was synthesized from 1 pg of RNA using anchored-
oligo(dT)18 primers and with the Transcriptor First Strand
cDNA Synthesis Kit (Roche, Switzerland). The SERPING 1
cDNA region spanning exons 6 to 8 was amplified by PCR,
and the resulting products were purified and sequenced
using the Sanger method on an Applied Biosystems 3500
Genetic Analyzer (Thermo Fisher Scientific, USA). Primer
sequences and PCR conditions are available upon request.

Results

Optical Genome Mapping Can Detect Structural
Variants in the SERPING1 Gene

While OGM has proven to be a powerful method for detect-
ing SVs, it may have reduced sensitivity in genomic regions
near centromeres [10]. The SERPINGI gene is located at
11q12.1, relatively close to the centromere of chromosome
11, particularly when compared to most genes on the long (q)
arm. Given this proximity, our initial objective was to deter-
mine whether OGM can reliably detect SVs affecting SERP-
INGI. From our cohort of patients with HAE, we selected
a family (Family A) in whom a structural variant affecting
the SERPINGI gene had recently been identified in our
centre. Family A includes two individuals diagnosed with
HAE-C1INH: a 59-year-old mother (A-I.1) and her daugh-
ter (A-11.1) (Fig. 1A; Table 1). The mother (A-I.1) presented
disease onset at 20 years of age, with recurrent swelling
episodes predominantly affecting peripheral and abdominal
regions, lasting around 72 h, with no identified triggers and
no relevant comorbidities. The daughter (A-II.1), currently
23 years old, experienced her first angioedema episodes at
4 years of age, involving peripheral, abdominal, and geni-
tal regions, with episodes lasting approximately 96 h; stress
was reported as a common trigger, and no relevant medi-
cal history was noted. In this family, Sanger sequencing
yielded negative results. Subsequently, MLPA identified a
heterozygous deletion encompassing the first two exons of
SERPING]I (Fig. 1B). This large deletion was classified as
pathogenic and considered causative of HAE-C1INH in this
family. We performed OGM on the two affected members
of Family A. Analysis of the OGM data revealed a 14.36
kb deletion on chromosome 11 that was absent from pub-
lic databases (Fig. 1C). Closer inspection confirmed that
the deletion encompassed the 5’ upstream regulatory region
and part of the coding sequence of SERPING! (Fig. 1D).
These findings demonstrate that OGM is capable of detect-
ing CNVs affecting the coding region of SERPING! gene.

@ Springer



46 Page 4 of 10

Journal of Clinical Immunology (2026) 46:46

A B -
1 2
L
§;,;.‘;,'.;\,;.;.;,:§’5ay§"‘.:§§§‘
Al ST
& AR R R R AR RRREERERE
]
'-§@§@!@5@@@§iﬁﬁgng@@£§52ﬁg@géiﬁiém
1
=
Al
C . 7 “\\\\\ ] ny ’ D :!ocoosz.seﬁ?ww
o &% . .'I/ ¥ 18
L N 4 it
N % REF R I (. I
S0 2
4 S / "‘\ Z Y
S \\ N WT i | I |
S A\
o BF =y [ MUT i I | |
= 14.36 kb =
= : deletion ‘S o SEREIG
< 4/ - \_»". 7 Y, S
(A, 480 8 (wn) 1 7
L2 "/ . \7/\ - e y \\
_.///, ¥ R
W e+ = 2 g ® SERPING1
o i rm WE (MUT) 7
6

Fig. 1 Identification of SERPINGI coding-region copy number vari-
ants by optical genome mapping. (A) Pedigree of Family A; black
circles indicate affected individuals. (B) MLPA results for patient
A-I1.1 (identical results were obtained for A-1.1). Red circles highlight
probes with significantly reduced signal, consistent with a deletion.
(C) Optical genome mapping results for patient A-II.1 represented as a
circos plot. A 14.36 kb deletion encompassing part of the SERPING

gene is indicated by an orange dot and marked with an arrow (identi-
cal results were obtained for A-1.1). (D) Screenshot of optical genome
mapping results visualized using Bionano Access software. The refer-
ence genome is shown in green; patient alleles are shown in blue. A
schematic representation of the wild-type (WT) and mutated (MUT)
SERPINGI alleles in the patients is included

Table 1 Overview of laboratory and molecular analyses performed in the patients.

Patient C4(mg/dL)(ref: C1-INH (mg/  CI1-INH(UCI-In/ Sanger MLPA SERPING1I OGM LR-
10-40) dL)(ref: 15-35) mL)(ref: 0.7-1.3) SERPING1 WGS

A-L.1 3.1 79 ] 0.2] Negative Del exon 1-2 14.36 kb -
deletion

A-11.1 7.5 6.1] 04 ] Negative Del exon 1-2 14.36 kb -
deletion

B-I.1 5.1 0.1] Negative Negative - -

B-11.2 6.2 ] 04 ] Negative - - -

B-III.1 69| 0.6 Negative Negative 3.8 kb insertion 3.6kb

insertion

OGM in Genetically Unresolved HAE-C1INH:
Detection of a Non-coding SERPING1 Structural
Variant

To explore the potential of OGM in patients without a

prior genetic diagnosis, we selected a family (Family B)
with HAE-C1INH affecting three consecutive generations

@ Springer

(Fig. 2A). This family has been followed at our hospital for
over 20 years without a confirmed genetic diagnosis. The first
patient (B-I.1), an 83-year-old male with a history of hyper-
tension and atrial fibrillation, experienced disease onset at
16 years of age, with recurrent peripheral and abdominal
angioedema episodes, without identified triggers. The sec-
ond patient (B-11.2), a 55-year-old male with no relevant
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comorbidities, presented disease onset at 20 years, with
predominantly abdominal, genital, and peripheral attacks;
stress and trauma were identified as common triggers. The
third patient (B-III.1), a 21-year-old male with a back-
ground of asthma and allergic rhinitis, experienced onset
at 10 years of age, with peripheral and abdominal attacks
lasting approximately 72 h; stress, trauma, and infections
were reported as common triggers. Sanger sequencing and
MLPA were performed in multiple family members, but no
pathogenic variants were identified (Fig. 2B; Table 1). We
performed OGM in patient B-11.2 and identified a heterozy-
gous insertion of approximately 3.8 kb on chromosome 11
that was absent from public databases (Fig. 2C). The inser-
tion was mapped to a region between intron 6 and the 3’
downstream sequence of SERPING1 (Fig. 2D), although the
exact breakpoint could not be precisely determined due to
the intrinsic limitations of the OGM technique. Since this
variant had not been detected by MLPA, we hypothesized
that it was located within intronic regions (intron 6 or intron
7) or, less likely, in the 3’ downstream region. Although the
insertion putatively lies in a non-coding region, its size and
position suggest that it could disrupt SERPINGI transcrip-
tion and/or splicing. We therefore considered this insertion
to be the likely cause of HAE-C1INH in this family.

Identification of an RNA Retrotransposon Insertion
in SERPING1 by Long-read Whole Genome
Sequencing

To determine the exact location and sequence of the insertion
detected by OGM, we performed long-read whole-genome
sequencing (LR-WGS) on patient B-I1.2. We obtained
approximately 10x coverage in the target region, with two
reads supporting the insertion. The insertion was located in
intron 7 and measured 3.6 kb in length (Fig. 2E). Sequence
analysis revealed that the inserted fragment corresponded
to a mobile element, specifically a SINE-VNTR-Alu (SVA)
element (Fig. 2E and Figure S1). SVA elements are RNA
retrotransposons, meaning they can copy and insert them-
selves into new genomic locations via an RNA intermediate.
These elements are human-specific and relatively young in
evolutionary terms, making them significant contributors to
genomic variation and, in some cases, human disease [12].
In this family, an SVA element was inserted into intron 7 of
one of the SERPING1 alleles (Fig. 2F), presumably causing
HAE-C1INH.

SVA Insertion in SERPINGT Intron 7 Causes
Functional Haploinsufficiency

Since OGM and LR-WGS were only performed in patient
B-I1.2, we next aimed to confirm that all affected members

of Family B carried the SVA insertion. To this end, we
designed a PCR assay targeting the 5’ breakpoint of the
SVA element, with the forward primer located in intron 7
of SERPING and the reverse primer located within the 5’
region of the SVA sequence (Fig. 3A). All affected fam-
ily members tested positive for the expected PCR product,
confirming the presence of the SVA insertion in SERPING 1
intron 7. In contrast, no amplification was observed in any
of the control samples (n=3) (Fig. 3B).

Finally, we aimed to assess the functional impact of the
SVA insertion on the affected SERPING! allele. Since the
SVA was inserted in intron 7, we hypothesized that it could
affect SERPING1 splicing. To test this, we extracted cDNA
from total blood samples of patients B-I1.2 and B-III.1 and
amplified a fragment of SERPING! cDNA spanning exons
6 to 8. Both patients, as well as two control samples, pro-
duced the expected PCR product, with no additional bands
observed in the patient samples (data not shown). Sanger
sequencing of the PCR products revealed no alterations,
with a single, unaltered sequence from exon 6 to exon 8
(data not shown). Thus, the amplification and sequencing
of SERPINGI cDNA did not reveal any splicing defects.
Most splicing defects lead to aberrant transcripts contain-
ing premature stop codons, which are typically degraded
via nonsense-mediated mRNA decay (NMD). Given that
SERPING]I is highly sensitive to NMD [13, 14], we hypoth-
esized that any aberrant transcripts resulting from the allele
with the SVA insertion may be completely degraded, mean-
ing we were only analyzing the wild-type allele in the PCR
and sequencing cDNA-based experiments.

To test this hypothesis, we first searched for heterozy-
gous single-nucleotide polymorphisms (SNPs) in the coding
region of SERPINGI in the three affected family members.
We found that patient B-11.2 was heterozygous for the rs4926
SNP (Fig. 3C). This is a common population variant (minor
allele frequency=0.27 in Europeans, according to gnomAD
v4.1.0), located in exon 8 (c.1438G>A), and results in a
missense change (p.Val480Met). No other heterozygous
coding SNPs were identified in the remaining patients.
Using the LR-WGS data, we established that the G allele
of rs4926 was present on the SERPING! allele carrying
the SVA insertion, while the A allele was on the wild-type
allele (Fig. 3D). Next, we sequenced exon 8 of SERPING1
using both gDNA and cDNA from patient B-11.2. In gDNA,
both alleles (G/A) were equally represented, whereas in
cDNA, only the A allele —corresponding to the wild-type
allele— was detected (Fig. 3E). These results indicate that
the transcript from the allele carrying the SVA insertion was
absent, likely due to aberrant splicing and degradation via
NMD. Taken together, these findings demonstrate that the
SVA insertion in intron 7 of SERPINGI causes functional
haploinsufficiency, leading to HAE-C1INH in this family.
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{ Fig. 2 Identification and characterization of a mobile element insertion
in the non-coding region of SERPINGI. (A) Pedigree of Family B;
black squares indicate affected individuals. (B) MLPA results show-
ing no copy number alterations in patient B-II.2. (C) Optical genome
mapping results for patient B-11.2 represented as a circos plot. A 3.8 kb
insertion involving the SERPING! gene is indicated by a green dot
and marked with an arrow. (D) Screenshot of optical genome map-
ping results visualized using Bionano Access software. The refer-
ence genome is shown in green; patient alleles are shown in blue. A
schematic representation of the wild-type (WT) and mutated (MUT)
SERPING] alleles is included. In the mutated allele, the region where
the insertion is potentially located is highlighted with a red bar. (E)
Screenshot of long-read whole-genome sequencing results visualized
in the Integrative Genomics Viewer (IGV). Two out of eight reads cov-
ering SERPING intron 7 display a 3.6 kb insertion (left). The inserted
region, corresponding to an SVA element, is shown in the expanded
view (right). (F) Schematic representation of the WT and MUT SERP-
ING1 alleles in patient B-11.2. The SVA element insertion within intron
7 is depicted in the MUT allele

We classified this variant as pathogenic and submitted to
ClinVar (ID:4686556).

Discussion

In this study, we report for the first time the application of
OGM for the detection of SVs in patients with HAE-C1INH.
Although OGM has previously been shown to be effective
in identifying SVs in other human genetic disorders [15—
17], we considered it particularly important to demonstrate
its utility in the context of HAE-C1INH. Approximately
10% of patients with HAE-C1INH harbor large genomic
rearrangements in the SERPING! gene. This phenomenon
can be attributed to the genomic architecture of SERP-
ING1, which is enriched in repetitive elements such as Alu
sequences [5]. These repeats predispose the region to non-
allelic homologous recombination and other mechanisms of
genomic instability, leading to deletions, duplications, and
other structural variants. Among these SVs, CNVs affecting
the coding region (i.e., exons) represent a significant subset
of pathogenic alterations in SERPINGI and are routinely
detected using MLPA. However, MLPA is limited to detect-
ing unbalanced variants and may fail to identify balanced or
non-coding SVs. In this context, OGM offers added diag-
nostic value by enabling the detection of a broader range
of SVs, including those missed by conventional techniques.

We first demonstrated that OGM can detect exonic CNVs
in a family in which a heterozygous deletion involving the first
two exons of SERPINGI had previously been identified by
MLPA. This proof-of-concept was particularly relevant given
that one known limitation of OGM is its reduced sensitiv-
ity in genomic regions located near centromeres [10]. These
pericentromeric regions are typically rich in highly repetitive
sequences, such as satellite DNA, which complicate accurate
mapping and alignment. As a result, SVs occurring in or near

these regions may go undetected, and this limitation should be
considered when interpreting negative OGM results. SERP-
ING] is located approximately 3 megabases distal to the cen-
tromere on the long arm (q arm) of chromosome 11. Although
this places it relatively close to the centromere, it lies outside
the pericentromeric region and is generally accessible to most
genomic analysis methods, including OGM, albeit with poten-
tial sensitivity constraints. Our results in Family A demonstrate
that OGM is capable of detecting common exonic CNVs in
SERPINGI, supporting its utility in the genetic diagnosis of
structural variants in HAE-C1INH.

We then demonstrated that OGM can resolve previously
unsolved HAE-C1INH cases involving uncommon SVs. In
Family B, we identified an insertion in SERPING/ intron 7,
which was ultimately characterized as an SVA element. To
our knowledge, this is the first report of a mobile element
insertion as a disease-causing mechanism in HAE-C1INH.
Mobile elements, also known as transposable elements, are
DNA sequences capable of changing their position within
the genome. They make up nearly half of the human genome
and are classified into two major groups: retrotransposons
(which move via an RNA intermediate) and DNA transpo-
sons (which move directly as DNA, although they are largely
inactive in humans) [18]. Among retrotransposons, the most
prominent families are long interspersed nuclear elements
(LINEs), short interspersed nuclear elements (SINEs; e.g.,
Alu elements), and SVA elements. While most mobile ele-
ments are no longer active, a small number (e.g. SVAs) retain
the ability to mobilize. Insertion of these elements into new
genomic locations can disrupt gene function or regulation,
thereby contributing to human disease [18-20]. SVAs are
evolutionarily young, hominid-specific and considered non-
autonomous retrotransposons, meaning they cannot mobilize
on their own. Instead, they rely on the enzymatic machin-
ery provided by LINE-1 elements [12]. Although SVAs (~
2,700 copies per human genome) are far less abundant than
LINE-1 (> 500,000 copies) or Alu elements (> 1,000,000
copies), they can still cause human disease as their insertion
can disrupt coding sequences, alter splicing, or interfere with
gene regulation [12, 18]. Pathogenic SVA insertions have
been reported in a range of disorders, including neurodevel-
opmental and neuromuscular diseases [21, 22], retinal condi-
tions [23], and predisposition to cancer [24]. Their complex
structure and repetitive nature make them difficult to detect
with conventional sequencing approaches, likely leading to
underdiagnosis. Emerging technologies such as OGM are
therefore particularly valuable for identifying SVA-mediated
pathogenic variants. In the family reported here, the SVA ele-
ment caused HAE-C1INH via insertional mutagenesis, a pro-
cess in which a mobile element inserts into or near a coding
or regulatory region, thereby disrupting gene expression or
splicing. Since the SVA element was inserted into intron 7 of
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Fig. 3 SVA insertion in SERPINGI intron 7 causes functional hap-
loinsufficiency in Family B. (A) Design of a specific PCR assay to
detect the SVA element. The locations of the primers are indicated
by green arrows. Sanger sequencing shows the 5’ breakpoint of the
SVA insertion in SERPINGI intron 7 in patient B-I1.2. (B) Agarose
gel electrophoresis of PCR amplicons from the three affected members
of Family B and three healthy controls. Only affected individuals dis-
play the expected band, indicating the presence of the SVA insertion in
SERPING 1 intron 7. (C) Schematic representation of SERPING1 exon
8 showing that patient B-11.2 is heterozygous for the rs4926 SNP. The

SERPING1, we hypothesized that the disease-causing mech-
anism involved disruption of RNA splicing. The insertion of
a large DNA fragment — 3.6 kb in length— into an intron only
2.4 kb long could interfere with normal splicing through sev-
eral mechanisms, including the introduction of cryptic splice
sites, disruption of splicing regulatory elements, or alteration

@ Springer

reference allele (G) is highlighted in brown, and the alternative allele
(A) in green. (D) Representation of the wild-type (WT) and mutated
(MUT) SERPING]1 alleles in patient B-11.2. Long-read whole-genome
sequencing allowed phasing of the rs4926 G allele to the allele car-
rying the SVA insertion. (E) Sanger sequencing of genomic DNA
(gDNA) and complementary DNA (cDNA) from patient B-11.2. While
both rs4926 alleles (G and A) are present in gDNA, the G allele -cor-
responding to the allele with the SVA insertion- is absent in cDNA,
resulting in functional haploinsufficiency

of RNA secondary structure. Although we could not identify
the exact splicing defect caused by the SVA insertion, cDNA
analysis revealed a complete absence of correctly spliced
RNA from the allele harboring the SVA. This supports a
model of functional SERPINGI haploinsufficiency as the
underlying cause of HAE-C1INH in this family.
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Despite the high resolution and long-range capabilities of
OGM, several limitations must be acknowledged:

1. Limited detection of small variants: OGM cannot
identify single nucleotide variants (SNVs) or small
insertions and deletions (indels), as it lacks base-pair
resolution. Its resolution is primarily determined by
the density of sequence-specific labeling motifs (typi-
cally a 6-base pair motif) used during DNA labeling.
Regions lacking these motifs may be poorly represented
or unmapped. The lower size limit for the reliable detec-
tion of insertions and deletions by OGM is approxi-
mately 500 bp. Fortunately, the vast majority of SVs
identified in patients with HAE-C1INH are larger than
500 bp and are therefore detectable by OGM [25].

2. Limited breakpoint resolution: The precise localization
of structural variant breakpoints in OGM depends on the
presence and density of label motifs near the breakpoint
sites. In the two families reported here, OGM success-
fully identified a structural variant but was unable to
accurately resolve the exact breakpoint positions. This
limitation is also encounter when using MLPA.

3. Lack of sequence information: Unlike sequencing, OGM
(and MLPA) do not provide nucleotide-level sequence
data, as it detects structural changes based on physical
maps rather than DNA base reads. While this limitation
is often not critical, it can hinder variant characterization
in certain cases. For example, in Family B of our study,
this limitation initially precluded the identification of the
nature of an insertion.

However, many of these challenges can be mitigated by inte-
grating OGM with complementary technologies. For instance,
combining OGM with LR-WGS offers both nucleotide-level
resolution and long-range genomic context, enabling a more
comprehensive and accurate characterization of SVs. In Fam-
ily B, this combined approach allowed us to precisely resolve
the breakpoints and determine the sequence of the insertion.

A limitation of this study is the inclusion of only two
families. This small sample size primarily reflects the rar-
ity of HAE-C1INH; furthermore, structural variants account
for only 8-10% of the genetic diagnoses in this condition.
Despite this limitation, the findings from the two families
reported here strongly support the robustness of OGM as a
molecular diagnostic tool for HAE-C1INH. Nevertheless,
larger validation studies will be necessary to further confirm
and generalize these results.

In summary, we demonstrated that OGM is a reliable tech-
nology for the identification of both common and complex
SVs in HAE-C1INH. This has important implication in diag-
nosis, since SVs are a quite common type of genetic altera-
tion in HAE-C1INH. Although MLPA, commonly used in

genetic diagnosis of HAE-C1INH, is a valuable technique for
the detection of CNVs affecting coding regions, it has inher-
ent limitations, particularly in resolving complex or atypical
structural variants and alterations outside the targeted probe
regions. In contrast, OGM enables unbiased, genome-wide
detection of structural variants, including CNVs, with high
resolution and without prior knowledge of the affected region.
This broader detection capacity allows OGM to overcome
some of the constraints of MLPA, potentially leading to the
identification of pathogenic variants in patients who remain
undiagnosed with conventional methods. As such, OGM can
serve as a complementary approach to enhance the diagnostic
yield in hereditary angioedema and help ensure that no patients
with HAE-C1INH remain without a genetic diagnosis.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s10875-026-02015-z.

Acknowledgements We are deeply grateful to the patients and their
families for their participation and valuable contribution to this study.
We would also like to thank all other Solve-RD colleagues and col-
laborators that were not mentioned by name in the author list, including
members of the Solve-RD data interpretation task force (DATF), Solve-
RD data interpretation task forces (DITF) and other members of collab-
orating ERNs. We also thank The Radboud Technology Center Genom-
ics for the technical assistance in performing OGM experiments.

Authors’ contributions L.B.M. and R C. participated in the analysis
and interpretation of genetic data in all the steps of this study. J.G.S.
and M.G. provided patient care and collected clinical data. A.A.C.
and A.B.T. performed sample collection, nucleic acid extraction, and
Sanger sequencing. J.P.P. was responsible for the laboratory analysis.
P.F.A. conducted and analyzed the MLPA. E.K. carried out the Opti-
cal Genome Mapping (OGM) laboratory work. A.D.O. performed the
long-read whole genome sequencing (LR-WGS) laboratory work, and
R.T. conducted the LR-WGS bioinformatics analyses. M.S. contrib-
uted to the OGM and LR-WGS laboratory work and coordinated logis-
tics. KLN. and A.H. supervised and analyzed the OGM and LR-WGS
data. L.B.M., A.A.C., and R.C. performed the cDNA experiments.
L.B.M. and R.C. designed and supervised the project, provided re-
sources, and edited the manuscript. All authors reviewed, commented
on, and approved the final version of the manuscript.

Funding Open Access funding provided by CERCA through the
CRUE-CSIC agreement with Springer Nature. This study was funded
by Instituto de Salud Carlos III, grants P120/00761 and P123/00161,
co-financed by the European Regional Development Fund (ERDF);
and by the Jeffrey Modell Foundation. This research is supported by
the European Reference Network for Rare Immunodeficiency, Autoin-
flammatory and Autoimmune Diseases (ERN-RITA). Part of this work
was performed within the Solve-RD project, which has received fund-
ing from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 779257. LB-M is supported by
an ISCIII postdoctoral fellowship, “Sara Borrell,” CD24/00011, co-
financed by the European Union. A.H. was supported by a ZonMW
(The Netherlands Organization for Health Research and Development)
Vici grant (No. 09150182310053). None of the sponsors has been in-
volved in the study design; in the collection, analysis and interpreta-
tion of data; in the writing of the report; or in the decision to submit
the article for publication.

@ Springer


https://doi.org/10.1007/s10875-026-02015-z

46 Page 10 of 10

Journal of Clinical Immunology (2026) 46:46

Data Availability Data is provided within the manuscript or supple-
mentary information files.

Declarations

Ethics approval and consent to participate This study was performed
in line with the principles of the Declaration of Helsinki. Approval was
granted by the Ethics Committee of Vall d’Hebron University Hospi-
tal: date: 11/06/2021, code: PR(AG)202/2021.

Consent for publication The authors affirm that the human research
participants provided informed consent for publication of the data in
this manuscript.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, 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 changes
were made. 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 http://creativecommons.org/licenses/by/4.0/.

References

1. Sinnathamby ES, Issa PP, Roberts L, Norwood H, Malone K,
Vemulapalli H, et al. Hereditary Angioedema: Diagnosis, Clinical
Implications, and Pathophysiology. Adv Ther. 2023;40(3):814-27.

2. Meng X, Wang M, Luo M, Sun L, Yan Q, Liu Y. Systematic eval-
uation of multiple NGS platforms for structural variants detec-
tion. J Biol Chem. 2023;299(12):105436.

3. Miga KH, Alexandrov IA. Variation and Evolution of Human
Centromeres: A Field Guide and Perspective. Annu Rev Genet.
2021;55:583-602.

4.  Stoppa-Lyonnet D, Carter PE, Meo T, Tosi M. Clusters of intragenic
Alu repeats predispose the human C1 inhibitor locus to deleterious
rearrangements. Proc Natl Acad Sci U S A. 1990;87(4):1551-5.

5. Germenis AE, Speletas M. Genetics of Hereditary Angioedema
Revisited. Clin Rev Allergy Immunol. 2016;51(2):170-82.

6. Stuppia L, Antonucci I, Palka G, Gatta V. Use of the MLPA assay
in the molecular diagnosis of gene copy number alterations in
human genetic diseases. Int J Mol Sci. 2012;13(3):3245-76.

7. Schouten JP, Mc Elgunn CJ, Waaijer R, Zwijnenburg D, Diepvens
F, Pals G. Relative quantification of 40 nucleic acid sequences by
multiplex ligation-dependent probe amplification. Nucleic Acids
Res. 2002;30(12):e57.

8. Barseghyan H, Tang W, Wang RT, Almalvez M, Segura E, Bram-
ble MS, et al. Next-generation mapping: a novel approach for
detection of pathogenic structural variants with a potential utility
in clinical diagnosis. Genome Med. 2017;9(1):90.

9. Zhang S, Pei Z, Lei C, Zhu S, Deng K, Zhou J, et al. Detection of
cryptic balanced chromosomal rearrangements using high-resolu-
tion optical genome mapping. J Med Genet. 2023;60(3):274-84.

10. Mantere T, Neveling K, Pebrel-Richard C, Benoist M, van der
Zande G, Kater-Baats E, et al. Optical genome mapping enables

@ Springer

constitutional chromosomal aberration detection. Am J Hum
Genet. 2021;108(8):1409-22.

11. Hops W, Weiss MM, Derks R, Galbany JC, Ouden A den, van
den Heuvel S et al. HiFi long-read genomes for difficult-to-detect,
clinically relevant variants. Am J Hum Genet. 2025;112(2):450-6.

12. Chu C, Lin EW, Tran A, Jin H, Ho NI, Veit A, et al. The land-
scape of human SVA retrotransposons. Nucleic Acids Res.
2023;51(21):11453-65.

13. Colobran R, Lois S, de la Cruz X, Pujol-Borrell R, Hernandez-
Gonzalez M, Guilarte M. Identification and characterization of
a novel splice site mutation in the SERPINGI gene in a fam-
ily with hereditary angioedema. Clin Immunol Orlando Fla.
2014;150(2):143-8.

14. Colobran R, Pujol-Borrell R, Hernandez-Gonzélez M, Guilarte
M. A novel splice site mutation in the SERPING1 gene leads to
haploinsufficiency by complete degradation of the mutant allele
mRNA in a case of familial hereditary angioedema. J Clin Immu-
nol. 2014;34(5):521-3.

15. Schrauwen I, Rajendran Y, Acharya A, Ohman S, Arvio M, Paetau
R, et al. Optical genome mapping unveils hidden structural vari-
ants in neurodevelopmental disorders. Sci Rep. 2024;14(1):11239.

16. Neveling K, Mantere T, Vermeulen S, Oorsprong M, van
Beek R, Kater-Baats E, et al. Next-generation cytogenetics:
Comprehensive assessment of 52 hematological malignancy
genomes by optical genome mapping. Am J Hum Genet.
2021;108(8):1423-35.

17. Levy B, Kanagal-Shamanna R, Sahajpal NS, Neveling K, Rack
K, Dewaele B, et al. A framework for the clinical implementation
of optical genome mapping in hematologic malignancies. Am J
Hematol. 2024;99(4):642—61.

18. Liao X, Zhu W, Zhou J, Li H, Xu X, Zhang B, et al. Repetitive
DNA sequence detection and its role in the human genome. Com-
mun Biol. 2023;6(1):954.

19. Wijngaard R, Demidov G, O’Gorman L, Corominas-Galbany J,
Yaldiz B, Steyaert W, et al. Mobile element insertions in rare dis-
eases: a comparative benchmark and reanalysis of 60,000 exome
samples. Eur J Hum Genet EJHG. 2024;32(2):200-8.

20. de Bruijn SE, van den Ingeborgh L, Derks R, Haer-Wigman
L, O’Gorman L, Cremers FPM, et al. Long-read technologies
identify a hidden LINE-1/ERV1 insertion in IQCBI as caus-
ative variant for Senior-Leken syndrome. NPJ Genomic Med.
2025;10(1):33.

21. Zhao B, Madden JA, Lin J, Berry GT, Wojcik MH, Zhao X, et al.
A neurodevelopmental disorder caused by a novel de novo SVA
insertion in exon 13 of the SRCAP gene. Eur ] Hum Genet EJTHG.
2022;30(9):1083-7.

22. Vezain M, Thauvin-Robinet C, Vial Y, Coutant S, Drunat S,
Urtizberea JA, et al. Retrotransposon insertion as a novel
mutational cause of spinal muscular atrophy. Hum Genet.
2023;142(1):125-38.

23. Jones KD, Radziwon A, Birch DG, MacDonald IM. A novel SVA
retrotransposon insertion in the CHM gene results in loss of REP-1
causing choroideremia. Ophthalmic Genet. 2020;41(4):341-4.

24. van der Klift HM, Tops CM, Hes FJ, Devilee P, Wijnen JT. Inser-
tion of an SVA element, a nonautonomous retrotransposon, in
PMS?2 intron 7 as a novel cause of Lynch syndrome. Hum Mutat.
2012;33(7):1051-5.

25. Ponard D, Gaboriaud C, Charignon D, Ghannam A, Wage-
naar-Bos IGA, Roem D, et al. SERPING] mutation update:
Mutation spectrum and C1 Inhibitor phenotypes. Hum Mutat.
2020;41(1):38-57.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/

	﻿Optical Genome Mapping for the Identification of Complex Structural Variants in Hereditary Angioedema
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patients and Samples
	﻿Laboratory Tests
	﻿Multiplex Ligation-Dependent Probe Amplification
	﻿Optical Genome Mapping
	﻿Long Read Whole Genome Sequencing
	﻿﻿SERPING1﻿ cDNA Analysis

	﻿Results
	﻿Optical Genome Mapping Can Detect Structural Variants in the ﻿SERPING1﻿ Gene
	﻿OGM in Genetically Unresolved HAE-C1INH: Detection of a Non-coding ﻿SERPING1﻿ Structural Variant
	﻿Identification of an RNA Retrotransposon Insertion in ﻿SERPING1﻿ by Long-read Whole Genome Sequencing
	﻿SVA Insertion in ﻿SERPING1﻿ Intron 7 Causes Functional Haploinsufficiency

	﻿Discussion
	﻿References


