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A B S T R A C T

SERPING1 genotyping of subjects suspicious for hereditary angioedema due to C1-INH deficiency (C1-INH-HAE)
is important for clinical practice as well as for research reasons. Conventional approaches towards the detection
of C1-INH-HAE-associated SERPING1 variants are cumbersome and time-demanding with many pitfalls. To take
advantage of the benefits of next-generation sequencing (NGS) technology, we developed and validated a custom
NGS platform that, by targeting the entire SERPING1 gene, facilitates genetic testing of C1-INH-HAE patients in
clinical practice. In total, 135 different C1-INH-HAE-associated SERPING1 variants, out of the approximately 450
reported, along with 115 negative controls and 95 randomly selected DNA samples from affected family
members of C1-INH-HAE index patients, were included in the forward and reverse validation processes of this
platform. Our platform's performance, i.e. analytical sensitivity of 98.96%, a false negative rate of 1.05%,
analytical specificity 100%, a false positive rate equal to zero, accuracy of 99.35%, and repeatability of 100%
recommends its implementation as a first line approach for the genetic testing of C1-INH-HAE patients or as a
confirmatory method. A noteworthy advantage of our platform is the concomitant detection of single nucleotide
variants and copy number variations throughout the whole length of the SERPING1 gene, moreover providing
information about the size and the localization of the latter. During our study, 15 novel C1-INH-HAE-related
SERPING1 variants were detected.

1. Introduction

Hereditary angioedema is a relatively rare, disabling and potentially

life-threatening disorder characterized by recurrent attacks of sub-
cutaneous or submucosal edemas, which develop as a result of a tran-
sient and localized increase of bradykinin and increased permeability of
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blood vessels. C1-INH-HAE is the most common and best-characterized
form of hereditary angioedema (Cicardi et al., 2014). It is attributed to
genetic alterations in the SERPING1 gene encoding C1-INH, a reg-
ulatory protein of the contact system. SERPING1 gene extends over a
17,159 bp genomic region located on chromosome 11q12-q13.1. Its
pronounced allelic heterogeneity as well as the fact that approximately
20–25% of all unrelated patients with C1-INH-HAE represent sporadic
cases carrying de novo SERPING1 mutations with the same mutational
spectrum as the familial ones, makes SERPING1 a prime example of
mutagenic lability. SERPING1's proximity to the centromere and the
high incidence of Alu repeat sequences and CpG sites explain its higher
than average mutation rates (Pappalardo et al., 2002; Cicardi et al.,
2005). Over 450 different SERPING1 mutations related with C1-INH-
HAE have been detected up to now, scattered over the eight exons and
their flanking intronic sequences (Germenis & Speletas, 2016). The
majority of C1-INH-HAE-related SERPING1 mutations are SNVs (34%
missense mutations, 10% splice-site defects, 7% nonsense mutations,
1% regulatory mutations) followed by CNVs (31% frameshift altera-
tions and small indels, 17% large gene rearrangements) (Speletas et al.,
2015a). In a small proportion of patients with C1-INH-HAE (approxi-
mately 5–10%) no SERPING1 alterations can be detected even after
meticulous analysis of the coding region (Speletas et al., 2015a;
Pappalardo et al., 2008; Csuka et al., 2015) implying that the defect
that modifies C1-INH expression may be located in an intronic or an
untranslated region of the gene, like those recently reported (Maas
et al., 2008; Kang et al., 2006; Colobran et al., 2014).

The diagnosis of C1-INH-HAE is based on its clinical appearance and
is confirmed by the detection of low plasma levels of antigenic and/or
functional C1-INH. However, with every passing day, SERPING1 gen-
otyping of patients who suffer from hereditary angioedema becomes
more indispensable in the clinical practice (Farkas et al., 2017) as well
as for research reasons. The conventional molecular analysis of
SERPING1 relies on with the prioritized amplification of all exons and
the exon/intron boundaries by PCR and the detection of mutations by
direct sequencing. If no mutation were found, further analyses for the
identification of large gene rearrangements are performed, usually by
two different techniques, namely the long-range PCR and the MLPA.
This cumbersome and time-consuming approach is fraught with pitfalls
as it is highly dependent on users' experience and knowledge. Some-
times, for example, a novel missense mutation is incorrectly held to be
the causal genetic defect because its detection during the early steps of
the analysis has prevented the discovery of an indel leading to pre-
mature truncation of protein synthesis. Moreover, deep intronic al-
terations that may affect pre-mRNA splicing and possibly contributing
to C1-INH-HAE phenotype, as it is true for many other diseases (Vaz-
Drago et al., 2017), escape the conventional approach.

NGS overcomes many of shortcomings of traditional approaches.
Here, we report the development and the validation of a custom NGS
platform that targets the entire 11q12-q13.1 locus, including the pro-
moter, coding, intron-exon boundary as well as intronic regions of the
SERPING1 gene, following the recently published professional stan-
dards and guidelines (Rehm et al., 2013; Weiss et al., 2013).

2. Material and methods

2.1. DNA samples

102 DNA samples from already diagnosed and genotyped C1-INH-
HAE index patients (99 type I, 3 type II; 31 Hungarian, 33 Greek, 17
German, 11 Romanian, 10 Spanish) carrying different SERPING1 var-
iants were used for the forward validation of the newly developed NGS
platform for SERPING1 genotyping. The previously reported C1-INH-
HAE associated SNVs and indels (76), and CNVs (22) are shown in
Tables 1 and 2, respectively. Four additional samples in which the
detection of a causal SERPING1 defect had not been achieved were also
included in the analysis. As negative controls, 115 DNA samples from

patients diagnosed with U-HAE (normal antigenic and functional C1-
INH plasma levels) previously genotyped and free of SERPING1 muta-
tions were used.

Another cohort of 91 not genotyped patients (4 Greek, 30 Bulgarian,
36 Polish, 11 German, and 10 Romanian) already diagnosed with C1-
INH-HAE (88 type I, 3 type II) belonging to 55 different families was
used for the blind reverse validation of the developed SERPING1-NGS
platform.

In order to test the repeatability of the SERPING1-NGS platform, 95
randomly selected DNA samples from C1-INH-HAE-affected family
members of the above index patients were analyzed.

2.2. Next-generation sequencing

A NGS custom panel was designed using the Ion AmpliSeq Thermo
Fisher Scientific Designer, in order to analyze SERPING1 in its full
length (all exons, introns, promoter, 5′- and 3′-untranslated regions
–UTRs). 77 amplicons in two primer pools provide 100% coverage of all
translated regions and UTRs with missing areas located only in intronic
regions (overall coverage ≈83%). Additional amplicons (300 in total)
for different genes in all chromosomes, selected among those encoding
for proteins involved in bradykinin metabolism, were included in the
panel, in order to achieve a more robust CNVs analysis.

DNA libraries for each sample were constructed using the Ion
AmpliSeq Library Kit 2.0 (Thermo Scientific). Briefly, 10 ng of gDNA
per primer pool was amplified and indexed with a unique adapter using
Ion Xpress barcode adapters kit (Thermo Scientific). Equal volumes of
the two pools were combined and barcoded libraries were purified
using the Agencourt AMPure XP Beads (Beckman Coulter), quantified
with Qubit 2.0 fluorometer (Thermo Scientific), diluted to 100 pM and
pooled in equimolar proportion. Template preparation was carried out
on OneTouch2 system using the Ion OT2 HI-Q Template kit (Thermo
Scientific) and the enrichment of Ion Sphere Particles (ISPs) on Ion One
Touch ES (Thermo Scientific). Sequencing was performed on PGM using
Ion PGM Hi-Q sequencing kit (Thermo Scientific), on 318 chip. All
procedures were performed according to the manufacturer's instruc-
tions.

Sequencing raw data were analyzed for base calling, demulti-
plexing, alignment to hg19 reference genome (GRCh37), coverage
analysis and variant calling on Torrent Suite 5.2 software using default
parameters. More specifically, variant calling was performed by the
VariantCaller v.5.2 plug-in and coverage analysis by the
coverageAnalysis v.5.2.1.2 plug-in. Annotation of variants and CNVs
analysis was performed on Ion Reporter software v.5.2 (Thermo
Scientific). Detected variants were annotated with the gene name and
for their possible presence in the dbSNP database according the re-
commendations of the Human Genome Variation Society (HGVS)
(http://www.hgvs.org/mutnomen/). In silico pathogenicity prediction
of the variants was performed by the usage of SIFT (http://sift.jcvi.org/
) and PolyPhen version 2 (http://genetics.bwh.harvard.edu/pph2/)
bioinformatics tools. CNVs were detected by Hidden Markov Model
algorithm on Ion Reporter software v.5.2 using paired CNVs analysis
and default parameters. CNV analysis workflow uses depth of coverage
and is limited by the number and extend of amplicons that cover the
affected regions. Alignments and all obtained SERPING1 sequences
were visually inspected using the Integrative Genomics Viewer (IGV)
v2.2 (Broad Institute).

2.3. Variants verification

All identified variants were verified by Sanger sequencing as pre-
viously described (Speletas et al., 2015a). Emerged CNVs were verified
by a commercial MLPA kit (MRC-Holland for SERPING1) and by long-
range PCR. In MLPA, 60 ng of gDNA from each sample were analyzed.
Three reference samples (without CNVs), one positive and one negative
control were included. All procedures were performed according to
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Table 1
The SNVs carried by the previously genotyped patients used in the forward validation of the SERPING1-NGS platform.

cDNA Protein Location Type of mutation Reference

c.1A > G M1V Exon 2 Regulatory (Gösswein et al., 2008)
c.1A > Ca M1L Exon 2 Regulatory (Speletas et al., 2015b)
c.2 T > G M1R Exon 2 Regulatory (Speletas et al., 2015b)
c.51+1G > A Intron 2 Splice defect (Gösswein et al., 2008)
c.51+5G > A Intron 2 Splice defect (Verpy et al., 1996)
c.65C > G S22X Exon 3 Nonsense (Speletas et al., 2015a)
c.94C > T Q32X Exon 3 Nonsense (Kalmár et al., 2003)
c.121delG G41 fs Exon 3 Frameshift (Speletas et al., 2015b)
c.124G > T E42X Exon 3 Nonsense (Speletas et al., 2015b)
c.235 delA T79 fs Exon 3 Frameshift (Speletas et al., 2015b)
c.239C > G A80G Exon 3 Missense (Speletas et al., 2015b)
c.325_337delCTCCCAACAGATT T111 fs Exon 3 Frameshift (Speletas et al., 2015b)
c.347delA Q116fs Exon 3 Frameshift (Speletas et al., 2015b)
c.357_358insGGGTCCTTCTGCCCAGGACC V127 fs Exon 3 Frameshift (Speletas et al., 2015b)
c.389G > A C130Y Exon 3 Missense (Kalmár et al., 2003)
c.392_393delCT S131X Exon 3 Nonsense (Speletas et al., 2015a)
c.435_476delTTTGGTAGATTTCTCCCTGAAGCTCTACCACGCCTTCTCAGC L145_S158del Exon 3 Deletion (Kalmár et al., 2003)
c.448 T > C S150P Exon 3 Missense (Speletas et al., 2015b)
c.467C > A A156D Exon 3 Missense (Gösswein et al., 2008)
c.498C > A N166 K Exon 3 Missense (Cagini et al., 2016)
c.500Τ > A M167 K Exon 3 Missense (Speletas et al., 2015b)
c.508delT S170 fs Exon 3 Frameshift (Speletas et al., 2015b)
c.550G > A G184R Exon 3 Missense (Verpy et al., 1996)
c.550+ 2_550+3insT Exon 3 Frameshift (Kalmár et al., 2003)
c.550+ 1G > A Intron 3 Splice defect (Kalmár et al., 2003)
c.550+ 2 T > C Intron 3 Splice defect (Speletas et al., 2015b)
c.550+ 5G > A Intron 3 Splice defect (Roche et al., 2005)
c.551-1G > A Intron 3 Splice defect (Speletas et al., 2015b)
c.553G > C A185P Exon 4 Missense (Speletas et al., 2015a)
c.586-589DelATCC I195fs Exon 4 Frameshift (Speletas et al., 2015b)
c.600insC K201 fs Exon 4 Frameshift (Speletas et al., 2015b)
c.650_651delGT V218 fs Exon 4 Frameshift (Speletas et al., 2015b)
c.675–76TC > AA F225X Exon 4 Nonsense (Speletas et al., 2015b)
c.667C > T Q223X Exon 4 Nonsense (Kalmár et al., 2003)
c.671 T > A I224N Exon 4 Missense (Gösswein et al., 2008)
c.728 T > C L243P Exon 5 Missense (Speletas et al., 2015a)
c.871A > C N291H Exon 5 Missense (Gösswein et al., 2008)
c.878 T > C I293T Exon 5 Missense (Pappalardo et al., 2000)
c.889+ 4delAGGGT Intron 5 Splice defect (Speletas et al., 2015b)
c.890-14C > G Intron 5 Splice defect (Speletas et al., 2015b)
c.896G > Ab W299X Exon 6 Nonsense (Speletas et al., 2015b)
c.908 T > C F303S Exon 6 Missense (Gösswein et al., 2008)
c.1029+1G > A Intron 6 Splice defect (Gösswein et al., 2008)
c.1030-1G > A Intron 6 Splice defect (Speletas et al., 2015b)
c.988 T > G Y330D Exon 7 Missense (Speletas et al., 2015a)
c.1036C > T Q346X Exon 7 Nonsense (Verpy et al., 1996)
c.1038_1052delGCTGCAGCTCTCCCA Q346_S350del Exon 7 Deletion (Speletas et al., 2015b)
c.1106delA D369fs Exon 7 Frameshift (Speletas et al., 2015b)
c.1127_1128insC S377 fs Exon 7 Frameshift (Speletas et al., 2015a)
c.1180delA T394 fs Exon 7 Frameshift (Speletas et al., 2015b)
c.1187 T > C L396P Exon 7 Missense (Gösswein et al., 2008)
c.1193 T > C L398P Exon 7 Missense (Gösswein et al., 2008)
c.1223A > T D408V Exon 7 Missense (Kalmár et al., 2003)
c.1243delA K416 fs Exon 7 Frameshift (Gösswein et al., 2008)
c.1250-2A > G Intron 7 Splice defect (Gösswein et al., 2008)
c.1341_1342insGAACTGAC_dupl Ε451fs Exon 8 Frameshift (Speletas et al., 2015b)
c.1346 T > G L449R Exon 8 Missense (Speletas et al., 2015b)
c.1353_1354delGA E451fs Exon 8 Frameshift (Gösswein et al., 2008)
c.1356_1357delTG T454 fs Exon 8 Frameshift (Speletas et al., 2015a)
c.1367C > A A456Q Exon 8 Missense (Skriver et al., 1991)
c.1373C > T A458V Exon8 Missense (Siddique et al., 1992)
c.1382_1383insGGGGTGGAGGCGGCTGCAGCCTCCGC I462fs Exon 8 Frameshift (Speletas et al., 2015a)
c.1391_1392delTG V464 fs Exon 8 Frameshift (Speletas et al., 2015a)
c.1396C > T R466C Exon 8 Missense (Skriver et al., 1991)
c.1396C > G R466G Exon 8 Missense (Gösswein et al., 2008)
c.1397G > A R466H Exon 8 Missense (Faiyaz-Ul-Haque et al., 2010; Rijavec et al., 2013)
c.1409insG V470 fs Exon 8 Frameshift (Speletas et al., 2015b)
c.1417G > A V473M Exon 8 Missense (Verpy et al., 1996)
c.1418 T > G V473G Exon 8 Missense (Blanch et al., 2002)
c.1418 T > A V473E Exon 8 Missense (Kalmár et al., 2003)
c.1420C > T Q474X Exon 8 Nonsense (Speletas et al., 2015b)
c.1446G > A W482X Exon 8 Nonsense (Speletas et al., 2009)
c.1466delC P489fs Exon 8 Frameshift (Speletas et al., 2015a)
c.1478G > A G493E Exon 8 Missense (Blanch et al., 2002)

(continued on next page)
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manufacturers' instructions. Fragment analysis was carried out on ABI
3730xl (Applied Biosystems) and MLPA data analysis in Coffalyser.Net
software (MRC-Holland). Long-range PCR was performed as previously
described (Pappalardo et al., 2000).

3. Results

3.1. Validation

Our NGS panel generates 300 amplicons of 204 bp on average,
covering all translating regions, exon-intron boundaries, UTRs and most
of the intronic regions of SERPING1 gene, with overlapping amplicons
across the gene. In the 102 DNA samples from conventionally geno-
typed C1-INH-HAE patients analyzed (48 SNVs, 28 indels, 22 large
defects, and 4 without variants of SERPING1), a mean of 313,270 reads
was produced per sample. On average, 91.5% of these reads mapped to
the targeted regions, with a mean depth of coverage of 270× and 90%
uniformity. For variant calling, a minimum 20× coverage was set as
threshold.

Forward analysis of DNA samples with our SERPING1-NGS platform
was concordant with conventional SERPING1 typing in 97/102 cases,
i.e. 47/48 SNVs, 26/28 indels, 20/22 large defects and 4/4 with no
defect. Out of the five observed discrepancies, the conventional ap-
proach had miss-assigned two substitutions as large defects, i.e. a large
insertion located in exon 5 and a large deletion located in exon 6. NGS
analysis identified in the first of these samples a SNP altering the start
codon of SERPING1 (c.2 T > G, M1R) and in the second a mutation
resulting in an early termination codon (c.896G > A, W299X). The
presence of both of these mutations was confirmed by Sanger sequen-
cing, whereas large defects were not detected by MLPA and long-range

PCR. CNV analysis by our SERPING1-NGS platform did not uncover
large defects in these samples.

The other three discrepancies were a 4 bp deletion (c.586-
589DelATCC, I196fs), a missense mutation (c.553G > C, A185P) and a
deletion of a single base (c.347delA, Q116fs). The first one was iden-
tified by VariantCaller as c.585C > G. However, by visually reviewing
the IGV file, we found a complex variation with a 4 bp deletion and a
single nucleotide substitution (c.585_589delCATCCinsG) assigned as
S195 fs that thereafter was confirmed by Sanger sequencing. After ad-
justment of the VariantCaller by setting the allow_complex parameter to
1 instead of 0 and re-analysis, this complex variation was correctly
recognized. Similarly, VariantCaller did not detect the other two var-
iants (c.553G > C and c.347delA) that were again recognized after
visually reviewing the IGV files. In fact, VariantCaller had highlighted
these positions but as high background that was filtered out due to
strand bias (< 1% in+ strand). Adjustment of VariantCaller strand bias
settings and re-analysis uncovered the presence of these mutations;
however, this adjustment resulted in a high proportion of false positive
variants which precluded its permanent use.

It has to be noted that all the 20 real CNVs of the initial cohort used
for the forward validation of our SERPING1-NGS platform were cor-
rectly detected regardless of their type (deletion, duplication) and lo-
cation. Moreover, information about their size and CytoBand localiza-
tion was provided (Table 2). Similarly, in the 4 samples initially
reported as not carrying any defect, the SERPING1-NGS platform also
did not detect a defect.

Reverse validation of our SERPING1-NGS platform by blindly gen-
otyping 91 C1-INH-HAE patients from 55 unrelated families detected
SERPING1 variants or their absence in all cases that were a posteriori
confirmed by appropriate methods when required. Forty-four different

Table 1 (continued)

cDNA Protein Location Type of mutation Reference

c.1480C > T R494X Exon 8 Nonsense (Verpy et al., 1996)
c.1483-7delGTATA V495X Exon 8 Nonsense (Speletas et al., 2015b)
c.1493C > G P498R Exon 8 Missense (Speletas et al., 2015a)
c.1499_1505delCCTGAGA A500fs Exon 8 Frameshift (Speletas et al., 2015b)

a Previously reported by conventional genotyping as large insertion in exon 5.
b Previously reported by conventional genotyping as large deletion in exon 6.

Table 2
The CNVs carried by the previously genotyped patients used in the forward validation of the SERPING1-NGS platform. (Two samples initially reported as CNVs by the
conventional genotyping but not finally confirmed are not shown. See footnotes of Table 1).

CytoBanda Lengtha Locationa MLPA or
long range PCR

Reference

11q12.1(57364831-57382476)x1 17.645 kb exon 1–8 deletion exons 1–8 (Roche et al., 2005)
11q12.1(57364831-57382476)x1 17.645 kb exon 1–8 deletion exons 1–8 (Roche et al., 2005)
11q12.1(57364831-57382476)x1 17.645 kb exon 1–8 deletion exons 1–8 (Speletas et al., 2015a)
11q12.1(57364831-57382476)x1 17.645 kb exon 1–8 deletion exons 1–8 (Speletas et al., 2015a)
11q12.1(57364831-57367229)x1 2.398 kb upstream-intron 2 deletion exons 1–2 (Roche et al., 2005)
11q12.1(57366421-57369726)x1 3.305 kb intron 2-intron 4 deletion exons 3–4 (Speletas et al., 2015a)
11q12.1(57367936-57369930)x1 1.994 kb intron 3-intron 4 deletion exon 4 (Speletas et al., 2015a)
11q12.1(57368466-57369930)x1 1.464 kb intron 3-intron 4 deletion exon4 (Speletas et al., 2015a)
11q12.1(57368466-57370856)x1 2.39 kb intron 3-intron5 deletion exon 4 (Roche et al., 2005)
11q12.1(57368466-57370856)x1 2.39 kb intron 3-intron 5 deletion exon 4 (Roche et al., 2005)
11q12.1(57368904-57369930)x1 1.026 kb intron 3-exon 4 deletion exon 4 (Speletas et al., 2015a)
11q12.1(57369000-57370856)x3 1.856 kb intron 3-intron 4 duplication exon 4 (Speletas et al., 2015a)
11q12.1(57369000-57370856)x3 1.856 kb intron 3-intron 4 duplication exon 4 (Roche et al., 2005)
11q12.1(57369219-57370856)x1 1.637 kb intron 3-intron 4 deletion exon 4 (Speletas et al., 2015a)
11q12.1(57371760-57376644)x1 4.884 kb intron 4-intron 6 deletion exons 5–6 (Roche et al., 2005)
11q12.1(57373059-57378387)x3 5.328 kb intron 4-intron 6 duplication exon 5–6 (Roche et al., 2005)
11q12.1(57375659-57382476)x1 6.817 kb intron 6-exon 8 deletion exon 7–8 (Speletas et al., 2015a)
11q12.1(57377605-57380942)x1 3.337 kb intron 6-intron 7 deletion exon 7 (Roche et al., 2005)
11q12.1(57379394-57380190)x1 796b exon 7-intron 7 deletion exon 7 (Speletas et al., 2015a)
11q12.1(57379785-57382169)x1 2.384 kb intron 7-exon 8 deletion exon 8 (Roche et al., 2005)

a Final information obtained by CNV analysis using the SERPING1-NGS platform.
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variants were detected of which 15 (34.1%) were missense, 11 (25%)
nonsense, 7 (15.9%) large defects, 6 (13.6%) frameshift mutations and
5 (11.4%) splice-site defects (Table 3). No SERPING1 alteration was
detected in 8 out of the 55 families (14.5%), neither by the SERPING1-
NGS platform nor the confirmatory conventional genotyping. Twenty
two out of the 37 SNVs detected during reverse validation had been
already reported in the literature, while 15/37 were not yet reported
alterations (Table 3). Interestingly, one large defect reported by the
SERPING1-NGS platform as a large duplication of 3.3 kb
[11q12.1(57368466–57371760)×4, including exon 4] was confirmed
by long-range PCR, but not by MLPA. Possibly, the observed duplication
consists only of intronic regions and, as a result, the CNVs analysis of
SERPING1-NGS platform led to reporting a more extended defect.

In total, 135 different C1-INH-HAE-associated SERPING1 variants
were included in the overall validation process of our SERPING1-NGS
platform and the platform failed to detect only two variants. Further,
analysis of negative controls did not reveal any C1-INH-HAE-associated
variants, although there were some polymorphisms of the SERPING1
gene (e.g. V480M). As such, the SERPING1-NGS platform's analytical
sensitivity was 98.96% (95% CI 96.31–99.87%) with a false negative
rate 1.05%, its analytical specificity was 100% (95% CI

96.84–100.00%) with a false positive rate equal to zero, and its accu-
racy was 99.35% (95% CI 97.67–99.92%). The repeatability of the
SERPING1-NGS platform was found to be 100%.

3.2. Novel SERPING1 mutations

Out of the 15 novel mutations detected during the reverse valida-
tion, 5 (33.3%) were missense, 4 (26.6%) nonsense, 5 (33.3%) frame-
shift mutations and 1 (6.6%) splice-site defect. All novel missense
mutations were predicted to be deleterious by SIFT and PolyPhen
prediction tools; however, none had been detected in>65,000
Europeans of the ExAC Database (except for S51F, with an allele fre-
quency of< 0.001%). Pathogenicity of eight of the novel mutations
was supported by family segregation studies. Family segregation also
proved that three of nonsense variants represented de novo mutations.
The fact that one novel missense mutation (c.508 T > A) occurred at
amino acid residue where a different missense change has been pre-
viously observed in association with C1-INH-HAE [c.508 T > C
(Pappalardo et al., 2000)] is further evidence of that mutation's pa-
thogenicity (Richards et al., 2015). Similarly, the novel mutation c.551-
2insG occurs at the −2 position of the acceptor site of exon 4, where a

Table 3
The different SERPING1 variants detected during the reverse validation of SERPING1-NGS platform.

Origin cDNA Protein Location Type Reference

PL c.550G > A G184R Exon 3 Missense (Verpy et al., 1996)a

BL c.550+1G > A Intron 3 Splice defect (Roche et al., 2005)a

BL c.600_601insC K201 fs Exon 4 Frameshift (Speletas et al., 2015b)a

ROM c.988 T > G Y330D Exon 6 Missense (Speletas et al., 2015a)a

PL c.1396C > T R466C Exon 8 Missense (Skriver et al., 1991)a

GER c.1396C > G R466G Exon 8 Missense (Gösswein et al., 2008)a

GR c.1480C > T R494X Exon 8 Nonsense (Verpy et al., 1996)a

BL c.-22-1G > A Intron 1 Splice defect (Verpy et al., 1996)
GR c.55A > T R19X Exon 3 Nonsense Novel
PL c.94delC Q32fs Exon 3 Frameshift Novel
PL c.152C > T S51F Exon 3 Missense Novel
BL c.218delA N73 fs Exon 3 Frameshift Novel
PL c.301C > T Q101X Exon 3 Nonsense Novel
ROM c.424_425insGT L142 fs Exon 3 Frameshift Novel
PL c.425 T > C L142S Exon 3 Missense Novel
BL c.473C > G S158X Exon 3 Nonsense (López-Lera et al., 2011)
PL c.485_498delAGGTGGAGACCAACinsTGCTGAGA K162 fs Exon 3 Frameshift Novel
ROM c.503C > A A168D Exon 3 Missense (Suffritti et al., 2014)
GER c.508 T > A S170 T Exon 3 Missense Novel
PL c.551-2insG Intron 3 Splice defect Novel
PL c.622C > T Q208X Exon 4 Nonsense Novel
PL c.793 T > C T265R Exon 5 Missense (Bafunno et al., 2014)
BL c.813_818delCAACAA N271_N272del Exon 5 Nonsense Novel
GER c.890-2A > G Intron 5 Splice defect (Bowen et al., 2001)
ROM c.860 T > C L287P Exon 6 Missense Novel
BL c.897G > A W299X Exon 6 Nonsense (Gösswein et al., 2008)
GR c.1012C > T Q338X Exon 6 Nonsense (Iwamoto et al., 2012)
GER c.1027insC K343 fs Exon 6 Frameshift Novel
ROM c.1042C > T Q348X Exon 7 Nonsense (Gösswein et al., 2008)
ROM/PL c.1223A > G D408G Exon 7 Missense (Martinho et al., 2013)
GR c.1247 T > A L416X Exon 7 Nonsense (Pappalardo et al., 2008)
GER c.1250-1G > A Intron 7 Splice defect (Gösswein et al., 2008)
BL c.1283G > A C428Y Exon 8 Missense (López-Lera et al., 2011)
BL c.1330C > T Q444X Exon 8 Nonsense (Uyguner & Kesim, 2008)
PL c.1333A > C T445P Exon 8 Missense Novel
GER c.1346 T > C L449P Exon 8 Missense (Pappalardo et al., 2008)
PL c.1372G > A A458T Exon 8 Missense (Levy et al., 1990)
GER 11q12.1(57368466-57369930)x1 1.464 kb Exon 4 Large defect b

ROM 11q12.1(57368466-57369930)x1 1.464 kb Exon 4 Large defect b

ROM 11q12.1(57368466-57371760)x4 3.294 kb Exon 4 Large defect b

BL 11q12.1(57368904-57370856)x1 1.952 kb Exon 4 Large defect b

PL 11q12.1(57368904-57369726)x1 822b Exon 4 Large defect b

PL 11q12.1(57368466-57369930)x1 1.464 kb Exon 4 Large defect b

PL 11q12.1(57379590-57382476)x1 2.886 kb Exon 8 Large defect b

a Detected in forward validation.
b Large defects in the same region (exons 4 and 8) have been reported. However, data on their exact extend and localization are not available; therefore, it is

unknown whether these are exactly the same defects.
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substitution (c.551-2A > G) was previously reported in four patients
from three C1-INH-HAE families (Gösswein et al., 2008). Finally, the
observed c.301C > T (Q101X) has been previously detected in three
affected members of a Serbian family (Andrejević et al., 2015), but it
was reported as c.300C > T (Q101X).

4. Discussion

In the vast majority of patients, the laboratory diagnosis of C1-INH-
HAE is based on the measurement of antigenic and/or functional C1-
INH plasma levels. However, genetic testing is often helpful or required.
For example, patients younger than 1 year-of-age present with C1-INH
levels lower than in adults (Craig et al., 2012; Nielsen et al., 1994),
making diagnosis by traditional means difficult. Similarly, genetic
testing is useful in the workflows for prenatal and preimplantation di-
agnostics (Farkas et al., 2017), as well as for confirmation of causal
SERPING1 variants carried by apparently healthy individuals whose
relative(s) have been diagnosed with C1-INH-HAE (Kasami et al.,
2018). Further, peculiarities of the C1-INH-HAE-associated SERPING1
variants frequently make the conventional approach towards their de-
tection quite laborious and time-demanding. Confirmation of the results
obtained by some widely used methods, like MLPA for the detection of
large defects, is usually recommended. The NGS platform we developed
and validated takes advantages of the benefits of NGS technology,
targets the entire SERPING1 gene, and facilitates genetic testing of C1-
INH-HAE patients in clinical practice.

The developed SERPING1-NGS platform was validated against 135
C1-INH-HAE-associated variants of all types (SNVs and CNVs) re-
presenting about 1/3 of the up to now reported variants (≈450). Its
performance and estimated analytical parameters combined with its
time and cost saving advantages justify its use in the clinical practice as
a first line approach for the genetic testing of C1-INH-HAE patients. A
significant advantage of our platform is that it screens the whole length
of the SERPING1 gene, simultaneously detecting SNVs and CNVs, while
also providing information about the size and the localization of CNVs.
According to our findings, confirmation of the results obtained by the
SERPING1-NGS platform would be required mainly in cases of negative
results in patients suspected for C1-INH-HAE. It is true that large defects
remain a demanding issue, but no single method can cover the re-
quirements for the detection of all types of large defects. Finally, the
SERPING1-NGS platform provides automated assignment of variants in
a user-friendly manner, thereby minimizing the possibility of nomen-
clature errors that commonly occur with traditional methods for cases
of multiple nucleotide variants.

The fact that we did not use a standard conventional procedure for
SERPING1 analysis to validate the performance of our platform might
represent a limitation of our study. However, such a “gold standard”
has not yet been proposed by the community with different researchers
following various workflows using classical techniques. Thus, we
decided to compare the performance of a high-throughput approach
against the overall bias presented by conventional methodologies.

Overall coverage of our SERPING1-NGS platform is ≈83%; how-
ever, all of the missing regions are in deep intronic regions. Given that
deep intronic variants have not yet been associated with C1-INH-HAE,
we did not made any further effort to improve the coverage. Besides,
the existing coverage of intronic regions already gives our platform a
significant advantage in accurate detection of the extent and localiza-
tion of CNVs.

During the forward validation of the SERPING1-NGS platform, we
discovered that up to 2.94% (3/102) of variants are miss-assigned by
conventional genotyping. Clearly, even the results of the conventional
approaches require confirmation, which can be provided by our plat-
form. Alternatively, the SERPING1-NGS platform could be the primary
genotyping approach for C1-INH-HAE. After all, our study detected a
large number of novel SERPING1 mutations and analysis by our
SERPING1-NGS platform provided substantial information on

SERPING1 polymorphisms, including within intronic regions and sy-
nonymous variants (data not presented).

5. Conclusion

We present a novel and validated NGS platform that targets the
entire SERPING1 gene, facilitating genetic testing of C1-INH-HAE pa-
tients in clinical practice. The platform screens the entire SERPING1
gene, simultaneously detecting SNVs and CNVs and providing in-
formation about the size and the localization of CNVs. Obviously, po-
tential users must address the special demands and quality prerequisites
of NGS technology (in general and with respect to the specific plat-
form), especially if employing it as the primary approach for genetic
testing. Nevertheless, the SERPING1-NGS platform offers a powerful
approach for clinical analysis of patients with respect to C1-INH-HAE.
Fifteen novel C1-INH-HAE-related SERPING1 variants were detected
during the validation process of the platform.

Author contributions

G.L., M.Z.: Designed the experiments, performed experiments,
analyzed the data, writing of the manuscript; F.P., S.V.: Performed
experiments; C.D., A.L.-L., M.L.-T., M.S. H.F.: Provided conventionally
genotyped samples; F.P., G.P., K.O., A.V., M.S., D.M., M.M., M.M.:
Provided non-genotyped samples; A.E.G. Conceived and coordinated
the study, analyzed the data, writing of the manuscript. All authors
reviewed the manuscript.

Financial disclosure

The funders had no role in study design, data collection and ana-
lysis, decision to publish, or preparation of the manuscript.

Conflict of interest statement

Authors have no conflicts of interest to declare.

Acknowledgment

This work was supported by an Investigator Initiated Research grant
(IIR-GRC-000905) from Shire International GmbH.

References

Andrejevic, S., Korošec, P., Šilar, M., Košnik, M., Mijanovic, R., Bonaci-Nikolic, B.,
Rijavec, M., 2015. Hereditary angioedema due to C1 inhibitor deficiency in Serbia:
Two novel mutations and evidence of genotype-phenotype association. PLoS One 10,
e0142174. http://dx.doi.org/10.1371/journal.pone.0142174.

Bafunno, V., Bova, M., Loffredo, S., Divella, C., Petraroli, A., Marone, G., Montinaro, V.,
Margaglione, M., Triggiani, M., 2014. Mutational spectrum of the c1 inhibitor gene in
a cohort of Italian patients with hereditary angioedema: description of nine novel
mutations. Ann. Hum. Genet. 78, 73–82. http://dx.doi.org/10.1111/ahg.12052.

Blanch, A., Roche, O., López-Granados, E., Fontán, G., López-Trascasa, M., 2002.
Detection of C1 inhibitor (SERPING1/C1NH) mutations in exon 8 in patients with
hereditary angioedema: evidence for 10 novel mutations. Hum. Mutat. 20, 405–406.
http://dx.doi.org/10.1002/humu.9073.

Bowen, B., Hawk, J.J., Sibunka, S., Hovick, S., Weiler, J.M., 2001. A review of the re-
ported defects in the human C1 esterase inhibitor gene producing hereditary an-
gioedema including four new mutations. Clin. Immunol. 98, 157–163. http://dx.doi.
org/10.1006/clim.2000.4947.

Cagini, N., Veronez, C.L., Constantino-Silva, R.N., Buzolin, M., Martin, R.P., Grumach,
A.S., Velloso, L.A., Mansour, E., Pesquero, J.B., 2016. New mutations in SERPING1
gene of Brazilian patients with hereditary angioedema. Biol. Chem. 397, 337–344.
http://dx.doi.org/10.1515/hsz-2015-0222.

Cicardi, M., Zingale, L., Zanichelli, A., Pappalardo, E., Cicardi, B., 2005. C1 inhibitor:
molecular and clinical aspects. Springer Semin. Immunopathol. 27, 286–298. http://
dx.doi.org/10.1007/s00281-005-0001-4.

Cicardi, M., Aberer, W., Banerji, A., Bas, M., Bernstein, J.A., Bork, K., Caballero, T.,
Farkas, H., Grumach, A., Kaplan, A.P., Riedl, M.A., Triggiani, M., Zanichelli, A.,
Zuraw, B., HAWK under the patronage of EAACI (European Academy of Allergy and
Clinical Immunology), 2014. Classification, diagnosis, and approach to treatment for
angioedema: consensus report from the Hereditary Angioedema International

G. Loules et al. Gene 667 (2018) 76–82

81

http://dx.doi.org/10.1371/journal.pone.0142174
http://dx.doi.org/10.1111/ahg.12052
http://dx.doi.org/10.1002/humu.9073
http://dx.doi.org/10.1006/clim.2000.4947
http://dx.doi.org/10.1006/clim.2000.4947
http://dx.doi.org/10.1515/hsz-2015-0222
http://dx.doi.org/10.1007/s00281-005-0001-4
http://dx.doi.org/10.1007/s00281-005-0001-4


Working Group. Allergy 69, 602–616. http://dx.doi.org/10.1111/all.12380.
Colobran, R., Pujol-Borrell, R., Hernández-González, M., Guilarte, M., 2014. 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. Immunol. 34, 521–523. http://dx.doi.org/10.1007/s10875-014-0042-3.

Craig, T.J., Aygören-Pürsün, E., Bork, K., Bowen, T., Boysen, H., Farkas, H., Grumach, A.,
Katelaris, C.H., Lockey, R., Longhurst, H., Lumry, W., Magerl, M., Martinez-Saguer, I.,
Ritchie, B., Nast, A., Pawankar, R., Zuraw, B., Maurer, M., 2012. WAO guideline for
the management of hereditary angioedema. World Allergy Organ. J. 5, 182–199.
http://dx.doi.org/10.1097/WOX.0b013e318279affa.

Csuka, D., Szilágyi, Á., Farkas, H., 2015. Hereditary angioedema due to C1-inhibitor
deficiency - From a genetic point of view. Hereditary Genet. e112, 4.

Faiyaz-Ul-Haque, M., Al-Gazlan, S., Abalkhail, H.A., Al-Abdulatif, A., Toulimat, M.,
Peltekova, I., Khaliq, A.M., Al-Dayel, F., Zaidi, S.H., 2010. Novel and recurrent mu-
tations in the C1NH gene of Arab patients affected with hereditary angioedema. Int.
Arch. Allergy Immunol. 151, 149–154. http://dx.doi.org/10.1159/000236005.

Farkas, H., Martinez-Saguer, I., Bork, K., Bowen, T., Craig, T., Frank, M., Germenis, A.E.,
Grumach, A.S., Luczay, A., Varga, L., Zanichelli, A., HAWK, 2017. International
consensus on the diagnosis and management of pediatric patients with hereditary
angioedema with C1 inhibitor deficiency. Allergy 72, 300–313. http://dx.doi.org/10.
1111/all.13001.

Germenis, A.E., Speletas, M., 2016. Genetics of hereditary angioedema revisited. Clin.
Rev. Allergy Immunol. 51, 170–182. http://dx.doi.org/10.1007/s12016-016-8543-x.

Gösswein, T., Kocot, A., Emmert, G., Kreuz, W., Martinez-Saguer, I., Aygören-Pürsün, E.,
Rusicke, E., Bork, K., Oldenburg, J., Müller, C.R., 2008. Mutational spectrum of the
C1INH (SERPING1) gene in patients with hereditary angioedema. Cytogenet.
Genome Res. 121, 181–188. http://dx.doi.org/10.1159/000138883.

Iwamoto, K., Tanaka, A., Hiragun, M., Kawai, M., Mihara, S., Takenaka, M., Shibuya, M.,
Inomata, N., Hatano, Y., Shimizu, F., Kousaka, T., Hide, M., 2012. Novel and re-
current C1 inhibitor gene mutations in nine Japanese patients with hereditary an-
gioedema. J. Dermatol. Sci. 68, 68–70. http://dx.doi.org/10.1016/j.jdermsci.2012.
06.012.

Kalmár, L., Bors, A., Farkas, H., Vas, S., Fandl, B., Varga, L., Füst, G., Tordai, A., 2003.
Mutation screening of the C1 inhibitor gene among Hungarian patients with her-
editary angioedema. Hum. Mutat. 22, 498. http://dx.doi.org/10.1002/humu.9202.

Kang, H.R., Yim, E.Y., Oh, S.Y., Chang, Y.S., Kim, Y.K., Cho, S.H., Min, K.U., Kim, Y.Y.,
2006. Normal C1 inhibitor mRNA expression level in type I hereditary angioedema
patients: newly found C1 inhibitor gene mutations. Allergy 61, 260–264. http://dx.
doi.org/10.1111/j.1398-9995.2006.01010.x.

Kasami, S., Sowa-Osako, J., Fukai, K., Tokimasa, S., Kaga, S.I., Saito, R., Tanaka, A., Hide,
M., Tsuruta, D., 2018. Presymptomatic genetic diagnosis of two siblings with her-
editary angioedema, presenting with unusual normal levels of serum C4. J. Dermatol.
45, e31–e32. http://dx.doi.org/10.1111/1346-8138.14103.

Levy, N.J., Ramesh, N., Cicardi, M., Harrison, R.A., Davis 3rd, A.E., 1990. Type II her-
editary angioneurotic edema that may result from a single nucleotide change in the
codon for alanine-436 in the C1 inhibitor gene. Proc. Natl. Acad. Sci. U. S. A. 87,
265–268.

López-Lera, A., Garrido, S., Roche, O., López-Trascasa, M., 2011. SERPING1 mutations in
59 families with hereditary angioedema. Mol. Immunol. 49, 18–27. http://dx.doi.
org/10.1016/j.molimm.2011.07.010.

Maas, C., Govers-Riemslag, J.W., Bouma, B., Schiks, B., Hazenberg, B.P., Lokhorst, H.M.,
Hammarström, P., ten Cate, H., de Groot, P.G., Bouma, B.N., Gebbink, M.F., 2008.
Misfolded proteins activate factor XII in humans, leading to kallikrein formation
without initiating coagulation. J. Clin. Invest. 118, 3208–3218. http://dx.doi.org/10.
1172/JCI35424.

Martinho, A., Mendes, J., Simões, O., Nunes, R., Gomes, J., Dias Castro, E., Leiria-Pinto,
P., Ferreira, M.B., Pereira, C., Castel-Branco, M.G., Pais, L., 2013. Mutations analysis
of C1 inhibitor coding sequence gene among Portuguese patients with hereditary
angioedema. Mol. Immunol. 53, 431–434. http://dx.doi.org/10.1016/j.molimm.
2012.09.003.

Nielsen, E.W., Johansen, H.T., Holt, J., Mollnes, T.E., 1994. C1 inhibitor and diagnosis of
hereditary angioedema in newborns. Pediatr. Res. 35, 184–187. http://dx.doi.org/
10.1203/00006450-199402000-00012.

Pappalardo, E., Cicardi, M., Duponchel, C., Carugati, A., Choquet, S., Agostoni, A., Tosi,

M., 2000. Frequent de novo mutations and exon deletions in the C1inhibitor gene of
patients with angioedema. J. Allergy Clin. Immunol. 106, 1147–1154. http://dx.doi.
org/10.1067/mai.2000.110471.

Pappalardo, E., Zingale, L.C., Terlizzi, A., Zanichelli, A., Folcioni, A., Cicardi, M., 2002.
Mechanisms of C1-inhibitor deficiency. Immunobiology 205, 542–551.

Pappalardo, E., Caccia, S., Suffritti, C., Tordai, A., Zingale, L.C., Cicardi, M., 2008.
Mutation screening of C1 inhibitor gene in 108 unrelated families with hereditary
angioedema: functional and structural correlates. Mol. Immunol. 45, 3536–3544.
http://dx.doi.org/10.1016/j.molimm.2008.05.007.

Rehm, H.L., Bale, S.J., Bayrak-Toydemir, P., Berg, J.S., Brown, K.K., Deignan, J.L., Friez,
M.J., Funke, B.H., Hegde, M.R., Lyon, E., Working Group of the American College of
Medical Genetics and Genomics Laboratory Quality Assurance Committee, 2013.
ACMG clinical laboratory standards for next-generation sequencing. Genet. Med. 15,
733–747. http://dx.doi.org/10.1038/gim.2013.92.

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., Grody, W.W., Hegde,
M., Lyon, E., Spector, E., Voelkerding, K., Rehm, H.L., ACMG Laboratory Quality
Assurance Committee, 2015. Standards and guidelines for the interpretation of se-
quence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet.
Med. 17, 405–424. http://dx.doi.org/10.1038/gim.2015.30.

Rijavec, M., Korošec, P., Šilar, M., Zidarn, M., Miljković, J., Košnik, M., 2013. Hereditary
angioedema nationwide study in Slovenia reveals four novel mutations in SERPING1
gene. PLoS One 8, e56712. http://dx.doi.org/10.1371/journal.pone.0056712.

Roche, O., Blanch, A., Duponchel, C., Fontán, G., Tosi, M., López-Trascasa, M., 2005.
Hereditary angioedema: the mutation spectrum of SERPING1/C1NH in a large
Spanish cohort. Hum. Mutat. 26, 135–144. http://dx.doi.org/10.1002/humu.20197.

Siddique, Z., McPhaden, A.R., Whaley, K., 1992. Type II hereditary angio-oedema asso-
ciated with two mutations in one allele of the C1-inhibitor gene around the reactive-
site coding region. Hum. Hered. 42, 298–301. http://dx.doi.org/10.1159/
000154086.

Skriver, K., Wikoff, W.R., Patston, P.A., Tausk, F., Schapira, M., Kaplan, A.P., Bock, S.C.,
1991. Substrate properties of C1 inhibitor Ma (alanine 434—glutamic acid). Genetic
and structural evidence suggesting that the P12-region contains critical determinants
of serine protease inhibitor/substrate status. J. Biol. Chem. 266, 9216–9221.

Speletas, M., Boukas, K., Papadopoulou-Alataki, E., Tsitsami, E., Germenis, A.E., 2009.
Hereditary angioedema in Greek families caused by novel and recurrent mutations.
Hum. Immunol. 70, 925–929. http://dx.doi.org/10.1016/j.humimm.2009.08.010.

Speletas, M., Szilagyi, A., Psarros, F., Moldovan, D., Magerl, M., Kompoti, M.,
Gramoustianou, E., Bors, A., Mihaly, E., Tordai, A., Avramouli, A., Varga, L., Maurer,
M., Farkas, H., Germenis, A.E., 2015a. Hereditary angioedema: molecular and clinical
differences among European populations. J. Allergy Clin. Immunol. 135, 570–573.
http://dx.doi.org/10.1016/j.jaci.2014.08.007.

Speletas, M., Szilágyi, Á., Csuka, D., Koutsostathis, N., Psarros, F., Moldovan, D., Magerl,
M., Kompoti, M., Varga, L., Maurer, M., Farkas, H., Germenis, A.E., 2015b. F12-46C/
T polymorphism as modifier of the clinical phenotype of hereditary angioedema.
Allergy 70, 1661–1664. http://dx.doi.org/10.1111/all.12714.

Suffritti, C., Zanichelli, A., Maggioni, L., Bonanni, E., Cugno, M., Cicardi, M., 2014. High-
molecular-weight kininogen cleavage correlates with disease states in the bradykinin-
mediated angioedema due to hereditary C1-inhibitor deficiency. Clin. Exp. Allergy
44, 1503–1514. http://dx.doi.org/10.1111/cea.12293.

Uyguner, Z.O., Kesim, B.E., 2008. Gene symbol: SERPING1. Disease: Angioneurotic oe-
dema. Hum. Gen. Dent. 124, 308.

Vaz-Drago, R., Custódio, N., Carmo-Fonseca, M., 2017. Deep intronic mutations and
human disease. Hum. Genet. 136, 1093–1111. http://dx.doi.org/10.1007/s00439-
017-1809-4.

Verpy, E., Biasotto, M., Brai, M., Misiano, G., Meo, T., Tosi, M., 1996. Exhaustive mu-
tation scanning by fluorescence-assisted mismatch analysis discloses new genotype-
phenotype correlations in angiodema. Am. J. Hum. Genet. 59, 308–319.

Weiss, M.M., Van der Zwaag, B., Jongbloed, J.D., Vogel, M.J., Brüggenwirth, H.T.,
Lekanne Deprez, R.H., Mook, O., Ruivenkamp, C.A., van Slegtenhorst, M.A., van den
Wijngaard, A., Waisfisz, Q., Nelen, M.R., van der Stoep, N., 2013. Best practice
guidelines for the use of next-generation sequencing applications in genome diag-
nostics: a national collaborative study of Dutch genome diagnostic laboratories. Hum.
Mutat. 34, 1313–1321. http://dx.doi.org/10.100e2/humu.22368.

G. Loules et al. Gene 667 (2018) 76–82

82

http://dx.doi.org/10.1111/all.12380
http://dx.doi.org/10.1007/s10875-014-0042-3
http://dx.doi.org/10.1097/WOX.0b013e318279affa
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0045
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0045
http://dx.doi.org/10.1159/000236005
http://dx.doi.org/10.1111/all.13001
http://dx.doi.org/10.1111/all.13001
http://dx.doi.org/10.1007/s12016-016-8543-x
http://dx.doi.org/10.1159/000138883
http://dx.doi.org/10.1016/j.jdermsci.2012.06.012
http://dx.doi.org/10.1016/j.jdermsci.2012.06.012
http://dx.doi.org/10.1002/humu.9202
http://dx.doi.org/10.1111/j.1398-9995.2006.01010.x
http://dx.doi.org/10.1111/j.1398-9995.2006.01010.x
http://dx.doi.org/10.1111/1346-8138.14103
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0090
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0090
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0090
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0090
http://dx.doi.org/10.1016/j.molimm.2011.07.010
http://dx.doi.org/10.1016/j.molimm.2011.07.010
http://dx.doi.org/10.1172/JCI35424
http://dx.doi.org/10.1172/JCI35424
http://dx.doi.org/10.1016/j.molimm.2012.09.003
http://dx.doi.org/10.1016/j.molimm.2012.09.003
http://dx.doi.org/10.1203/00006450-199402000-00012
http://dx.doi.org/10.1203/00006450-199402000-00012
http://dx.doi.org/10.1067/mai.2000.110471
http://dx.doi.org/10.1067/mai.2000.110471
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0120
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0120
http://dx.doi.org/10.1016/j.molimm.2008.05.007
http://dx.doi.org/10.1038/gim.2013.92
http://dx.doi.org/10.1038/gim.2015.30
http://dx.doi.org/10.1371/journal.pone.0056712
http://dx.doi.org/10.1002/humu.20197
http://dx.doi.org/10.1159/000154086
http://dx.doi.org/10.1159/000154086
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0150
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0150
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0150
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0150
http://dx.doi.org/10.1016/j.humimm.2009.08.010
http://dx.doi.org/10.1016/j.jaci.2014.08.007
http://dx.doi.org/10.1111/all.12714
http://dx.doi.org/10.1111/cea.12293
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0175
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0175
http://dx.doi.org/10.1007/s00439-017-1809-4
http://dx.doi.org/10.1007/s00439-017-1809-4
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0185
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0185
http://refhub.elsevier.com/S0378-1119(18)30512-2/rf0185
http://dx.doi.org/10.100e2/humu.22368

	Targeted next-generation sequencing for the molecular diagnosis of hereditary angioedema due to C1-inhibitor deficiency
	Introduction
	Material and methods
	DNA samples
	Next-generation sequencing
	Variants verification

	Results
	Validation
	Novel SERPING1 mutations

	Discussion
	Conclusion
	Author contributions
	Financial disclosure
	Conflict of interest statement
	Acknowledgment
	References




