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CHAPTER 1  VALUE OF NEXT-GENERATION SEQUENCING (NGS) INVESTIGATING 
ARRHYTHMOGENIC DISEASES AND CASES OF SUDDEN UNEXPECTED 

DEATH IN THE YOUNG 

 

Parts of this chapter have been published in Forensic Science International (Scheiper et al., 2018 [1]). 

 

 Abstract 

Cases of sudden cardiac death (SCD) in young and apparently healthy individuals represent a 

devastating event in affected families. Hereditary arrhythmia syndromes, which include primary 

electrical heart disorders as well as cardiomyopathies, are known to contribute to a significant number 

of these sudden death cases.  

 

In the present work, we performed postmortem genetic analyses in a cohort of young sudden death 

cases (aged <45 years) by means of a defined gene panel using next-generation sequencing (NGS). 

Next to this, whole exome sequencing was applied in a case of a deceased young woman, who 

exhibited an unspecific clinical medical history prior to death. The resulting data were evaluated 

bioinformatically and detected sequence variants were assessed using common databases and 

applying in silico prediction tools. 

 

Several sequence variations could be identified in the cases and genes analyzed. In the cohort of 

sudden unexpected deaths, variants of potentially causative relevance were detected in 6 of 9 

investigated cases. Furthermore, whole exome sequencing revealed an aberration in the cardiac 

sodium channel, which may have predisposed to sudden death. Due to the detection of numerous 

unknown and unclassified variants, interpretation of the results proved to be challenging. However, by 

means of an appropriate evaluation of the findings, NGS represents an important tool to support the 

forensic investigation and implies great progress for relatives of young SCD victims facilitating adequate 

risk stratification and genetic counselling. 

 

 

 Introduction 

Cases of sudden cardiac death (SCD) in young and apparently healthy individuals represent a tragic 

event for those left behind. Although a complete medico-legal autopsy examination reveals a high 

probability to identify the cause of death, a significant number of sudden deaths remains unexplained 

after detailed postmortem investigation [2]. 

 

Next to coronary artery disease, which is a frequent cause of death, especially among the elderly, 

cardiomyopathies represent a common cause of SCD in the young (Figure 1) [2–4]. Cardiomyopathies 
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are characterized by structural as well as functional features of the cardiac muscle. Based on functional 

and morphological abnormalities, these diseases are classified as hypertrophic (HCM), dilated (DCM), 

restrictive (RCM) or arrhythmogenic (ACM) cardiomyopathy [5–7]. Usually, unless in incipient form, 

these structural heart diseases exhibit a high probability to be identified during autopsy. However, in 

contrast, in about 40% of SCDs the heart appears inconspicuous and the cause of death remains 

unexplained [2]. A significant number of these cases is the consequence of primary electrical heart 

disorders, also known as channelopathies, which include the Long-QT syndrome (LQTS), Brugada 

syndrome (BrS), Catecholaminergic polymorphic ventricular tachycardia (CPVT) as well as the Short-

QT syndrome (SQTS) [3, 8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Causes of sudden cardiac death (SCD) in the young.  

(The figure contains modified elements from Hershberger et al. 2013 [9].) 

 

 

Cardiomyopathies and primary electrical disorders - also designated as arrhythmogenic diseases or 

arrhythmia syndromes - have in common that they may exhibit a genetic origin [3, 6, 8]. Several studies 

described likely causative genetic variants in electrical heart disease as well as cardiomyopathy 

associated genes in autopsy-negative sudden unexpected death (SUD) cohorts [10–13]. Inherited 

arrhythmia syndromes generally show dominant inheritance and low penetrance. Unfortunately, sudden 

death often reveals the first sign of the hereditary disease. Therefore, postmortem genetic screening is 
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essential to elucidate the cause of death in cases of sudden unexplained death. Furthermore, genetic 

analyses are of great importance because they may represent the only opportunity to identify an 

underlying genetic predisposition to SCD. Potentially causative genetic findings are also of high 

relevance in order to identify at-risk relatives and implement preventive measures in affected families.  

Different studies described the presence of cardiomyopathy-causing variants in individuals with 

phenotypically normal hearts assuming that variants in genes encoding sarcomeric proteins as well as 

those involved in calcium handling and maintenance of structural integrity of nucleus and cytoskeleton 

affect contractile properties and energy metabolism of cardiomyocytes [14–17]. Therefore, genetic 

screening is not only recommended in medico-legal negative SUDs showing inconspicuous hearts, but 

also in the presence of cardiomyopathies in young deceased. Relatives showing no structural and/or 

clinical abnormalities could also represent patients exhibiting an increased risk of SCD [6].  

 

Another condition that leaves no identifiable explanation for the cause of death during autopsy represent 

cases of sudden unexpected death in epilepsy (SUDEP). Patients suffering from epilepsy exhibit a 

higher mortality rate and the risk of SUDEP is especially high in young adulthood (aged 20-45 years) 

[18, 19]. The precise pathophysiological mechanisms of SUDEP remain unknown, but may be the 

consequence of respiratory dysfunction, alterations in brain function or cardiac arrhythmia [20, 21]. 

Emerging studies suggest that some cases of SUDEP may also exhibit a genetic basis. Specifically, 

post-mortem genetic investigations revealed a surprising number of variants in the major LQTS related 

genes assuming that a genetic predisposition to cardiac arrhythmias represents a risk factor for sudden 

death in epilepsy patients [20, 22]. 

 

Until recently, Sanger sequencing has been the method of choice for DNA sequencing [23]. However, 

over the past years, next-generation sequencing (NGS) technologies have become an indispensable 

tool in molecular diagnostics and even in the field of forensic genetics. Especially when investigating 

phenotypically and genetically heterogeneous diseases, which may cause sudden death, NGS enables 

the comparatively fast, cost-efficient and parallel analysis of a high number of genes [12, 13, 20, 23].  

 

In the present work, we initially performed postmortem genetic screening in selected SUD cases by 

means of a defined 96 gene panel using NGS and Ion Torrent Technology (Thermo Fisher). The 

resulting data were investigated for the presence of putative causative variants in a broad spectrum of 

arrhythmia syndrome as well as aortic disease-related genes. In a second project, whole exome 

sequencing (WES) was carried out in a case of a suddenly deceased young woman, who showed 

inconclusive clinical findings prior to death. 
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 Material and Methods 

1.3.1. NGS analyses in sudden death cases using a 96 gene panel and Ion Torrent technology 

This study was performed in collaboration with the research group of María Brion, PhD in Santiago de 

Compostela, Spain. Forensic cases were evaluated, DNA from samples extracted and then further 

processed in the laboratory in Spain.  

 

 Inclusion criteria and sample collection 

In this project, 1012 autopsy reports from the years 2014 and 2015 of the Institute of Legal Medicine in 

Frankfurt were investigated. Within this period, 11 SUD cases were identified. Moreover, we obtained 

3 additional SUD cases from other institutes. Inclusion criteria were sudden death under the age of 45 

years, no plausible cause of death following autopsy and cases showing structural abnormalities of the 

heart pointing to cardiomyopathies. Unless otherwise stated, full medico-legal autopsy including 

histological examination of 5 cardiac tissue samples (including anterior/posterior wall of both ventricles 

and septum) as well as chemical-toxicological examination was performed. We excluded SUDs in 

correlation with acute drug abuse or myocardial infarction. Toxicological-positive findings for therapeutic 

drugs were in accordance with medical history.  

 

 Sample preparation 

For postmortem genetic analyses, DNA was extracted from blood samples using the NucleoSpin® 

Tissue Kit (Macherey-Nagel) according to the manufacturer’s protocol. The purity of the samples was 

assessed using the Nanodrop® ND-1000 Spectrophotometer v3.1.0 (Thermo Fisher Scientific) and the 

quantity was determined by means of the Qubit Fluorometer 2.0 and dsDNA BR and HS assay kits 

(Invitrogen, Thermo Fisher Scientific). DNA integrity was examined using genomic DNA ScreenTape 

and Agilent 2200 TapeStation (Agilent Technologies). 

 

 Postmortem genetic analysis 

Genetic analyses were performed in selected cases using next-generation sequencing (NGS). A 

customized panel of 96 genes associated with sudden cardiac death was used (Appendix 1.8.1). Library 

preparation was performed with the SureSelect Custom Target Enrichment System Kit (Agilent 

Technologies) and sequencing was carried out using the Ion Proton™ System (Thermo Fisher 

Scientific). The resulting reads were aligned to the human reference genome GRCh37/hg19. For base 

quality score recalibration and local realignment we used SAMTools (v1.3) and BEDtools (v2.25.0). 

Variant calling was performed using Torrent Variant Caller (TVC 5.0-7) and Genomic Analysis ToolKit 

(GATK v3.5-0) as described previously [55]. Annotation of the variants was performed with Annovar 

version 2016April06.  
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 Data analysis 

Variants were filtered according to a pre-established prioritization protocol mainly based on presumed 

functional impact on the protein and allele frequency. Genetic variants expected to disrupt protein 

function (those located in exonic or splicing flanking regions were selected and those referred as 

synonymous excluded) and with minor allele frequency below 0.2% in public available databases 

(Exome Aggregation Consortium and Exome Sequencing Project databases) were selected. 

The resulting data were evaluated bioinformatically and detected sequence variants were assessed 

using common databases (Exome Aggregation Consortium, Genome Aggregation Database, NHLBI 

Exome Sequencing Project, NCBI dbSNP, Human Gene Mutation Database) and applying in silico 

prediction tools (PolyPhen-2 [24], MutationTaster [25], SIFT [26], CADD [27] as well as Alamut Visual 

v.2.6 (Interactive Biosoftware, France).  

Filtered variants were evaluated according to the ACMG (American College of Medical Genetics) 

standards [28]. In order to classify previously unknown non-synonymous sequence variations in exonic 

regions as pathogenic, co-segregation and functional characterization analyses are required. 

Therefore, the variants detected in our study were classified as variant of unknown significance (VUS). 

Detected sequence variations were designated according to the nomenclature recommendations by 

the Human Genome Variation Society (HGVS, http://varonomen.hgvs.org) [29]. 

 

 

1.3.2. Whole exome sequencing (WES) in an unclear sudden unexpected death case 

Whole exome sequencing (WES) of the SUD case was carried out in collaboration with GenXPro, 

Frankfurt, Germany. 

 

 Sample preparation and genetic analysis 

A DNA sample, which was extracted from spleen using Maxwell (Promega), of the deceased young 

woman was obtained from a laboratory of the place of death. DNA integrity was checked by means of 

LabChip GX Nucleic Acid Analyzer and DNA High Sensitivity Reagent Kit (PerkinElmer). Sample 

preparation was performed using TruSeq Rapid Exome Library Prep Kit according to Illumina and 

sequencing was carried out using NextSeq 500/550 High Output Kit v2.0 (150 cycles) on a NextSeq550 

System (2x75bp paired-end reads, Illumina). Alignment to the human reference genome GRCh37/hg19, 

variant calling and annotations were performed with GensearchNGS Software (Phenosystems). 

 

 Data analysis 

Based on the medical history of the deceased, the data were filtered for variants in genes associated 

with arrhythmogenic diseases and inherited epilepsy (Appendix 1.8.2 and 1.8.3). Data analysis and 
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interpretation was performed as described previously (1.3.1.4). In a second step, variants were filtered 

for a minor allele frequency of ≤ 0.5% in public available databases (gnomAD, ExAC, ESP). 

 

 

 Results 

1.4.1. NGS analyses in sudden death cases using a 96 gene panel and Ion Torrent technology 

 Medico-legal evaluation 

During the years 2014 and 2015, we found 286 autopsy cases of deceased persons aged between 1 

and 45 years, which included a total of 99 unexplained death cases. Among these, 11 matched the 

defined inclusion criteria. Samples from 7 of these cases plus 2 samples from external institutes 

conformed with the requirements for sequencing. Subsequently, we investigated 9 SUD cases, 

consisting of 5 males and 4 females. Results of the medico-legal examinations are shown in Table 1. 

Most of the sudden deaths occurred during the night or sleep. Only in one case a cardiac medical 

history was reported. Moreover, a family history of SUD was verified in two cases. 

 

 Sequencing results 

Next-generation sequencing was successfully performed for all 9 SUD cases with an average depth of 

coverage of 240x. Following variant prioritization mainly based on global minor allele frequency and 

functional impact on the protein, we filtered 17 sequence variants with potential relevance. 

Subsequently, those variants were compared to database entries and examined by applying in silico 

prediction tools. Variants exhibiting a CADD prediction score of > 20 and classified as disease-causing 

by at least two further prediction tools, were considered as potentially causative variants. Splicing 

variants were assessed by means of Alamut Visual Software. As a result, we identified 9 variants with 

potential impact in channelopathy- and cardiomyopathy-associated genes in 6 out of 9 SUD cases 

(Table 2). Furthermore, we detected 2 variants with a slightly lower CADD score and contradictory 

predictions, which were consequently also classified as variants of unknown significance (VUS). We 

finally found 3 SUD cases carrying a single potentially pathogenic variant and 3 individuals carrying 2 

potentially causative variants. All sequence variants were localized in other than the major SCD-related 

susceptibility genes. 
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Table 1: Sudden unexpected death cases included in the study (Scheiper et al. 2018 [1], modified). 

SUD 
case 

Age 
(years) 

Gender 
Circumstances of 
death 

Medical history 
Cardiac 
autopsy 
findings 

Toxicological 
findings 

BMI Heart weight (g) 
Family history 
of SCD 

# 1 28 male Sleep - No pathology Negative 22 375 Yes (mother) 

# 2 24 female 
Sleep, seizure 
during the night 

Epilepsy No pathology 
Negative 
(Antiepileptic 
drugs) 

32 295 No 

# 3 22 female 
Collapsed during 
sexual act 

- 
Left heart 
failure, LV 
hypertrophy 

Negative 24 440, slightly increased Unknown 

# 4 36 male Sleep, Fever 
Depression; 
Schizophrenia 

No pathology 

Negative 
(Aripiprazol, 
Paracetamol, 
Ibuprofen) 

40 425 Unknown 

# 5 20 male Swimming - 
Slight LV 
hypertrophy  

- 20 345 Unknown 

# 6 27 male Sleep - No pathology Negative 22 345 Unknown 

# 7 44 female 
Sudden death in 
hospital 

Syncope, 
resuscitation due 
to VF 2 months 
before sudden 
death  

No autopsy - n/a n/a Yes (father) 

# 8 1,5  male Sleep - No pathology Negative 
Not 
applicable 

55 No 

# 9 44 female At rest - 
LV 
hypertrophy 

Negative 
(Paracetamol, 
Diclofenac) 

29 365 Unknown 

 

SUD: Sudden Unexpected Death; BMI: Body Mass Index; Heart weight assessment according to the ‘heart weight calculator’ (http://calc.chuv.ch/Heartweight); SCD: Sudden 

Cardiac Death; LV: Left ventricular; n/a: Not available; VF: Ventricular fibrillation. 

 

 

 

 

 



 

     8 

 

 

 

Table 2: Genetic findings in the SUD cases analyzed (Scheiper et al. 2018 [1], modified).  

Variants with likely pathogenic effect according to the applied scoring scheme are listed in bold. 

SUD 
Case 

Gene 
Nucleotide 
Change 

Amino Acid 
Change 

ESP ExAC CADD PolyPhen-2 SIFT 
Mutation 
Taster 

HGMD 
ACMG Variant 
Classification 

# 1 MYH6 
c.3948C>A 
(NM_002471) 

p.(Asp1316Glu) - - 21.4 
Probably 
damaging 

Tolerated 
Disease-
causing 

- VUS 

# 2 ANK2 
c.1910C>T 
(NM_001148) 

p.(Ala637Val) 0.02 % 0.01 % 34 
Probably 
damaging 

Deleterious 
Disease-
causing 

- VUS 

 DMD 
c.10262+1G>A  
(NM_004006) 

p.? 0.06 % 0.03 % 26.3 - - 
Disease-
causing 

Pathogenic, 
Autism 

VUS 

# 3 NEXN 
c.1419_1421del 
(NM_144573) 

p.(Arg475del) 0.02 % 0.02 %  - Deleterious - - VUS 

 TTN 
c.178G>A 
(NM_001267550) 

p.(Asp60Asn) - - 23.4 
Probably 
damaging 

Tolerated 
Disease-
causing 

- VUS 

# 4 CACNB2 
c.1652C>A 
(NM_000724) 

p.(Arg551Pro) - 0.02 % 25.1 
Probably 
damaging 

Deleterious 
Disease-
causing 

- VUS 

# 5 CTNNA3 
c.1604G>A 
(NM_013266) 

p.(Arg535His) 0.02 % 0.01 % 23.6 
Probably 
damaging 

Tolerated 
Disease-
causing 

 VUS 

# 8 SLMAP 
c.185A>G 
(NM_001304420.2) 

p.(His62Arg) -  - 18.9 Benign Deleterious 
Disease-
causing 

- VUS 

# 9 TTN 
c.84946G>C 
(NM_001267550) 

p.(Arg16456His) - 0.01 % 23.4 
Possibly 
damaging 

Deleterious 
Disease-
causing 

- VUS 

 TTN 
c.9488G>A 
(NM_001267550) 

p.(Arg3163His) 0.04 % 0.02 % 24.6 
Probably 
damaging 

Tolerated 
Disease-
causing 

- VUS 

 TTN 
c.84946G>C 
(NM_001267550) 

p.(Glu28316Gln) - 0.01 % 19.1 
Possibly 
damaging 

Tolerated 
Disease-
causing 

- VUS 

 

SUD: Sudden Unexpected Death; Minor allele frequencies in all populations based on NCBI dbSNP, ESP: NHLBI GO Exome Sequencing Project and ExAC: Exome 

Aggregation Consortium; CADD: Combined Annotation Dependent Depletion prediction; SIFT: Sorting Tolerant From Intolerant prediction; HGMD: Human Gene Mutation 

Database; ACMG: American College of Medical Genetics; VUS: Variant of Unknown Significance.  
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 Genetic findings 

Case # 1 represents a sudden death of a young man who died unexpectedly during sleep at the age of 

28 years. Autopsy including toxicological examination did not reveal evidence for the cause of death. 

Furthermore, histology of the heart did not show any conspicuous microscopic findings. NGS analysis 

revealed a heterozygous missense variant (p.Asp1316Glu) in the MYH6 gene, which is associated with 

inherited DCM, HCM and Sick Sinus Syndrome. Noticeably, the mother of the deceased also 

experienced sudden death at the age of 54. According to relatives, she collapsed unexpectedly and 

died immediately. The MYH6 variant identified in this case is categorized as VUS in the database 

ClinVar and has not been described in the literature so far. 

 

In case # 2, sudden death occurred in a 24-year-old woman during sleep. According to the sister who 

was sleeping next to the deceased, she suffered from slight seizures during the night, which ceased 

spontaneously. In the early morning, she was found dead in a prone position. It was known, that the 

deceased suffered from epilepsy. Toxicological examination revealed the use/intake of the antiepileptic 

drug Topimarat in a therapeutic dose. The drugs Levetiracetam and Valproic acid described in the 

medical history were not detected. Microscopically, the heart showed slightly fibrotic tissue as well as 

cardiomyocytes exhibiting enlarged and multiple nuclei. In this case, a novel variant (p.Ala637Val) in 

the LQTS-associated gene ANK2 was detected, which was classified as pathogenic by all applied in 

silico tools. Moreover, we identified a further variant (c.10262+1G>A) in the donor splice site of the 

dystrophin encoding gene DMD. Alamut software, which included MaxEnt, NNSPLICE and HSF as 

predictive tools, predicted that the detected variant presumably affects splicing. 

 

In case # 3, a 22-year-old woman collapsed during sexual act. The woman died after unsuccessful 

resuscitation. No pre-existing conditions were known. The presumed cause of death following autopsy 

was left ventricular failure. Macroscopically, the heart indicated left ventricular hypertrophy, which was 

confirmed microscopically. Furthermore, the heart weight was slightly increased (440 g) referring to 

body height and weight compared with the calculated normal range (258 – 429 g) according to the 

‘heart weight calculator’ (http://calc.chuv.ch/Heartweight) [30]. Toxicological analyses were negative. 

Panel analysis identified a 3 bp deletion in the nexilin encoding gene NEXN resulting in an in-frame 

deletion of an arginine. Aberrations in NEXN have been associated with dilated and hypertrophic 

cardiomyopathy. In addition, we detected a novel missense variation in the gene TTN coding for the 

protein titin. 

 

Case # 4 describes a 36-year-old man who died unexpectedly during the night. It was known that he 

and his children were suffering from fever. Schizophrenia and asthma were documented as pre-existing 

conditions. Toxicological results were in line with the reported anamnesis of the deceased. Furthermore, 

macro- as well as microscopically, the heart showed no noticeable abnormalities. In this case, we 
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identified a heterozygous variant (p.Arg551Pro) in the CACNB2 gene encoding the beta subunit of 

voltage-dependent calcium channels. Abnormalities in this gene have been linked to Brugada 

syndrome. Noticeably, the detected variant was classified as pathogenic by all applied in silico tools. 

 

Case # 5 died aged 20 years unexpectedly during swimming. A family member was swimming close-

by and did not notice any abnormalities until the young man was found motionless on the ground of the 

swimming pond. He was declared dead after unsuccessful resuscitation. In this case, no pre-existing 

conditions were known. During autopsy, no signs of drowning were observed. Macroscopically, the left 

heart showed a slight hypertrophy with a ventricular wall thickness of 18 mm. NGS analysis revealed a 

heterozygous variant (p.Arg535His) in the arrhythmogenic cardiomyopathy- (ACM) associated gene 

CTNNA3. This variant exhibited a CADD score > 20 and was predicted to be pathogenic according to 

two further prediction tools. 

 

In cases # 6 and # 7, we did not identify potentially relevant variants according to our scoring scheme. 

 

Case # 8 represents a sudden death of a toddler aged 19 months, who was found dead in his bed in 

the morning. Autopsy including histological and toxicological examination did not reveal any relevant 

pathological findings. Sequencing analysis indicated a heterozygous variant (p.His62Arg) in the SLMAP 

gene, which is associated with Brugada syndrome. The variant was not described in public databases 

and prediction tools revealed contradictory results referring to the functional impact of the variant. CADD 

score was slightly lower than 20 and the variant was classified as benign according to PolyPhen-2. 

 

Case # 9 collapsed aged 44 years at rest and died after unsuccessful resuscitation. During autopsy, 

the heart indicated left ventricular hypertrophy, which was also confirmed histologically. Toxicological 

analyses were inconspicuous with respect to the cause of death. NGS analysis indicated 3 variants in 

the gene TTN coding for the protein titin. One of those variants (p.Arg16456His) was classified as 

pathogenic by all applied in silico tools. The remaining two variants (p.Arg3163His; p.Glu28316Gln) 

showed contradictory predictions. 

 

 

1.4.2. Whole exome sequencing (WES) in an unclear sudden unexpected death case 

 Clinical background 

A young woman died suddenly and unexpectedly at the age of 24 abroad. The deceased was found 

dead on her bed in street clothes and supine position. An autopsy was performed and ‘sudden death 

in epilepsy’ (SUDEP) was reported as the assumed cause of death. The deceased revealed a medical 

history: Since her 15th year of age, she suffered from syncope four times during daily activities. For this 
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reason, the young woman was neurologically examined several times. However, no distinct findings 

could be observed and the electroencephalogram (EEG) showed no conspicuities. Based on the 

description of the seizures, which lasted up to 25 minutes, an epilepsy was assumed, but was never 

confirmed clinically. Due to this fact, the deceased was treated with the anticonvulsant Lamotrigine. 

Few years later, cardiological examinations followed, but also here no distinct abnormalities could be 

determined. The electrocardiogram (ECG) only showed unspecific findings like flattened T-waves with 

an unusual morphology, distinctive U-waves and ventricular extrasystoles during 24-hour ECG. 

Noticeably, the older sister of the deceased also showed clinical abnormalities. During the intake of 

Escitalopram, the QTc interval was markedly prolonged. Due to this fact, the drug was discontinued and 

the QT prolongation slightly improved. However, she still showed T-wave abnormalities, even though 

not continuously and less than her deceased sister prior to death, and tended to inadequate QT 

prolongation with increasing heart rate.  

 

Because of the clinical history and the sudden death within this family, a Long-QT syndrome (LQTS) 

could not be excluded. In a first step, we performed genetic screening of the major LQTS associated 

genes in the living sister. Additionally, we performed next-generation sequencing using a 174 gene 

panel to investigate further LQTS and arrhythmogenic disease-related genes (Illumina, Appendix 1.8.2). 

After we received a DNA sample of the deceased younger sister, we performed whole exome 

sequencing due to the limited sample material and the unspecific clinical medical history with suspicion 

on epilepsy and ECG conspicuities.  

 

 Genetic findings 

Molecular genetic screening of the living sister revealed the heterozygous missense variant c.4877G>A, 

p.(Arg1626His) in the SCN5A gene. The detected variant results in an amino acid substitution in the 

highly conserved voltage sensor region of the cardiac sodium channel Nav1.5. Using next-generation 

sequencing, no further potentially pathogenic variants could be identified. The SCN5A variant was 

already described in the literature and previously associated with LQTS [31, 32], and early-onset lone 

atrial fibrillation [33, 34]. Accordingly, we performed targeted sequencing in the deceased sister and 

their mother. Genetic analyses revealed that the deceased sister has also been heterozygous carrier 

of the variant.  

 

Due to the fact that the sisters and especially the deceased sister showed no phenotype specific for 

LQTS3 and sudden death due to epilepsy could not be excluded, exome sequencing was performed; 

also with regard to the limited sample material. The received DNA sample of the deceased sister was 

tested for its quality and integrity using LabChip. The analyses showed that the sample was suitable to 

perform exome sequencing (Figure 2). 
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Figure 2: LabChip result of the DNA sample of the deceased sister used for exome sequencing.  

(provided by GenXPro) 

 

 

Exome sequencing was successfully performed with >36 Mio. Reads (without duplicates) and an 

average depth of coverage of 57x. The exome data were evaluated for variants in 299 genes associated 

with inherited arrhythmogenic diseases and epilepsy. Following variant prioritization mainly based on 

global minor frequency (≤ 0.5 %) and functional impact on the protein, we filtered 4 rare variants with 

potential relevance. After comparing the data to database entries and applying in silico prediction tools, 

we identified 2 variants with potential impact (Table 3). On the one hand, the previously found SCN5A 

variant could be confirmed by means of WES and on the other hand, the novel heterozygous LAMA2 

variant c.4748T>C, p.(Leu1583Pro) was identified. We reviewed this position in the NGS data of the 

living sister, but she is not carrying the LAMA2 variant. LAMA2 mutations are associated with muscular 

dystrophy inherited in an autosomal recessive fashion and were also described in conjunction with 

dilated cardiomyopathy [35, 36]. 

Subsequently, father and mother of the sisters were examined and targeted sequencing for the detected 

variants in SCN5A and LAMA2 was performed. The mother showed no clinical conspicuities and did 

not exhibit the genetic aberration in SCN5A, only the LAMA2 variant was identified. In contrast, the 

father showed unspecific T-wave abnormalities as well as a borderline right bundle branch block and 

was identified as carrier of the SCN5A variant. 

 

 

 

 

 



  

     13 

 

 

Table 3: Exome sequencing results. 

Detected sequence variants in the genes analyzed.  

Chr Gene 
Nucleotide 
Change 

Amino Acid 
Change 

GnomAD ExAC CADD PolyPhen-2 SIFT Meta-SNP HGMD 
ACMG 
Variant 
Classification 

3 SCN5A 
c.4877G>A 
(NM_198056) 

p.(Arg1626His) 0.004% 0.007% 29.1 
Probably 
damaging 

Deleterious 
Disease 
causing 

DM 
(LQTS) 

Likely 
pathogenic 

6 LAMA2 
c.4748T>C 

(NM_001079823) 
p.(Leu1583Pro) - - 28.1 

Probably 
damaging 

Deleterious 
Disease 
causing 

- VUS 

1 SZT2 
c.410G>A 
(NM_015284) 

p.(Arg137Gln) 0.002 % 0.001 % 20.9 Benign Tolerated Neutral - Likely benign 

21 SIK1 
c.880G>A 
(NM_173354) 

p.(Ala294Thr) 0.005 % 0.004 % 4.8 Benign Tolerated Neutral - Likely benign 

 

Minor allele frequencies in all populations based on GnomAD: The Genome Aggregation Database and ExAC: Exome Aggregation Consortium; CADD: Combined Annotation 

Dependent Depletion prediction; SIFT: Sorting Tolerant From Intolerant prediction; HGMD: Human Gene Mutation Database; ACMG: American College of Medical Genetics; 

VUS: Variant of Unknown Significance. 

 

 

 

 

 

 

 

 

 

Figure 3: Pedigree of the family.  

Filled symbols indicate clinically affected individuals. +/− represents heterozygous carriership of variant p.(Arg1626His) in SCN5A and p.(Leu1583Pro) in LAMA2, respectively, 

and −/− indicates exclusion of the variant. The crossed symbol represents the deceased sister.
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 Discussion  

Sudden cardiac death is one of the leading causes of death in industrialized countries. About 5 - 10% 

of sudden cardiac death cases are due to hereditary disorders including inherited channelopathies as 

well as cardiomyopathies [37, 38]. In the past years, next-generation sequencing technologies have 

developed into a promising tool examining rare and heterogeneous disorders and investigating the 

genetic background in victims of sudden unexpected death [3, 13, 21]. As Sanger sequencing-based 

testing is limited to the analysis of well characterized, most prevalent genes, NGS enables the analysis 

of a broad range of targets within short turnaround time and with reduced costs [39]. 

 

In our first project, postmortem genetic screening by applying a 96 gene panel in selected SUD cases 

was performed in order to investigate the presence of potentially causative variants in arrhythmia 

syndrome as well as aortic disease-related genes. As a result, we detected most variants in other than 

the major susceptibility genes associated with sudden cardiac death. In consistence with these findings, 

follow-up studies have shown, that additional genetic findings can be detected in up to 20 % of patients 

suffering from arrhythmogenic diseases including cardiomyopathies and primary electrical disorders 

[40]. Using next-generation sequencing implicates the detection of a high number of unknown and 

unclassified variants. Whenever possible, the genetic findings should be evaluated in the context of the 

medical and family history, the circumstances of death as well as autopsy findings. In our study group, 

NGS analysis revealed 9 variants with possibly pathogenic impact in 6 out of 9 SUD cases according 

to our applied evaluation criteria. All genetic findings were detected in cardiomyopathy- as well as 

channelopathy-associated genes. 

 

In 5 cases, we identified variants in cardiomyopathy-associated genes. In three of those cases 

conspicuous morphologic findings were observed during autopsy (cases # 3, # 5 and # 9). In cases       

# 3 and # 9, findings were histologically confirmed. However, different studies described that variants 

in candidate genes for cardiomyopathies may exhibit functional impact even though the heart does not 

show any pathologic findings during autopsy [12, 14]. For instance, in case # 1, no evident abnormalities 

of the heart were identified and NGS analysis subsequently revealed variant p.(Asp1316Glu) in the 

gene MYH6. The deceased also had a relevant family history. His death was the second SUD within 

the family - the mother’s SUD occurred at the age of 54. Unfortunately, genetic analysis was not 

performed in this case due to the lack of sample material. It would have been informative to know, if 

she also carried the variant detected in the deceased son. Due to the family history, the sister underwent 

cardiological examination and until recently, she did not show clinical abnormalities. Therefore, we did 

not screen her for the MYH6 variant to avoid anxiety without knowing about the functional relevance of 

the variant. As a precaution, cardiac magnetic resonance imaging (MRI) was recommended, which 

revealed no abnormalities. MYH6 variants have also been described in Sick sinus syndrome [41]. This 
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disease encompasses a range of abnormalities involving action potential generation by the sinoatrial 

node and impulse propagation to the surrounding atrial tissue, which may lead to arrhythmias and 

sudden cardiac death [42, 43]. Ultimately, we cannot exclude the assumption that the MYH6 variant 

contributed to the sudden death in this case. 

 

Postmortem genetic analyses also revealed findings, which were of great relevance especially in 

context of the medical history and circumstances of death. As already described in previous studies 

[19, 20, 44], our results suggest that abnormalities in genes associated with cardiac disease may also 

play an important role in epilepsy-related sudden deaths. In the outlined case # 2, the deceased suffered 

from slight seizure during the night and was found dead in the early morning in prone position, which is 

a characteristic of sudden unexpected death in epilepsy (SUDEP) [18, 20]. In this case, NGS analysis 

revealed two genetic variants, which may have functional impact. On the one hand, we detected the 

ankyrin-B variant p.(Ala637Val). This protein region is highly conserved and localized in the ankyrin 

membrane-binding domain (MBD), which is essential for protein interaction and targeting [45, 46]. All 

applied in silico algorithms predict this substitution as deleterious and the CADD score for this variant 

is remarkably high. Recently, Swayne et al. [46] identified a novel variant in this gene in a neighboring 

region (p.Ser646Phe) segregating with LQTS in two affected families. These findings suggest that the 

detected substitution is of functional relevance. Noticeably, p.(Ser646Phe) carriers showed a high rate 

of seizures, which might indicate that ANK2 aberrations may also contribute to abnormal brain activity 

as ANK2 is also expressed in the brain [46]. In addition, Hata et al. [44] detected ANK2 variants in an 

epilepsy-related drowning case emphasizing the assumption that abnormalities in ANK2 predispose to 

arrhythmias and may contribute to SUDEP.  

On the other hand, we detected another potentially causative heterozygous variant (c.10262+1 G>A) 

in the splice site of the gene DMD coding for dystrophin. Aberrations in this gene have been linked to 

muscular dystrophies and X-linked dilated cardiomyopathy [47]. Canonical ±1 or 2 splice sites are 

assumed to disrupt gene function by e.g. nonsense-mediated decay [48]. The variant was found in the 

donor site of exon 71, which is of relevance for the transcript expressed in cardiac and skeletal muscle. 

DMD exhibits an X-linked recessive inheritance. However, female carriers may also show mild 

symptoms due to imprinted X-inactivation [47]. Histologically, the heart of the deceased showed slightly 

fibrotic tissue as well as cardiomyocytes exhibiting enlarged and multiple nuclei. To what extend the 

genetic results contributed to these findings is not predicable. Ultimately, the variants may have made 

the deceased more vulnerable to arrhythmias and sudden death, especially in the context of the pre-

existing conditions. 

 

Another example representing the importance of considering pre-clinical conditions for evaluation 

demonstrates the sudden death case of the 36-year-old deceased man (case # 4). Here, we identified 

a presumably functionally relevant sequence variant in the Brugada syndrome (BrS) candidate gene 
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CACNB2 coding for the auxiliary voltage-dependent L-type calcium channel subunit. This gene is 

predominantly expressed in heart and brain tissue [49]. The genetic outcome is correlating with the 

medical history and the circumstances of death. On the one hand, BrS frequently manifests in middle-

aged patients and is more common in men than in women. On the other hand, it is generally accepted 

that SCD is a common clinical manifestation of BrS, mostly occurring during sleep or at rest. Moreover, 

the deceased was suffering from fever before he suddenly died. This condition is a known trigger in 

conjunction with BrS [50, 51]. Furthermore, variants in CACNB2 have not only been linked to BrS, but 

were also associated with Schizophrenia [52]. Remarkably, in the reported medical history, 

Schizophrenia has been indicated as a pre-existing condition of the deceased. These findings suggest 

that the genetic evidence may have played a role in this sudden death case. Presumably, the prescribed 

drug Aripiprazole had no influence, since this substance should not exhibit an arrhythmogenic effect in 

conjunction with Brugada syndrome according to current knowledge (www.brugadadrugs.org) [53]. 

 

Due to the lack of functional studies and genotype-phenotype analysis in different familial cohorts, the 

detected variants have to be considered as VUS (ACMG-3 variants) according to the ACMG standards 

[54]. Evidence about their pathogenicity remains unknown to date. Of course, in silico prediction tools 

are helpful to obtain an estimation of the functional impact of detected variants. Nevertheless, it should 

not be neglected that the evaluation remains a prediction [28, 38, 54, 55]. In our study, we detected 4 

rare TTN missense variants in 2 cases. However, different studies describe, that especially the 

interpretation of TTN variants is challenging due to the fact, that most identified variants are localized 

in this gene. Mostly, the functional impact of missense variants in titin remains unknown. Therefore, 

reporting of TTN missense variants should be performed cautiously since the genetic data are of limited 

clinical value [38].  

 

Using NGS increases the rate of variant detection in a broad spectrum of genes. The most challenging 

aspect represents adequate differentiation between rare nonpathogenic and real potentially pathogenic 

variants [23, 44]. Therefore, genetic findings must be particularly evaluated in context of the medical as 

well as family history, circumstances of death and autopsy findings. Although the number of SUDs 

investigated in this study is quite limited, the cases described above emphasize, that this background 

information can be of essential value for variant interpretation and assessment of risk for first-degree 

relatives. Nevertheless, the genetic data remain of theoretical value unless further clinical and genetic 

data of relatives, which may allow genotype-phenotype correlations, will be obtained. Segregation 

studies are a crucial point to evaluate the detected genetic variants. International cardiological 

guidelines recommend to inform family members of young sudden death victims and to perform family 

screening of first-degree relatives [56–58]. Therefore, we recommended cardiological examination to 

affected families and, where appropriate, genetic counselling. This represents the only way to identify 

especially asymptomatic family members being at risk. 
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In a second project, genetic screening was performed in a family, who lost one of their two daughters 

due to sudden unexpected death at the age of 24. The deceased daughter exhibited an unspecific 

clinical medical history. On the one hand, suspicion on epilepsy could never be confirmed nor excluded. 

On the other hand, she showed unspecific ECG conspicuities. Noticeably, ECG abnormalities were 

also observed in the older sister. Genetic screening of the major LQTS genes in the older sister revealed 

the SCN5A variant p.(Arg1626His), which could also be confirmed in the deceased sister. Based on 

the fact, that the ECGs of both sisters were compatible with LQTS, but not specific for SCN5A 

associated LQTS3, further genetic analyses followed. 

 

Targeted exome sequencing of the deceased young woman revealed two rare variants with possibly 

functional impact according to our scoring scheme. Next to the SCN5A variant, the novel sequence 

variant p.(Leu1583Pro) in the Laminin-alpha-2 encoding gene LAMA2 was identified. The variant 

p.(Arg1626His) in SCN5A is already described in the literature and was previously associated with 

LQTS [31, 32], and early-onset lone atrial fibrillation [33, 34]. Patch clamp analyses in HEK293 cells 

demonstrated that the expression of mutant channels leads to a gain-of-function effect [34]. According 

to all in silico tools, this variant was predicted to be probably damaging. In the ClinVar database, it is 

categorized differently – as likely pathogenic or variant of unknown significance. The detected LAMA2 

variant has not been described in the literature so far and was predicted to have functional effect 

according to the applied predictive tools. Aberrations in LAMA2 have been described in cases of 

congenital muscular dystrophy and also in the presence of dilated cardiomyopathy (DCM) [35, 36]. 

Muscular dystrophy is known to be inherited in an autosomal recessive fashion [59]. Less is known 

about the relevance in DCM. Carboni et al. [35] detected two LAMA2 mutations in a patient with dilated 

cardiomyopathy with conduction defects and partial merosin deficiency. However, it is not mentioned, 

if the variants were detected in cis or trans. In contrast to the sodium channel variant, the LAMA2 variant 

could not be confirmed in the older sister and in the father of the deceased. The LAMA2 variant was 

inherited from the so far clinically unaffected mother. Based on the fact, that the deceased was a 

heterozygous carrier and we could exclude the LAMA2 aberration in the living sister and her father, it 

is not predictable to what extend this variant played a role in the sudden death.  

 

Emerging studies suggest that a genetic predisposition to cardiac arrhythmias represents a risk factor 

for sudden death in epilepsy patients. Specifically, post-mortem genetic investigations revealed a 

surprising number of variants in the major LQTS related genes KCNQ1, KCNH2 and SCN5A, that 

encode ion-channels expressed in the heart and the brain [20, 22, 60]. Aurlien et al. [61] reported the 

first SCN5A variant in conjunction with a case of SUDEP. The young woman suffered from idiopathic 

epilepsy, experienced tonic-clonic seizures from the age of 17 years and was found dead in bed at the 

age of 25 [61]. As in our case of the deceased sister, the young woman was treated with Lamotrigine 

prior to death. Quite recently, Soh et al. [62] demonstrated the interaction of Lamotrigine with human 
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cardiac Nav1.5 channels in connection with a SUDEP case also exhibiting a rare SCN5A missense 

variant. The authors assume that causative variants in arrhythmogenic genes may represent an additive 

risk factor for patients taking Lamotrigine [62]. Ultimately, the detected variant p.(Arg1626His) in SCN5A 

may have predisposed to arrhythmias and contributed to the sudden death or SUDEP - also in the 

context of the ambiguous pre-existing conditions. However, other factors as a terminal epileptic seizure, 

a possible arrhythmogenic impact of the drug or even further genetic aberrations we did not detect by 

our analyses, may have been involved. The whole exome should be analyzed in connection with first-

degree relatives only - ideally in form of a trio analyses. Therefore, this case might necessitate future 

investigation, but would require the consent of the family.  

 

As also revealed by our previous study, the high amount of data and the number of VUS hamper 

adequate interpretation and reporting of genetic findings using large sequencing panels. However, by 

applying exome sequencing in such cases, additional genes may be identified and correlated to 

arrhythmogenic diseases expanding the etiological understanding of those diseases. Furthermore, 

especially in selected forensic cases, the value of information gained by exome sequencing is of great 

importance regarding the limited amount of sample material. Even if the data are not evaluated in its 

entirety immediately, no information gets lost and well saved data can be evaluated at another point in 

time and with new scientific insights.  

 

Unfortunately, there is still no standardized way to investigate sudden unexpected death cases in 

Germany. Detailed medico-legal investigation including histological and toxicological examination 

should be a gold standard in cases of sudden death in the young [63]. We hope, that at least increasing 

awareness of collecting sample material in cases of SUD and also SUDEP will enable future molecular 

analyses. An organized flow of information would help to take care of family members of sudden death 

victims in order to implement clinical and genetic examinations to prevent further cases of SCD. 

Multidisciplinary collaborations including forensic pathologists, cardiologists, geneticists and genetic 

counsellors are crucial for answering potential concerns and initiating relevant investigations to achieve 

an adequate standard of management in sudden death cases and affected families [64–66]. 

 

 

 Conclusion 

Postmortem genetic analyses using next-generation sequencing methods imply challenging 

assessment of unknown and unclassified variants. However, with careful evaluation of the genetic 

findings, NGS represents an important technology investigating cases of sudden unexpected death. A 

lot of variants were detected in other than the major candidate genes associated with SCD underlining 

the additional diagnostic value of this method. Moreover, the results emphasize the assumption that 
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variants in arrhythmia-associated genes represent a potential risk factor for sudden death in epilepsy. 

However, it should not be neglected, that the genetic results alone are not of major significance, as they 

need to be verified by co-segregation and/or functional studies. Nevertheless, our findings encourage, 

that postmortem genetic analyses in cases of SUD and SUDEP may support the forensic investigation 

and imply great progress for relatives facilitating adequate risk stratification and genetic counselling. 

Detailed investigation in cases of SCD are an opportunity for forensic genetics and pathology to 

substantially contribute to preventive medicine. 
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 Appendix 

1.8.1. List of genes included in the custom 96 gene panel  

ABCC9  KCNE2 TAZ 

ACTC1  KCNE3 TBX5 

ACTN2  KCNH2 TCAP 

AKAP9  KCNJ2 TGFB3 

ANK2 KCNJ5 TMEM43 

ANKRD1  KCNJ8 TMPO 

BAG3  KCNQ1 TNNC1 

BRAF KRAS TNNI3 

CACNA1C LAMP2 TNNT2 

CACNA2D1  LDB3 TPM1 

CACNB2 LMNA TRDN 

CALM1 MYBPC3 TRPM4 

CALM2 MYH6 TTN 

CALR3 MYH7 TTR 

CASQ2 MYL2 VCL 

CAV3 MYL3  

CRYAB MYLK2  

CSRP3 MYOZ2  

CTF1 MYPN  

CTNNA3 NEBL  

DES NEXN  

DMD NKX2.5  

DSC2 PKP2  

DSG2 PLN  

DSP PRKAG2  

EMD PTPN11  

EYA4 RAF1  

FHL2 RANGRF  

FKTN RANGRF  

FLNC RBM20  

GATA4 RYR2  

GJA1 SCN1B  

GJA5 SCN2B  

GLA SCN3B  

GPD1L SCN4B  

HCN4 SCN5A  

JPH2 SCN10A  

JUP SGCD  

KCND3 SLMAP  

KCNE1 SNTA1  

KCNE1L=KCNE5 SOS1  

http://www.ensembl.org/Homo_sapiens/geneview?gene=ABCC9
http://www.ensembl.org/Homo_sapiens/geneview?gene=ACTC1
http://www.ensembl.org/Homo_sapiens/geneview?gene=ACTN2
http://www.ensembl.org/Homo_sapiens/geneview?gene=AKAP9
http://www.ensembl.org/Homo_sapiens/geneview?gene=ANK2
http://www.ensembl.org/Homo_sapiens/geneview?gene=ANKRD1
http://www.ensembl.org/Homo_sapiens/geneview?gene=BAG3
http://www.ensembl.org/Homo_sapiens/geneview?gene=VCL
http://www.ensembl.org/Homo_sapiens/geneview?gene=ACTC1
http://www.ensembl.org/Homo_sapiens/geneview?gene=ABCC9
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1.8.2. TruSight Cardio Panel, Illumina (174 genes) 

ABCC9 DPP6 KCNQ1 PTPN11 TRDN 

ABCG5 DSC2 KLF10 RAF1 TRIM63 

ABCG8 DSG2 KRAS RANGRF TRPM4 

ACTA1 DSP LAMA2 RBM20 TTN 

ACTA2 DTNA LAMA4 RYR1 TTR 

ACTC1 EFEMP2 LAMP2 RYR2 TXNRD2 

ACTN2 ELN LDB3 SALL4 VCL 

AKAP9 EMD LDLR SCN1B ZBTB17 

ALMS1 EYA4 LDLRAP1 SCN2B ZHX3 

ANK2 FBN1 LMF1 SCN3B ZIC3 

ANKRD1 FBN2 LMNA SCN4B  

APOA4 FHL1 LPL SCN5A  

APOA5 FHL2 LTBP2 SCO2  

APOB FKRP MAP2K1 SDHA  

APOC2 FKTN MAP2K2 SEPN1  

APOE FXN MIB1 SGCB  

BAG3 GAA MURC SGCD  

BRAF GATAD1 MYBPC3 SGCG  

CACNA1C GCKR MYH11 SHOC2  

CACNA2D1 GJA5 MYH6 SLC25A4  

CACNB2 GLA MYH7 SLC2A10  

CALM1 GPD1L MYL2 SMAD3  

CALR3 GPIHBP1 MYL3 SMAD4  

CASQ2 HADHA MYLK SNTA1  

CAV3 HCN4 MYLK2 SOS1  

CBL HFE MYO6 SREBF2  

CBS HRAS MYOZ2 TAZ  

CETP HSPB8 MYPN TBX20  

COL3A1 ILK NEXN TBX3  

COL5A1 JAG1 NKX2-5 TBX5  

COL5A2 JPH2 NODAL TCAP  

COX15 JUP NOTCH1 TGFB2  

CREB3L3 KCNA5 NPPA TGFB3  

CRELD1 KCND3 NRAS TGFBR1  

CRYAB KCNE1 PCSK9 TGFBR2  

CSRP3 KCNE2 PDLIM3 TMEM43  

CTF1 KCNE3 PKP2 TMPO  

DES KCNH2 PLN TNNC1  

DMD KCNJ2 PRDM16 TNNI3  

DNAJC19 KCNJ5 PRKAG2 TNNT2  

DOLK KCNJ8 PRKAR1A TPM1  
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1.8.3. Epilepsy related genes  

 

 

 

 

AARS FOXG1 NIPA2 SYNJ1  

ADRA2B FRRS1L NPRL2 SZT2  

ALDH7A1 GABBR2 NTRK2 TBC1D24  

ALG13 GABRA1 PCDH19 UBA5  

AP3B2 GABRB1 PIGA WWOX  

ARHGEF15 GABRB2 PLCB1 YWHAG  

ARHGEF9 GABRB3 PNKP   

ARV1 GABRD PNPO   

ARX GABRG2 POLG   

ATP1A2 GAL PPP3CA   

BRAT1 GLUL PRDM8   

CACNA1A GNAO1 PRICKLE1   

CACNA1E GOSR2 PRICKLE2   

CACNA1H GPHN PRRT2   

CACNB4 GRIN2A RANBP2   

CAD GRIN2B RANGAP1   

CASR GRIN2D RELN   

CDKL5 GUF1 RHOBTB2   

CERS1 HCN1 ROGDI   

CHD2 HDAC4 SCARB2   

CHRNA2 HNRNPU SCN1A   

CHRNA4 IQSEC2 SCN1B   

CHRNB2 ITPA SCN2A   

CLCN2 KCNA1 SCN3A   

CLCN4 KCNA2 SCN8A   

CNPY3 KCNB1 SCN9A   

CNTN2 KCNC1 SIK1   

CPA6 KCNH5 SLC12A5   

CPLX1 KCNMA1 SLC13A5   

CSTB KCNQ2 SLC1A2   

CYFIP2 KCNQ3 SLC25A12   

DCX KCNT1 SLC25A22   

DENND5A KCTD7 SLC2A1   

DEPDC5 LGI1 SLC35A2   

DNM1 LMNB2 SLC6A1   

DOCK7 MBD5 SPTAN1   

DYRK1A MDH2 SRPX2   

EEF1A2 MECP2 ST3GAL3   

EFHC1 MEF2C STX1B   

EPM2A NECAP1 STXBP1   

FGF12 NHLRC1 SYNGAP1   
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CHAPTER 2 CONCEPTUALIZATION AND IMPLEMENTATION OF AN NGS 
WORKFLOW FOR FORENSIC AND DIAGNOSTIC APPLICATIONS 

The content of this chapter has been published in Forensic Science International (Scheiper-Welling et 

al., 2021 [1]). 

 

 Abstract 

Over the past years, next-generation sequencing (NGS) technologies revolutionized the possibilities in 

a broad range of application areas. Also in the field of forensic genetics, NGS continuously gained in 

importance and attentiveness. A significant number of sudden cardiac deaths (SCD) in the young is the 

consequence of heritable arrhythmia syndromes emphasizing the need of examining the genetic basis 

in these cases; also with regard to the identification of relatives and/or patients being at risk. As a result, 

high-throughput methods became of increasing value in molecular autopsy investigations enabling the 

analysis of a broad spectrum of genes. 

 

The majority of NGS workflows and protocols is developed and optimized for high-quality genomic DNA 

samples and diagnostic applications. As postmortem samples show high variability in DNA quantity, 

quality and integrity, most standard NGS protocols are not directly applicable to challenging forensic 

sample material. In the present study, a suitable NGS workflow compatible with heterogeneous sample 

material originating from different sample types, as e.g. blood, tissue or formalin-fixed paraffin-

embedded samples, should be conceptualized to enable the analysis of a comprehensive gene panel 

associated with SCD and inherited arrhythmogenic disorders. Three different hybridization-based 

Illumina library preparation technologies were tested, adapted and compared in order to implement an 

NGS workflow for heterogeneous, forensic as well as diagnostic sample material.  

 

The results obtained indicated, that the Illumina technologies Nextera DNA Flex and TruSeq were 

compatible with samples exhibiting varying levels of degradation. In comparison, the TruSight method 

also resulted in good sequencing data, but seemed to be more dependent on DNA integrity. The 

optimized Nextera DNA Flex protocol could be implemented and established as standard workflow for 

forensic and diagnostic genetic analyses using NGS. The preparation protocols evaluated in this study 

are not restricted to molecular autopsy investigations and might be helpful for and transferrable to 

further forensic research applications.  
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 Introduction 

Over the past years, next-generation sequencing (NGS) technologies rapidly evolved as an 

indispensable tool in a wide spectrum of research applications, in clinical diagnostics as well as forensic 

genetics offering a lot of new possibilities [2, 3]. NGS also became of increasing importance in molecular 

autopsy investigations [4–6]. A significant number of sudden cardiac death (SCD) cases - especially in 

the young - was found to have its origin in inherited arrhythmia syndromes, which include primary 

electrical heart disorders as well as cardiomyopathies [7, 8]. These diseases have in common that they 

are phenotypically and genetically heterogeneous [9]. As sudden death often reveals the first and only 

sign of a hereditary disease, elucidating its genetic basis in victims of sudden unexpected death (SUD), 

in their relatives and even in patients presenting clinical abnormalities, NGS enables a fast, cost-

efficient and parallel analysis of a high number of genes [2, 4, 6, 10]. Genetic analyses in these cases 

allow to initiate cascade screening in affected families in order to identify relatives at-risk enabling the 

implementation of preventive measures. 

 

In the field between forensic genetics and molecular diagnostics it is important to perform genetic 

screening and subsequent interpretation of the results as close as possible to the diagnostic standards 

as the analyses might implicate far-reaching consequences for relatives and patients [11]. Therefore, it 

is important to meet the quality requirements implementing an NGS workflow for molecular autopsy and 

subsequent family investigations. During the last years, various high-throughput techniques and an 

increasing number of sample preparation methods have been developed [2, 3]. Of course, the method, 

that will be finally used, is strongly dependent on the platforms available and the regions of interest to 

be analyzed. 

 

For targeted sequencing, every method has its advantages and disadvantages. In forensic applications, 

PCR-based target enrichment is by far the most prevalent and sensitive method [12]. Furthermore, 

amplicon-based technologies may be more suitable and may result it better sequencing performance, 

when working with limited sample amounts, smaller panels or targets exhibiting high homologies. In 

contrast, hybridization capture-based enrichment methods are more frequently used in molecular 

diagnostics and generally have advantages analyzing e.g. larger gene panels or even whole exomes 

[3, 12–15].  

 

In the present study, we intended to conceptualize and implement an NGS workflow for genetic 

analyses in cases of sudden death and arrhythmogenic diseases by applying a comprehensive panel 

of candidate genes associated with inherited arrhythmogenic diseases. As postmortem samples show 

high variability in quantity, quality and DNA integrity, most standard NGS protocols are often not 

applicable, because they are optimized and standardized for the analysis of intact, high-quality genomic 

DNA (gDNA). Especially in molecular autopsy investigations, various sample types, as e.g. blood, tissue 
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or formalin-fixed paraffin-embedded samples, frequently showing high levels of degradation, serve as 

basis for postmortem genetic analyses challenging adequate processing of these cases. Thus, for the 

implementation of NGS, an appropriate workflow, which was adapted to heterogeneous sample 

material and to be used in small, non-high-throughput laboratories was conceptualized. After assessing 

and considering various essential as well as critical criteria (as e.g. instruments needed, kind of 

sequencing platform, panel and target enrichment, quality requirements and costs) three library Illumina 

preparation technologies were tested, adapted and evaluated for its practical application close to 

diagnostic standards.  

 

 

 Material and Methods 

2.3.1. Sample preparation 

Samples from sudden unexpected death cases and from patients exhibiting clinical abnormalities 

pointing towards an arrhythmogenic disease were used to test three library preparation technologies 

for subsequent next-generation sequencing. DNA was extracted from either blood, tissue (cardiac, 

renal, pulmonary, muscle) or cardiac FFPE (formalin-fixed paraffin-embedded) samples as well as from 

cardiac or kidney tissue samples stored in formalin. Blood samples were extracted applying the 

Maxwell® RSC Blood DNA Kit (Promega, Madison, USA) or the NucleoSpin® Tissue Kit (Macherey 

Nagel, Düren, Germany), which was also used for tissue samples. DNA from FFPE samples was 

extracted using the AllPrep DNA/RNA FFPE Kit (Qiagen, Hilden, Germany). Extractions were 

performed according to the manufacturers’ protocols. Samples stored in formalin only were rinsed in 

nuclease-free water overnight and were processed using the same kit, starting from step 5 after the 

deparaffinization.  

 

Following DNA extraction, sample purity and quantity were assessed using the Nanodrop® ND-1000 

Spectrophotometer v3.1.0 (Intas) and Qubit 3 Fluorometer in combination with the dsDNA BR and HS 

assay kits (Invitrogen, Carlsbad, USA), respectively. Only DNA samples showing high purity 

(A260/A230 ratio generally > 2, at least > 1.8) were used for subsequent sequencing. DNA integrity 

was examined using genomic DNA- or D1000 ScreenTape assays and Agilent 4200 TapeStation 

(Agilent Technologies, Santa Clara, USA). 

 

 

2.3.2. Library preparation and targeted sequencing 

Paired-end libraries were prepared using the TruSight cardio panel (Illumina, San Diego, USA) 

consisting of 174 genes associated with cardiac diseases (list of covered genes in the Appendix 1.8.2) 
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and three different library preparation technologies of the company Illumina. Library preparation was 

performed applying either the TruSight Cardio Kit (bundled solution), the TruSeq Exome Kit - where 

exome oligos were replaced by TruSight cardio oligos, or the relatively new Nextera Flex technology 

(now referred to as Illumina DNA prep) as follows:  

 

TruSight technology: Libraries were prepared using the TruSight Cardio Sequencing Kit according to 

the manufacturer’s manual. Since the standard protocol is optimized for intact gDNA samples of high 

quality, the volume of the ‘tagment DNA enzyme’ for tagmentation was reduced to 10 µl to avoid over-

fragmentation and thus smaller insert sizes. 

  

TruSeq technology: Library preparation was performed using the TruSeq Exome Kit. As mentioned 

above, exome oligos were replaced by TruSight cardio oligos (Illumina). The instructions of the kit’s 

protocol were followed. Certain steps were adjusted according to the Illumina TruSeq technical note for 

the library preparation with regard to FFPE samples to achieve better results with heterogeneous 

samples. For samples exhibiting a DNA integrity number (DIN) lower than 6, 300 ng of DNA, for samples 

showing a higher DIN (≥ 6), 200 ng DNA were used (instead of recommended 100 ng DNA). DNA was 

sheared by means of sonication using Covaris M220 Focused-ultrasonicator (Covaris, Woburn, USA). 

In the PCR program ‘PCR nano’ of TruSeq reference guide, cycles were increased from 8 to 12 cycles 

For enrichment, 500 ng instead of 100 ng (for 12-plex) were used to pool DNA libraries. Enriched 

libraries were amplified in 13 instead of 8 cycles.  

 

Nextera Flex technology: Libraries were prepared following the manufacturer’s protocol (Nextera™ Flex 

for Enrichment). Since the samples showed varied considerably regarding their DNA integrity, 

recommendations for formalin-fixed paraffin-embedded samples were followed as described in the 

protocol. Of samples exhibiting a DIN lower than 5, 300 ng of DNA, above a DIN of 5, 200 ng were used 

for tagmentation. In order to obtain a better performance in GC-rich regions, the PCR program ‘Amplify 

tagmented DNA’ was modified and denaturation times in steps 2 and 3 were increased to 4 min. and 

30 s instead of 3 min. and 20 s, respectively). For enrichment, 500 ng per pre-enriched library were 

used. Hybridization of probes was performed overnight. Enriched libraries were amplified with adjusted 

doubled denaturation times in steps 1 and 2 of the protocol.  

(Variation in comparison to the original protocol are summarized in the Appendix 2.8.1, Table S1).  

 

Concentration and quality of pre-enriched and enriched libraries were checked fluorimetrically and by 

applying D1000 and High Sensitivity D1000 TapeStation assays (Agilent Technologies), respectively, 

as mentioned above. A genomic DNA reference sample (e.g. NA12878, Coriell Institute) was used as 

a control in each sequencing run. Sequencing was carried out on Illumina platforms MiSeq or MiniSeq 

System (2x150 bp paired end reads, using v2 reagent kit or high output kit, respectively). The resulting 
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reads were aligned to the human reference genome GRCh37/hg19. Evaluation of the data was 

performed using Illumina Analysis Software and Illumina Sequencing Analysis Viewer (Illumina) as well 

as GensearchNGS software (PhenoSystems, Braine le Chateau, Belgium). Next to this, only NGS runs 

meeting the following quality criteria were considered as good sequencing runs: Cluster densities 

should be close to the manufacturer’s recommended range, a quality score of Q30 should be reached 

by at least 90 % of the bases and at least 98 % of core genes should be covered ≥ 20x.  

 

 

 Results 

2.4.1. Integrity of starting material 

The integrity of the input gDNA can critically affect the success of library preparation and subsequent 

sequencing. Therefore, a quality control of the starting material was performed and the gDNA integrity 

of samples, that showed good purities and quantities following extraction, was assessed. Depending 

on sample origin, the kind of sample material and its storage before extraction, the extracts exhibited 

high variability of gDNA integrity ranging between DNA integrity number (DIN) values of 1 to 9.1, as 

shown in Figure 4. 

 

Figure 4: Samples showed high variability of gDNA integrity.  

Representative electropherogram patterns using the 4200 TapeStation system and Genomic DNA Screen Tape assay display 

the range of gDNA integrity of the samples (DIN scale 1-10, where a high DIN indicates highly intact gDNA; sample intensities 

indicated in normalized fluorescent units) [1].  
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Diagnostic samples revealed DIN values between 6.1 and 9.1. Therefore, extracts with values above 

DIN 6 were considered as relatively intact DNA samples. As shown in figure 1, samples with a DIN 

value > 6 exhibit one well-defined peak only whereas samples with DIN close to 6 already display signs 

of partial degradation, but there is still a major peak visible, which is shifted towards smaller sizes. 

 

 

2.4.2. Approach for targeted sequencing 

For the present scope of application, we considered a commercially available Illumina-compatible 

hybridization capture-based enrichment workflow (Figure 5) to be most suitable for examining a broad 

spectrum of genes associated with inherited arrhythmia diseases. 

 

 

Figure 5: Common enrichment options for targeted sequencing.  

Using amplicon-based methods, targets are enriched by PCR amplification in e.g. one or multiple multiplex reactions. With 

hybridization-capture enrichment methods, gDNA is first fragmented. Afterwards, targets are selectively captured by 

hybridization of specific biotinylated probes complementary to the regions of interest and subsequently recovered using 

streptavidin-magnetic beads (Scheiper-Welling et al. 2021 [1], modified). 

 

 

The targeted gene capture panel ‘TruSight Cardio’ of Illumina comprised the most relevant genes 

enabling the analysis in a single sequencing assay. Based on our results of the integrity measurements 

we established the following approach for targeted sequencing of heterogeneous sample material using 

three different library preparation technologies (Figure 6) according to the protocols’ requirements:  

We initially started with the Illumina TruSight technology (TruSight Cardio Sequencing Kit, bundled 

solution). This kit is based on enzymatic fragmentation. During ‘tagmentation’, the DNA is fragmented 
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and tagged with adapter sequences in a single step. However, enzymatic fragmentation is highly 

sensitive to the amount and quality of input nucleic acid. Hence, protocols are difficult to adapt to 

applications with samples exhibiting varying levels of degradation. Therefore, we decided to apply this 

technology to gDNA samples exhibiting a DIN value > 6.  

 

In a second step and for best possible processing of samples showing lower levels of DNA integrity, 

the Illumina TruSeq technology was tested. This procedure is based on mechanical DNA shearing. 

Using this method, accurate gDNA fragmentation is less dependent on the concentration and integrity 

of the starting material. This technology was mainly applied to highly degraded samples with a DIN        

< 6.  

Subsequently, we applied the new library preparation method Nextera DNA Flex (now named Illumina 

DNA Prep) employing enzymatic ‘on-bead tagmentation’. This technology promised to be compatible 

with a wide range of input types and amounts. Next to this, it should also be suitable for degraded as 

e.g. FFPE samples. This kit was used independently of the sample integrity.  

In order to obtain appropriate insert sizes and final enriched libraries, all protocols were adapted for 

heterogeneous material as described in the methods section. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Approach performing genetic analysis of heterogeneous sample material using NGS. 

Intact samples displaying a relatively high gDNA integrity (DIN > 6) were processed with the TruSight technology. Samples 

exhibiting high degradation levels (DIN < 6) were prepared using the TruSeq protocol. The new Nextera DNA Flex technology 

was applied DIN independently to all sample types (Scheiper-Welling et al. 2021 [1], modified). 

 

 

2.4.3. Comparison of sample preparation methods and sequencing performances 

For each sequencing run, libraries of 12 samples were processed, pooled and enriched using the 

TruSight cardio panel for subsequent analyses. Library preparation was performed with either the 

TruSight, TruSeq or Nextera DNA Flex technology. By adapting the protocols, we received uniform 

libraries of proper size and concentration.  

TruSight Technology 
TruSight Cardio Sequencing Kit, 

enzymatic fragmentation 
(‘tagmentation’) 

TruSeq Technology  
TruSeq Exome Kit  

combined with cardio panel, 
mechanical fragmentation 

(sonication) 

Nextera Flex Technology 
Nextera DNA Flex Kit  

combined with cardio panel,  
enzymatic fragmentation  
(‘on-bead tagmentation’) 

Forensic & diagnostic sample material 
implicates high variability in gDNA integrity between samples 

DIN > 6 DIN < 6 DIN independent 
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Table 4 represents the results of two NGS runs for each preparation technology. Excluding the 

reference sample, the average DNA integrity number of samples prepared with the TruSight method 

was 7.8 in the first and 6.9 in the second library preparation workflow. Using the TruSeq technology, 

the samples exhibited lower values, namely DIN 4.1 in the first and 2.9 in the second preparation 

workflow and samples prepared with the Nextera DNA Flex workflow DIN values of 4.7 and 5.9, 

respectively. Only pre-enriched libraries conforming to the quality requirements were further processed. 

 

In each NGS run, cluster densities within an adequate range were observed. Also the sequencing data 

were of good quality as a quality score of Q30 was fulfilled by > 91 % of the bases (averaged 93.3 % ± 

1.3, n=6). Regarding the sequencing performance over for the entire panel consisting of 174 genes with 

known cardiac associations, only samples showing 20x coverage in at least 98 % of the targets (without 

duplicates) were considered for evaluation (Table 4). All the technologies tested were found to provide 

good coverage depths, target coverage and uniformity of coverage. Evaluating the results, it has to be 

considered, that only comparatively intact samples were processed with the TruSight protocol. 

 

Table 4: Comparison of next-generation sequencing performances using three different library preparation 

technologies for genetic analysis of heterogeneous sample material.  

Average mean coverage depth, coverage uniformity and target coverage (20x, 50x) including standard deviations are shown. 

For target coverage statistics, duplicate reads were excluded. For each technology, the results of two NGS runs are listed. 

The third row of each technology section summarizes the results of both runs (Scheiper-Welling et al. 2021 [1], modified). 

 

Sequencing coverage depth and uniformity were higher for libraries prepared using the TruSeq and 

Nextera DNA Flex workflow compared with data obtained using the TruSight technology. The TruSeq 

technology shows the lowest deviations in uniformity and target coverage and the best target coverage 

(20x as well as 50x) over the entire gene panel, followed by the Nextera DNA Flex and the TruSight 

workflows.  

Technology 
Mean  
Coverage 
Depth 

Uniformity of Coverage 
(pct > 0.2 *mean) 

Target  
Coverage 20x 

Target  
Coverage 50x 

TruSight  
enzymatic 

fragmentation 

314 98.21 % (± 0.31 %) 99.75 % (± 0.32 %) 98.08 % (± 2.58 %) 

356 95.89 % (± 1.19 %) 99.56 % (± 0.3 %) 96.34 % (± 2.71 %) 

335 97.05 % (± 1.46 %) 99.65 % (± 0.32 %) 97.21 % (± 2.73 %) 

TruSeq 
mechanical 

fragmentation  

407 99.06 % (± 0.12%) 99.89 % (± 0.03 %) 99.62 % (± 0.32 %) 

925 99.16 % (± 0.16 %) 99.9 % (± 0.00 %) 99.83 % (± 0.07 %) 

654 99.11 % (± 0.15 %) 99,9 % (± 0.02 %) 99.72 % (± 0.25 %) 

Nextera DNA Flex 
enzymatic 

fragmentation 
-‘on-bead 

tagmentation’ 

555 99.15 % (± 0.78 %) 99.88 % (± 0.04 %) 99.64 % (± 0.15 %) 

667 98.65 % (± 0.37 %) 99.84 % (± 0.07 %)  99.55 % (± 0.28 %) 

611 98.9 % (± 0.65 %) 99.86 % (± 0.06 %) 99.59 % (± 0.23 %) 
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2.4.4. Coverage of core genes 

The entire and sufficient coverage of core genes is one of the most important aspects in molecular 

genetic analyses. Particularly in molecular autopsy investigations, this are the main prevalent genes 

associated with arrhythmogenic disorders as Long-QT syndrome (LQTS), Brugada syndrome (BrS), 

Short-QT syndrome (SQTS), Catecholaminergic polymorphic ventricular tachycardia (CPVT) as well as 

hypertrophic, dilated and arrhythmogenic cardiomyopathy (HCM, DCM, ACM, respectively) according 

to the current guidelines [16]. Therefore, the coverage of 15 major candidate genes associated with 

SCD was analyzed (Table 5). The evaluation was based on the coverage of coding regions including 

ten base pairs of the flanking intronic regions. 

A 20x coverage was achieved by a high proportion of bases (> 99.8 %) independent of the technology 

used. Nevertheless, the TruSeq technology exhibited best performance (≥ 99.9 %) with the lowest 

deviations. Regarding the 50x coverage of core genes, the TruSight method resulted in apparent lower 

values (98.06 % compared to 99.89 % and 99.74 %). Best coverage was obtained using the TruSeq 

technology, followed by that of the Nextera Flex.  

 

Table 5: Coverage of 15 core genes associated with sudden cardiac death (SCD) and arrhythmogenic disorders using 

three different library preparation technologies.  

Coverage analyses was based on the genes SCN5A, KCNQ1, KCNH2, KCNJ2, RYR2, MYH7, MYBPC3, TNNI3, TNNT2, 

LMNA, BAG3, PKP2, DSC2, DSG2 and DSP. Average values for each run and technology, respectively, are shown (Scheiper-

Welling et al. 2021 [1], modified). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gaps or rather low coverage regions have to be completed by Sanger sequencing in order to guarantee 

hundred percent coverage of core genes. For research applications, we set the coverage cut-off to          

≥ 20x. On average, four exons in two genes had to be re-sequenced in each sample using the TruSight 

technology with strong deviations between samples. Applying the Nextera Flex protocol, on average 

Technology 
Coverage of 
core genes 20x 

Coverage of 
core genes 50x 

TruSight  
enzymatic  

fragmentation 

99.88 % (± 0.26 %) 98.58 % (± 2.17 %) 

99.82 % (± 0.26 %) 97.55 % (± 2.05 %) 

99.85 % (± 0.26 %) 98.06 % (± 2.13 %) 

TruSeq 
mechanical 

fragmentation 

100.00 % (± 0.00 %) 99.82 % (± 0.18 %) 

99.9 % (± 0.03 %) 99.96 % (± 0.07 %) 

100.00 % (± 0.02 %) 99.89 % (± 0.15 %) 

Nextera DNA Flex 
enzymatic fragmentation 
-‘on-bead tagmentation’ 

99.94 % (± 0.09 %) 99.72 % (± 0.18 %) 

99.95 % (± 0.05 %)  99.75 % (± 0.12 %) 

99.94 % (± 0.07 %) 99.74 % (± 0.15 %) 
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one exon in one gene had to be re-analyzed. The same exons, i.e. the first exon of the KCNQ1 and the 

fourth exon of the KCNH2 gene were involved in multiple samples. Almost no target regions had to be 

completed by using the TruSeq technology. Only few samples were involved and the same regions had 

to be re-sequenced as using Nextera Flex.  

 

 

 Discussion 

Next-generation sequencing (NGS) technologies revolutionized the possibilities in examining rare and 

heterogeneous disorders and performing molecular autopsy investigations. During the past years, 

various high-throughput techniques and an increasing number of sample preparation and enrichment 

methods have been developed [2, 3]. A wide variety of kits is available, both for custom or predesigned 

panels. In order to select the best solution for the field of application, various aspects need to be 

considered, such as the size of the region of interest, compatibility with NGS technologies, DNA 

requirements, practicability and cost per sample [4, 13, 14].  

 

Whole exome sequencing (WES), frequently followed by condition-specific filtering of resulting data, 

prevalently represents the method of choice investigating rare inheritable disorders and SUD cohorts. 

However, this approach is more attractive for high-throughput laboratories and often results in uneven 

coverage across and between genes. Furthermore, major candidate genes may be covered with poorer 

quality than by means of defined gene panel analysis and the higher risk of detecting incidental variants 

should not be underestimated [17–21]. Highly multiplexed PCR approaches for target enrichment may 

result in lower overall sequencing performance as e.g. coverage uniformity due to non-uniform 

amplification of target regions and variants in primer binding sites may cause preferential or mono-

allelic amplification. Also the compatibility with low integrity samples may be limited [13–15]. 

Considering these facts, we decided to apply Illumina sequencing platform-compatible hybridization 

capture-based library preparation workflows including the application-specific predesigned TruSight 

Cardio panel covering the most relevant genes. It has been shown, that well-designed hybridization-

based assays offer superior performance analyzing larger target regions and result in better coverage 

uniformity [13, 14]. 

  

The majority of standard NGS workflows and protocols is developed and optimized for high-quality 

samples frequently processed in diagnostic analyses. Since the integrity of the starting material can 

critically affect the success of targeted NGS library preparation [13, 22–24], we performed quality 

control of the starting material. Our results indicated the expected high variability in DNA integrity 

especially in case of postmortem samples. Therefore, assessment of the sample integrity was very 

useful in selecting the best DNA extracts per case. Unexpectedly, FFPE tissue specimens were often 
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easier to process with older cases or than e.g. blood and tissue samples that were not suitably stored. 

Therefore, this option might be kept in mind processing challenging cases, as we frequently obtained 

usable DNA extracts and subsequent sequencing results from FFPE specimens.  

This proceeding, supplemented with further intermediate quality control steps, considerably minimized 

the risk of losing single libraries during the preparation workflow and producing unreliable sequencing 

data due to poor sample quality saving time and costs when working with heterogeneous as forensic 

sample material. 

 

An important first step for all targeted capture-based NGS applications is the consistent fragmentation 

of gDNA by mechanical or enzymatic means [25, 26]. In contrast to mechanical methods, the efficiency 

of enzymatic DNA fragmentation is highly dependent on the enzyme to DNA input ratio [23]. Adaption 

of DNA or enzyme amounts and/or incubation time may improve this critical step, but may result in 

inconsistencies in fragment size distribution due to over-fragmentation of low integrity samples and 

insufficient fragmentation of intact samples, respectively. This may have downstream effects on library 

preparation process as well as on sequencing performance [23, 25]. Using mechanical shearing, 

accurate fragmentation is less dependent on the integrity of the starting material, but requires more 

time and specific equipment. Therefore, we initially used the TruSight (enzymatic) for intact and TruSeq 

technology (mechanical fragmentation) for more degraded samples. The new Nextera methodology 

uses magnetic bead-linked transposome complexes binding and fragmenting fixed amounts of DNA. 

Using this technology, over-fragmentation should be avoided, because DNA fragments stay attached 

to the beads following tagmentation promising compatibility with variable input types [23]. As expected, 

enzymatic fragmentation of the TruSight protocol was more dependent on DNA integrity. However, by 

reducing the amount of tagmentation enzyme, pre-enriched libraries of adequate size were obtained 

with comparatively intact samples. By applying mechanical fragmentation using the TruSeq workflow, 

mean fragment sizes within the optimal range were also achieved with highly degraded samples using 

adapted DNA input amounts. The enzymatic ‘on-bead tagmentation’ of the Nextera protocol resulted in 

libraries of good quality with samples exhibiting varying levels of degradation. 

 

According to the diagnostic standards, important quality parameters for genetic analyses using NGS 

include, amongst others, the average sequencing depth, uniformity of coverage, the percentage of 

target regions sequenced with an informative read depth greater than or equal to 20 as well as the 

coverage of core genes [11, 13, 27, 28]. Guidelines explicitly indicate that the reliability of the analysis 

should not be compromised with the transition from Sanger sequencing to NGS [11]. Therefore, also 

the coverage of 15 core genes associated with SCD and arrhythmogenic disorders was evaluated 

according to the recommendations of current guidelines [11, 16, 29]. Low coverage regions have to be 

completed by Sanger sequencing. Re-sequencing of too many uncovered targets impacts on 

turnaround time and costs [18]. For diagnostic germline genetic testing, higher minimum read depths 
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(30-50x) can be defined depending on the panel used, especially concerning the coverage of major 

candidate genes. Therefore, we also focused the 50x target coverage as evaluation criterion.  

In overall comparison of the results (see also Appendix 2.8.1, Table S2), we received adequate 

sequencing performances with each of the three library preparation technologies tested. The mean 

read depth as well as the mean coverage of target regions (20x) over the entire panel was as high as 

published previously [17]. The TruSeq technology resulted in the highest evenness of coverage across 

the entire panel, the highest target read depth and good coverage of core genes with low deviations 

between samples. These outcomes were closely followed by the Nextera Flex methodology. We 

observed that the TruSight technology was more dependent on sample quality as expected. 

Furthermore, this method resulted in apparent lower values at 50x coverage of core genes requiring re-

sequencing of several exons in different genes. In contrast, few and mostly the same exons had to be 

re-sequenced using the Nextera Flex or the TruSeq workflow. This predominantly concerned high GC-

rich sequences in the potassium channel encoding genes KCNQ1 und KCNH2, which is a known 

problem [18]. 

 

The performance of library preparation technologies can also be measured by the ease of use and the 

amount of DNA required [13]. The Nextera Flex workflow represents by far the easiest, fastest and most 

flexible one. Usually, it is not even necessary to quantify and normalize for gDNA inputs above 50 ng, 

because library yields are normalized by saturation of the enrichment bead-linked transposome 

complexes (eBLT) [23]. However, with regard to the heterogeneous sample material and to obtain 

comparable results, we always quantified and defined the input amount per sample. The Nextera Flex 

technology enables flexible DNA input amounts. In subsequent experiments (data not shown), we went 

down to 50 ng input with limited low-integrity forensic samples and obtained good-quality and 

comparable sequencing data (Table 4). In contrast, the TruSeq protocol is the most time consuming 

workflow. DNA shearing by sonification requires additional working steps resulting in more total hands-

on time. A further disadvantage represents the fact, that most small laboratories do not have access to 

a Covaris shearing system. Furthermore, we used the highest amount of starting material applying this 

method. Concerning assay time, the TruSight technology is in the middle range. Commercially available 

‘bundled solutions’ containing reagents for one library preparation workflow and subsequent 

sequencing make this approach attractive for single or occasional applications investigating SUD cases 

or arrhythmogenic diseases. 

 

 

 Conclusion 

For the implementation of a suitable next-generation sequencing workflow for both, forensic and 

diagnostic applications, three Illumina library preparation technologies were tested and compared for 



 

 41 

applicability with heterogeneous sample material. The results show, that using the comparably fast and 

flexible Nextera Flex technology, high-quality sequencing data were obtained with samples exhibiting 

varying levels of degradation. The TruSeq library preparation method performed slightly better, but is 

more time consuming, requires higher input amounts and also specific equipment. However, processing 

challenging samples showing high levels of degradation, this technology might represent the last 

possibility to analyze exceptional cases. Finally, the TruSight technology resulted in appropriate 

sequencing outcomes analyzing relatively intact gDNA samples, but, nevertheless, did not reach the 

coverage values of the other technologies tested. However, this workflow might be a convenient 

approach for occasional investigations of genes with known cardiac associations. 

 

The Nextera DNA Flex workflow seemed best suited for our field of application and has been 

implemented and established as a standard workflow for forensic and diagnostic genetic analyses using 

next-generation sequencing. Usage of this preparation method is not limited to the gene panel analyzed 

in this study and can be flexibly applied for e.g. whole exome sequencing. 

 

The technologies evaluated here are not restricted to genetic screening purposes in SUD cases and 

arrhyhmogenic disorders and might be supportive for further forensic examinations, in which genetic 

analyses are based on heterogeneous sample material.  
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 Appendix 

2.8.1. Supplementary information implementation NGS 

Table S 1: Overview of input amounts and protocol adaptions in comparison to the original protocols. (Scheiper-Welling et al. 2021, modified) 

Technology Input Pre-enrichment Enrichment 

TruSight 50 ng 
 Tagment genomic DNA 

10 µl TDE1 (Tagment DNA Enzyme TDE) 
 

TruSeq 
DIN ≥6: 200 ng 

DIN <6: 300 ng  

 PCR nano program 
Step 2: 12 cycles 

 Pool libraries 
500 ng per pre-enriched library for enrichment 
12-plex enrichment with 6000 ng total library mass 

 Amplify enriched library  
Step 2: 13 cycles 

Nextera Flex 
DIN ≥5: 200 ng 

DIN <5: 300 ng 

 FFPE recommendations in the protocol were 
applied 

 Amplify Tagmented DNA program 
Step 2: 4 min. denaturation 
Step 3: 30 s denaturation 

 FFPE recommendations in the protocol were applied 

 Pool libraries 
500 ng per pre-enriched library for enrichment 
12-plex enrichment with 6000 ng total library mass 

 Amplify enriched library program 
Step 1: 60 s denaturation 
Step 2: 20 s denaturation, 12 cycles 

 

 

 

Table S 2: Comparison of Illumina library preparation technologies TruSight, TruSeq and Nextera Flex for applicability with heterogeneous sample material.  

The assessment is based on the comparison of defined criteria between the technologies tested in this study. Thus, the evaluation must be considered in relation to the other 
methods and is not based on overall performance of the technology (Scheiper-Welling et al. 2021, modified). 

Technology 
Uniformity 

of coverage 
 Target  

coverage 50x 
 Coverage of core 

genes 50x 
 Assay 

Time 
Equipment Input* 

 

TruSight 
97.05 % 

(± 1.46 %) 
 

97.21 % 
(± 2.73 %) 

 98.06 % 
(± 2.73 %)   

50 ng 
 

TruSeq 
99.11 % 

(± 0.15 %) 

99.72 %  
(± 0.25 %)  

99.89 % 
(± 0.15 %) 


   200-300 ng 

 

Nextera Flex 
98.9 % 

(± 0.65 %) 
 

99.59 % 
(± 0.23 %)  

 99.74 % 
(± 0.15 %)    

flexible range  
(50-300 ng tested)  

* Values concerning input amounts refer to initial gDNA inputs successfully tested in this study and may differ from values stated in corresponding protocols. 
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CHAPTER 3 FUNCTIONAL CHARACTERIZATION OF SCN5A SEQUENCE VARIANTS  

 

Parts of this chapter have been published in BMC Medical Genetics (Scheiper-Welling et al., 2020 [1]). 

 Abstract 

In recent years, the number of sequence aberrations detected during genetic testing increased. The 

progress of next-generation sequencing technologies, their availability and possibility to sequence 

comparatively cost-efficient large gene panels, exomes or even genomes, became an indispensable 

tool in research and molecular diagnostics. However, the increasing rate of variant detection expands 

the list of genetic variants of unknown significance tremendously. The lack of functional studies 

challenges the interpretation of genetic variants for geneticists and clinicians. Of course, this problem 

has always been omnipresent, but the actual circumstances emphasize the need of functional 

characterization studies.  

 

In the present work, the heterozygous SCN5A variant c.316A>G, p.(Ser106Gly) was identified in a 35-

year-old patient with survived cardiac arrest. Alterations in the SCN5A gene encoding the cardiac 

sodium channel Nav1.5 have been linked to a number of arrhythmia syndromes and diseases including 

Long-QT syndrome (LQTS), Brugada syndrome (BrS) and dilated cardiomyopathy (DCM), which may 

predispose to fatal arrhythmias and sudden death. In order to assess the relevance of the detected 

variant, we performed functional characterization experiments using patch-clamp technique and 

confocal laser scanning microscopy (CLSM). Mutant as well as wild type GFP tagged Nav1.5 channels 

were expressed in HEK293 cells. Electrophysiological measurements indicated, that the detected 

missense variant alters Nav1.5 channel functionality leading to a gain-of-function effect. Confocal 

images revealed that the variant is not interfering with protein synthesis and intracellular sorting in 

comparison to the wild type. The results support the assumption that the detected sequence aberration 

alters Nav1.5 channel function and may predispose to cardiac arrhythmias and sudden cardiac death.  

Genetic analysis in a 19-year-old young man with diagnosed Brugada syndrome (BrS) revealed the 

novel SCN5A variant c.934G>T, p.? localized at the exon-intron boundary of exon 7. In order to analyze, 

if the variant may affect recognition of the splicing motif, we performed an in vitro minigene splicing 

assay. Wild type and mutant sequences were cloned into an exon trapping vector and expressed in 

HEK293 cells. Analysis of the generated transcripts indicated, that the detected alteration seems to 

affect splicing efficiency. The variant most likely causes the BrS phenotype of the patient by loss-of-

function due to an impaired recognition of the splicing motif or the generation of a premature stop codon. 

 

The two exemplary cases presented here underline the importance of studies for characterizing variants 

with unknown functional relevance. This will provide the information whether they exhibit a possible 

disease-associated mechanism.  
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 Introduction 

Especially in the era of new technologies, the interpretation of the high amount of sequencing data 

represents the most challenging aspect in genetic testing as well as for molecular autopsy 

investigations. Rare nonpathogenic variants have to be differentiated from real potentially pathogenic 

genetic aberrations. Generally, assessment of the potential impact of genetic findings is based on 

literature findings, database entries as population frequencies, and the application of in silico prediction 

tools. However, in case of newly detected and especially missense variants, the functional 

consequence remains unclear in the majority of cases [2–4]. Without functional or co-segregations 

studies, those variants have to be classified as variants of unknown significance (VUS) as the relevance 

of these newly or rare detected abnormalities cannot be predicted or assessed adequately [5]. These 

circumstances represent a so-called “genetic purgatory” for affected families and physicians 

emphasizing the need of functional studies [2]. Although it is an act of balance on how to report and 

communicate unclear genetic findings to affected families and patients, further familial and functional 

investigations may give the chance to better classify detected variants at another point in time and with 

new scientific insights [3].  

 

Inherited genetic aberrations in voltage-gated sodium channels are known to cause human diseases in 

the form of e.g. arrhythmogenic disorders [6, 7]. Cardiac sodium channels are responsible for the inward 

depolarizing current (INa) in the initial phase of the cardiac action potential. The cardiac expressed gene 

SCN5A encodes the pore-forming ion conducting α-subunit of the voltage-gated sodium channel 

Nav1.5, which is highly conserved among species [8–11]. The Na+ current resulting from Nav1.5 is 

fundamental in initiation and propagation of action potentials and is therefore responsible for cardiac 

excitability and conduction velocity [9]. In cardiomyocytes, Nav1.5 is preferentially localized at 

intercalated discs and at the T-tubular system [8]. 

The sodium channel Nav1.5 consists of four homologous domains (DI, DII, DIII and DIV), each build of 

six membrane spanning segments (S1 - S6). The positively charged S4 segments act as voltage sensor 

and are responsible for the voltage-dependent ion channel activation. The pore of the sodium channel 

is formed by loops (P-loops) between S5 and S6 segments. The long soluble N- as well as the C- 

terminal region of the α-subunit are located in the cytoplasm (Figure 7) [10–14]. 

 

Genetic aberrations in SCN5A have been associated with different types of arrhythmogenic diseases 

including Brugada syndrome (BrS), Long-QT syndrome (LQTS), sick-sinus-syndrome (SSS), atrial 

fibrillation (AF), dilated cardiomyopathy (DCM) and non-cardiac diseases such as for example epilepsy. 

However, abnormalities in the sodium channel can also lead to overlapping phenotypes, so called 

overlap syndromes [10, 13, 15–18]. 
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Figure 7: Schematic representation and linear topology of the cardiac sodium channel Nav1.5.  

The α-subunit comprises 4 domains (DI-DIV), each consisting of 6 membrane spanning segments (S1-S6). The S4 segment 

acts as a voltage sensor. The α-subunit co-localizes with an ancillary β-subunit that consists of one membrane spanning 

segment (Wilde et al. 2018 [10], modified). 

 

Loss-of-function mutations have been associated with Brugada syndrome, whereas gain-of-function 

variants are known to cause Long-QT syndrome type 3. Next to those electrical diseases, loss- as well 

as gain-of-function variants were described in cases of the structural heart disease dilated 

cardiomyopathy. However, the precise mechanism leading to the DCM phenotype remains unclear [10, 

17, 19]. The pathogenesis and clinical spectrum of SCN5A variants is quite complex. Whereas one 

patient is showing a severe phenotype, another patient carrying the same genetic variant exhibits no 

clinical conspicuities. Phenotypes may even vary within one family. In the worst case, sudden cardiac 

death (SCD) is the first sign of a hereditary disease. The variable disease severity, which is most likely 

influenced by environmental and genetic factors, remains as yet incompletely understood [10, 17].  

 

In the present study, we identified the variant of unknown significance c.316A>G, p.(Ser106Gly) in the 

N-terminal region of the cardiac sodium channel Nav1.5 in a patient with survived cardiac arrest. 

Variants in the N-terminus of Nav1.5 have been identified in patients with BrS and LQTS. However, the 

role of the N-terminal region on trafficking, localization and regulation is not fully understood until now 

[20, 21]. To better assess the relevance of the detected variant, we performed functional studies in 

HEK293 cells. Next to electrophysiological measurements using the patch clamp technique for 

understanding the impact of the mutation on channel function, we also performed confocal laser 
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scanning microscopy. The later was used to investigate the effect of the variant p.(Ser106Gly) on 

protein synthesis and intracellular sorting.  

Furthermore, we detected the novel SCN5A variant c.934G>T, p.? at the exon-intron boundary of exon 

7 in a patient with diagnosed Brugada syndrome. An in vitro minigene splicing assay in HEK293 cells 

was performed to investigate whether this newly identified variant affects recognition of the donor splice 

site.  

 

 

 Material and Methods 

3.3.1. Functional characterization of the N-terminal Nav1.5 channel variant S106G 

The experiments for characterizing the variant p.(Ser106Gly) in the sodium channel Nav1.5 were 

performed in collaboration with the research group of Prof. Thiel, TU Darmstadt.  

 

 Genetic analysis 

DNA was extracted from blood using the salting out procedure. Genetic screening was carried out by 

means of next-generation sequencing (NGS). Library preparation was performed using Nextera Flex 

Technology combined with the TruSight Cardio Panel (Illumina, San Diego, USA) and subsequent 

sequencing was carried out on a MiniSeq System (Illumina). The resulting reads were aligned to the 

human reference genome GRCh37/hg19. Variant calling and further evaluation was performed using 

the Software GensearchNGS (Phenosystems). Variants were filtered according to a pre-established 

prioritization protocol mainly based on presumed functional impact on the protein and allele frequency. 

Genetic variants expected to disrupt protein function and with minor allele frequency below 0.2% in 

public available databases (The Genome Aggregation and Exome Sequencing Project databases) were 

selected. Detected sequence variants were assessed using common databases (as e.g. public 

population databases, Human Gene Mutation Database) and by emplying in silico prediction tools 

(PolyPhen-2 [22], MutationTaster [23], SIFT [24], CADD [25]). The identified variant was confirmed by 

polymerase chain reaction (PCR) and standard direct sequencing by means of BigDye Terminator v1.1 

chemistry and 3130xl Genetic Analyzer (Applied Biosystems). The resulting data were evaluated using 

SeqScape Software v3.0 (Applied Biosystems). 

 

 Mutagenesis 

For site-directed mutagenesis, the type pcDNA3.1-EGFP vector comprising the wild cDNA sequence 

of SCN5A (hH1a isoform) was used (kindly provided by N. Neyroud, PhD, Inserm-Sorbonne Université 

Paris, France). The required sequence variant was induced by applying mutagenic primers in the 

thermal cycling reaction using the QuikChange II XL Site-DirectedMutagenesis Kit (Agilent 
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Technologies, Santa Clara, USA). The resulting construct was verified by direct sequencing (primers in 

the Appendix 3.8.1). 

 

  Electrophysiological measurements in HEK293 cells 

For the functional characterization of the variant p.S106G the mutant as well as wild type Nav1.5 

channels were expressed in human embryonic kidney (HEK) cells, cell line 293. To mimic the 

heterozygous state of the patient, wild type and mutant were also co-transfected in a 1:1 ratio (WT/MT). 

HEK293 cells were cultivated in an incubator at 37 °C, 5% CO2 and passaged by transferring them to 

35 mm plates. The cells were transfected using transfection reagent TurboFect (Thermo Fisher 

Scientific, Waltham, USA) and 3 µg of Nav1.5 constructs in the pcDNA3.1-EGFP vector. On the next 

day, the cells were detached by means of accutase (PAA, GE Health Freiburg, Germany). 400 µl were 

transferred to a new plate containing 2 ml medium. Electrophysiological measurements were performed 

on single cells approximately 36 hours following transfection using conventional patch clamp technique 

in whole-cell configuration. Current measurements and data acquisition were carried out with an EPC-

9 Patch Clamp amplifier (HEKA, Lambrecht, Germany) and the Patch Master (HEKA) software. 

Currents were measured at room temperature in a bath solution composed of 135 mM NaCl, 4 mM KCl, 

1 mM CaCl2, 2 mM MgCl2, 20 mM Glucose and 10 mM HEPES (pH 7.4, adjusted with NaOH). The 

pipette solution consisted of 140 mM CsCl, 5 mM NaCl, 4 mM Mg-ATP, 2 mM MgCl2, 5 mM EGTA, 10 

mM HEPES (pH 7.4, adjusted with CsOH). To measure the peak current amplitudes and to determine 

current/voltage (I/V) relationships, the cells were clamped from a holding potential of -140 mV (100 ms) 

to test voltages ranging from -100 mV to +50 mV in 5 mV steps. To analyze the steady-state inactivation, 

cells were clamped from a holding potential of -100 mV (100 ms) to test voltages ranging from -140 mV 

to -20 mV by 10 mV increments (500 ms), followed by a 50 ms test pulse to +20 mV. For data analysis 

we used Igor Pro 6.03 software (WaveMetrics, Lake Oswego, OR). 

For noise analysis, Nav1.5 WT and S106G channels were activated 200 times by a depolarizing voltage 

step from a holding potential of -140 mV to -20 mV or -40 mV. Current traces were imported into 

MATLAB to calculate the mean current <I>(t), the current differences between successive traces ΔIn(t), 

the mean current differences <ΔI>(t), and the variance of the current differences σ2(t). <I>(t), ΔIn(t), 

<ΔI>(t), and σ2(t) were calculated with the following equations [26]: 

 

〈I〉(t)= 
1

M
∑ In(t)M

n=1         (1) 

∆𝐼𝑛(𝑡) =  
𝐼𝑛(𝑡)−𝐼𝑛+1(𝑡)

2
         (2) 

〈∆𝐼〉(𝑡) =  
1

M‐1
∑ ∆𝐼𝑛(𝑡)M

n=1        (3) 
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 𝜎2(𝑡) =
2

M‐1
∑ (∆𝐼𝑛(𝑡) − 〈∆𝐼〉(𝑡))

2M
n=1      (4) 

 

where n is trace number and M the total number of traces collected. σ2 values were plotted against the 

mean current (Imean) and fitted with the following parabolic equation: 

 

𝜎2(〈𝐼〉) = 𝑖 ∙ 〈𝐼〉 −
〈𝐼〉2

𝑁
+ 𝜎𝑏

2       (5) 

where i is the single channel amplitude, N the total number of channels, and σb
2 the background noise. 

Data were fitted with the constrain that σb
2 is ≥ 0. 

 

  Confocal laser scanning microscopy (CLSM) 

HEK293 cells were cultivated on coverslips for 24 to 72 hours at 37 °C, 5% CO2 and transfected with 

GeneJuice (Novagen, Merck Chemicals Ltd., Hoddesdon, UK) and 1 μg template. Approximately 24 h 

following transfection, confocal images were taken on a Leica TCS SP5 II Confocal Systems 

microscope. Fluorescence of enhanced green fluorescent protein (EGFP), originating from the cells 

expressing the Nav1.5 channel tagged on the N-terminus, was excited with an argon laser at 488 nm 

and emission recorded at 503–523 nm. The fluorescent marker Cellmask™ DeepRed (Thermo Fisher, 

Waltham, MA, USA) was used for staining the plasma membrane; the dye was excited at 633 nm and 

the emission was recorded at 655-700 nm. The endoplasmic reticulum (ER) was visualized by means 

of co-expression with a marker plasmid based on fusion with the fluorescent protein mCherry (Addgene, 

Cambridge, MA, USA); the latter was excited with a DPSS Laser at 561 nm and recorded at 590-700 

nm. Images were taken sequentially using a HCX PL APO CS 63x 1,44 W CORR UV objective and 

recorded under control of the Leica Confocal Software 2.60 (Leica Microsystems GmbH, Heidelberg) 

and further edited with the open source software ImageJ (http://rsb.info.nih.gov/ij). 

 

 Data analysis 

Results are reported as mean ± standard error (SE) of n experiments. An unpaired student’s t-test was 

applied to determine the statistical significance of the results obtained. For colocalization analysis, 

images were edited with ImageJ to determine gray values and to measure the mean and SD of the 

pixel intensity values. 
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3.3.2. In vitro minigene splicing assay of variant c.934G>T 

 Genetic analysis 

DNA was extracted from blood using the salting out procedure. Genetic analysis of the SCN5A gene 

was performed using polymerase chain reaction (PCR) and standard direct sequencing (primer 

sequences upon request) by means of BigDye Terminator v1.1 chemistry and 3130xl Genetic Analyzer 

(Applied Biosystems, Darmstadt, Germany). The resulting data were aligned and evaluated using NCBI 

(National Center for Biotechnology Information) reference sequences NG_008934.1 and transcript 

NM_198056 as well as SeqScape version 3 Software (Applied Biosystems). Detected sequence 

variants were assessed using common databases (as e.g. public population databases, Human Gene 

Mutation Database) and applying in silico prediction tools (NetGene2 [27], NNSPLICE [28] and Human 

Splicing Finder [29]). 

 

 Cloning of constructs 

DNA of the patient was prepared for an in vitro splicing assay. Therefore, exon 7 and flanking 5’ as well 

as 3’ intronic regions of the SCN5A gene were amplified and restriction enzyme overhangs were 

generated using polymerase chain reaction. Amplicons were cloned into the pGEM®-T vector 

(Promega, Madison, USA) in order to separate mutant and wild type alleles. Purified plasmids were 

directly sequenced by means of the ABI BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems, Darmstadt, Germany) and using the vector specific T7 and SP6 primers (see Appendix 

3.8.3). Plasmids containing the correct inserts as well as the pSPL3 vector were digested using EcoRI 

and BamHI restriction enzymes (New England Biolabs, Ipswich, USA) and run on a 1% agarose gel. 

The digestion products with corresponding size of mutant and wild type insert (610 bp) as well as pSPL3 

vector (6031 bp) were excised from the gel and purified using the Nucleospin Gel and PCR Clean up 

Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s protocol. Subsequently, inserts 

were cloned into the pSPL3 vector (kindly provided by the research group of PD Dr. H. Stöhr, Human 

Genetics University Regensburg, Germany). Resulting constructs were checked by Sanger sequencing 

using pSPL3 vector primers (pSPL3-F/-R, see Appendix 3.8.3).  

 

 Expression in HEK293 cells and transcript analysis 

For the exon trapping experiments of the detected variant, three mutant as well as wild type constructs 

in pSPL3 were expressed in human embryonic kidney (HEK) cells, cell line 293. HEK293 cells were 

cultivated in an incubator at 37 °C, 5% CO2. For seeding, the cells were detached by means of trypsin 

(Gibco, Thermo Fisher, Waltham, USA), counted and transferred to 6-well plates (500,000 

cells/well/2mL). The cells were transfected using transfection reagent Polyethylenimine (PEI) 

(Polysciences, Warrington, USA) and 1 μg of the cloned constructs in the pSPL3 exon trapping vector. 
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As a control, cells were also transfected with the pSPL3 vector without insert. Two days following 

transfection, cells were harvested and total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. For cDNA synthesis, the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany) was used. In order to analyze 

generated transcripts, cDNA samples served as templates for amplification using the pSPL3 vector 

specific primers SD6 and SA4 (see Appendix 3.8.3). Following PCR, gel-electrophoresis was performed 

using a 2.5 % agarose gel. If more than one amplicon size got visible after electrophoresis, bands were 

excised from the gel and products cleaned up using the Nucleospin Gel and PCR Clean up Kit 

(Macherey-Nagel, Düren, Germany). Products were re-amplified or TA cloning was performed to enable 

Sanger sequencing of the transcripts generated by means of the exon-trapping assay. Subsequently, 

purified products were sequenced using SD6 and SA4 primers as described previously. Resulting 

sequences were aligned to corresponding reference sequences inserted into pSPL3 and evaluated 

using SeqScape Software v2.5 (Applied Biosystems, Darmstadt, Germany). 
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 Results 

3.4.1. Characterization of the N-terminal Nav1.5 channel variant S106G 

 Clinical background and genetic analysis 

Next-generation sequencing using a defined cardio panel revealed the heterozygous variant c.316A>G, 

p.(Ser106Gly), rs1331765859, in a patient with survived cardiac arrest. This variant is localized in the 

cytoplasmic N-terminal region of the Nav1.5 channel (Figure 8 A). No further potentially informative rare 

variant (MAF ≤ 0.2%) was detected. The male patient experienced sudden cardiac arrest at the age of 

35 and was finally resuscitated after 53 defibrillations.  

 

 

            

 
 
 
 

 

 

Nucleotide 
change 

Amino acid 
change 

In silico prediction 

SIFT MutationTaster CADD PolyPhen-2 

c.316A>G p.(Ser106Gly) Damaging Disease-causing 27,7 Possibly damaging 

           (CADD: Combined Annotation Dependent Depletion prediction; SIFT: Sorting Tolerant From Intolerant prediction) 

 

 

 

(A) Schematic representation of the sodium channel Nav1.5 and localization of the detected N-terminal variant. (B) Alignment 

of a partial N-terminal sequence among mammals. The affected amino acid is indicated in red. (C) Assessment of the genetic 

variant by in silico prediction tools (Scheiper-Welling et al. 2020, modified [1]). 

 

 

Cardiological examination revealed no distinct clinical findings. Echocardiographic findings most likely 

pointed towards an incipient dilated cardiomyopathy as the left ventricular ejection fraction was initially 

slightly reduced (LV-EF 50-55%), but normalized quickly. Hence, this assumption could not be 

confirmed during follow-up investigations including cardiac magnetic resonance imaging (MRI). ECG 

Homo sapiens        99 GKTIFRFSATNALYV 113 

Canis l. familiaris   GKTIFRFSATNALYV 

Bos taurus   GKTIFRFSATNALHV  

Sus scrofa   GKTIFRFSATNXLYI 

Mus musculus    GKTIFRFSATNALYV 

A 

B 

C 

Figure 8: Detection of the SCN5A variant p.(Ser106Gly) in a patient with aborted cardiac arrest.  
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tracings did not show specific findings and a provocative test with intravenous administration of the 

sodium channel blocker ajmaline in order to unmask a concealed Brugada syndrome was performed 

without eliciting a diagnostic Brugada type I-ECG pattern (Figure 9). So the cause for the cardiac arrest 

of the patient remained unclear and a proarrhythmogenic cardiomyopathy could not be excluded. The 

patient stated that his father received the diagnosis of a cardiomyopathy, but unfortunately, more 

detailed clinical data could not be provided. 

 

 

Figure 9: ECG findings of the patient.  

(A) ECG taken 1 year previous to the cardiac event is showing sinus rhythm with a heart rate of 66/min, flat P waves, PR 

interval 140 ms, QRS 100 ms, T inversion in lead III and QTc of 389 ms. (B) ECG from approximately 3 months after cardiac 

event under beta-blocker therapy is showing sinus bradycardia with a heart rate of 38/min, flat P waves, PR interval 190 ms, 

QRS 110 ms and QTc of 365 ms (Scheiper-Welling et al. 2020 [1]). 

 

 

The amino acid serine (p.Ser106) in the intracellular N-terminal region of the Nav1.5 channel is highly 

conserved in mammals (Figure 8 B). The sequence variant is not listed in the common databases 

Exome Variant Server, ExAC (Exome Aggregation Consortium) or GnomAD (The Genome Aggregation 

Database) indicating that this is a very rare variant. It is only listed in the TOPmed database (Trans-

Omics for Precision Medicine). The frequency stated in this database is 0.001 % (in 125568 alleles). 

Quite recently, the variant has been described in a sudden unexpected death of a 31-year-old woman 
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[30]. Aberrations in adjacent regions (p.Arg104Gln; p.Arg104Trp; Asn109Lys) have been associated 

with Brugada syndrome [20, 21, 31].  

 

In order to further assess the possible functional impact of the variant, several in silico predictions were 

applied. All tools were pointing towards a possible causative impact on the protein (Figure 8 C). Due to 

missing functional as well as co-segregation studies, this variant was classified as variant of unknown 

significance (VUS) according to the American College of Medical Genetics (ACMG) standards [5]. 

 

 Electrophysiological measurements in HEK293 cells 

In order to examine the functional relevance of the Nav1.5 variant p.Ser106Gly, wild type (WT) or mutant 

(MT) Nav1.5 N-terminally GFP-tagged channels were expressed in HEK293 cells. In order to mimic the 

heterozygosity of the patient, we also expressed WT and S106G channels in a 1:1 ratio. The 

representative current traces in Figure 10 A show, that whole-cell patch clamp recordings of GFP 

positive cells exhibit in all cases large, Nav-type, inward currents. When expressed at equivalent levels, 

the Nav1.5-S106G generated current was higher relative to that of the WT channel (Figure 10 B). At a 

reference voltage of -25 mV, the current density of the mutant exceeded the control value by a factor 

of 1.6 (P < 0.05). The density of the Na+ current exceeded that of the control by a factor of 1.3 and fell 

in between control and mutant when both were transfected together (Figure 10 C). Because of a high 

variability of the measured current densities this difference is not significant. 

 

The S106G mutation also exhibited small effects on the voltage dependency of the channel. The V1/2 

value for voltage-dependent inactivation is shifted by 3.3 mV positive relative to the WT channel (-91.5 

mV versus -88.2 mV). The respective value for voltage dependent activation in the mutant is shifted 

negative by 5.4 mV (-45.3 mV versus -39.9 mV, P<0.05; Fig. 3D). Combined with the shift in the 

inactivation curve this predicts a slight increase and right shift of the window current, which is available 

during excitation (Figure 10 D). This combination of elevated current density and shift of the voltage 

dependency of the channel is expected to elevate the Na+ load of cardiomyocytes. We also determined 

the same parameters for activation and inactivation in conditions in which WT and MT channel were 

expressed together (Table 6). The results show that the curves for activation and inactivation tend 

towards those of the mutant. They are significantly different (P<0.05) from the reference values of the 

WT channel.  

 

The increase in current density of the mutant relative to the WT over the entire voltage spectrum could 

originate from an increase in unitary conductance or an increase in the number of channels. To examine 

whether the mutation affects the unitary conductance we estimated the single channel amplitude by 

non-stationary noise analysis [32] in cells expressing the WT channel, the S106G mutant or both. For 
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the noise analysis we considered the dynamics of channel inactivation from the peak current to the 

baseline (Figure 11 A).  

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Nav1.5 S106G results in gain of function.  

(A) Typical Na+ currents in HEK293 cells transiently expressing Nav1.5 WT (top) or NaV1.5-S106G mutant (down). Currents 

were elicited by clamping cells from holding voltage (-140 mV, 100 ms) to test voltages (between +50 mV and -100 mV, 100 

ms) and back to post clamp voltage (-140 mV, 100 ms). (B) Mean current density/voltage relationships (±SD) from cells 

transfected with WT (black, n= 9) or S106G mutant (red, n= 8). (C) Peak currents at -25 mV from B for WT (black) mutant 

(red) and data from cells co-transfected with WT and S106G mutant (blue, n= 12). (D) Boltzmann fits of voltage-dependent 

inactivation (left) and activation (right) for Nav1.5 WT (black/grey) and NavS106G mutant (red/brown). The mutation causes a 

positive shift in the V1/2 value for inactivation (-88.2 ± 0.8 mV versus 91.5 ± 1 mV) and a negative shift of the V1/2 value for 

activation (-45.3 ± 0.9 mV versus -39.9 ± 0.8 mV). The P value for a difference between V1/2 values of the WT and mutant 

<0.05. Inset: estimated window currents for WT and mutant from B. The colors of the line correspond to those in C (Scheiper-

Welling et al. 2020 [1], modified). 
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Table 6: Biophysical properties of Nav1.5 WT and S106G mutant.  

 Activation  Inactivation 

Channel V1/2 (mV) k (mV) n  V1/2 (mV) k (mV) n 

NaV1.5-WT -49.9 ± 0.8 3.7 ± 0.6 9  -91.5 ± 1 -5.2 ± 0.5 7 

NaV1.5-S106G -45.3 ± 0.9* 4.1 ± 0.4ns 8  -88.2 ± 0.8* -5.1 ± 0.5ns 8 

WT/MT -43.6 ± 4* 4.6 ± 1.6ns 12  -88.5 ± 0.9* -5.4 ± 0.4ns 7 

ns not significant; *P ≤ 0.05, compared with Nav1.5-wt 

 

 

 

 

 

 

 

 

 

 
 

(A) Exemplary recordings of a HEK293 cell expressing the Nav1.5 

WT channel for noise analysis. Channels were activated 200 times 

by stepping membrane from holding voltage (-140 mV, 100 ms) to 

test voltage of -20 mV (100 ms). Red arrows delimit the part of the 

traces used for the analysis. (B) Example of noise analysis from one 

cell expressing Nav1.5 WT channel. The variance between pulses 

is plotted as a function of the mean current value. The data were 

fitted with parabolic function (eqn. 5) yielding the unitary channel 

conductance from the initial slope of the fit. (C) Average i values 

(mean ± SE) for WT and S106G channels at two different voltages: 

-20 mV (WT n=3, black; S106G n=4, red) and -40 mV (WT n=4, 

black; S106G n=4, red) (Scheiper-Welling et al. 2020 [1]). 

 

 

To eliminate unwanted changes in the leak conductance we considered for each isochrone the variance 

in currents between couples of subsequent voltage steps rather than the variance of the absolute values 

(see materials and methods). For each cell we plotted the variance values as a function of the mean 

current. The bell-shaped distribution could be fitted with the parabolic equation 5 (an example is 

Figure 11: S106G mutation does not affect unitary channel 

conductance.  
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reported in Figure 11 B). The first derivative of the function at the current minimum is a good estimate 

of the single channel amplitude i [32]. 

 

For the WT and S106G construct we performed a noise analysis for clamp steps from holding voltage 

of -140 mV to -20 mV and -40 mV. The data in Figure 11 show that the estimated single channel 

amplitudes (i) and the respective unitary conductance values are all very similar. The results of these 

experiments imply that the mutation has no impact on the unitary conductance of Nav1.5. This result is 

not surprising considering that the mutation is far from the pore of the channel.  

 

 Cellular localization and expression of wild type and p.S106G mutant channels  

The electrophysiological measurements indicate that the rare Nav1.5 variant S106G leads to a gain-of-

function effect. In order to examine the impact of the variant on protein synthesis and trafficking, we 

performed confocal laser scanning microscopy. HEK293 cells were transfected with either wild type or 

mutant GFP tagged Nav1.5 channels and analyzed for the cellular localization and fluorescence 

intensities.  

Figure 12 represents confocal images of representative cells expressing either WT or MT channels. 

ER-Plasmid with mCherry as well as CellmaskTM were co-expressed or stained to visualize 

endoplasmic reticulum (ER) and cell membrane, respectively. The images show, that the wild type as 

well as mutant channels are transported to the ER, from where they should be inserted in the plasma 

membrane. Colocalization analysis using line-plots to compare gray values as well as the Pearson 

Correlation Coefficient (PCC) underline these findings (Figure 13). 

 

The peaks representing the channel and ER are overlapping for both, wild type and mutant channels. 

Also the PCC shows a significant correlation with values over 0.6 for wild type and mutant. The negative 

correlation of GFP signal and CellMaskTM, staining the plasma membrane, is due to the intense signal 

from the ER. Thus, differentiation of the structures is limited by the resolution of a confocal microscope. 

Also, the electrophysiological measurements indicate that functional ion channels reach the plasma 

membrane.  
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Figure 12: Cellular localization of GFP tagged wild type (WT) and mutant (MT) Nav1.5 channels expressed in HEK293 

cells.  

Cells were transfected with either WT or MT channels. Nav1.5 channels were co-expressed with a marker for the endoplasmic 

reticulum (ER-Plasmid). CellMaskTM was used to visualize the plasma membrane. Scale bar 10 µm. 

 

 

   
 

 

W
T

 

 

M
T
 

 
 

 

Figure 13: Cellular localization of GFP tagged wild type and mutant Nav1.5 channels expressed in HEK293 cells.  

(A) Grey values of the different makers based on the line-plots from Figure 12 (GFP: Nav1.5 channel, mCherry: ER-Plasmid, 

CellMaskTM Deep Red: plasma membrane). (B) Quantitative colocalization analysis was performed using the Pearson 

Correlation Coefficient (PCC), mean values (±SD) are presented, region of interest (ROI) 5x5 µm.  
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3.4.2. In vitro minigene splicing assay of variant c.934G>T 

 Clinical background and genetic analysis 

Sanger sequencing in a 19-year-old young man revealed the sequence variant c.934G>T in the SCN5A 

gene (Figure 14). Genetic analysis was requested because the patient experienced syncope in 

conjunction with alcohol consumption. Subsequent cardiological examination revealed a Brugada type 

I pattern in the echocardiogram (ECG) pointing towards a Brugada Syndrome. The detected sequence 

variant is localized at the 3’ end of exon 7 at the exon-intron boundary and is not described in the 

literature or listed in the common databases dbSNP of the NCBI or GnomAD indicating that this is a 

rare variant. Due to the fact, that the variant may affect recognition of the splicing motif, in silico 

prediction tools were applied to assess the potential effect on RNA splicing. All tools indicated that the 

base exchange G>T would affect the donor splice site leading to an aberrant protein or most likely 

nonsense mediated mRNA decay. No further potentially informative variants were detected.  

 

 

 

 

 

 

 

 

 

 

Figure 14: Part of the electropherogram of the exon 7 - 3’-intron boundary of the SCN5A-gene.  

The patient exhibits a heterozygous guanine to thymine transition at cDNA position c.934 at the 3’ exon-intron boundary. The 

variant was detected in both, forward and reverse sequencing reaction. 

 

 

Genetic aberrations at this exon-intron boundary (c.934+1G>A; c.934G>A) have already been 

described in individuals with diagnosed Brugada syndrome [31, 33, 34]. If the identified variant would 

not impact splicing accuracy or efficiency, the base exchange would result in a premature stop codon 

(TAA, p.Glu312*) in combination with the following two bases of exon 8. In this context, it is most likely 

that the variant c.934G>T results in loss-of-function by one of the two effects described and that the 

loss of function is the cause of the Brugada phenotype of the patient. However, in order to assess the 

functional mechanism of the base exchange at this boundary, we performed an in vitro minigene splicing 

assay using the pSPL3 exon trapping vector [35]. This vector consists of a SV40 promoter and known 

exon – intron – exon sequence with functional splice donor and acceptor sites (Figure 15 A). By means 

Exon 7 Intron (IVS 7) 
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of multiple cloning site in the intron sequence of the expression vector, an exon with flanking intronic 

regions can be introduced for analysis via an in vitro splicing assay.  

 

Electrophoresis of amplified cDNAs generated from RNA extracts indicated, that the expression of the 

mutant allele results in an additional alternative transcript compared to the wild type (Figure 15 B). 

Whereas the wild type generated one transcript of expected size (426 bp), all three mutant constructs 

expressed in HEK cells exhibited an additional amplicon of higher molecular yield. Direct sequencing 

of the products showed that the splice motifs were recognized in constructs carrying the wild type allele 

(Figure 15 C). Intronic sequences up- and downstream of SCN5A exon 7 were spliced out and the 

SCN5A-exon was accurately integrated between the exons of the expression vector. Figure 15 C shows 

the electropherogram at the boundary affected by the variant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Exon 7 with flanking intronic sequences was sub-cloned into the pSPL3 exon trapping vector for splice site analysis (SD: 

donor splice site; SA: acceptor splice site; MCS: Multiple cloning site; AMPr: Ampicillin resistance). (B) 2,5% agarose gel 

showing the results of cDNA amplification using SD6 and SA4 primers. Lane 1: 100 bp molecular weight marker (M), lanes 2-

5: wild type in pSPL3, lanes 5-7: mutant in pSPL3, lanes 7-10: empty pSPL3 vector. Expression of the mutant allele in pSPL3 

resulted in two transcription products. (C) Sanger-based sequencing of the generated transcripts from B. The upper 

electropherogram indicates that the wild type transcript was appropriately spliced as SCN5A exon 7 is followed by the SA-

exon sequence of the expression vector. The lower electropherogram represents the sequencing result of the higher molecular 

weight amplicon generated by the mutants (lanes 5-7). The natural donor splice site was not recognized as part of the intronic 

sequence is maintained in the generated transcript. 
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Figure 15: In vitro splicing assay of variant c.934G>T in the SCN5A gene.  
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PCR and Sanger sequencing of the lower molecular weight amplicon resulting from cells expressing 

constructs carrying the mutant allele showed the same sequence as the transcript synthetized by the 

wild type. Thus, the lower product of the mutant was corresponding to that generated by the wild type. 

Analysis of the larger amplicon indicated that the donor splice site was affected by the G>T transition. 

The lower electropherogram of the mutant in Figure 15 C shows, that the exon-intron boundary was not 

recognized and the intron downstream of exon 7 was not accurately spliced out. Sequencing indicated 

that a cryptic splice site within the intronic region was utilized for RNA splicing resulting in an aberrant 

transcript.  

 

 

 Discussion 

Aberrations in the SCN5A gene have been described as cause of diseases resulting from altered 

structure/function correlates in Nav1.5, function, or different expression levels of the channel protein. 

Various types of arrhythmias and disorders have been associated with alterations in this gene in the 

last decades.  

 

In our study, we describe a rare SCN5A variant, which might represent a potential risk factor for fatal 

arrhythmias and sudden cardiac death. We detected the N-terminal missense variant p.(Ser106Gly) in 

a patient with aborted cardiac arrest. During follow-up investigations, the patient did not exhibit distinct 

clinical conspicuities. In a recent study, this variant has been described in a case of sudden unexpected 

death in a 31-year-old woman [30]. It was known that she suffered from syncope, but showed no ECG 

abnormalities or diagnostic echocardiographic findings prior to death. 

 

The results of the experiments support the assumption that the mutation has an impact on channel 

function and that this could be causally related to life threatening arrhythmias. The electrophysiological 

characterization shows that the amino acid replacement in the N-terminus of the channel leads to a 

gain-of-function effect. The most obvious functional gain is an increase in steady state current. This is 

also functionally relevant in a heterozygous patient because co-expression of WT and MT in 

experiments still elevates the steady state current relative to the WT channel. The mutation has also 

small impacts on the voltage dependent parameters of channel gating with the effect that the window 

between activation and inactivation is slightly increased and right shifted. In analogy to the effect of 

other mutants of Nav1.5 [12] the combination of these parameters implies that the Ser106Gly mutation 

could increase in this manner the influx of Na+ and elevate the Na+ load of cardiomyocytes.  

In order to examine the impact of the variant on protein synthesis and trafficking, we performed confocal 

laser scanning microscopy. The cellular localization and fluorescence intensities of the GFP tagged 

wild type and mutant channels in HEK293 cells were analyzed and compared. As expected by the 
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results of the electrophysiological measurements, the evaluation of the images indicated that both, the 

wild type as well as the mutant channels are transported to the ER from where they should be trafficked 

to the plasma membrane. In the experiments we were not able to find a direct colocalization of the 

channel protein with a plasma membrane marker. Given that the channel and the mutant are functional 

in the plasma membrane, we can deduce from this finding that the overall density of WT and MT channel 

is low in this membrane.  

The electrical and microscopic data do not yet explain the disease phenotypes of the patient carrying 

the mutant. However, they underscore that the mutant causes some aberrant functions, which could be 

causally linked to heart arrhythmias.  

 

Previous studies already described numerous different mutations in the Nav1.5 channel [12, 36, 37]. 

The majority of these mutations are localized in the transmembrane domains of the protein, where they 

affect mostly gating features of the channel. In a second group the mutations are found, like in the 

present case, in cytosolic domains and associated with signaling or interactions with scaffolding 

proteins [38]. In the context of recent publications, the phenotype of the present mutant may however 

be better explained by a third category namely mutations in which an interaction of cytosolic domains 

is important for channel trafficking. It has been shown that the N-terminus of Nav1.5 may play a crucial 

role in channel trafficking. It is interesting to note that the critical S106G mutation is located between 

two cationic amino acids R104 and R121 in the Nav1.5 channel [20]. Mutations of these two amino 

acids exhibit the exact opposite effect of the S106G mutation: they decrease the current density and 

shift the activation curve positive. As an explanation for the decrease in channel density in the R104W 

and R121W mutants a quality control mechanism was proposed [20]. According to this mechanism, the 

N-termini of Nav1.5-subunits interact in the ER independent on the critical amino acids. When a mutation 

in one of the binding partners is mis-folded as a result of a mutation, the protein complex is retained in 

the secretory pathway and degraded. This quality control in the secretory pathway could reduce 

trafficking of channel proteins to the plasma membrane. It is tempting to speculate that the S106G 

mutation has the opposite effect in that it accelerates the quality control mechanism and augments in 

this manner trafficking of the channels to the plasma membrane. Such an increase in the number of 

channels would be in agreement with the experimental data, which show an increase in Nav1.5 current 

over the entire voltage window in mutant expressing cells. 

 

The underlying mechanisms of SCN5A mutations leading to gain-of-function effects are mainly due to 

abnormalities in channel kinetics. Various studies describe, that gain-of-function variants can cause 

many individual phenotypes, ranging from LQTS, DCM as well as unclear clinical phenotypes and in 

the worst case sudden death. Frequently, multiple phenotypes, so called overlap syndromes, are 

described for one and the same SCN5A mutation. This could also be explained by different 

electrophysiological properties of the channel in different areas of the heart. Furthermore, it is generally 



 

    

 65 

assumed, that there are other unknown mechanisms that are for instance related to age, co-morbidities 

or environmental influences that contribute to genotype-phenotype interactions. Identification of other 

modulators and genetic factors may help to understand how alterations in SCN5A can lead to so many 

diverse clinical phenotypes [10, 17, 37]. 

 

Based on the electrophysiological data, the severe cardiac event of the patient, in whom the variant 

was detected and last, the fact that the variant was identified in a further sudden death case of a young 

woman, who did not show any ECG abnormalities prior to death, conspicuously [30], the N-terminal 

variant has to be considered as a risk factor for fatal arrhythmias and sudden death. 

 

In an additional case, we detected the novel heterozygous variant c.934G>T localized in an exon-intron 

boundary in a patient with diagnosed Brugada syndrome. Next to the SCN5A mutation spectrum 

described above, also aberrations affecting efficient and/or accurate pre-mRNA splicing represent a 

potential underlying mechanism in human disease and also in SCN5A-related disorders [39–43]. Point 

mutations in coding regions may not only result in an altered amino acid in the encoded protein. 

Nonsense, missense or even translationally silent variants may also exhibit an influence on pre-mRNA 

processing [44]. Conserved sequence motifs in exon-intron boundaries in combination with many other 

features act as recognition signals, which are identified by the splicing apparatus. As the nucleotide 

guanine at the 3’ end in exons in donor splice sites represents a frequent nucleotide at this position in 

conserved exon-intron boundaries [39, 44], we performed splice site analysis in order to assess the 

functional mechanism of the exonic variant and if it may affect RNA splicing.  

The use of an exon-trapping vector has been described as an efficient method for evaluating the effect 

of splice-site variants [35, 45, 46]. The results show that the natural exon-intron boundaries of the 

inserted SCN5A sequence were correctly recognized in the wild type construct. In contrast, the 

expression of mutant constructs resulted in the generation of wild type transcripts but also in aberrant 

transcripts of higher molecular weight. Sequencing of the alternative transcript indicated that the splice 

motif affected by the nucleotide change was indeed not recognized. Furthermore, a cryptic intronic 

splice site was utilized for RNA splicing. Multiple in silico tools predicted that the detected variant most 

likely leads to loss-of-function of an authentic donor splice site. The experiments are fully compatible 

with these predictions. Although also correctly spliced transcripts were generated by the mutants, it can 

be assumed, that the exonic variant is weakening the donor splice site leading to an overall altered 

splicing efficiency. This may result in a reduced amount of functional transcript in vivo.  

 

The experiment performed here, does not fully explain the underlying mechanism, by which the variant 

c.934G>T is causing a loss-of-function effect. It is reasonable to speculate that a combination of both, 

impaired splicing accuracy/efficiency and premature termination of translation might be possible. Both 

events may result in nonsense mediated mRNA decay or an aberrant protein. However, minigene 
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assays represent an effective tool to analyze splicing patterns of novel sequence aberrations, specific 

regulatory elements or even deep intronic variants [47]. Of course, prediction of the detailed effect using 

in vitro assays is limited, because multiple auxiliary elements play a role in correct recognition of splice 

sites and multiple motifs are necessary for effective splicing in vivo [44, 46, 48]. Nevertheless, minigene 

assays may be a convenient alternative to mRNA studies, especially when the expression of the gene 

of interest is restricted to specific tissues [46] and adequate samples for transcript analysis are 

unavailable. Therefore, exon-trapping assays might represent a beneficial approach especially in 

forensic postmortem investigations. 

 

 

 Conclusion 

In the present study, we describe the functional characterization of the very rare sequence variant 

Ser106Gly in the SCN5A gene leading to a gain-of-function impact on the sodium channel Nav1.5. In 

agreement with previous studies, our data underline the assumption that the cytosolic N-terminal 

domain is probably important for channel trafficking. The results indicate that the exchange of Ser for 

Gly is not eliminated by any quality control mechanism and that the mutant is transported to the 

membrane in a preferred manner. 

In a second case, we performed a minigene splicing assay of the newly detected SCN5A sequence 

variant c.934G>T. The results show, that the exonic variant influences adequate recognition of the 

exon-intron boundary resulting in altered splicing efficiency and an additional aberrant transcript. The 

data do not fully explain the underlying mechanism by which the variant causes a loss-of-function effect. 

However, exon-trapping assays may represent a useful alternative to mRNA studies in order to analyze 

and predict splicing patterns of detected sequence aberrations.  
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 Appendix 

3.8.1.  Mutagenesis and sequencing primers  

Used Primers for Mutagenesis and construct verification 

SCN5A-S106G  Primer Sequence (5’ → 3’) 

Forward CCATCTTCCGGTTCGGTGCCACCAACGCC 

Reverse GGCGTTGGTGGCACCGAACCGGAAGATGG 

 

Used Primers for pcDNA3.1-EGFP-SCN5A (hH1a) verification 

The pcDNA3.1-EGFP-SCN5A (hH1a) constructs were verified using published [Wang et al. 1996] and 

self-designed primers. 

Primer Pair Forward Primer Sequence (5’ → 3’) Reverse Primer Sequence (5’ → 3’) 

T7 + 1R TAATACGACTCACTATAGGG TGGACGTAGCCTTCGG 

2 CAGCCGCTACCCCGACC GTCGCCGATGGGGGTGTTC 

3 GATCCGCCACAACATCGAGG CAAGGTGGTTGAGCCGCG 

4 CGCAGGTTCACACGGGAGTC CCGGATGGGGTGGAAGGG 

5 GGCAAGACCATCTTCCGGTTC GAAGGTGCGTAAGGCTGAGA 

6 GGACCCATGGAACTGGCTG GCCTCCACGGAGCCGTTG 

7 CTGCAGCTCTTCATGGGCAAC GGACCTGAGGGTCTGCTGATAG 

8 CCTGGGCCTTTCTTGCACTC CCCCACACTCCTCAGTTCCTG 

9 CCTTGGAGATGTCCCCTTTGGCC CCCTGGGCACTGGTCCGGCGCA 

10 GATGATGAAAACAGCACAGCGGG CTGACTGCGCTGAGGGCC 

11 CAGATGCTGACCTCCCAGGC GGGTCGAGGGCAATGATCTTG 

12 CGAGGAGATGCTGCAGGTCG GTCCCTCAGCTCCGAGTAGTTC 

13 GGAACCTGACACTGGTGCTAGC CTCTCTGTCCTCATCAGGGGC 

14 GGTCATTGGCAACCTTGTGGTCC GGGTGGCGGGGAGTAGGGGGTG 

15 CGGCAGCGGCCTCAGAAG CCAGTCGGCCTGAGATGCAC 

16 CTCCGGATTCCAGGACCTGG CCCACTTGAGCAGCATCTCCAG 

17 CCTAGAGGAGCGGAAGACCAT CCCCGCAAAGAGGTTCACG 

18 GCCATCCCGTCCATCATGAACG GTATTCCCACTGAGGCTGCTC 

19 GGTGGCAACATTTAAAGGCTGG GGTGACGTCAAAGGCCTGCTTG 

20 CCCAGAAGCCCATCCCACG GGAAGAGCGTCGGGGAGAAG 

21 CTTCGACTTCGTGGTTGTCATCC GGTGATCTGGAAGAGGCACAGC 

22 AAGTGGGAGGCTGGCATCGAC GTGCTCTCCTCCGTGGCCACGC 

23 GAGCCCAGCCGTGGGCATCCT GTCCCCACTCACCATGGGCAG 

24 CCAACCAGATAAGCCTCATCAAC CCGCCTGCTGACGGAAGAGGA 

25_F + BGH TGCTGCAACGCTCTTTGAAGCAT TAGAAGGCACAGTCGAGG 
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3.8.2.  Vector map pcDNA3.1-EGFP-SCN5A (hH1a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kindly provided by Nathalie Neyroud, PhD, Inserm-Sorbonne Université Paris, France. 
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3.8.3.  Exon trapping experiment primers 

Used primers for insert amplification in pGEM [1]®-T Vector 

T Vector Primer Primer Sequence (5’ → 3’) 

T7 TAATACGACTCACTATAGG 

SP6 ATTTAGGTGACACTATAGAATAC 

 

Used pSPL3-Vector primers for construct verification and transcript analysis 

pSPL3 Primer Primer Sequence (5’ → 3’) 

pSPL3-F GAGAAATATCAGCACTTGTG 

pSPL3-R GTACACCGGCATGTGTGGCC 

SD6 (donor site) TCTGAGTCACCTGGACAACC 

SA4 (acceptor site) CACCTGAGGAGTGAATTGGTCG 

 

Gene specific primers with EcoRI and BamHI overhangs 

Primer Primer Sequence (5’ → 3’) 

SCN5A_Ex7F_EcoRI gaattcTCAGCTGTGAGGAAAGTGGG 

SCN5A_Ex7R_BamHI ggatccCGTCTAGCCTGGGAAGTCAC 

 

 

3.8.4.  Vector map pGEM®-T Vector 

 

(www.promega.com) 
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3.8.5.  Vector map pSPL3 exon trapping vector 

 

(Addgene, Watertown, MA, USA)  

Kindly provided by the research group of PD Dr. H. Stöhr, Human Genetics University Regensburg, 

Germany. 
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SUMMARY 
 

Sudden cardiac death (SCD) represents one of the leading causes of death in industrialized countries. 

A significant number of sudden deaths in the young is the consequence of inherited arrhythmia 

syndromes, which include primary electrical heart disorders and cardiomyopathies. These diseases 

generally show dominant inheritance and phenotypic and genetic heterogeneity exhibiting variable 

expressivity and incomplete penetrance even in members of the same family. Unfortunately, sudden 

death often reveals the first and only sign of a hereditary disease, emphasizing the need of examining 

the genetic basis in victims of sudden unexpected death (SUD), their relatives and even in patients 

presenting clinical conspicuities. Genetic analyses may be essential to identify an underlying genetic 

predisposition to fatal arrhythmias and SCD allowing to initiate cascade screening in these cases. 

Identification of at-risk relatives enables the implementation of preventive measures in affected families.  

Over the past years, high-throughput technologies became of increasing value in molecular autopsy 

and diagnostic investigations. Especially when examining rare and heterogeneous genetic disorders as 

arrhythmogenic diseases, next-generation sequencing (NGS) represents a beneficial tool enabling the 

fast, simultaneous and relatively cost-efficient analysis of a broad spectrum of genes, whole exomes or 

even genomes. However, the high amount of data generated using NGS methods also implicates new 

challenges. The increasing rate of variant detection expands the list of variants with unknown functional 

relevance significantly challenging adequate interpretation of genetic variants for geneticists and 

clinicians. This problem has always been omnipresent, but the actual circumstances emphasize the 

need of functional characterization studies. 
 

The present thesis describes the value and application of NGS in genetic investigations of sudden 

unexpected death cases and inherited arrhythmia syndromes using targeted sequencing. It represents 

the conceptualization, establishment and optimization of an NGS workflow for challenging 

heterogeneous - forensic and diagnostic - sample material. Furthermore, this work illustrates the need 

of characterization experiments of variants with unknown functional relevance.  
 

In a first study, postmortem genetic analysis in young sudden death cases was performed using NGS 

and a custom 96 gene panel. The resulting data were investigated for the presence of putative causative 

variants in a broad spectrum of arrhythmia syndrome and aortic disease-related genes. As a result, 

variants with possibly pathogenic effect were identified in six of nine SUD cases. Most of the variants 

were detected in other than the major candidate genes associated with SCD underlining the additional 

diagnostic value of this method.  

Next to this, genetic screening was performed in a family who lost one of their daughters due to SUD 

at the age of 24. Due to the unclear medical history with seizures, unspecific ECG conspicuities of the 

deceased prior to death and limited sample material, whole exome sequencing was applied. The data 

were evaluated for aberrations in arrhythmogenic disease and epilepsy associated genes. The analyses 

revealed the variant p.(Arg1626His) in the SCN5A gene encoding the cardiac sodium channel Nav1.5, 
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previously associated with Long-QT syndrome. Conspicuously, the younger sister and her father, who 

also showed similar inconclusive ECG findings, were identified as carriers of this variant. The SCN5A 

variant may have predisposed to arrhythmias and contributed to the sudden death or sudden death in 

epilepsy (SUDEP), also in connection with the ambiguous pre-existing conditions and the intake of 

therapeutic drugs.  

Using NGS, numerous unknown and unclassified variants were detected challenging adequate 

interpretation of the findings. However, by means of an appropriate evaluation in context of the medical 

as well as family history, circumstances of death and autopsy findings, it represents an important tool 

to support the forensic investigation and implies great progress for relatives of young SCD victims 

facilitating adequate risk stratification and genetic counselling. Furthermore, the results emphasize the 

assumption that aberrations in arrhythmia-associated genes are a potential risk factor for SUDEP.  

 

As postmortem samples show high variability in quality and DNA integrity, most standard NGS protocols 

are often not applicable, because they are optimized and standardized for the analysis of intact, high-

quality genomic DNA. In order to implement a suitable NGS workflow for both, forensic and diagnostic 

applications, three Illumina library preparation technologies were tested, adapted and evaluated for 

applicability with heterogeneous sample material close to diagnostic standards. The results show, that 

using the comparably fast and flexible Nextera Flex technology, high-quality sequencing data were 

obtained with samples exhibiting varying levels of degradation. The optimized preparation method could 

be implemented and established as a standard workflow for forensic and diagnostic genetic analyses 

using NGS. Usage of this developed preparation workflow is not limited to specific gene panels; it can 

be flexibly applied as e.g. for whole exome sequencing purposes. 

 

Next to this, functional characterization experiments of genetic variants detected in the SCN5A gene 

encoding the cardiac sodium channel Nav1.5 were performed in order to assess their functional 

relevance.  

In a 35-year-old patient with survived cardiac arrest, the heterozygous N-terminal variant p.(Ser106Gly) 

was identified. Electrophysiological studies in HEK293 cells indicated, that the variant alters Nav1.5 

channel functionality leading to a gain-of-function effect. Cells expressing mutant S106G-channels 

showed an increase in Nav1.5 current over the entire voltage window. The results support the 

assumption that the detected variant alters channel function and predisposes to life threatening 

arrhythmias and sudden cardiac death.  

In a 19-year-old young man with diagnosed Brugada Syndrome (BrS), genetic analyses revealed the 

SCN5A variant c.934G>T localized in an exon-intron boundary. An in vitro minigene splicing assay in 

HEK293 cells was performed to analyze the effect of this substitution on the donor splice site. The 

results show, that the exonic variant influences adequate recognition of the exon-intron boundary 

resulting in altered splicing efficiency. The variant most likely results in a loss-of-function effect 

supporting the clinical diagnosis of a BrS. 
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ZUSAMMENFASSUNG 

 

Der plötzliche Herztod (SCD) stellt eine der häufigsten Todesursachen in den industrialisierten Ländern 

dar. Ein großer Anteil der plötzlichen Todesfälle bei jungen Menschen ist die Folge genetisch bedingter 

Arrhythmie-Syndrome, zu denen die primär elektrischen Herzerkrankungen und Kardiomyopathien 

zählen. Diese Erkrankungen weisen meist einen autosomal dominanten Erbgang auf und sind sowohl 

phänotypisch als auch genetisch sehr heterogen. Innerhalb betroffener Familien zeigt sich daher häufig 

eine variable Expressivität und unvollständige Penetranz. Der plötzliche Herztod stellt oftmals das erste 

und einzige Anzeichen einer hereditären Erkrankung dar. Daher ist die Analyse der genetischen 

Ursachen bei plötzlich und unerwartet Verstorbenen, ihren Angehörigen und ebenso bei Patienten mit 

klinischen Auffälligkeiten von essentieller Bedeutung. Durch diese Analysen kann eine 

zugrundeliegende genetische Prädisposition für lebensbedrohliche kardiale Arrhythmien und den 

plötzlichen Herztod ermittelt werden. Somit ermöglichen diese Untersuchungen die Identifizierung von 

Risikopersonen und ggf. die Implementierung präventiver Maßnahmen in betroffenen Familien.  

In den vergangenen Jahren haben Hochdurchsatz-Technologien bei postmortalen genetischen 

Analysen sowie diagnostischen Untersuchungen enorm an Bedeutung gewonnen. Insbesondere für 

die Analyse seltener und heterogener genetischer Erkrankungen, zu denen auch die arrhythmogenen 

Herzerkrankungen zählen, ermöglicht die Anwendung des Next-Generation Sequencings (NGS) die 

schnelle, parallele und verhältnismäßig kostengünstige Analyse eines umfangreichen Genspektrums, 

kompletten Exoms oder sogar Genoms. Die große Menge an Daten, die durch den Einsatz der NGS-

Technologie generiert wird, ist jedoch auch mit neuen Herausforderungen verbunden. Durch die 

erhöhte Detektionsrate genetischer Veränderungen steigt die Zahl von nachgewiesenen Varianten mit 

unklarer funktioneller Relevanz signifikant, wodurch eine adäquate Interpretation der genetischen 

Befunde erheblich erschwert wird. Obwohl diese Problematik schon immer bestand, verdeutlicht die 

aktuelle Situation die Notwendigkeit funktioneller Charakterisierungsstudien. 
 

Die vorliegende Arbeit stellt die Bedeutung, den Mehrwert sowie die Anwendung von NGS für die 

Durchführung genetischer Analysen bei plötzlichen Todesfällen sowie hereditären Arrhythmie-

Syndromen mithilfe gezielter Panel-Sequenzierung dar. Ferner wird die Konzeptionierung, Etablierung 

und Optimierung eines NGS-Workflows für heterogenes - forensisches sowie diagnostisches - 

Probenmaterial beschrieben und die Relevanz von Charakterisierungsstudien bei Varianten mit 

unbekannter funktioneller Auswirkung verdeutlicht.  
 

In einer ersten Studie wurde eine postmortale genetische Analyse von plötzlichen Todesfällen in jungen 

Jahren mittels NGS sowie eines Custom-Panels, welches 96 mit arrhythmogenen- sowie 

Aortenerkrankungen assoziierte Gene umfasste, durchgeführt. Die resultierenden Daten wurden 

hinsichtlich potentiell pathogener Veränderungen gefiltert und ausgewertet. Im Rahmen der Studie 

konnte in sechs von neun Fällen eine möglicherweise kausale Variante detektiert werden. Die Mehrzahl 
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der Varianten wurde außerhalb der mit einem plötzlichen Herztod assoziierten Core-Gene 

nachgewiesen. Dies unterstreicht den zusätzlichen diagnostischen Wert dieser Methode. 

Ferner wurde ein genetisches Screening in einer Familie durchgeführt, in der eine der Töchter im Alter 

von 24 Jahren plötzlich und unerwartet verstarb. Aufgrund der unklaren medizinischen Vorgeschichte 

mit Krampfanfällen sowie unspezifischer EKG-Auffälligkeiten, wurde bei der Verstorbenen das 

komplette Exom sequenziert. Die Daten wurden auf Veränderungen in Genen untersucht, welche mit 

arrhythmogenen Erkrankungen und Epilepsie in Verbindung gebracht wurden. Hierbei konnte die 

Variante p.(Arg1626His) im SCN5A-Gen nachgewiesen werden, welches für den kardialen 

Natriumkanal Nav1.5 kodiert. Die detektierte Variante wurde bereits in Verbindung mit dem Long-QT-

Syndrom beschrieben. Auffallend war, dass die jüngere Schwester und ihr Vater ebenfalls ähnliche 

unklare EKG-Befunde aufwiesen und ebenso als Träger dieser Variante identifiziert werden konnten. 

Die SCN5A-Variante könnte zu Arrhythmien prädisponiert und somit zum plötzlichen Versterben oder 

plötzlichen und unerwarteten Tod bei Epilepsie (SUDEP) beigetragen haben; gerade im 

Zusammenhang mit der unklaren medizinischen Vorgeschichte und der damit verbundenen Einnahme 

von Medikamenten. 

Durch den Einsatz von NGS wurden zahlreiche unbekannte, noch nicht klassifizierte Varianten 

detektiert, wodurch die Interpretation der Daten zu einem herausfordernden Prozess wird. Jedoch kann 

durch eine adäquate Evaluierung der Befunde unter Einbeziehung der medizinischen und familiären 

Anamnese, der Todesumstände sowie Sektionsbefunde ein wichtiger Teil zur Todesursachenklärung 

beigetragen, aber auch zur Risikoanalyse und Prävention in den betroffen Familien geleistet werden. 

Des Weiteren bestärken die Ergebnisse die Vermutung, dass Veränderungen in mit Arrhythmien 

assoziierten Genen einen potentiellen Risikofaktor für einen plötzlichen Tod bei Epilepsie darstellen. 
 

Da postmortales Probenmaterial oftmals sehr heterogen ist und eine hohe Variabilität in Bezug auf die 

Qualität und DNA-Integrität aufweist, sind die meisten NGS-Protokolle häufig nicht direkt übertragbar, 

da diese oftmals für die Bearbeitung intakter, hochqualitativer DNA-Proben standardisiert und optimiert 

wurden. Um einen geeigneten NGS-Workflow für sowohl forensische als auch diagnostische 

Anwendungen zu implementieren, wurden drei Library Preparation Methoden der Firma Illumina 

getestet, angepasst und hinsichtlich ihrer Anwendbarkeit für heterogenes Probenmaterial entsprechend 

diagnostischer Standards bewertet und verglichen. Die Ergebnisse zeigen, dass mit der 

vergleichsweise schnellen und flexiblen Nextera Flex Technologie qualitativ hochwertige 

Sequenzierdaten bei Proben mit unterschiedlichem Degradationsgrad erzielt werden konnten. Die 

optimierte Präparationsmethode konnte als Standard-Workflow für forensische und diagnostische 

genetische Analysen mittels NGS implementiert und etabliert werden. Die Anwendung des entwickelten 

Workflows ist nicht auf spezifische Gen-Panels beschränkt und kann flexibel, beispielsweise für die 

Sequenzierung vollständiger Exome, eingesetzt werden. 
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Darüber hinaus wurden funktionelle Charakterisierungsstudien genetischer Veränderungen in dem für 

den kardialen Natriumkanal kodierenden Gen SCN5A durchgeführt, um die funktionelle Relevanz 

detektierter Varianten zu analysieren.  

Im Fall eines 35-jährigen Patienten mit überlebtem plötzlichen Herztod konnte die N-terminale Variante 

p.(Ser106Gly) nachgewiesen werden. Elektrophysiologische Untersuchungen in HEK293 Zellen 

zeigten, dass die Variante die Funktionalität des Nav1.5 beeinflusst und zu einem gain-of-function Effekt 

führt. Zellen, welche die mutierten S106G-Kanäle exprimierten, wiesen einen erhöhten Nav1.5 Strom 

über das gesamte voltage window auf. Die Ergebnisse weisen darauf hin, dass die nachgewiesene 

Variante die Kanalfunktion verändert und somit für lebensbedrohliche Arrhythmien und plötzlichen 

Herztod prädisponieren könnte.  

Bei einem 19-jährigen jungen Mann mit diagnostiziertem Brugada-Syndrom (BrS) wurde durch 

genetische Analysen die SCN5A-Variante c.934G>T in einer Exon-Intron-Grenze nachgewiesen. Um 

die mögliche Auswirkung dieses Nukleotidaustausches auf die Donor-Spleißstelle zu analysieren, 

wurde eine in vitro Minigen-Spleißanalyse in HEK293-Zellen durchgeführt. Die Ergebnisse weisen 

darauf hin, dass die detektierte Variante die korrekte Erkennung der Exon-Intron-Grenze beeinflusst 

und somit die Spleißeffizienz beeinträchtigt. Die Variante führt höchstwahrscheinlich zu einem loss-of-

function Effekt; was sich mit der klinischen Diagnose eines BrS vereinbaren lässt. 
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TEILNAHME UND BEITRÄGE AN KONGRESSEN UND WORKSHOPS 

 

12th ISABS Conference on Forensic and Anthropologic Genetics and Mayo Clinic Lectures in 

Individualized Medicine 

vom 22. - 27. Juni 2022 in Dubrovnik, Kroatien. Scheiper-Welling S, Beckmann BM, Jenewein T, 

Gradhand E, Tschäbunin A, Geisen C, Verhoff MA, Kauferstein S. Molecular autopsy: Identification, 

classification and reporting of sequence variations in young sudden unexpected death victims and 

affected families. (Vortrag) 

 

88. Jahrestagung der Deutschen Gesellschaft für Kardiologie 

vom 20. - 23. April 2022 in Mannheim, Deutschland 

 

40. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin 

vom 20. - 22. Februar 2020 in München, Deutschland. Scheiper-Welling S, Köffer J, Geisen C, Verhoff 

MA, Kauferstein S. NGS und der plötzliche Herztod - Vergleich verschiedener Library Preparation 

Methoden für die Sequenzierung von heterogenem Probenmaterial. (Vortrag) 

 

28th International Congress of International Society for Forensic Genetics (ISFG)  

vom 9. - 13. September 2019 in Prag, Tschechien. Scheiper-Welling S, Köffer J, Beckmann BM, Niess 

C, Geisen C, Gross TE, Schneider PM, Verhoff MA, Kauferstein S. Value of massive parallel 

sequencing in postmortem genetic analyses of sudden unexpected death cases. (Poster) 

 

Fourth European Society of Human Genetics (ESHG) Training Course on Cardiogenetics 

vom 27. - 30. April 2019 in Antwerpen, Belgien 

 

39. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin 

vom 22. - 23. Februar 2019 in Jena, Deutschland  

 

97. Jahrestagung der Deutschen Gesellschaft für Rechtsmedizin  

am 13. September 2018 in Halle (Saale), Deutschland. Scheiper S, Beckmann BM, Geisen C, Thiel G, 

Verhoff MA, Kauferstein S. Der plötzliche Herztod – Relevanz funktioneller Charakterisierungsstudien 

von Sequenzveränderungen in kardialen Genen. (Vortrag) 

 

European Human Genetics Conference 2018  

vom 16. - 19. Juni 2018 in Mailand, Italien. Scheiper S, Ramos-Luis E, Blanco-Verea A, Niess C, 

Geisen C, Kettner M, Verhoff MA, Brion M, Kauferstein S. Sudden Cardiac Death (SCD) in the young 

– value of postmortem genetic analyses in unclear autopsy cases. (Poster) 
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38. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin  

vom 23. - 24. Februar 2018 in Basel, Schweiz. Scheiper S, Beckmann BM, Ramsthaler F, Geisen C, 

Verhoff MA, Kauferstein S. Der plötzliche Herztod - Relevanz genetischer Analysen bei unklaren 

Todesfällen. (Vortrag) 

 

10th International Symposium in Legal Medicine combined with the  

96th Annual Conference German Society of Legal Medicine  

am 12. September 2017 in Düsseldorf/Köln, Deutschland. Scheiper S, Niess C, Geisen C, Ramsthaler 

F, Schmidt P, Kettner M, Brion M, Verhoff MA, Kauferstein S. Sudden Cardiac Death (SCD) in the 

young – value of genetic analyses in unclear autopsy cases. (Vortrag) 

 

13. Jahrestagung der Deutschen Gesellschaft für Abstammungsbegutachtung  

vom 8. - 10. Juni 2017 in Münster, Deutschland. Scheiper S, Beckmann BM, Geisen C, Verhoff MA, 

Kauferstein S. Relevanz genetischer Analysen bei plötzlichen Todesfällen. (Vortrag) 

 

37. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin 

vom 17. - 18. Februar 2017 in Gießen, Deutschland  

 

95. Jahrestagung der Deutschen Gesellschaft für Rechtsmedizin  

am 2. September 2016 in Heidelberg, Deutschland. Scheiper S, Ramos-Luis E, Blanco-Verea A, 

Geisen C, Verhoff MA, Brion M, Kauferstein S. Postmortale genetische Analysen bei plötzlichen 

Todesfällen mittels „Next-Generation Sequencing“. (Vortrag) 

 

International Academy of Legal Medicine 2016 Intersocietal Symposium  

vom 21. - 24. Juni 2016 in Venedig, Italien. Scheiper S, Schmidt S, Beckmann BM, Kääb S, Neumann 

T, Geisen C, Kettner M, Verhoff MA, Kauferstein S. Genetic analyses in sudden unexpected death 

cases with suspicion of inherited cardiomyopathy. (Vortrag) 

 

36. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin 

vom 19. - 20. Februar 2016 in Essen, Deutschland 

 

20 years of Cardiogenetics in the Netherlands  

am 4. Dezember 2015 in Amsterdam, Niederlande. Scheiper S, Hertel B, Beckmann BM, Kääb S, Thiel 

G, Kauferstein S. Characterization of a novel KCNJ2 mutation detected in Andersen-Tawil syndrome 

patients. (Poster) 
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94. Jahrestagung der Deutschen Gesellschaft für Rechtsmedizin  

vom 30. August - 3. September 2015 in Leipzig, Deutschland. Scheiper S, Hertel B, Beckmann BM, 

Kääb S, Thiel G, Kauferstein S. Charakterisierung einer neuen Kaliumkanalmutation in einer Familie 

mit diagnostiziertem Long-QT7-Syndrom. (Vortrag) 

 

26. Jahrestagung der Deutschen Gesellschaft für Humangenetik  

vom 15. - 17. April 2015 in Graz, Österreich. Scheiper S, Hertel B, Beckmann BM, Kääb S, Thiel G, 

Kauferstein S. Characterization of a novel KCNJ2 mutation detected in Andersen-Tawil syndrome 

patients. (Poster) 

 

35. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin 

vom 27. - 28. Februar 2015 in Berlin, Deutschland 

 

33. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin  

am 22. - 23. Februar 2013 in Halle (Saale), Deutschland 

 

32. Spurenworkshop der Deutschen Gesellschaft für Rechtsmedizin  

vom 24. - 25. Februar 2012 in Hannover, Deutschland. Scheiper S, Köhnemann S, Morzfeld J, Appel 

O, Pfeiffer H, Staginnus C. Molekulargenetische Identifizierung von Cannabis aus unbekanntem 

Probenmaterial. (Vortrag) 
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