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Abstract 

Background – Although stillbirth is a significant health problem worldwide, the 

definitive cause of death remains elusive in many cases, despite detailed autopsy. In 

this study of partly explained and unexplained stillbirths we used next generation 

sequencing to examine an extended panel of 35 candidate genes known to be 

associated with ion channel disorders and sudden cardiac death (SCD). 

 

Methods and Results – We examined tissue from 242 stillbirths (>22 weeks), 

including those where no definite cause of death could be confirmed after a full 

autopsy. We obtained high quality DNA from 70 cases, which were then sequenced 

for a custom panel of 35 genes; 12 for inherited long and short QT syndrome genes 

(LQT1-LQT12 and SQT1-3), and 23 additional candidate genes derived from 

genome wide association studies. We examined the functional significance of a 

selected variant by patch clamp electrophysiological recording. No predicted 

damaging variants were identified in KCNQ1 (LQT1) or KCNH2 (LQT2). A rare 

putative pathogenic variant was found in KCNJ2 (LQT7) in one case, and several 

novel variants of uncertain significance were observed. The KCNJ2 variant (p. 

R40Q), when assessed by whole-cell patch clamp, affected the function of the 

channel. There was no significant evidence of enrichment of rare predicted 

damaging variants within any of the candidate genes. 

 

Conclusions – Although a causative link is unclear, one putative pathogenic and 

variants of uncertain significance variant resulting in cardiac channelopathies was 

identified in some cases of otherwise unexplained still birth and these variants may 

have a role in fetal demise. 
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Introduction 

Stillbirth is a major issue worldwide with an estimated 3·2 million occurring each year. 

In the UK there are around 4,000 stillbirths every year and 1 in every 200 births ends 

in a stillbirth.1 In two thirds of cases, the cause is attributed to placental complications, 

with genetic abnormalities estimated to be between 6-13% on karyotyping. The 

remaining cases despite a detailed autopsy remain ‘unexplained’ and this is now the 

most common single contributor to perinatal mortality.1 It is enormously distressing to 

the families involved and there is significant unmet clinical need in terms of primary 

and secondary prevention. 

  

Sequence variants in the genes encoding cardiac ion channels or associated 

regulatory proteins underlie varying inherited arrhythmic syndromes that may lead to 

arrhythmias and sudden cardiac death (SCD). In patients under 35 years of age, 

population studies suggest an incidence of cardiac arrest secondary to primary cardiac 

arrhythmia of 0·4/100,000 person-years.2 Long QT syndrome, characterized by 

prolongation of the QT interval and T-wave morphological changes on the 

electrocardiogram, has an estimated population prevalence of 1:2000,3 the molecular 

basis of which was initially attributed to mutations in three predominant cardiac ion 

channel genes, although subsequently numerous other genes have been 

implicated.4 Given the well-recognized and severe phenotype of infantile long QT 

syndrome, the condition has long been implicated in the aetiology of sudden infant 

death syndrome (SIDS), and since the initial description,5 sequence variants in the 

three major long QT-associated genes have been identified in 10% of such 

cohorts.6 This finding suggests that such genetic variants may also be associated with 
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unexplained fetal demise, a hypothesis confirmed by the recent finding that 4% of such 

cases were associated with mutations in KCNQ1, KCNH2 and SCN5A.7      

  

With advances in technology, high quality DNA can be extracted from post mortem 

tissue, allowing targeted sequencing for mutations that may be associated with a risk 

of stillbirth.8 In this study we used next generation sequencing to investigate an 

enlarged panel of 35 candidate genes associated with ion channel disorders and SCD 

in unexplained stillbirths. 

 

Methods 

Participants 

We prospectively collected fresh tissue (heart, muscle, kidney) from unexplained 

stillbirths (>22 weeks) where no definite cause of death could be identified after a full 

autopsy, from four National Health Service (NHS) hospitals (University College 

London Hospital, Great Ormond Street Hospital, Southampton University Hospital and 

Sheffield Children’s Hospital) between 2007 and 2013, after informed parental 

consent. In addition, we also included previously archived freshly frozen tissue from a 

similar cohort from Sheffield Children’s Hospital. The Central London Research Ethics 

Committee 2 approved the study (10/H0713/26).  

 

An experienced perinatal pathologist (NJS) re-classified the unexplained stillbirth 

cases into three groups using a summary of the autopsy report: (i) fully unexplained 

intrauterine death (IUD), (ii) unexplained IUD with placental lesions that have been 

associated with an increased risk of stillbirth, and (iii) partly explained IUD, 

(Supplementary Table 1).  
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DNA extraction and sequencing 

We extracted DNA from freshly frozen tissue, primarily muscle (Wizard Genomic DNA 

Purification Kit, Promega Corporation, Madison, USA),6 and sequenced a custom 

panel of 35 genes, including 12 inherited long and short QT syndrome genes (LQT1-

LQT12), and 23 additional candidate genes derived from genome wide association 

studies (GWAS) of QT interval 4,9-11, and genetic studies of catecholaminergic 

polymorphic ventricular tachycardia (CPVT),12 SCD,13 and developmental disorders 

(Supplementary Table 2).14  

 

The custom panel was designed using SureDesign (Agilent Technologies, UK), and 

included all exons and known transcripts for each gene. An additional 5kb upstream 

of exon 1 and downstream of the last exon was also sequenced for the LQT1-LQT9 

genes. The MiSeq Multiplexed Sequencing Platform (Illumina Inc, USA) was used for 

sequencing (Supplementary Table 2). All samples followed the same pipeline for 

sequencing, variant calling and annotation, and further details are provided in the 

Supplementary Material. 

 

Variant filtering and annotation 

To identify variants most likely to be functionally damaging we used the algorithm 

indicated in Figure 1. Briefly, all synonymous (not protein altering) variants were 

removed and a list of non-synonymous variants was assembled. Conservation scores 

were used to refine the list of variants (GERP++ scores ≥ 2), and we annotated the 

variants using ANNOVAR software, which incorporates SIFT, PolyPhen 2, and 

Mutation Taster prediction algorithms15. We brought forward all non-synonymous 
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variants which were conserved (GERP ++ score >2). Next, the frequency of the 

variants were checked in the Exome Aggregation Consortium (ExAC) database, and 

Exome Sequencing Project (ESP) and 1000G databases, and variants with 

frequencies > 1% across all ethnicities were removed.16 Finally, a literature search 

was undertaken to establish if genetic variants were previously associated with long 

QT or a related phenotype, and if there was any prior ‘in vitro’ testing to assess 

pathogenicity of the variant. We did not have access to parental DNA to assess 

inheritance of variants, so variants were subsequently categorised into two broad 

categories: 1) putative pathogenic or 2) variant of uncertain significance.17 A variant 

was considered as putative pathogenic if it was novel or rare (seen in < 0.1% among 

unrelated and ethnically similar matched controls), and if there was an abnormal 

electrophysiological phenotype by ‘in vitro’ functional testing. A variant of uncertain 

significance was a novel or rare variant with no functional data. Variants in the TTN 

gene were excluded from this analysis due to the extensive number of variants 

observed in this gene. 

 

Control samples  

Five hundred and sixty-three samples from the 1000 Genomes project 18 were 

selected as a “control” sample for burden testing (further information is provided in the 

Supplementary File). The samples were randomly selected to reflect the same ethnic 

super code profile as the stillbirth samples; 69.6% European, 3.3% East Asian, and 

1.4% African with the remaining 25.7% being randomly selected from the remaining 

samples in the 1000 Genomes project.  As a sensitivity analysis we also selected a 

sample from 1000 genomes which comprised only European individuals (N = 385).  

Burden testing 
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Burden tests were carried out, for each gene, using Fisher’s exact test, to compare 

the proportion of individuals carrying at least one rare (allele frequency ≤ 0.1%) non-

synonymous variant with potential functional consequence, amongst cases versus 

controls. Two analyses were done: all ancestry and European only. A Bonferroni 

corrected p value (p < 0.004; i.e. 0.05/13) threshold was used to indicate a significant 

association for enrichment of rare predicted damaging variants in a gene amongst 

stillbirth cases. Only 13/35 genes had rare predicted damaging variants in either cases 

or controls, thus 13 genes were considered in burden tests.  

 

Power calculation for gene-based tests 

Power calculations for the gene-based Fisher tests were performed using SEQPower 

software 19 applied to the data for the 13 genes tested at MAF < 0.1% available from 

the Exome Variant Server reference site frequency spectrum data. The LOGIT model 

using Fisher gene-based test method was used according to the all ancestry sample 

size of 71 cases and 563 controls. The following assumptions were used: deleterious 

variants defined as a SIFT score of ≤ 0.05, disease prevalence set as 1/600 and OR 

range set as 1.2 to 3.  

 

Functional testing of novel variants   

We selected a variant in KCNJ2 (p. R40Q) for functional analyses by patch clamp 

electrophysiological recording to assess its pathogenicity, after reconfirmation of the 

variant by Sanger sequencing. The KCNJ2 channel (kindly supplied courtesy of 

Professor Yoshihiro Kubo, National Institute for Physiological Sciences, Japan) was 

subcloned into pcDNA3.1(+) and site directed mutagenesis was used to introduce the 

variant.20 The wild-type channel, Thr353Ala variant, Arg40Gln variant or empty vector 
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pcDNA3.1(+) were transiently transfected into CHO-K1 cells 48 hours before patch 

clamp analysis. Whole-cell patch clamp was used as previously described to establish 

if the variant affected the functional properties of the current produced by KCNJ2.21 

Data are presented as mean and standard error (SEM) and comparisons were made 

using a t-test and p values <0·05 were considered significant.  

 

 

Results 

We extracted the DNA from a total of 242 cases, which were of high quality in 70, and 

these were successfully sequenced. The demographic characteristics of the stillbirth 

cases are provided in Table 1. The mean gestational age was 33.95 weeks at death 

(SD ±6.18), and there was no significant difference between male and female age, 

33·6 ± 6·617 versus 34·5 ± 5·734 (p = 0·55). A total of 57% of the cases were male, 

and 67% were of European ancestry, 4.3% were Asian ancestry, 2.6% were African, 

and ancestry was unknown in 25·7%. Additional details of the clinical characteristics 

and categorisation of the 70 stillbirth cases are provided in Supplementary Table 1.  

 

The 70 cases included in this study were sequenced on average to a mean coverage 

depth of 132x per sample. Ninety-seven percent of the target was covered at least 15 

times to ensure accurate calling of heterozygous variants. Following QC, our 

sequencing analysis identified 1,964 genetic variants across the 70 stillbirth cases. Of 

these, 683 were exonic and 327 were non-synonymous variants. There were no 

deletions, insertions, nonsense variants observed in any candidate gene. Splice-site 

variants were observed in TTN and TRPM7. Forty-three conserved and predicted 

potentially damaging non-synonymous variants were found in 41 of 70 cases (58.7%). 
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Eighteen of these variants were in established LQT genes: one novel in CACNA1C 

and 17 rare (AKAP9, ANK2, CACNA1C, KCNE1, KCNE2, KCNJ2, and SCN5A). We 

did not identify any predicted damaging variants in KCNQ1 (LQT1) or KCNH2 (LQT2). 

Twenty-five predicted damaging variants in non-LQT genes were observed, six of 

these were novel and 19 were rare (Supplementary Table 3). 

 

One case had a putative pathogenic variant in a LQT gene; KCNJ2 (LQT7; Table 2). 

Case 27 was an IUD with placental fetal thrombotic vasculopathy (FTV), it was 

heterozygous for a very rare (0.0015%) variant in KCNJ2 (p. Arg40Gln; Figure 2a-c). 

We performed ‘in vitro’ electrophysiological studies using whole-cell patch clamping to 

determine if this variant affected channel function. Another novel non-synonymous 

variant (p. Thr353Ala) found in an explained fetal demise sample was also tested 

(Figure 2). CHO-K1 cells transiently transfected with empty vector control (pcDNA3.1) 

did not possess a large inward current whereas those transfected with KCNJ2-WT or 

KCNJ2-T353A produced large inward currents with similar levels of current density 

(Figure 2d). In contrast, the homozygous expression of KCNJ2-R40Q produced 

currents with significantly reduced current density (p <0.05) in comparison to KCNJ2-

WT (Figure 2e). In detail, the R40Q mutation, when expressed in homozygous fashion 

leads to an approximate 70% reduction in the level of inward current (measured at -

150 mV) (Figure 2f). The reduction in current density for the Arg40Gln variant indicated 

that this variant is likely to result in compromised channel function.  

 

Low frequency variants were observed in three LQT genes: SCN5A (LQT3), KCNE1 

(LQT5) and KCNE2 (LQT6) with reported functional data (Table 2). Case 61, an 

unexplained IUD who had a normal autopsy and placental histology, was 
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heterozygous for two LQT genetic variants: (p. Asp85Ala: KCNE1) and (p. Thr8Ala: 

KCNE2). The p. Thr8Ala variant in KCNE2 is low frequency (allelic frequency 0.4%), 

and is located at the N-terminus, and has been reported in association with antibiotic 

induced arrhythmia and SIDS.22,23 Functional studies have shown that this variant 

when expressed with the hERG channel has a 15% reduction in current densities 

compared to wild type, and has an increased sensitivity to treatment with 

sulfamethoxazole and trimethoprim (agents associated with QT prolongation).22 The 

Asp85Asn variant in KCNE1 has a minor allele frequency of 0.038. This variant has 

been reported to be associated with drug-induced LQTS, an odds ratio of 9.0.24 

Functional studies indicate that this variant, when co-expressed with either KCNQ1 or 

KCNH2, is associated with decreased current density (compared to wild type 

KCNE1).25  

 

Case 67 was heterozygous for a relatively rare variant, p. Gly615Glu (0.039%) in 

SCN5A. This variant is located in the DI/DII linker region of the channel protein, and 

is associated with shorter recovery times from inactivation in a Xenopus oocyte 

expression system. A similar change in channel function has been observed for other 

SCN5A variants which have been reported in association with SIDS.26  

 

Case 5, an unexplained IUD with placental lesions was heterozygous for the variant 

p. Arg481Trp in SCN5A. This variant has previously been reported as increasing the 

risk of LQT, SCD, torsades de pointes or acquired LQT,26-28 It has previously been 

reported in an African case, and has been shown to affect activation, inactivation or 

recovery time of the channel depending on the SCN5A splice variant tested.28 
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Novel variants of uncertain significance 

Seven novel variants of uncertain significance were observed in the stillbirth cases 

(Supplementary Table 4). Case 6 was heterozygous for p. Pro1845Leu in CACNA1C 

(LQT8); a variant located within the C terminal topological domain (amino acid 

residues 1525-2221). Five novel variants were observed in five QT-GWAS candidate 

genes: TRPM7, SCN10A, CREBBP, SRL and BAZ2B. Case 43 was heterozygous for 

a p. Trp860Met variant in TRPM7, this variant is located in the 2nd transmembrane 

domain of the ion channel. Case 52 was heterozygous for p. Trp1570Ala variant in 

SCN10A. We observed five cases that were heterozygous for p. Gln2251Lys in 

CREBBP. The variant substitutes a glutamine residue from an identified poly-Q region 

(2199-2216). Case 69 was heterozygous for a BAZ2B variant at p. Asp636Asn. Case 

36 was heterozygous for p. Glu22Asp in the SRL gene. We also observed one case 

(case 46) that was heterozygous for p. His513Tyr in RYR2, a candidate gene for 

CPVT, however this lies outside the known functional domains where the vast majority 

of disease-associated mutations cluster.12 

 

Rare variants of uncertain significance 

There were several cases with rare variants of uncertain significance that had been 

previously reported as associated with SUD, arrhythmias or Torsades de pointes. 

These included a rare RYR2 variant (p. Val2113Met) found from sequencing of a 

sudden unexplained death (SUD) population. 29 The p. Asn687Ser variant in ANK2; 

has previously been reported in an individual with TdP.30 Finally, a p. R1268Q variant 

in SCN10A, this has previously been reported in an individual with Brugada syndrome, 

and functional testing has indicated an 84% reduction in sodium current when 

expressed with wild type SCN5A compared to wild type SCN10A.31 
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Testing for enrichment of rare functional variants 

A significant number of rare functional variants were observed in public sequence 

databases, therefore we performed a burden test to detect genes with a significant 

enrichment in rare predicted damaging variants (minor allele frequency, MAF < 0.1%) 

in stillbirth cases verses 563 randomly selected controls (see Methods). We did not 

observe significant evidence of enrichment of rare predicted damaging variants in 

stillbirth cases within any of the 13 tested genes (Table 3). Similarly, there was no 

evidence of enrichment in samples of European ancestry only (Supplementary Table 

5). A power calculation set at the 5% alpha significance level for a 1-sided test 

indicated the average power as 51% across the 13 genes.  

 

Discussion 

Here we report the data from an extensive molecular autopsy in unexplained stillbirth 

involving 35 genes associated with ventricular arrhythmia and SCD, using next 

generation sequencing. We found putative pathogenic variants that might be 

associated with fetal demise in four (5·7%) cases. Three of these variants had reported 

functional data – KCNE1 and KCNE2 (1 case); SCN5A (2 cases), and one was a very 

rare variant in KCNJ2 (p. Arg40Gln) that affected the function of the channel. Predicted 

damaging variants were found in 37 (53.0%) of the remaining 66 cases, these were of 

uncertain significance in this setting.  

 

In contrast to a previous study that investigated the role of LQT variants in intra-uterine 

fetal death,7 we found no predicted damaging variants in LQT1 and LQT2 genes 

KCNQ1 or KCNH2. We observed three SCN5A (MAF < 1%) variants in our population 
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with functional data available. This observation is in agreement with an earlier 

hypothesis of an increased prevalence of sodium channel variants in SIDS compared 

to potassium channel variants in stillbirth.32  

 

Interestingly, mutations in KCNJ2 that do not result in Andersen-Tawil syndrome, but 

affect cardiac function have recently been identified.33 These mutations tend to not 

result in a complete loss of channel function, in a similar manner to the Arg40Gln 

variant we have identified, which may explain why these patients have an isolated 

cardiac phenotype and lack extra cardiac dysmorphic features.33 

 

How the predicted damaging variants identified in this study may contribute to the 

mechanism of intrauterine fetal demise is difficult to determine. We do not have proof 

of mechanism of death, or recording of fetal arrhythmias, nor do we have evidence 

from other studies of other patients with the same variants demonstrating convincing 

pathogenicity.  In future studies, pathogenicity could be examined in cardiomyocytes 

derived from induced pluripotent stem cells that carry these variants. Large scale 

population based GWAS would also be required to examine potential causal 

relationships.  

 

Nevertheless, it is possible that a multiple ‘hit’ hypothesis similar to that proposed in 

SIDS (combination of pathogenic variants and/or of functional polymorphisms 

triggering lethal cardiac events when combined with specific environmental factors 

during a critical developmental phase) may also be applicable to unexplained 

stillbirths. For example, environmental factors may include non-lethal placental 

pathologies, or milder degrees of intrauterine infection, that might trigger a lethal fetal 
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cardiac arrhythmia. This hypothesis is supported by recent observations in kcnj8 

knockout mice models in which induced vasospasm by ergometrine, 

lipopolysaccharide (LPS) induced sepsis, or cytomegalovirus triggered sudden 

death.34 Furthermore, fetal arrhythmias related to ion channelopathies have been 

reported in settings where there is routine fetal screening.35 

 

Of potential interest is the observation of novel variants in putative candidate genes 

derived from GWAS of the QT interval. TRPM7 is a ubiquitously expressed non-

selective ion channel-kinase which plays a key role in embryonic cardiogenesis and 

establishing cardiac automaticity. Alongside its role in heart development the channel 

regulates magnesium homeostasis and a Thr1482Ile variant has been found to be 

associated with Guamanian neurodegenerative disorder.36 Sequencing of TRPM7 in 

LQT patients indicated variants in this gene as good candidates for inherited LQT. We 

observed one stillbirth case that was heterozygous for a novel variant in TRPM7 (p. 

Thr860Met) and several other cases were heterozygous for low frequency variants in 

this gene. Of note TRPM7 was the only gene which had suggestive evidence of 

enrichment (prior to Bonferroni correction) in the burden testing. We also observed a 

splice site variant in this gene in one stillbirth case (Supplementary Table 3). 

Functional studies of TRPM7 and its relationship to stillbirth may warrant more detailed 

analyses. 

 

A second candidate gene of interest is SCN10A. SCN10A encodes a voltage gated 

sodium channel alpha subunit Nav1.8 which consists of four homologous domains 

each with six transmembrane spanning regions of which one is a voltage sensor. 

Nav1.8 can also associate with one or more beta units. Mutations in SCN10A have 
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been associated with Brugada syndrome and can modulate SCN5A expression 

(LQT3).1 Patients with BrS who had SCN10A mutations were more symptomatic and 

displayed significantly longer PR and QRS intervals compared with SCN10A-negative 

BrS probands.2 However, more recent data has put these findings into doubt. Burden 

testing of SCN10A showed a lack of significant enrichment for rare coding variation in 

cases of BrS in a population of European ancestry.37 Likewise our Burden test 

indicated no significant enrichment of rare functional variants within SCN10A amongst 

stillbirth cases.  

 

The CREBBP gene encodes a histone acetyl transferase and coactivator. Interestingly 

in our study we identified five cases with a novel p. Gln2251Lys nonsynonymous 

variant. Variants in CREBBP have been associated with acute lymphoblastic 

leukaemia and Rubinstein–Taybi syndrome (RTS), RTS patients have a history of 

cardiac abnormalities with previous work revealing a link between the syndrome, 

congenital heart defects and conductive abnormalities. The novel variant we identified 

lies 100 residues upstream of the nuclear-receptor coactivator-binding domain. Five 

separate cases contained variants in BAZ2B which encodes bromodomain adjacent 

to zinc finger domain 2B, an epigenetic regulator which has been associated with SCD 

susceptibility.38 Case 36 was heterozygous for a novel SRL variant, a gene 

physiologically involved in calcium storage in muscle tissue.39 One case possessed a 

rare SMARCAD1 variant, this DNA helicase is required for DNA repair and 

heterochromatin organization. Another case was heterozygous for a rare variant in 

MKL2, a gene previously noted as required for myogenic differentiation.40 
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This study is not without limitations. Firstly, our sample size is small owing to the 

difficulties in post-mortem research consenting, and the phenotype is relatively broad. 

Some of the stillbirth cases in this cohort could be considered partially ‘explained’, for 

example the case with presence of placental fetal thrombotic vasculopathy. We did 

not exclude such cases, since the clinical significance of such focal placental changes 

remains uncertain and it is possible that cardiac ion channelopathies might increase 

the risk of death in a compromised fetus. Secondly, we did not have any data of fetal 

cardiac arrhythmias in the recruited cases. Thirdly, we used data from the 1000 

genomes study as “control” data for burden testing. As variants across cases and 

controls were not called together, it is possible variants in cases are novel due to this 

issue. Fourthly, the gene-based testing was underpowered (using the best-case 

scenario of causality assumptions) with only ~51% power achievable from our sample 

sizes. Finally, parental DNA was not available to assess if the variants were ‘de novo’ 

mutations or were inherited, nor did we have details on family history of cardiac ion 

channelopathies. Declining autopsy rates, and challenges associated with consenting 

of bereaved parents, are major hurdles to research in this area. 

 

Given that cardiac ion channelopathies may be a preventable cause of sudden death 

(for example the mortality from LQT can be reduced significantly with appropriate 

therapy), the novel and rare variants we report may be of clinical interest, if future 

studies are able to establish clearer mechanistic and inheritance pathways.  

In summary, these preliminary data indicate that putative pathogenic variants resulting 

in cardiac channelopathies may exist in some cases of otherwise unexplained 

stillbirths. It is possible that these variants may have had a role in the fetal demise.  



 19 

Acknowledgements 

We thank all parents who participated in this study, at one of the most difficult times in 

their lives, and the clinicians and midwives who made this study possible.  

 

Funding and support: This study was funded by Well Being of Women (RG1248) 

and National Institute for Health Research (NIHR) Biomedical Research Centre based 

at Imperial College Healthcare NHS Trust and Imperial College London (P51281). The 

views expressed are those of the authors and not necessarily those of the NHS, the 

NIHR or the Department of Health.  

 

ST is funded by a clinician scientist award from the NIHR. PBM, AT and HRW are 

supported by the NIHR Biomedical Research Centre at Barts, Queen Mary University 

of London. NJS, AMT and DP are supported by the NIHR Comprehensive Biomedical 

Research Centre at University College London, and JC is supported by a grant 

(FS/13/58/30648) from the British Heart Foundation. 

 

The sponsor or the funders of the study had no role in study design, data collection, 

data analysis, data interpretation, or writing of the report. 

 

Disclosures 

None 

 

Contributions 

ST (Chief Investigator) conceived the idea and designed the study jointly with PBM, 

CM, AMT, NJS, DA, and DP. PBM, SA, JC and MS undertook the genetic analysis. 



 20 

ATi, SCH and QA undertook the functional testing. ATe and ID performed the 

bioinformatics analysis. HRW performed the statistical analysis. PL, MC, BV, DF 

assisted recruitment. PBM and ST are the guarantors of the study data. All authors 

contributed to interpretation of the data, manuscript development and approved the 

final manuscript for submission.  

 

 

  



 21 

References 

1. Stanton C, Lawn JE, Rahman H, Wilczynska-Ketende K, Hill K. Stillbirth rates: 
delivering estimates in 190 countries. Lancet 2006; 367(9521): 1487-94. 
2. Meyer L, Stubbs B, Fahrenbruch C, et al. Incidence, causes, and survival trends 
from cardiovascular-related sudden cardiac arrest in children and young adults 0 to 
35 years of age: a 30-year review. Circulation 2012; 126(11): 1363-72. 
3. Schwartz PJ, Stramba-Badiale M, Crotti L, et al. Prevalence of the congenital 
long-QT syndrome. Circulation 2009; 120(18): 1761-7. 
4. Arking DE, Pulit SL, Crotti L, et al. Genetic association study of QT interval 
highlights role for calcium signaling pathways in myocardial repolarization. Nature 
genetics 2014; 46(8): 826-36. 
5. Schwartz PJ, Priori SG, Dumaine R, et al. A molecular link between the sudden 
infant death syndrome and the long-QT syndrome. The New England journal of 
medicine 2000; 343(4): 262-7. 
6. Arnestad M, Crotti L, Rognum TO, et al. Prevalence of long-QT syndrome gene 
variants in sudden infant death syndrome. Circulation 2007; 115(3): 361-7. 
7. Crotti L, Tester DJ, White WM, et al. Long QT syndrome-associated mutations 
in intrauterine fetal death. Jama 2013; 309(14): 1473-82. 
8. Addison S, Sebire NJ, Taylor AM, et al. High quality genomic DNA extraction 
from postmortem fetal tissue. The journal of maternal-fetal & neonatal medicine : the 
official journal of the European Association of Perinatal Medicine, the Federation of 
Asia and Oceania Perinatal Societies, the International Society of Perinatal Obstet 
2012; 25(11): 2467-9. 
9. Newton-Cheh C, Eijgelsheim M, Rice KM, et al. Common variants at ten loci 
influence QT interval duration in the QTGEN Study. Nature genetics 2009; 41(4): 399-
406. 
10. Pfeufer A, Sanna S, Arking DE, et al. Common variants at ten loci modulate the 
QT interval duration in the QTSCD Study. Nature genetics 2009; 41(4): 407-14. 
11. Nolte IM, Wallace C, Newhouse SJ, et al. Common genetic variation near the 
phospholamban gene is associated with cardiac repolarisation: meta-analysis of three 
genome-wide association studies. PLoS One 2009; 4(7): e6138. 
12. Priori SG, Napolitano C, Memmi M, et al. Clinical and molecular 
characterization of patients with catecholaminergic polymorphic ventricular 
tachycardia. Circulation 2002; 106(1): 69-74. 
13. Arking DE, Sotoodehnia N. The genetics of sudden cardiac death. Annual 
review of genomics and human genetics 2012; 13: 223-39. 
14. Akazawa H, Komuro I. Cardiac transcription factor Csx/Nkx2-5: Its role in 
cardiac development and diseases. Pharmacology & therapeutics 2005; 107(2): 252-
68. 
15. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic 
variants from high-throughput sequencing data. Nucleic Acids Res 2010; 38(16): 
e164. 
16. Exome Aggregation Consortium (ExAC), Cambridge, MA. 2014 (accessed 
1.1.2016 2016). 
17. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation 
of sequence variants: a joint consensus recommendation of the American College of 
Medical Genetics and Genomics and the Association for Molecular Pathology. 
Genetics in medicine : official journal of the American College of Medical Genetics 
2015; 17(5): 405-24. 



 22 

18. Pennisi E. Genomics. 1000 Genomes Project gives new map of genetic 
diversity. Science 2010; 330(6004): 574-5. 
19. Wang GT, Li B, Santos-Cortez RP, Peng B, Leal SM. Power analysis and 
sample size estimation for sequence-based association studies. Bioinformatics 2014; 
30(16): 2377-8. 
20. Ai T, Fujiwara Y, Tsuji K, et al. Novel KCNJ2 mutation in familial periodic 
paralysis with ventricular dysrhythmia. Circulation 2002; 105(22): 2592-4. 
21. Harmer SC, Mohal JS, Royal AA, McKenna WJ, Lambiase PD, Tinker A. 
Cellular mechanisms underlying the increased disease severity seen for patients with 
long QT syndrome caused by compound mutations in KCNQ1. Biochem J 2014; 
462(1): 133-42. 
22. Sesti F, Abbott GW, Wei J, et al. A common polymorphism associated with 
antibiotic-induced cardiac arrhythmia. Proceedings of the National Academy of 
Sciences of the United States of America 2000; 97(19): 10613-8. 
23. Ackerman MJ, Tester DJ, Jones GS, Will ML, Burrow CR, Curran ME. Ethnic 
differences in cardiac potassium channel variants: implications for genetic 
susceptibility to sudden cardiac death and genetic testing for congenital long QT 
syndrome. Mayo Clinic proceedings 2003; 78(12): 1479-87. 
24. Kääb S, Crawford DC, Sinner MF, et al. A Large Candidate Gene Survey 
Identifies the KCNE1 D85N Polymorphism as a Possible Modulator of Drug-Induced 
Torsades de PointesClinical Perspective. Circulation: Cardiovascular Genetics 2012; 
5(1): 91-9. 
25. Nishio Y, Makiyama T, Itoh H, et al. D85N, a KCNE1 polymorphism, is a 
disease-causing gene variant in long QT syndrome. Journal of the American College 
of Cardiology 2009; 54(9): 812-9. 
26. Albert CM, Nam EG, Rimm EB, et al. Cardiac sodium channel gene variants 
and sudden cardiac death in women. Circulation 2008; 117(1): 16-23. 
27. Kapplinger JD, Tester DJ, Alders M, et al. An international compendium of 
mutations in the SCN5A-encoded cardiac sodium channel in patients referred for 
Brugada syndrome genetic testing. Heart rhythm : the official journal of the Heart 
Rhythm Society 2010; 7(1): 33-46. 
28. Tan BH, Valdivia CR, Rok BA, et al. Common human SCN5A polymorphisms 
have altered electrophysiology when expressed in Q1077 splice variants. Heart 
rhythm : the official journal of the Heart Rhythm Society 2005; 2(7): 741-7. 
29. Medeiros-Domingo A, Bhuiyan ZA, Tester DJ, et al. The RYR2-encoded 
ryanodine receptor/calcium release channel in patients diagnosed previously with 
either catecholaminergic polymorphic ventricular tachycardia or genotype negative, 
exercise-induced long QT syndrome: a comprehensive open reading frame mutational 
analysis. Journal of the American College of Cardiology 2009; 54(22): 2065-74. 
30. Mank-Seymour AR, Richmond JL, Wood LS, et al. Association of torsades de 
pointes with novel and known single nucleotide polymorphisms in long QT syndrome 
genes. American heart journal 2006; 152(6): 1116-22. 
31. Hu D, Barajas-Martinez H, Pfeiffer R, et al. Mutations in SCN10A are 
responsible for a large fraction of cases of Brugada syndrome. Journal of the American 
College of Cardiology 2014; 64(1): 66-79. 
32. Insolia R, Ghidoni A, Dossena C, Mastanuono E, Schwartz PJ. Sudden infant 
death syndrome and cardiac channelopathies: from mechanisms to prevention of 
avoidable tragedies. Cardiogenetics 2011; 1(S1): e6. 



 23 

33. Limberg MM, Zumhagen S, Netter MF, et al. Non dominant-negative KCNJ2 
gene mutations leading to Andersen-Tawil syndrome with an isolated cardiac 
phenotype. Basic research in cardiology 2013; 108(3): 353. 
34. Tester DJ, Tan BH, Medeiros-Domingo A, Song C, Makielski JC, Ackerman MJ. 
Loss-of-function mutations in the KCNJ8-encoded Kir6.1 K(ATP) channel and sudden 
infant death syndrome. Circulation Cardiovascular genetics 2011; 4(5): 510-5. 
35. Horigome H, Nagashima M, Sumitomo N, et al. Clinical characteristics and 
genetic background of congenital long-QT syndrome diagnosed in fetal, neonatal, and 
infantile life: a nationwide questionnaire survey in Japan. Circulation Arrhythmia and 
electrophysiology 2010; 3(1): 10-7. 
36. Hermosura MC, Nayakanti H, Dorovkov MV, et al. A TRPM7 variant shows 
altered sensitivity to magnesium that may contribute to the pathogenesis of two 
Guamanian neurodegenerative disorders. Proceedings of the National Academy of 
Sciences 2005; 102(32): 11510-5. 
37. Le Scouarnec S, Karakachoff M, Gourraud JB, et al. Testing the burden of rare 
variation in arrhythmia-susceptibility genes provides new insights into molecular 
diagnosis for Brugada syndrome. Hum Mol Genet 2015; 24(10): 2757-63. 
38. Arking DE, Junttila MJ, Goyette P, et al. Identification of a Sudden Cardiac 
Death Susceptibility Locus at 2q24.2 through Genome-Wide Association in European 
Ancestry Individuals. Plos Genet 2011; 7(6). 
39. Yoshida M, Minamisawa S, Shimura M, et al. Impaired Ca2+ store functions in 
skeletal and cardiac muscle cells from sarcalumenin-deficient mice. J Biol Chem 2005; 
280(5): 3500-6. 
40. Selvaraj A, Prywes R. Megakaryoblastic leukemia-1/2, a transcriptional co-
activator of serum response factor, is required for skeletal myogenic differentiation. 
Journal of Biological Chemistry 2003; 278(43): 41977-87. 
 

  



 24 

 

 

 

  



 25 

 

Table 1: Demographic characteristics of stillbirth cases 
 

Variable Unexplained Stillbirths (N = 70) 

Age of Gestation – weeks ± SD 33.9 ± 6.2 

Male – no. (%) 40 (57) 

*Ethnicity – no. (%)  

White British 45 (64) 
African 2 (2.8) 
Asian 2 (2.8) 
Eastern European 2 (2.8) 
Indian 1 (1.4) 
Unknown 18 (26) 

*Self-reported ethnicity 
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Table 2: Variants in LQT genes observed in stillbirth cases with functional data  
 

Case Clinical presentation LQT Gene 
Amino Acid 
Change 

ExAC Allele 
Count 

27 Fetal thrombotic vasculopathy KCNJ2 Arg40Gln 2 

67 Normal autopsy SCN5A Gly615Glu 25 

5 Non-specified placental lesion SCN5A Arg481Trp 135 

61 Normal autopsy 
KCNE2 Thr8Ala 461 

KCNE1 Asp85Asn                       1110                           

 
Long QT: inherited long QT gene; ExAC count = Allele count in Exome Consortium 
Aggregate Data 
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Table 3: Burden test results for channelopathy genes 
 

Genes 
Cases 
(N = 70) 

Controls* 
(N = 563) p value 

AKAP9 4.29 (3) 3.20 (18) 0.720 

ANK2 2.86 (2) 3.55 (20) 1.000 

BAZ2B 2.86 (2) 2.31 (13) 0.680 

CACNA1C 2.86 (2) 1.60 (9) 0.354 

CREBBP 7.14 (5) 2.84 (16) 0.074 

KCNJ2 1.43 (1) - 0.112 

NDRG4 1.43 (1) 0.71 (4) 0.449 

RYR2 4.29 (3) 4.62 (26) 1.000 

SCN10A 4.29 (3) 2.31 (13) 0.408 

SCN5A 2.86 (2) 0.89 (5) 0.179 

SMARCAD1 1.43 (1) 0.18 (1) 0.212 

SRL 1.43 (1) 1.07 (6) 0.566 

TRPM7 5.71 (4) 1.60 (9) 0.047 

 
*The controls were randomly selected from the 1000G dataset to match the self-
reported ethnicity of the stillbirth cases (methods); % cases or controls is provided in 
parentheses; the TTN gene was not included in this analysis due to the extensive 
number of variants.  
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Figures 

 

Figure 1. Algorithm for prioritising variants in channelopathy genes for reporting and 

functional testing.  

 

Legend: All variants were annotated using ANNOVAR prediction software and the 

non-synonymous variants were taken forward for further consideration if they were 

conserved (GERP score ≥2) and predicted to be damaging by at least one algorithm 

[Sift score >0.95, PolyPhen2 score of >0.85 or Mutation Taster (A or D)]. Rare 

variants in this study are defined as variants with frequency of 1% or less. Variants 

with association and/or functional data to support a causative role in channelopathy 

are reported as putative pathogenic variants. All novel and rare variants with no 

previous association to channelopathies are reported as variants of uncertain 

significance. 

 * 75 TTN variants are not reported or were not included in the burden testing 

analysis due to extensive number of variants in this gene. 

 

Figure 2. The location of the R40Q variant in KCNJ2 that encodes the Kir2.1 protein 

and its effect on ion channel function. 

 

Legend: A. Genomic layout of KCNJ2 exons. B. Primary structure of Kir2.1 depicting 

transmembrane domains flanked with N and C termini. The full-length protein 

contains two transmembrane domains M1 & M2 joined by a linker pore domain. C. 

Structural composition of Kir2.1 depicting the R40Q mutation near the N-terminus. D. 

Voltage protocol used to elicit currents and scale for the representative traces 
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shown. E. Representative whole-cell patch clamp recordings for individual cells 

transiently expressing KCNJ2-WT, T353A, R40Q or an empty vector control 

(pcDNA3.1). F. Current-voltage relationships obtained from cells transiently 

transfected with KCNJ2-WT, R40Q T353A, or an empty vector control. Values are 

mean ± S.E (n=8-12). * indicates (p<0.05) when compared to KCNJ2-WT transfected 

cells. 

 


