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Abstract

The incidence of stillbirth in Sweden has essentially remained constant since the 1980’s,
and despite thorough investigation, many cases remain unexplained. It has been suggested
that a proportion of stillbirth cases is caused by heart disease, mainly channelopathies. The
aim of this study was to analyze DNA from 290 stillbirth cases without chromosomal abnor-
malities for pathogenic single nucleotide variants (SNVs) in 70 genes associated with car-
diac channelopathies and cardiomyopathies. The HaloPlex Target Enrichment System
(Agilent Technologies) was utilized to prepare sequencing libraries which were sequenced
on the lllumina NextSeq platform. We found that 12.1% of the 290 investigated stillbirth
cases had one (n = 31) or two (n = 4) variants with evidence supporting pathogenicity, i.e.
loss-of-function variants (nonsense, frameshift, splice site substitutions), evidence from
functional studies, or previous identification of the variants in affected individuals. Regarding
identified putative pathogenic variants in genes associated with channelopathies, the preva-
lence was significantly higher in the stillbirth cohort (n = 23, 7.93%) than the corresponding
prevalence of the same variants in the non-Finnish European population of the Exome
Aggregation Consortium (2.70%, p<0.001) and SweGen, (2.30%, p<0.001). Our results
give further support to the hypothesis that cardiac channelopathies might contribute to still-
birth. Screening for pathogenic SNVs in genes associated with heart disease might be a
valuable complement for stillbirth cases where today’s conventional investigation does not
reveal the underlying cause of fetal demise.

Introduction

The incidence of stillbirth in Sweden, defined as fetal death occurring at completed gestational
week 22 or later, has essentially remained constant at approximately 3-4 per 1 000 live births
since the 1980’s [1]. Stillbirth can be caused by several factors, such as infections, placental
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insufficiency or abruption, maternal conditions (e.g. preeclampsia), chromosomal aberrations,
malformations and umbilical cord complications [2]. In Stockholm County, all cases of still-
birth pass a thorough investigation, with the aim of identifying the underlying factor of fetal
demise. The investigation includes physical examination and autopsy, infectious disease test-
ing and chromosome analysis by conventional chromosome analysis by karyotyping, or, when
it fails, by quantitative fluorescence polymerase chain reaction (QF-PCR). Using these meth-
ods, chromosomal abnormalities are identified in 6-17% of stillbirth cases [3,4]. We have pre-
viously shown that analysis with chromosomal microarray (CMA) increases both the analysis
success rate, as well as the chromosomal aberration detection frequency, compared with con-
ventional karyotyping [5]. However, many stillbirth cases remain unexplained, and determina-
tion of the underlying cause is important as a history of stillbirth is associated with an
increased recurrence risk in following pregnancies [6].

Studies have suggested that long QT syndrome (LQTS) might contribute to stillbirth in
some cases [7,8]. LQTS is a channelopathy affecting cardiac ion channels, and is characterized
by a prolonged Q-T interval on electrocardiogram. The condition is a common cause of sud-
den death postnatally, and is diagnosed in up to 9.5% of infant death syndrome cases [9]. Also
other channelopathies, such as Brugada syndrome (BrS) and catecholaminergic polymorphic
ventricular tachycardia (CPVT), as well as cardiomyopathies, such as hypertrophic cardiomy-
opathy (HCM), have been suggested to cause infant death [10-13]. Common for cardiac chan-
nelopathies is that the structure and function of ion channels are affected, which in turn leads
to disrupted action potential propagation and thereby causes development of arrhythmias
[14]. Cardiomyopathies, i.e. disorders of the heart muscle, are impairments of the ability of the
myocardium to contract, which can result in heart failure [15]. A study including 47 cases of
sudden unexpected death in infancy (SUDI) identified one or more genetic variants with likely
functional effects in 34% of the cases, by investigation of 100 genes associated with cardiac
channelopathies and cardiomyopathies [16]. It is reasonable to suspect that genetic variants
associated with death in infancy might as well cause fetal death. However, this has not been
extensively studied.

In this study, DNA from 290 stillbirth cases without chromosomal abnormalities was ana-
lyzed using a gene panel, including 70 genes associated with cardiac channelopathies and car-
diomyopathies. We suggest that the results might provide clues to the underlying cause of
stillbirth for a proportion of cases.

Materials and methods
Study population

The study included 290 stillbirth cases without known pathogenic chromosomal abnormali-
ties, based on data from karyotyping (174 cases), CMA (84 cases), and QF-PCR (32 cases). All
cases are part of a cohort that we have described previously [5], which includes all stillbirth
cases that occurred in the Stockholm County between January 1, 2008 and December 31, 2012.
The complete cohort has been investigated by the Stockholm stillbirth group, which consists of
obstetricians and perinatal pathologists representing all delivery departments in Stockholm,
according to guidelines described in the Stockholm classification of stillbirth [17]. Parental
samples were not available. All data were fully anonymized prior to analysis. The study was
approved by the Regional Ethical Review Board in Stockholm.

DNA extraction, quantification, and quality control

DNA was extracted from fetal or placental tissue, using the Gentra PureGene protocol (Qia-
gen, Hilden, Germany). DNA concentrations were measured using a Qubit fluorometer
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together with the DS BR DNA assay (Thermo Fisher Scientific, Waltham, MA, USA). DNA
quality was assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific), where
A260/A280 ratios between 1.8 and 2.0, and A260/A230 ratios >1.5 were accepted. DNA frag-
mentation was evaluated using agarose gel electrophoresis (1.5% agarose).

Panel design and library preparation

By using the SureDesign tool (Agilent Technologies, Santa Clara, CA, USA), probes were
designed to cover the exons and exon-intron boundaries of the 70 genes displayed in Table 1.
The genes were selected according to the available literature and were reported to be associated
with cardiac channelopathies and cardiomyopathies. The design was optimized twice through
addition of probes in areas where coverage was low, both in areas with no in silico coverage
and where actual sequencing coverage was below 20X, as well as in areas where only one probe
was functional, prior to running stillbirth cases. Sequencing libraries for massive parallel
sequencing (MPS) were obtained by using HaloPlex target enrichment system (Agilent Tech-
nologies) according to the manufacturer’s protocol. Briefly, 225 ng of genomic DNA was used
for restriction reactions. Before continuation of the protocol, the digestion of a control DNA
sample was assessed using a high-sensitivity DNA kit and Bioanalyzer (Agilent Technologies),
to ensure that the restriction reaction was successful and yielded DNA fragments of the
expected lengths. Hybridization of the probes and index cassettes was performed at 54°C for
16 hours + 10 minutes. PCR amplification of all libraries was performed on a 2720 Thermal
cycler (Applied Biosystems, Foster City, CA, USA). The number of PCR cycles was adjusted to
19 instead of the recommended 20, as signs of overamplification were noted in the quality con-
trol of the first batch of processed samples. The last step of the protocol, i.e. bead-based purifi-
cation of the libraries, was routinely done twice, as a single purification was insufficient to
diminish the 125 bp peak generated by an adapter-primer complex, which is a common
byproduct according to the manufacturer. The finished libraries were once again quality con-
trolled using a high-sensitivity DNA kit and Bioanalyzer (Agilent Technologies), and quanti-
fied using a Qubit fluorometer (Thermo Fisher Scientific). Libraries were pooled to contain 30
samples for medium output sequencing reagents, or 90 samples for high output sequencing

Table 1. Genes included in the customized HaloPlex gene panel and their associated diseases.

Disease category |Genes

Channelopathies | AKAP9 (1), ANK2 (1, 2, 3), CACNAIC (2), CACNA2DI (2, 4), CACNB2 (2), CASQ2 (3),
GPDIL (2, 5, 6), HCN4 (2, 7), KCNEI (1, 8), KCNE2 (1, 10), KCNE3 (2), KCNH2 (1, 4), KCNJ2
(1,8, 4), KCNJ5 (1), KCNJ8 (2, 6), KCNQI (1, 4, 8), RYR2 (3, 1,9), SCNIB (2, 8), SCN3B (2, 8),
SCN4B (2, 8), SCN5A (1, 2, 6,7, 8, 10, 11, 12), SNTAI(1, 6, 13), TRPM4 (2, 10)

Cardiomyopathies | ABCC9 (12), ACTCI (12, 13, 14, 15), ACTN2 (12, 14), ANKRDI1 (12), BAG3 (12), BRAF (14,
15), CALR3 (14), CAV3 (1, 6, 14), CSRP3 (12, 13, 14), DES (12), DMD (12), DNAJC19 (12),
DSC2 (9), DSG2 (9, 12), DSP (9, 12), DTNA (13, 15), FHL2 (12), GLA (14), JPH2 (14), JUP (9),
LAMP2 (14), LDB3 (9, 12, 13), LMNA (9, 12), MIBI (12), MYBPC3 (12, 13, 14), MYH7 (12, 13,
14), MYL2 (14), MYL3 (14), MYLK2 (14), MYOZ2 (12, 14), NEBL (12), NEXN (12, 14), PLN (9,
12, 14), PRKAG2 (14), PKP2 (9, 2), RBM20 (12), TAZ (12, 13), TCAP (12, 14), TGFB3 (9),
TMEM43 (9), TMPO (12), TNNCI1 (12, 14), TNNI3 (12, 14), TNNT2 (12, 13, 14), TPM1 (12, 13,
14), TTN (12, 14), VCL (12, 14)

(1) Long QT syndrome (LQTS), (2) Brugada syndrome (BrS), (3) Catecholaminergic polymorphic ventricular
tachycardia (CPVT), (4) Short QT syndrome (SQTS), (5) Right bundle branch block (RBBB), (6) Sudden infant death
syndrome (SIDS), (7) Sick sinus syndrome (SSS), (8) Familial atrial fibrillation (FAF), (9) Arrhythmogenic right
ventricular cardiomyopathy (ARVC), (10) Cardiac conduction disease (CCD), (11) Paroxysmal familial ventricular
fibrillation (PFVF), (12) Dilated cardiomyopathy (DCM), (13) Left ventricular non-compaction (LVNC), (14)
Hypertrophic cardiomyopathy (HCM), (15) Congenital heart defects (CHD)

https://doi.org/10.1371/journal.pone.0210017.t001
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reagents. The final concentration of the pools was 4 nM, and 1 pM was used as input for
sequencing. Sequencing was performed using NextSeq reagent kit version 2, 300 cycles, on the
NextSeq instrument (Illumina Inc., San Diego, CA, USA). The obtained cluster densities were
between 180 000-230 000 clusters/mm?2.

HaloPlex data analysis and bioinformatics

A previously described custom script pipeline [18], originally developed to achieve a faster
analysis procedure, and which has been shown to yield results of higher quality than other
pipelines commonly used for analysis of MiSeq HaloPlex MPS data, was modified to eliminate
the detrimental effects of the higher frequency of erroneous low quality base calls obtained
with the Illumina NextSeq instrument used in the present series. Instead of removing reads
with low quality bases <Q13, the low quality base calls were N-substituted and paired-end
analysis was performed (without pooling of identical read pairs) using bwa-mem 0.7.12 [19].
The sequence reads were mapped against the human genome version GRCh37/hg19. The
resulting SAM-files were used for further analysis as described earlier. Integrative Genomics
Viewer (IGV, Broad Institute, Cambridge, MA, USA) was used for visualization of BAM-files,
and Alamut Visual (Interactive Biosoftware, Rouen, France) was used for annotation and eval-
uation of identified SNVs. Combined Annotation Dependent Depletion (CADD) scores were
used to assess the deleteriousness of the variants [20]. In contrast to other tools used to predict
functional effects of genetic variants, CADD has the advantage that it combines several differ-
ent annotations to create a single score. The scaled CADD score, used in the present study,
relates the variant of interest to all possible theoretical variants in the genome, and returns a
logarithmic representation of the score. A score of 20 indicates that the varijant is among the
1% most deleterious variants in the genome, 30 indicates that it is among the 0.1% most delete-
rious variants, and so on. Variants occurring at a frequency of >1% in population databases
were excluded from further analysis, as were synonymous variants and intronic variants that
were not predicted to affect splicing, according to the Human Splicing Finder integrated in
Alamut Visual. The remaining variants were individually evaluated based on available litera-
ture, type of variant (missense, loss-of-function variant), entries in the Human Gene Mutation
Database (www.hgmd.org), ClinVar (www.ncbi.nlm.nih.gov/clinvar/) and dbSNP (www.ncbi.
nlm.nih.gov/SNP/), as well as in regard to evolutionary conservation and CADD score. Loss-
of-function (LoF) variants were considered putative pathogenic, as were missense variants
where previously published data suggested an association between the variant and the disease
of interest. Variants interpreted as putative pathogenic were classified according to guidelines
from the American College of Medical Genetics and Genomics (ACMG) [21]. Missense vari-
ants for which no data supporting pathogenicity had been published, and which additionally
were located at poorly conserved positions and had alow CADD score, were considered likely
benign and excluded. Missense variants which did not fall into either of these categories were
considered to be of unknown clinical significance.

Statistical analysis

The number of identified putative pathogenic variants in the study cohort was compared to
the corresponding number for the same variants reported in the Non-Finnish European
(NFE) population of the Exome Aggregation Consortium (ExAC NFE) [22] and SweGen [23],
using Fisher’s exact test. Since only frequency data were available from ExAC and SweGen,
this test was performed under the assumption that no individual in the different data sets was
carrier of more than one putative pathogenic variant. Minor allele frequencies (MAFs) for var-
iants identified in the study cohort were calculated and compared with the corresponding
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MAFs in ExAC NFE and SweGen. As the KCNQI gene was the gene in which most putative
pathogenic SNVs were identified (n = 5), it was selected for a gene-wide comparison of the
number of putative pathogenic variants between the stillbirth cohort and ExAC NFE. All mis-
sense and LoF variants in KCNQI registered in EXAC NFE were systematically searched for in
ClinVar, to get an approximation of how common putative pathogenic SNVs are in the Euro-
pean population for this gene. The number of variants registered as “Pathogenic” or “Likely
pathogenic” was compared to the number of putative pathogenic SNVs identified in the still-
birth cohort, using Fisher’s exact test.

In order to explore whether a difference in the proportion of pathogenic SNVs in the still-
birth cohort vs. EXAC NFE was present across all genes included in the HaloPlex gene panel, a
Monte Carlo permutation test with 10 000 iterations was performed. Each iteration included
50 variants randomly selected from each cohort. Missense and LoF variants occurring at a fre-
quency of <1% in ExAC NFE for the 70 genes were included, and variants reported as patho-
genic or likely pathogenic was extracted from ClinVar, in order to make it comparable with
the variants identified in the stillbirth cohort. For each iteration, the number of pathogenic
variants was counted, whereupon the average proportion of putative pathogenic SNVs across
all iterations was calculated for both cohorts. The chi” test was used to assess differences in dis-
tribution of gestational age intervals of stillbirth cases harboring a putative pathogenic SNV
compared with the complete cohort, whereas Fisher’s exact test was used to assess differences
in sex distribution. The significance level of the analyses was set to p = 0.05.

Results

The mean sequencing coverage for the complete HaloPlex gene panel was 99.5%. The mean
coverage for each gene is displayed in S1 Table. Of the 290 investigated stillbirth cases, 35
(12.1%) had one (n = 31) or two (n = 4) variants with evidence supporting pathogenicity, i.e.
LoF variants (nonsense, frameshift, splice site substitutions), evidence from functional studies,
or previous identification of the variants in affected individuals (Table 2). The proportion of
individuals harboring the same variants in ExAC NFE and SweGen was significantly lower,
4.8% (p<0.001) and 5.1% (p<0.001), respectively (Table 3). Twenty cases had a variant in a
channelopathy gene (i.e. CACNB2, GPD1L, KCNH2, KCNJ8, KCNQI, RYR2, SCN5A and
TRPM4), whereas 15 cases had one (n = 11) or two (n = 1) variants in cardiomyopathy genes
(i.e. ABCC9, BAG3, DES, DSG2, DSP, MYBPC3, NEBL, NEXN, TNNI3 and TTN). Three cases
(34, 286 and 290) had one variant in a cardiomyopathy gene and one in a channelopathy gene
(CSRP3 and TRPM4, PKP2 and ANK2, MYH7 and KCNH?2, respectively). The proportion of
individuals harboring putative pathogenic variants in the different categories are displayed in
Table 3. As KCNQI was the gene in which most putative pathogenic SN'Vs were identified in
the stillbirth cohort (n = 5), all missense and LoF variants recorded in ExAC NFE were system-
atically searched for in ClinVar, to get an approximation of how common pathogenic SNVs
are in the European population for this gene. The results showed a significantly higher total
number of observations of putative pathogenic alleles in KCNQI in relation to wild type alleles
in the study cohort compared with ExAC NFE (5/580 (0.86%) vs. 219/66 740 (0.33%),
p = 0.046). A Monte Carlo permutation test with 10 000 iterations was performed to compare
the proportion of pathogenic SNVs in the stillbirth cohort to ExAC NFE across all 70 genes
included in the gene panel. Groups of 50 variants from each cohort were drawn in each itera-
tion. The average proportions of putative pathogenic SNVs did not differ between the stillbirth
cohort and ExAC NFE, which were calculated as 3.1% and 3.2%, respectively.

We found no support for a difference between stillbirth cases with putative pathogenic
SNVs compared with the complete cohort in regard to gestational age (p = 0.429) and sex
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Table 3. Proportions of individuals with pathogenic SNVs in the study cohort, compared with the corresponding
proportions of the same variants in ExAC NFE and SweGen.

Category Putative Putative P-Value, study Putative P-Value, study
pathogenic pathogenic cohort vs. ExXAC | pathogenic cohort vs.
SNVs, study SNVs, ExXAC NFE (Fisher’s SNVs, SweGen™ | SweGen (Fisher’s
cohort NFE* exact test) exact test)

All genes 35/290 (12.07%) | 1,776/33 370 <0.001 51/1 000 <0.001

(5.32%) (5.10%)

Channelopathy 23/290 (7.93%) 977/33 370 <0.001 23/1 000 <0.001

genes (2.70%) (2.30%)

Cardiomyopathy | 15/290 (5.17%) 972/33 370 0.015 28/1 000 0.061

genes (2.72%) (2.80%)

* = Only SNVs identified in the study cohort are included

https://doi.org/10.1371/journal.pone.0210017.t1003

distribution (p = 0.284) (Fig 1). In addition to the variants with evidence supporting pathoge-
nicity, 144 missense variants of unknown significance were identified in 110 stillbirth cases
(S2 Table).

Discussion

We have analyzed DNA from 290 stillbirth cases for prevalence of pathogenic SNVs in 70
genes associated with heart disease. To our knowledge, this is the first MPS-based study
including a large stillbirth cohort, and according to our results, SNVs with evidence supporting
pathogenicity was identified in as many as 12.1% of the cases. The proportion was significantly
higher than the corresponding proportion for the same variants in ExAC NFE, (5.3%,
Pp<0.001) as well as in SweGen (5.1%, p<0.001). When divided into the different disease cate-
gories, i.e. channelopathies and cardiomyopathies, the significant difference was seen only for
channelopathies (Table 3).

Previous studies have mainly focused on stillbirth in association with LQTS. Crotti et al
studied 91 stillbirth cases for SNV in the most common LQTS susceptibility genes, i.e.
KCNQI, KCNH2 and SCN5A, and identified three putative pathogenic variants (3.3%) [8].
The proportion of putative pathogenic SNVs for the same genes in our study was 3.1% (n =9),
i.e. very similar to what was reported by Crotti. One variant, KCNQI, p.(Arg397Trp), was

B
70%
m Complete 60% m Complete
cohort cohort
(n=290) 50% (n=290)
0,
Cases with 0% Cases with
a putative 30% a putatlve_
pathogenic pathogenic
SNV 20% SNV
(n=35) (n=35)
10%
0%
27-31 32-36 37-42 XX XY
Gestational age (weeks) Fetal sex

Fig 1. Gestational age (A) and sex (B) distribution of the stillbirth cases.
https://doi.org/10.1371/journal.pone.0210017.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0210017  January 7, 2019 8/12


https://doi.org/10.1371/journal.pone.0210017.t003
https://doi.org/10.1371/journal.pone.0210017.g001
https://doi.org/10.1371/journal.pone.0210017

®PLOS | one

Putative pathogenic variants in stillbirth

identified in both studies. Crotti et al showed that this variant caused a significant reduction in
current densities across the potassium channel encoded by KCNQI, compared with the wild
type channel [8]. Furthermore, the total number of pathogenic alleles in KCNQI observed in
our cohort was significantly higher compared with ExAC NFE (p = 0.046), which supports
that SN'Vs in this gene might play a role in stillbirth. In addition to the most common LQTS
genes, one case in our cohort harbored a putative pathogenic SNVs in ANK2. Taken together,
LQTS associated SNVs were identified in 10 cases (3.4%) of the stillbirth cases included in the
present study.

Three cases (1%) harbored putative pathogenic SNVs in RYR2, associated with CPVT.
CPVT is one of the most severe cardiac channelopathies, and is characterized by ventricular
arrhythmias causing syncope, cardiac arrest and sudden cardiac death, predominantly in
young patients including infants [11]. Thereby, these SNVs are good candidates for being asso-
ciated with stillbirth. BrS associated SNV's were identified in 5.2% (n = 15) of the cases in the
cohort. As BrS has mainly been described in association with sudden death in adults, its role in
stillbirth is difficult to interpret. However, one of the BrS associated SNVs are worth highlight-
ing, namely GPDIL, p.(Ile124Val). This variant was identified in four cases, and has been asso-
ciated with sudden infant death syndrome (SIDS) in a previous study [24]. According to ExAC
NFE, it has a minor allele frequency (MAF) of 0.24% in the European population, whereas the
MAF in our cohort is 0.69%, i.e. almost three times as high (p = 0.054). Although not statisti-
cally significant, this might indicate that this variant is a risk factor for stillbirth as well as
SIDS.

In our cohort, SNVs with evidence supporting pathogenicity in genes associated with car-
diomyopathies (HCM, DCM and ARVC) were identified in 12 cases. As cardiomyopathies are
progressive disorders which are generally not detected during the early years of life, they have
not been studied in association with stillbirth previously. However, increasing evidence sug-
gests that they might play a role in SIDS [13,25]. Brion et al studied 286 SIDS cases for variants
in genes associated with HCM and found variants with possibly damaging effects in 4% of the
cases [13]. One of their identified SNVs, MYBPC3, p.(Ala833Thr), was detected in two of our
cases. Brion et al hypothesized that their identified variants might cause sudden cardiac death
even in the absence of a cardiac phenotype, but they do also emphasize the possibility that the
variants could be non-disease causing rare variants [13]. Furthermore, the proportion of puta-
tive pathogenic variants associated with cardiomyopathies identified in this study was not sig-
nificantly higher than the corresponding proportion in ExAC NFE and SweGen. The Monte
Carlo permutation test revealed no significant difference in proportions of putative pathogenic
variants between the study cohort and ExAC NFE, which probably reflects that the majority of
the 70 genes included in the panel are indeed not associated with stillbirth.

Although the putative pathogenic SNVs identified in this study had a significantly higher
prevalence in in the stillbirth cohort compared with ExAC NFE data, the results should be
interpreted with caution. As the cohort included in this study is substantially smaller than the
one included in ExAC NFE, there is a high probability that MAFs of rare alleles are overesti-
mated, and do not reflect the true MAFs in all cases. Nonetheless, to our knowledge, this is the
largest cohort of stillbirth cases investigated for pathogenic SN'Vs in a large set of genes associ-
ated with heart disease that has been analyzed to date. Thereby it provides some insight to the
frequency of putative pathogenic SNVs in stillbirth cases. However, there are additional limita-
tions to the study which need to be addressed. No parental DNA samples were available, and
hence it is unknown whether the identified variants are inherited or of de novo origin. This
information would otherwise have provided additional support for or against a clinical signifi-
cance of the variants. Additionally, no clinical information regarding the parents was available,
and therefore it is unknown whether there is a history of heart disease or recurrent stillbirth in
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any of the families. Furthermore, we did not perform any functional studies on the identified
variants. Because of the inherent limitations of the study, most of the putative pathogenic vari-
ants identified in this study only qualify as variants of unknown significance (VUS) when clas-
sified in accordance to the current state-of-the-art guidelines used in a clinical setting,
formulated by ACMG [21]. Hence, the SNVs displayed in Table 2 should not be interpreted as
verified pathogenic variants that, without further investigation, could be used for carrier test-
ing and/or prenatal testing in a clinical laboratory. Although we have based our classifications
on damage prediction of the variants and previously published data, studies suggest that patho-
genicity of several reported LQTS and cardiomyopathy associated variants is overestimated
[26-28]. Indeed, recent data reveals that the importance of several cardiomyopathy- and BrS
related genes—some of which are included in our gene panel—is probably not as high as previ-
ously thought [29,30]. Conversely, some of the 144 missense variants of unknown significance
displayed in S2 Table might be associated with heart disease, but have not yet been reported as
such. Additional research is required to further clarify the clinical impact of the SNV identi-
fied in this study.

Better knowledge of the etiology of stillbirth is needed in order to achieve a reduction in the
stillbirth rate. Our results give further support to the hypothesis that cardiac channelopathies
might contribute to stillbirth. Screening for pathogenic SN'Vs in genes associated with heart
disease might be valuable in cases of stillbirth where today’s conventional investigation does
not reveal the underlying cause of fetal demise.
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(XLSX)

S2 Table. Identified SN'Vs of unknown clinical significance in 290 stillbirth cases.
(XLSX)

S3 Table. Variant specific references and ACMG classification.
(DOCX)

S$4 Table. Complete, raw dataset.
(XLSX)

Acknowledgments

We thank Ella Percivall-Ek for practical assistance during the lab work, Simon Percivall for
writing scripts that simplified both data analysis and the Monte Carlo test, and Lovisa Wenner-
strom for valuable input regarding the statistical analyses.

Author Contributions

Conceptualization: Peter Gustavsson, Agne Liedén, Magnus Nordenskjé6ld, Jon Jonasson,
Erik Iwarsson.

Data curation: Ellika Sahlin, Anna Gréen, Jon Jonasson.

Formal analysis: Ellika Sahlin, Nikos Papadogiannakis, Karin Pettersson.
Funding acquisition: Magnus Nordenskjold, Erik Iwarsson.
Investigation: Nikos Papadogiannakis, Karin Pettersson, Daniel Nilsson.

Methodology: Ellika Sahlin, Anna Gréen, Daniel Nilsson, Jon Jonasson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210017  January 7, 2019 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210017.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210017.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210017.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210017.s004
https://doi.org/10.1371/journal.pone.0210017

®PLOS | one

Putative pathogenic variants in stillbirth

Project administration: Magnus Nordenskjold, Erik Iwarsson.

Resources: Magnus Nordenskjo6ld, Jon Jonasson, Erik Iwarsson.

Software: Jon Jonasson.

Supervision: Peter Gustavsson, Agne Liedén, Magnus Nordenskjold, Erik Iwarsson.
Validation: Anna Gréen, Peter Gustavsson, Agne Liedén, Karin Pettersson.
Visualization: Jon Jonasson.

Writing - original draft: Ellika Sahlin.

Writing - review & editing: Anna Gréen, Peter Gustavsson, Agne Liedén, Magnus Norden-
skjold, Nikos Papadogiannakis, Karin Pettersson, Daniel Nilsson, Jon Jonasson, Erik
Iwarsson.

References

1. Graviditeter, férlossningar och nyfédda barn: Medicinska fédelseregistret 1973—2014 [Pregnancies,
deliveries and newborn children: Medical birthregistry 1973-2014]. http://www.socialstyrelsen.se/
register/halsodataregister/medicinskafodelseregistret, 2015.

2. Petersson K, Bremme K, Bottinga R, Hofsjo A, Hulthen-Varli I, Kublickas M, et al. Diagnostic evaluation
of intrauterine fetal deaths in Stockholm 1998—-99. Acta Obstet Gynecol Scand. 2002; 81(4):284-92.
PMID: 11952456.

3. Reddy UM, Page GP, Saade GR, Silver RM, Thorsten VR, Parker CB, et al. Karyotype versus microar-
ray testing for genetic abnormalities after stillbirth. N Engl J Med. 2012; 367(23):2185-93. https://doi.
org/10.1056/NEJMoa1201569 PMID: 23215556.

4. Wapner RJ. Genetics of stillbirth. Clin Obstet Gynecol. 2010; 53(3):628—-34. https://doi.org/10.1097/
GRF.0b013e3181ee2793 PMID: 20661047.

5. Sahlin E, Gustavsson P, Lieden A, Papadogiannakis N, Bjareborn L, Pettersson K, et al. Molecular and
cytogenetic analysis in stillbirth: results from 481 consecutive cases. Fetal Diagn Ther. 2014; 36
(4):326-32. https://doi.org/10.1159/000361017 PMID: 25059832.

6. LamontK, Scott NW, Jones GT, Bhattacharya S. Risk of recurrent stillbirth: systematic review and
meta-analysis. Bmj. 2015; 350:h3080. https://doi.org/10.1136/bmj.h3080 PMID: 26109551.

7. Ishikawa S, Yamada T, Kuwata T, Morikawa M, Yamada T, Matsubara S, et al. Fetal presentation of
long QT syndrome—evaluation of prenatal risk factors: a systematic review. Fetal Diagn Ther. 2013; 33
(1):1=7. https://doi.org/10.1159/000339150 PMID: 22776830.

8. CrottiL, Tester DJ, White WM, Bartos DC, Insolia R, Besana A, et al. Long QT syndrome-associated
mutations in intrauterine fetal death. Jama. 2013; 309(14):1473-82. https://doi.org/10.1001/jama.2013.
3219 PMID: 23571586.

9. Arnestad M, Crotti L, Rognum TO, Insolia R, Pedrazzini M, Ferrandi C, et al. Prevalence of long-QT syn-
drome gene variants in sudden infant death syndrome. Circulation. 2007; 115(3):361-7. https://doi.org/
10.1161/CIRCULATIONAHA.106.658021 PMID: 17210839.

10. Tfelt-Hansen J, Winkel BG, Grunnet M, Jespersen T. Cardiac channelopathies and sudden infant death
syndrome. Cardiology. 2011; 119(1):21-33. https://doi.org/10.1159/000329047 PMID: 21778721.

11. Sarquella-Brugada G, Campuzano O, Cesar S, Iglesias A, Fernandez A, Brugada J, et al. Sudden infant
death syndrome caused by cardiac arrhythmias: only a matter of genes encoding ion channels? Int J
Legal Med. 2016; 130(2):415-20. https://doi.org/10.1007/s00414-016-1330-7 PMID: 26872470.

12. Van Norstrand DW, Ackerman MJ. Sudden infant death syndrome: do ion channels play a role? Heart
Rhythm. 2009; 6(2):272—-8. https://doi.org/10.1016/j.hrthm.2008.07.028 PMID: 18823823.

13. Brion M, Allegue C, Santori M, Gil R, Blanco-Verea A, Haas C, et al. Sarcomeric gene mutations in sud-
den infant death syndrome (SIDS). Forensic Sci Int. 2012; 219(1-3):278-81. https://doi.org/10.1016/j.
forsciint.2012.01.018 PMID: 22361390.

14. Kim JB. Channelopathies. Korean J Pediatr. 2014; 57(1):1-18. https://doi.org/10.3345/kjp.2014.57.1.1
PMID: 24578711.

15. Sisakian H. Cardiomyopathies: Evolution of pathogenesis concepts and potential for new therapies.
World J Cardiol. 2014; 6(6):478-94. https://doi.org/10.4330/wjc.v6.i6.478 PMID: 24976920.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210017  January 7, 2019 11/12


http://www.socialstyrelsen.se/register/halsodataregister/medicinskafodelseregistret
http://www.socialstyrelsen.se/register/halsodataregister/medicinskafodelseregistret
http://www.ncbi.nlm.nih.gov/pubmed/11952456
https://doi.org/10.1056/NEJMoa1201569
https://doi.org/10.1056/NEJMoa1201569
http://www.ncbi.nlm.nih.gov/pubmed/23215556
https://doi.org/10.1097/GRF.0b013e3181ee2793
https://doi.org/10.1097/GRF.0b013e3181ee2793
http://www.ncbi.nlm.nih.gov/pubmed/20661047
https://doi.org/10.1159/000361017
http://www.ncbi.nlm.nih.gov/pubmed/25059832
https://doi.org/10.1136/bmj.h3080
http://www.ncbi.nlm.nih.gov/pubmed/26109551
https://doi.org/10.1159/000339150
http://www.ncbi.nlm.nih.gov/pubmed/22776830
https://doi.org/10.1001/jama.2013.3219
https://doi.org/10.1001/jama.2013.3219
http://www.ncbi.nlm.nih.gov/pubmed/23571586
https://doi.org/10.1161/CIRCULATIONAHA.106.658021
https://doi.org/10.1161/CIRCULATIONAHA.106.658021
http://www.ncbi.nlm.nih.gov/pubmed/17210839
https://doi.org/10.1159/000329047
http://www.ncbi.nlm.nih.gov/pubmed/21778721
https://doi.org/10.1007/s00414-016-1330-7
http://www.ncbi.nlm.nih.gov/pubmed/26872470
https://doi.org/10.1016/j.hrthm.2008.07.028
http://www.ncbi.nlm.nih.gov/pubmed/18823823
https://doi.org/10.1016/j.forsciint.2012.01.018
https://doi.org/10.1016/j.forsciint.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22361390
https://doi.org/10.3345/kjp.2014.57.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24578711
https://doi.org/10.4330/wjc.v6.i6.478
http://www.ncbi.nlm.nih.gov/pubmed/24976920
https://doi.org/10.1371/journal.pone.0210017

®PLOS | one

Putative pathogenic variants in stillbirth

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

Hertz CL, Christiansen SL, Larsen MK, Dahl M, Ferrero-Miliani L, Weeke PE, et al. Genetic investiga-
tions of sudden unexpected deaths in infancy using next-generation sequencing of 100 genes associ-
ated with cardiac diseases. Eur J Hum Genet. 2016; 24(6):817—-22. https://doi.org/10.1038/ejhg.2015.
198 PMID: 26350513.

Varli IH, Petersson K, Bottinga R, Bremme K, Hofsjo A, Holm M, et al. The Stockholm classification of
stillbirth. Acta Obstet Gynecol Scand. 2008; 87(11):1202—12. https://doi.org/10.1080/
00016340802460271 PMID: 18951207.

Green A, Green H, Rehnberg M, Svensson A, Gunnarsson C, Jonasson J. Assessment of HaloPlex
amplification for sequence capture and massively parallel sequencing of arrhythmogenic right ventricu-
lar cardiomyopathy-associated genes. J Mol Diagn. 2015; 17(1):31—-42. https://doi.org/10.1016/].
jmoldx.2014.09.006 PMID: 25445213.

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.
arXiv:13033997v1 [g-bioGN] [Internet]. 2013.

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general framework for estimating
the relative pathogenicity of human genetic variants. Nat Genet. 2014; 46(3):310-5. https://doi.org/10.
1038/ng.2892 PMID: 24487276.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015; 17(5):405-24.
https://doi.org/10.1038/gim.2015.30 PMID: 25741868.

Lek M, Karczewski K, Minikel E, Samocha K, Banks E, Fennell T, et al. Analysis of protein-coding
genetic variation in 60,706 humans. bioRxiv. 2015. https://doi.org/10.1101/030338

Ameur A, Dahlberg J, Olason P, Vezzi F, Karlsson R, Lundin P, et al. SweGen: A whole-genome map
of genetic variability in a cross-section of the Swedish population. bioRxiv. 2016. https://doi.org/10.
1101/081505

Van Norstrand DW, Valdivia CR, Tester DJ, Ueda K, London B, Makielski JC, et al. Molecular and func-
tional characterization of novel glycerol-3-phosphate dehydrogenase 1 like gene (GPD1-L) mutations in
sudden infant death syndrome. Circulation. 2007; 116(20):2253-9. https://doi.org/10.1161/
CIRCULATIONAHA.107.704627 PMID: 17967976.

Dettmeyer RB, Kandolf R. Cardiomyopathies—misdiagnosed as Sudden Infant Death Syndrome
(SIDS). Forensic Sci Int. 2010; 194(1-3):e21—4. https://doi.org/10.1016/j.forsciint.2009.10.010 PMID:
19931342.

Whiffin N, Minikel E, Walsh R, O’Donnell-Luria A, Karczewski K, Ing AY, et al. Using high-resolution var-
iant frequencies to empower clinical genome interpretation. bioRxiv. 2016. https://doi.org/10.1101/
073114

Andreasen C, Nielsen JB, Refsgaard L, Holst AG, Christensen AH, Andreasen L, et al. New population-
based exome data are questioning the pathogenicity of previously cardiomyopathy-associated genetic
variants. Eur J Hum Genet. 2013; 21(9):918-28. https://doi.org/10.1038/ejhg.2012.283 PMID:
23299917.

Refsgaard L, Holst AG, Sadjadieh G, Haunso S, Nielsen JB, Olesen MS. High prevalence of genetic
variants previously associated with LQT syndrome in new exome data. Eur J Hum Genet. 2012; 20
(8):905-8. https://doi.org/10.1038/ejhg.2012.23 PMID: 22378279.

Hosseini SM, Kim R, Udupa S, Costain G, Jobling R, Liston E, et al. Reappraisal of Reported Genes for
Sudden Arrhythmic Death. Circulation. 2018; 138(12):1195-205. https://doi.org/10.1161/
CIRCULATIONAHA.118.035070 PMID: 29959160.

Walsh R, Thomson KL, Ware JS, Funke BH, Woodley J, McGuire KJ, et al. Reassessment of Mendelian
gene pathogenicity using 7,855 cardiomyopathy cases and 60,706 reference samples. Genetics in
medicine: official journal of the American College of Medical Genetics. 2017; 19(2):192—2083. https://doi.
org/10.1038/gim.2016.90 PMID: 27532257.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210017  January 7, 2019 12/12


https://doi.org/10.1038/ejhg.2015.198
https://doi.org/10.1038/ejhg.2015.198
http://www.ncbi.nlm.nih.gov/pubmed/26350513
https://doi.org/10.1080/00016340802460271
https://doi.org/10.1080/00016340802460271
http://www.ncbi.nlm.nih.gov/pubmed/18951207
https://doi.org/10.1016/j.jmoldx.2014.09.006
https://doi.org/10.1016/j.jmoldx.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25445213
https://doi.org/10.1038/ng.2892
https://doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pubmed/24487276
https://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1101/030338
https://doi.org/10.1101/081505
https://doi.org/10.1101/081505
https://doi.org/10.1161/CIRCULATIONAHA.107.704627
https://doi.org/10.1161/CIRCULATIONAHA.107.704627
http://www.ncbi.nlm.nih.gov/pubmed/17967976
https://doi.org/10.1016/j.forsciint.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19931342
https://doi.org/10.1101/073114
https://doi.org/10.1101/073114
https://doi.org/10.1038/ejhg.2012.283
http://www.ncbi.nlm.nih.gov/pubmed/23299917
https://doi.org/10.1038/ejhg.2012.23
http://www.ncbi.nlm.nih.gov/pubmed/22378279
https://doi.org/10.1161/CIRCULATIONAHA.118.035070
https://doi.org/10.1161/CIRCULATIONAHA.118.035070
http://www.ncbi.nlm.nih.gov/pubmed/29959160
https://doi.org/10.1038/gim.2016.90
https://doi.org/10.1038/gim.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27532257
https://doi.org/10.1371/journal.pone.0210017

