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INTRAUTERINE FETAL DEATH IS A MA-
jor public health problem. About
1 million fetal deaths occur in the
United States annually, with the

vast majority occurring prior to 20
weeks’ estimated gestational age.1 Fe-
tal death occurring after 20 weeks, de-
fined as stillbirth, has an incidence of
6.05 per 1000 live births.1 In fact, there
were 25 972 reported fetal deaths at 20
weeks of gestation or more in the
United States in 2006, a number rival-
ing that of all infant deaths (28 509)
during this period.1 In 2009, an esti-
mated 2.64 million stillbirths oc-
curred worldwide.2

Although about 50% of fetal deaths
can be explained by chromosomal ab-
normalities, congenital anomalies, ma-
ternal or fetal infection, hemorrhage,
placental or cord abnormalities, andSee also pp 1522 and 1533.

Author Affiliations are listed at the end of this
article.
CorrespondingAuthor:Michael J.Ackerman,MD,PhD,
Long QT Syndrome Clinic and the Mayo Clinic Wind-
land Smith Rice Sudden Death Genomics Laboratory,
Mayo Clinic, Guggenheim 501, 200 First St SW, Roch-
ester, MN 55905 (ackerman.michael@mayo.edu).

Importance Intrauterine fetal death or stillbirth occurs in approximately 1 out of ev-
ery 160 pregnancies and accounts for 50% of all perinatal deaths. Postmortem evalu-
ation fails to elucidate an underlying cause in many cases. Long QT syndrome (LQTS)
may contribute to this problem.

Objective To determine the spectrum and prevalence of mutations in the 3 most
common LQTS susceptible genes (KCNQ1, KCNH2, and SCN5A) for a cohort of un-
explained cases.

Design, Setting, and Patients In this case series, retrospective postmortem ge-
netic testing was conducted on a convenience sample of 91 unexplained intrauterine
fetal deaths (mean [SD] estimated gestational age at fetal death, 26.3 [8.7] weeks)
that were collected from 2006-2012 by the Mayo Clinic, Rochester, Minnesota, or
the Fondazione IRCCS Policlinico San Matteo, Pavia, Italy. More than 1300 ostensibly
healthy individuals served as controls. In addition, publicly available exome databases
were assessed for the general population frequency of identified genetic
variants.

Main Outcomes and Measures Comprehensive mutational analyses of KCNQ1
(KV7.1, LQTS type 1), KCNH2 (HERG/KV11.1, LQTS type 2), and SCN5A (NaV1.5, LQTS
type 3) were performed using denaturing high-performance liquid chromatography
and direct DNA sequencing on genomic DNA extracted from decedent tissue. Func-
tional analyses of novel mutations were performed using heterologous expression and
patch-clamp recording.

Results The 3 putative LQTS susceptibility missense mutations (KCNQ1, p.A283T;
KCNQ1, p.R397W; and KCNH2[1b], p.R25W), with a heterozygous frequency of less
than 0.05% in more than 10 000 publicly available exomes and absent in more than
1000 ethnically similar control patients, were discovered in 3 intrauterine fetal deaths
(3.3% [95% CI, 0.68%-9.3%]). Both KV7.1-A283T (16-week male) and KV7.1-
R397W (16-week female) mutations were associated with marked KV7.1 loss-of-
function consistent with in utero LQTS type 1, whereas the HERG1b-R25W mutation
(33.2-week male) exhibited a loss of function consistent with in utero LQTS type 2. In
addition, 5 intrauterine fetal deaths hosted SCN5A rare nonsynonymous genetic vari-
ants (p.T220I, p.R1193Q, involving 2 cases, and p.P2006A, involving 2 cases) that
conferred in vitro electrophysiological characteristics consistent with potentially pro-
arrhythmic phenotypes.

Conclusions and Relevance In this molecular genetic evaluation of 91 cases of
intrauterine fetal death, missense mutations associated with LQTS susceptibility were
discovered in 3 cases (3.3%) and overall, genetic variants leading to dysfunctional LQTS-
associated ion channels in vitro were discovered in 8 cases (8.8%). These preliminary
findings may provide insights into mechanisms of some cases of stillbirth.
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maternal diseases, postmortem evalu-
ations fail to identify a cause in ap-
proximately 25% to 40% , thus prompt-
ing a diagnosis of unexplained fetal
death.3 However, long QT syndrome
(LQTS) has been shown to be a major
determinant in young sudden death in-
dividuals for which an autopsy was per-
formed but had remained inconclu-
sive4 and a determinant for as much as
10% of sudden infant death syndrome
(SIDS).5-7 Long QT syndrome may also
contribute to sudden unexpected fetal
mortality.8

Long QT syndrome is characterized
by delayed myocardial repolarization
that may manifest as a prolonged QT
interval on a resting 12-lead surface
electrocardiogram.9 With a preva-
lence of approximately 1:2000 (0.05%)
in the general population,10 individu-
als with LQTS are at an increased risk
of syncope, seizures, and sudden car-
diac death, despite a structurally nor-

mal heart. Life-threatening cardiac ar-
rhythmias can occur unexpectedly,
mainly during childhood or adoles-
cence. There have been anecdotal re-
ports demonstrating fetal presenta-
tion of LQTS11,12 and associating it with
fetal death.13-15

Herein, we report the spectrum and
prevalence of functionally significant
LQTS genetic variants in unexplained
fetal death.

METHODS
Study Population

This case series study was of a conve-
nience sample of unexplained intrauter-
ine fetal deaths ascertained from 2006 to
2012 by 2 independent centers. In the
United States, the fetuses were ana-
lyzed by the Mayo Clinic Windland
Smith Rice Sudden Death Genomics
Laboratory; in Italy, by 2 departments of
Obstetrics and Gynecology (Milano and
Modena) and referred to the Molecular
Cardiology Laboratory of the Fondazi-
one IRCCS Policlinico San Matteo of Pa-
via. All deaths remained “unexplained”
following postmortem investigation in-
cluding external evaluation of the fetus,
placenta, and umbilical cord; circum-
stance of death review to exclude pre-
term premature rupture of membranes,
preterm labor, abruption, peripartum in-
fection, and karyotype analysis; and in
some cases extensive toxicology, histo-
logic, microbiologic, and biochemical ex-
aminations.16 Estimated gestational age
at death and sex were known in all cases.
Due to the anonymous nature of the US
component of the study, race/ethnicity
was not available for most cases. Based
on the estimated gestational age, each un-
explained death was classified as either
a late abortion or miscarriage, occur-
ring from the 14th to the 19th gesta-
tional week, or stillbirth, occurring the
20th week of gestation or after.

Race/ethnicitywasself-reportedbythe
participants and assessed due to poten-
tial ethnic differences in observed geno-
type frequencies. The Mayo Clinic cases
analyzed were anonymous samples de-
rived from fetuses referred to the Mayo
Clinic for chromosomal analysis as part
of a workup for unexplained fetal death

andwerenotedtobenonanomalousand
found to be karyotypically normal. The
Mayo Foundation Institutional Review
Boardapprovedthisanonymousautopsy
study and provided waiver of consent.
Only limited medical information such
assexandageat fetaldeathwasavailable.
For the Italian cases, the data reported
are part of a larger study on intrauterine
fetal death in Italy that was approved by
the Italian Ministry of University and
Research. Patient characteristics and
autopsydatawereobtainedaspartofrou-
tineclinicalprotocols,andthedecedent’s
parent(s) signed informed consent, ap-
provedbytheethiccommitteeoftheUni-
versity of Modena to perform genetic
analysis.Adefinitionoftermsusedinthis
article are listed in the BOX.

Genetic Analysis

Genomic DNA was extracted using
standard techniques from placenta,
umbilical cord, or fetal tissue. All cases
underwent a comprehensive open read-
ing frame and splice-site mutational
analysis of KCNQ1 (HGNC 6294),
KCNH2 (HGNC 6251), and SCN5A
(HGNC 10593), the 3 major genes
associated with LQTS, by means of
polymerase chain reaction (PCR),
denaturing high-performance liquid
chromatography (Wave TM model
3500HT; Transgenomic), and DNA
sequencing (3500 Dx Genetic Ana-
lyzer; Applied Biosystems). The PCR
primer sequences are available upon
request.

All identified genetic variants were
denoted using accepted nomencla-
ture17 and were categorized as puta-
tive pathogenic mutations, rare ge-
netic variants of uncertain clinical
significance, or common genetic vari-
ants. To be considered a putative patho-
genic (ie, disease-causing) mutation, the
genetic variant had to be absent in a
large panel of ethnically similar con-
trols derived from a previously inves-
tigated panel, which included data from
595 white, 319 black, 134 Asian, and
118 Hispanic individuals18; in the Helm-
holtz Zentrum exome database, which
included data from 1414 white indi-
viduals; and in 3 publicly available da-

Box. List of Terms

Denaturing high-performance liq-
uid chromatography: A high-
performance liquid chromatography
instrument that uses temperature-
dependent separation of DNA con-
taining mismatched base pairs from
polymerase chain reaction–ampli-
fied DNA fragments for chromato-
graphic mutation analysis.

Heterologous expression: A research
technique that causes a protein to be
produced in a cell that does not nor-
mally make (ie, express) that protein.

Heterotetrameric, homotetrameric,
and heteromultimeric ion channels:
Ion channels made up of different
combinations of protein subunits;
4 different subunits (heterote-
trameric), 4 of the same subunits (ho-
motetrameric), and 2 or more differ-
ent subunits (heteromultimeric).

Patch-clamp technique: A labora-
tory technique in electrophysiology
that allows the study of single or mul-
tiple ion channels in cells.

For a complete list of genomic
terms, see the Appendix in this issue.
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tabases: the1000GenomeProject19 (http:
//www.1000genomes.org/ensembl
-browser), which included data from
1094 individuals, 381 of whom were
white, 246 were black, 286 were Asian,
and 181 were Hispanic individuals; the
NHLBI GO Exome Sequencing Proj-
ect20 (http://evs.gs.washington.edu
/EVS), which included data from 5379
individuals, 3510 of whom were white
and 1869 were black individuals); and
the Exome Chip Design21 (http://genome
.sph.umich.edu/wiki/Exome_Chip_De-
sign), which included data from 12 000
individuals).

Given the previously documented
prevalence (1:2000; 0.05%) of LQTS in
the general population,10 variants with
a heterozygous frequency less than
0.05% among the databases listed above
were also considered as putative patho-
genic mutations. In addition, to be con-
sidered disease-causing, the genetic
variant had to exhibit an abnormal elec-
trophysiological phenotype deter-
mined by in vitro functional analysis
using patch-clamp recording.

Rare genetic variants of uncertain
clinical significance were those pres-
ent in ethnically similar control popu-
lations with a heterozygote frequency
between 0.05% and 0.3%. Genetic vari-
ants with a frequency less than 0.05%
but with a normal (wild-type) electro-
physiological phenotype were also con-
sidered rare genetic variants of uncer-
tain clinical significance.

Common genetic variants were those
variants identified in ethnically similar
controls with a heterozygous frequency
greater than 0.3%. Synonymous and in-
tronic variants not presumed to affect
splicing were excluded from our analysis.

Binomial exact 95% confidence inter-
vals were computed using the statisti-
cal program R,22 version 2.15.2, to as-
sess the reliability of the estimated
proportion of intrauterine fetal death vic-
tims with mutations and rare genetic
variants. The data on estimated gesta-
tional age are presented as mean (SD)
and compared by t test for independent
samples using GraphPad Prism soft-
ware, version 3. A 2-sided P value �.05
was considered statistically significant.

KCNH2 Expression
in Fetal Human Heart
Genes can be spliced alternatively and
produce different mRNA transcripts
that contain unique amino acid cod-
ing sequences. The KCNH2 transcript
is present in 2 forms, each with a unique
exon 1 (FIGURE 1). These alternative
transcripts not only can have different
expression profiles among different tis-
sue types but their level of expression
can vary with developmental age (fe-
tal tissue vs adult tissue). Because we
analyzed an alternative KCNH2 exon 1
(belonging to the KCNH2[1b] tran-
script) for mutations in our intrauter-
ine fetal death cohort, we determined
the level of expression of this alterna-
tive transcript in fetal heart tissue com-
pared with adult heart tissue.

Expression of alternatively spliced
KCNH2 mRNA transcripts (KCNH2
[1a] and KCNH2[1b]) was examined in
human heart tissue by real-time quan-
titative RT-PCR using gene-specific
primers and fluorescent Taqman probes
(sequences provided in eTable 1 avail-
able at http://www.jama.com) using
previously described methods and tis-
sues.12 Relative expression levels of the
2 transcripts were calculated using ra-
tios of cycle threshold values. A stan-
dard curve generated from assaying
cDNA standards mixed at known log2

ratios and fitted by linear regression was
used to interpolate the ratio of iso-
form expression. All tissues were as-
sayed 6 times for each transcript.

Functional Analysis

Five genetic variants (KCNQ1, p.A283T;
KCNQ1 , p.R397W; KCNH2[1b],
p.R25W; SCN5A, p.D772N;and SCN5A,
p.R1116Q),whichwereabsent inethni-
cally similar controls and inwhich func-
tional studies have never been reported
intheliterature,werecharacterizedfunc-
tionallybypatch-clampelectrophysiologi-
cal recording to assess their pathogenic
role. Detailed methods are presented in
the eAppendix. Data are presented as
means (95% CIs). Comparisons were
made using 1-way analysis of variance or
t test where appropriate and P values
�.05 were considered significant.

RESULTS
Study Population
The study population consisted of 91
cases (51 females, 40 males) of unex-
plained intrauterine fetal death. The av-
erage estimated gestational age at the
time of fetal demise was 26.3 (8.7)
weeks (range, 14-41 weeks). Seventy-
four percent of cases with known eth-
nicity were white. Females had a lower
estimated gestational age (24.3 [8.1]
weeks) than males (28.9 [8.7] weeks;
P=.01). Sixty-one cases (30 females, 31
males; mean estimated gestational age,
31.1 [6.4] weeks; range, 20-41 weeks;
72% white) were classified as still-
birth (�20 weeks’ gestation) while 30
cases (21 females, 9 males; mean esti-
mated gestational age, 16.6 [1.5] weeks;
range, 14-19 weeks; 83% white) were
classified as late abortion or miscar-
riage (�20 weeks). For the cohort
demographics, see TABLE 1 and for in-
dividual case characteristics, eTable 2
(available at http://www.jama.com).

Genetic Variants
in Intrauterine Fetal Death

Excluding 2 very common genetic vari-
ants (KCNH2, p.K897T, and SCN5A,
p.H558R), we identified 14 genetic vari-
ants in 18 intrauterine fetal deaths
(19.8%) of 91 (95% CI, 12.2%-29.4%),
3 late abortion or miscarriages (10%) of
30 (95% CI, 2.1%-26.5%), and 15 still-
birth (24.6%) of 61 (95% CI, 14.5%-
37.3%; TABLE 2). Three variants,
(KCNQ1, p.A283T, KCNQ1, p.R397W,
and KCNH2[1b], p.R25W; Figure 1 and
FIGURE 2) found in 3 intrauterine fetal
death cases (3.3%) of 91 (95% CI,
0.68%-9.3%) were considered puta-
tive pathogenic mutations based on
their absence in more than 1000 eth-
nically similar controls, a heterozy-
gote frequency below the prevalence of
LQTS in the general population (0.05%)
as determined by analysis of more than
10 000 publicly available exomes, and
an abnormal functional electrophysi-
ological profile (see below). Due to the
anonymity of the cases carrying the
KCNQ1 mutations, we were unable to
assess whether these mutations arose
de novo or were transmitted from a par-
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ent. The p.R25W mutation in KCNH2
(1b) was inherited from the mother
who exhibi ted border l ine QTc
prolongation.

Nine additional intrauterine fetal
deaths (9.9% [95% CI, 4.6%-17.9%]; 5
females and 4 males) had rare nonsyn-
onymous genetic variants (Table 2). In
total, 7 rare nonsynonymous variants
were identified including one KCNQ1
variant (p.K393N) and 6 SCN5A vari-
ants (p.T220I, p.S524Y, p.D772N,
p.R1116Q, p.R1193Q involving 2 cases,
and p.P2006A involving 2 cases). Three
of these variants identified in 5 cases
(SCN5A, p.T220I, p.R1193Q, and
p.P2006A) have been shown previ-
ously to be functionally disruptive.23,24

Two of these variants (KCNQ1, p.K393N
and SCN5A, p.S524Y) have been shown
to be functionally normal.25,26 We deter-
mined that the functional properties of
SCN5A variants p.D772N and p.R1116Q
did not differ from the wild-type allele
(eFigures 1-4 available at http://www
.jama.com). Furthermore, the SCN5A
variant p.R1116Q (identified in a case of
African ancestry) has a minor allele fre-
quency of 0.07 in African Americans ac-
cording to the National Heart, Lung, and
Blood Institute Exome Sequencing Proj-
ect.21 Together, this group of rare alleles
were categorized as variants of uncer-
tain clinical significance.

We also observed 6 common nonsyn-
onymous variants (KCNH2: p.K897T
and p.R1047L; SCN5A : p.R34C,
p.H558R,p.V1951L, andp.F2004L)with
an ethnically similar control popula-
tion heterozygote frequency greater than
0.3% (Table 2). The 2 most common
variants were p.K897T in KCNH2 (mi-
nor allele frequency, 0.23) and p.H558R
in SCN5A (minor allele frequency, 0.24)
detected in 37.4% (27 of 91 KT, 7 of 91
TT) and 42.9% (35 of 91 HR, 4 of 91 RR)
of intrauterine fetal deaths, respec-
tively. Three cases carrying SCN5A rare
variants (p.P2006A, involving 2 cases;
p.T220I, involving 1) were also hetero-
zygous for SCN5A, p.H558R; however,
the phase of these alleles could not be de-
termined. None of the cases carrying a
rare KCNH2 variant also carried the com-
mon KCNH2 variant (p. K897T). Over-

Figure 1. KCNH2 Isoforms and Molecular Position of the HERG1b R25W Mutation
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all, the carrier frequency observed for
common variants among intrauterine fe-
tal death cases was similar to the con-
trol populations.

Thus, we identified 3 putative patho-
genic mutations (3.3% [95% CI, 0.68%-
9.3%]) and 3 rare variants with a func-
tional effect in 5 cases. In total, there
were 8 cases (8.8% [95% CI, 3.9%-
16.6%]) associated with dysfunc-
tional LQTS-associated ion channels; 2
cases were classified as late abortions
or miscarriages (�20 weeks’ esti-
mated gestational age) and 6 were clas-
sified as stillbirths (�20 weeks’ esti-
mated gestational age).

Functional Consequences
of Putative Pathogenic KV7.1
Mutations in IntrauterineFetalDeath

The KCNQ1 gene encodes the pore form-
ing �-subunit of the KV7.1 voltage-
gated K� channel (otherwise known as
KV7.1) and is important for the repolar-
ization of the human cardiac action po-
tential. Mutation KV7.1-A283T repre-

sents a novel missense mutation affecting
a highly conserved alanine within the
extracellular loop between trans-
membrane segment 5 and the KV7.1
channel pore, whereas KV7.1-R397W
affects a conserved residue in the KV7.1
C-terminus (Figure 1). Although
KCNQ1, p.R397W was observed in
3 of 12 000 (0.025%) individuals

included in the Exome Chip Design
project, we still considered this variant
as a possible pathogenic mutation be-
cause its allele frequency is lower than
the population prevalence of LQTS
(0.05%).

To determine whether these 2 KCNQ1
mutations confer functional defects with
plausible contributions to intrauterine fe-

Table 1. Intrauterine Fetal Death Cohort Demographics

Variables

No. (%) of Cases

Mayo Clinic
(n = 48)

Pavia
(n = 43)

Total Cohort
(n = 91)

Race/ethnicity
Non-Hispanic white 14 (29.2) 30 (69.8) 44 (48.3)

Hispanic white 2 (4.1) 3 (7.0) 5 (5.5)

Non-Hispanic black 0 6 (13.9) 6 (6.6)

Asian 0 4 (9.3) 4 (4.4)

Unknowna 32 (66.7) 0 32 (35.2)

Male fetal sex 18 (38) 22 (51.2) 40 (44)

Gestational age at time of loss, wks
14-19 30 (62.5) 0 30 (33)

�20 18 (37.5) 43 (100) 61 (67)
aDue to the anonymous nature of case ascertainment, limited data on maternal race and ethnicity was available for

many subjects in the Mayo cohort.

Table 2. Putative Pathogenic Mutations and Nonsynonymous Variants Identified in Antepartum Intrauterine Fetal Death Casesa

Gene
Protein (LQTS

Subtype)
Nucleotide
Alteration

Protein
Alteration

No. of
Cases Sex

Estimated
Gestational

Age,
Weeks

Race/
Ethnicity

Putative Pathogenic Mutations
KCNQ1 KV7.1 (LQT1) c.847 G�A p.A283Tb,c 1 Male 15.7 N/A

KCNQ1 KV7.1 (LQT1) c.1189 C�T p.R397Wb 1 Female 16 White

KCNH2 (1b) HERG/KV11.1 (LQT2) c.73 C�T p.R25Wb,c 1 Male 33.2 White

Rare genetic variants of uncertain clinical significance
KCNQ1 KV7.1 c.1178 G�T p.K393N 1 Male 36 White

SCN5A NaV1.5 c.659 C�T p.T220Ib 1 Male 20 White

SCN5A NaV1.5 c.1571 C�A p.S524Y 1 Female 16 White

SCN5A NaV1.5 c.2314 G�A p.D772N 1 Female 35 White

SCN5A NaV1.5 c.3347 G�A p.R1116Q 1 Female 32 Black

SCN5A NaV1.5 c.3578 G�A p.R1193Qb 2 Female 36 White

Male 41 Hispanic

SCN5A NaV1.5 c.6016 C�G p.P2006Ab 2 Male 27 White

Female 38.3 White

Common genetic variants
KCNH2 HERG/KV11.1 c.3140 G�T p.R1047L 3 Female 24 N/A

Female 26.3 White

Female 37 Asian

SCN5A NaV1.5 c.100 C�T p.R34C 1 Male 36 Black

SCN5A NaV1.5 c.5851 G�T p.V1951L 1 Male 38 Hispanic

SCN5A NaV1.5 c. 6010 t � C p.F2004Lb 1 Male 21 N/A
Abbreviations: N/A, not available.
aThe Table does not include the very common nonsynonymous channel variants KCNH2, p.K897T or SCN5A, p.H558R. The long QT syndrome (LQTS) subtype is only provided

for the 3 mutations where functional characterization has been performed and supports this classification.
bPreviously associated with an abnormal in vitro electrophysiological phenotype.
cNovel variant.
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tal death, we performed in vitro electro-
physiological studies using the whole cell
patch-clamp technique. The KCNQ1 mu-
tations (p.A283T, p.R397W) were en-
gineered in a recombinant KV7.1 potas-
sium channel plasmid vector and
heterologously coexpressed with KCNE1
cDNA (HGNC:6240) to assess their
functional consequences. Macroscopic
currents (IKs) were recorded by apply-
ing steplike test pulses from �80 mV to
70 mV in 10-mV increments for 5 sec-
onds, followed by a “tail” pulse for 5 sec-
onds to �50 mV (FIGURE 3A). The peak
step current (IKs) recorded at the end
of the test pulse or at the initiation of
the tail pulse was plotted as a function
of the test-pulse potential (Figure 3, A
and B). The peak tail current-voltage
(I-V) relations were described with a
Boltzmann equation (Figure 3C). Cells
expressing p.A283T or p.R397W
mutant KV7.1 channels generated sig-

nificantly smaller current densities
(maximal IKs; IMAX) than cells express-
ing wild-type KV7.1 (Figure 3D). Ad-
ditionally, cells expressing p.A283T
exhibited a more positive potential of
half-maximal voltage (V1⁄2) of activa-
tion without a change in slope factor
(k). Thus, KV7.1-A283T and KV7.1-
R397W cause a loss of function and
marked attenuation of IKs consistent
with an in utero diagnosis of the type
1 LQTS (LQT1).

Dysfunctional KCNH2 Mutation
in Intrauterine Fetal Death

The KCNH2[1b], p.R25W mutation al-
ters a residue exclusive to an alterna-
tively spliced transcript encoding HERG
isoform 1b (HERG1b, Figure 1).27,28 Bio-
chemical and functional studies have
demonstrated that HERG-mediated IKr

current in native cardiac myocytes is
generated by heterotetrameric potas-

sium channels comprised of both
HERG1a (encoded by the canonical
KCNH2 splice isoform) and HERG1b
subunits.27 To enable functional stud-
ies of HERG1b-R25W, we imple-
mented heterologous expression of ho-
motetrameric HERG1a or HERG1b, or
heteromultimeric HERG1a plus
HERG1b channels in Chinese ham-
ster ovary cells. Current density ob-
served in cells expressing heteromul-
timeric wild-type HERG1a plus
HERG1b was significantly larger, ex-
hibited faster activation and deactiva-
tion kinetics, and inactivated at less
negative potentials than cells express-
ing homotetrameric wild-type HERG1a
(eTable 3). Cells expressing heterote-
trameric wild-type HERG1a plus
HERG1b-R25W mutant channels ex-
hibited significantly smaller current
densities, slower activation kinetics, sig-
nificantly depolarized voltage depen-
dence of activation and a delayed time
course of recovery from inactivation
(FIGURE 4; eTable 4) compared with
wild-type HERG1a plus HERG1b chan-
nels. These findings indicate that het-
erotetrameric HERG channels contain-
ing HERG1b-R25W impair the
generation of IKr.

Furthermore, we determined that ex-
pression of mRNA encoding HERG1b
was 2-fold more abundant than
HERG1a-encoding transcripts in fetal
human hearts compared with adult
hearts for which HERG1a transcript ex-
pression is 1.3-fold greater than the al-
ternatively spliced isoform. These ad-
ditional mRNA expression data further
support the plausible contribution of
HERG1b-R25W to attenuate IKr in fe-
tal human hearts and confer suscepti-
bility for in utero type 2 LQTS (LQT2).

DISCUSSION
In this study, pathogenic mutations or
rare variants exhibiting abnormal func-
tional effects involving the 3 most com-
mon LQTS-susceptibility genes were
present in 8 of the 91 cases of unex-
plained intrauterine fetal death occur-
ring after the 14th week of gestation.
To our knowledge, this represents the
first demonstration of such findings.

Figure 2. KCNQ1 Genetic Variants and Molecular Position of the KV7.1 Mutations A283T
and R397W
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Depicted are the novel p.A283T mutation, located between the S5 transmembrane spanning domain and the
pore region (between S5 and S6 of the channel), and the mutation p.R397W, located in the C-terminal region
following S6 of the protein. The DNA sequence chromatograms indicate the nucleotide changes correspond-
ing to each mutation (c.847 G�A, p.A283T; c.1189 C�T, p.R397W). In the case of c.847 G�A, both black
(G) and green (A) peaks are present at the same position indicating heterozygosity at nucleotide position 847,
which predicts substitution of alanine (A) for threonine (T) at amino acid position 283 in the KV7.1 protein. The
c.1189 C�T mutation (superimposed blue and red peaks) predicts substitution of arginine (R) for tryptophan
(W) at amino acid position 397 in KV7.1
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This preliminary evidence suggests
LQTS is one plausible cause of intra-
uterine fetal death; supports the previ-

ously proposed mechanistic link be-
tween some cases of intrauterine fetal
death, SIDS, and LQTS7; and provides

precedence for further large-scale in-
vestigations into the extent and role of
cardiac channelopathies in stillbirth.

Figure 3. KV7.1-A283T and KV7.1-R397W Mutations Decrease Current at Positive Membrane Potentials
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A, Whole-cell recordings from HEK293 cells transfected with KV7.1-wild-type, KV7.1-A283T, or KV7.1-R397W are illustrated. Macroscopic currents (IKs) were recorded
at room temperature using the following voltage-clamp protocol: 5-second depolarizations from �80-mV to 70-mV in 10-mV increments (to elicit step currents) fol-
lowed by a 5-second repolarization to �50 mV (to elicit tail currents). Peak step and tail IKs were measured at the points indicated by the arrows. Horizontal time scale
and vertical current scale in picoamperes (pA) bars applicable to all 3 families of current traces are illustrated. The vertical line indicates the zero current baseline. The
mean peak step or the tail peak current IKs density in picoampres per picofarad (pA/pF) is plotted as a function of the step potential for cells expressing KV7.1-wild type
(n=7), KV7.1-A283T (n=10), and KV7.1-R397W (n=11) as shown in panels B and C. The individual peak tail I-V relations were described with a Boltzmann equation
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aP� .05 vs cells expressing KV7.1-A283T.
bP� .05 vs cells expressing KV7.1-R397W.
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Although previous studies have pro-
vided some anecdotal evidence impli-
cating LQTS as a cause, there has been
no systematic investigation regarding
this possible association.13-15,29 Herein,
we provide an estimate of the preva-
lence and spectrum of functionally sig-
nificant LQTS gene variants in a large
case series. Our results indicate that 8
of the 91 unexplained intrauterine fe-
tal deaths occurring after the 14th week
of gestation hosted either a patho-
genic mutation consistent with in utero
LQT1 or LQT2 (3.3%) or rare, func-
tionally abnormal variants (5.5%) that
could confer risk of life-threatening ar-
rhythmia to the fetus. The yield of
LQTS-associated genetic variants ob-
served in intrauterine fetal death was
remarkably similar to what we have re-
ported previously about SIDS.5-7

Approximately 75% of patients with
aclinically certaindiagnosisofLQTShost
mutations in 1 of 3 major genes: KCNQ1
(LQT1,�35%), KCNH2 (LQT2,�30%)
and SCN5A (LQT3,�10%).30 In SIDS,
more than half of the previously identi-

fied cardiac LQTS gene mutations in-
volve the cardiac sodium channel mac-
romolecular complex,5-7 which underlies
type 3 LQTS (LQT3) in which affected
individuals are predisposed to cardiac
events during periods of rest or sleep.31

By contrast, 2 of the 3 pathogenic mu-
tations observed in the intrauterine fe-
tal deaths were identified in KCNQ1
(LQT1); individuals with this genetic
subtype often have cardiac events fol-
lowing activation of the sympathetic ner-
vous system (ie, exercise or extreme
emotion).31 The 2 KCNQ1 mutations
(p.A283T and p.R397W) that we iden-
tified in late-abortion or miscarriage cases
both exhibited significant (�70%) re-
ductions in IKs density, consistent with
the in vitro electrophysiological pheno-
type of an LQT1-causative mutation. The
third putative disease-causing muta-
tion was identified in the HERG1b-
encoding alternative splice isoform of
KCNH2. The HERG1b-R25W muta-
tion caused a 35% to 50% reduction in
current density when expressed as het-
erotetramers with the canonical splice

variant encoding HERG1a, also consis-
tent with the in vitro electrophysiologi-
cal phenotype of LQT2. Some of the
SCN5A variants (p.T220I, p.R1193Q,
and p.2006A) identified in this study
have been associated previously
with arrhythmia predisposition, unex-
plained sudden death, and an ab-
normal electrophysiological in vitro
phenotype consistent with a cardiac
channelopathy.6,23,24,32-35

A recent study demonstrated that
progesterone decreased IKr through im-
paired channel trafficking to the plasma
membrane by disruption of intracellu-
lar cholesterol homeostasis36 possibly
reducing repolarization reserve in the
normal fetal ventricle. Because during
late pregnancy, electrocardiographic in-
tervals including the QTc become lon-
ger37,38 and fetal progesterone levels rise
significantly,39 one might anticipate that
an intrauterine fetal death-related LQTS
channelopathy would be more repre-
sented in advanced pregnancy. In fact,
about two-thirds of the cases with a
pathogenic or rare functional genetic

Figure 4. Electrophysiological Properties of Wild-Type and Mutant HERG Channels
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A, Whole cell recordings from Chinese hamster ovary cells cotransfected with wild-type HERG1a-DsRed and either wild-type HERG1b-GFP (HERG1a � HERG1b) or
mutant HERG1b-R25W-GFP (HERG1a � HERG1b-R25W) are illustrated. Currents were recorded at room temperature using the following voltage-clamp protocol:
2-second depolarizations from �80-mV to 70-mV in 10-mV increments (to elicit step currents) followed by a 2-second repolarization to �50 mV (to elicit tail currents).
Peak step and tail currents were measured at the points indicated by the arrows (pA, picoampere; pF, picofarad). Horizontal time scale and vertical current density scale
bars applicable to both current traces are illustrated for the upper trace. B, Mean peak step current density in pA/pF plotted as a function of voltage for HERG1a �
HERG1b (n=16) and HERG1a � HERG1b-R25W (n=16; P �.05 vs cells expressing HERG1a � HERG1b. C, Mean peak tail current density in pA/pF plotted as a
function of voltage for HERG1a � HERG1b (n=16) and HERG1a � HERG1b-R25W (n=16; P� .05 vs cells expressing HERG1a � HERG1b). Error bars indicate 95%
confidence intervals.
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variant had intrauterine fetal death oc-
cur during the third trimester. The pres-
ence of pathogenic, LQTS-causative
channel mutations or rare variants hav-
ing abnormal electrophysiological phe-
notypes may confer additional risk of
lethal ventricular arrhythmias during
this vulnerable period of intrauterine
development.

Study Limitations

Long QT syndrome has been associ-
ated with mutations in 15 genes ac-
counting for approximately 75% to 80%
of cases. We performed our molecular
interrogation on the 3 most common
LQTS-susceptibility genes that ac-
count for greater than 90% of all geno-
type-positive LQTS cases. The 12 mi-
nor LQTS-susceptibility genes were not
assessed. Although this is in accor-
dance with the current expert consen-
sus guidelines for LQTS genetic test-
ing in cases of autopsy-negative sudden
unexplained death and SIDS,40 we can-
not exclude the presence of mutations
involving these minor LQTS genes.9 In
addition, our mutation analysis strat-
egy, denaturing high-performance
liquid chromatography followed by
direct DNA sequencing, may miss ho-
mozygous mutations and large gene re-
arrangements including copy number
variations that could be detected using
alternative strategies.41 Therefore, our
analysis may underestimate the true
prevalence of LQTS-associated muta-
tions in intrauterine fetal death.

CONCLUSIONS
In this molecular genetic evaluation of
91 cases of intrauterine fetal death, mis-
sense mutations associated with LQTS
susceptibility were discovered in 3 cases
(3.3%) and overall, genetic variants lead-
ing to dysfunctional LQTS-associated ion
channels in vitro were discovered in 8
cases (8.8%). This preliminary evi-
dence provided by our present study sug-
gests that LQTS may contribute to the
pathogenesis of some intrauterine fetal
deaths.
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