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Abstract

Background: Jervell and Lange-Nielsen syndrome (JLNS) isa recessive model of long QT syndrome which might
also be related to possible hearing loss. Although the syndrome has been demonstrated to be originated from
homozygous or compound heterozygous mutations in either the KCNQT or KCNET genes, additional mutations in
other genetic loci should be considered, particularly in malignant course patients.

Case presentations: Three patients were admitted into hospital due to recurrent seizures/syncope, intrauterine and
postnatal bradycardia respectively; moreover all three patients had congenital sensorineural hearing-loss. Their
electrocardiograms showed markedly prolonged QT interval. Implantable defibrillator was implanted and left
cardiac sympathetic denervation was performed due to the progressive disease in case 1. She had countless
ventricular fibrillation and appropriate shock while using an implantable defibrillator. The DNA sequencing analysis of
the KCNQT gene disclosed a homozygous ¢.728G > A (p.Arg243His) missense mutation in casel. Further targeted next
generation sequencing of cardiac panel comprising 68 gene revealed a heterozygous c.1346 T > G (p.lle449Arg) variant
in RYR2 gene and a heterozygous c.809G > A (p.Cys270Tyr) variant in NKX2-5 gene in the same patient. Additional
gene alterations in RYR2 and NKX2-5 genes were thought to be responsible for progressive and malignant course of
the disease.

As a result of DNA sequencing analysis of KCNQT and KCNET genes, a compound heterozygosity for two mutations had
been detected in KCNQT gene in case 2: a maternally derived c477 + 1G > A splice site mutation and a
paternally derived c520C > T (p.Arg174Cys) missense mutation. Sanger sequencing of KCNQT and KCNET genes displayed
a homozygous c.1097G > A (p.Arg366GIn) mutation in KCNQT gene in case 3. 3-blocker therapy was initiated to all the
index subjects.

Conclusions: Three families of JLNS who presented with long QT and deafness and who carry homozygous, or compound
heterozygous mutation in KCNQT gene were presented in this report. It was emphasized that broad targeted cardiac panels
may be useful to predict the outcome especially in patients with unexplained phenotype-genotype correlation.
Clinical presentations and molecular findings will be discussed further to clarify the phenotype genotype associations.

Keywords: Jervell-Lange-Nielsen syndrome, Deafness, Homozygous or compound heterozygous mutations, Case report

* Correspondence: sehimegtemel@hotmail.com

8Department of Histology& Embryology, Near East University, Faculty of
Medicine, Nicosia North Cyprus

“Department of Medical Genetics, Uludag University, Faculty of Medicine,
Bursa, Turkey

Full list of author information is available at the end of the article

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12881-017-0474-8&domain=pdf
mailto:sehimegtemel@hotmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Uysal et al. BMC Medical Genetics (2017) 18:114

Background

Long QT syndrome (LQTS) is a cardiac disease character-
ized by an abnormal repolarization in cardiac cells causing
a prolonged QT interval on the electrocardiogram (ECG).
Ventricular tachycardia known as “torsades de pointes” is
one of the main features of LQTS and leads to seizures,
syncopes, cardiac arrest and sudden death [1].

LQTS has two inherited forms. The extensive form is
the autosomal dominant condition referred to as Romano-
Ward syndrome (RWS), which most commonly presents
itself in the form of cardiac associated symptoms [2, 3]. The
less common form is Jervell and Lange-Nielsen Syndrome
(JLNS), inherited as a recessive manner and presents a
severe cardiac phenotype in addition to profound bilat-
eral hearing-loss [4]. Most of the causative genes iden-
tified for LQTSs encode the ion channels that are
involved in the regulation of the cardiac action poten-
tial period, these genes include the Na*and K" channel
genes; SCN5A, HERG, KCNE2, KCNQI and KCNEI.
JLNS usually results from recessive bi-allelic mutations
leading loss of function in either the KCNQI or
KCNEI genes [5, 6].

These voltage-gated channels characteristically con-
tain four subunits that surround a pore which is
centrally localized. Each subunit is composed of six
transmembrane segments (S1-S6) including the NH2
and COOH termini which is located on the intracellu-
lar membrane. The voltage sensor of the channel is S4
segment. A P-loop domain connects the S5-S6 seg-
ment to create the pore zone. Also, the transmem-
brane domains of S2—S3 and S4-S5 are connected by
Cytoplasmic loops (C-loops) [7]. It was reported that
missense mutations and mutations localized at the
transmembrane part were related to high risk for
cardiolocigal events than the mutations localizing at
the C-terminal region. Furthermore, it was suggested
that C-loops influence the regulation of adrenergic
channel by Protein Kinase A (PKA) [8].

Over the past decade some isolated cases of JLNS pre-
senting with only cardiac manifestations without hearing
loss (so called AR LQT1) has been reported. It has been
suggested that hearing preservation in these KCNQI1
homozygotes or compound heterozygotes is derived
from the presence of mildly effective mutations that
can not totally remove the Kv7.1 (KVLQT1) function
and maintain the normal K* cycle with the occurence
of sufficient residual IKs current in the inner ear,
however the normal electrical activity of the heart is
disrupted [9].

Long QT syndromes may often be misdiagnosed as epi-
lepsy due to the associated seizures that occur [10, 11]. In
the current report, we identify both clinical and genetic
findings from three proband’s with JLNS, and discuss the
phenotype-genotype correlation with each case.
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Case presentations

Case 1 (family-1)

The initial findings of this case (Fig. 1a; II-1) have previ-
ously been published in Pediatric Cardiology [12].

The first molecular analysis of the female patient revealed
a homozygous ¢.728G > A (p.Arg243His) mutation in
the KCNQI gene (NM_000218.2, NP_000209.2) as a
consequence of consanguineous marriage (Fig. 1b). The
patient was diagnosed with JLNS. She was also diag-
nosed with refractory epilepsy and treated with anti-
epileptic drugs in her previous hospitalizations.

Later on, during one of the patient’s follow-up visits,
according to the Implantable cardioverter-defibrillator
(ICD) record, it was revealed that two electric shocks
were delivered and the patient was monitored in the in-
tensive care unit. On the 4th day in the intensive care
unit, the patient experienced ventricular fibrillation 90
times which resulted in ICD battery replacement and left
cervical sympathectomy. Five additional proper electric
shocks were delivered after sympathectomy. The phenotype
of the proposita changed dramatically, because of the addi-
tive malignant symptoms, the patient was screened for 68
hereditary arrhythmia gene panel (Ion Ampliseq Custom
Panel comprising 68 gene associated with arrhythmias) to
search for the additional clinically related gene variants.

Further investigations revealed a heterozygous ¢.1346 T > G
(p-lle449Arg, rs373331669) alteration in the RYR2 gene
(NM_001035.2, NP_001026.2) with unknown pathogenicity
in the SNP database (http://www.ncbi.nlm.nih.gov/projects/
SNP) and lower minor allele frequency (MAF) of 0.0000083
in Exac Browser database (http://exac.broadinstitute.org/
gene/ENSG00000198626). Furthermore a heterozygous
c.809G > A (p.Cys270Tyr, rs587782931) alteration in
the NKX2-5 gene (NM_004387.3,NP_004378.1) was
listed as a likely benign allele in the SNP database and
ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar/
variation/156161/) with lower MAF of 0,000073 (http://
exac.broadinstitute.org/gene/ENSG00000183072). Paren-
tal investigations demonstrated that the RYR2 variant was
maternally and NKX2-5 variant was paternally inherited
(Fig. 1c and d). For these variants, we used the four
prediction algorithms (SIFT (http://sift.jcvi.org/www/SIEF-
T_enst_submit.html), PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/), PROVEAN (http://provean.jcvi.org/
seq_submit.php) and Align-GVGD (http://agvgd.hci.utah.
edu/agvgd_input.php) to estimate the potential function
sof the mutant protein. The RYR2 gene variant (c.1346 T > G)
was presumed as a deleterious allele on the strength of the
in-silico prediction tools. The NKX2-5 gene variant was
predicted as benign with respect to PolyPhen-2 and was
regarded as a damaging allele according to SIFT, PROVEAN
and Align-GVGD. Conservation of residues was investigated
across several species running UCSC GenomeBrowser
(https://genome.ucsc.edu/cgi-bin/hgBlat) and PolyPhen-2.
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The analysis results showed that the variation regions of
RYR2 and NKX2-5 are not highly conserved among species.
RaptorX  (http://raptorx.uchicago.edu/StructurePrediction)
and PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) were used
for in-silico analyses to examine the effects of the RYR2 and
NKX2-5 variations on the secondary structures of proteins.
When the secondary and 3-dimensional (3D) structures of
the proteins were compared, it was evident that the beta-
sheet, helix, and loop structures were disrupted in the RYR2
mutated protein when compared to the wild-type protein.
But, there was no apparent distinction in terms of the sec-
ondary structure between the NKX2—-5 mutant protein and
the wild-type protein (Fig. 1e and f).

Case 2 (family I1)

A 33-day-old female infant (Fig. 2a, III-5) was examined
due to intrauterine bradycardia. She was the first child
of a nonconsanguineous marriage. Bilateral deafness was
confirmed by a brainstem evoked response audiometry

(BERA) test and her routine biochemical laboratory test
results were within normal range.

No family history of convulsion and sudden cardiac
death for three generations was evident.

She had undergone cochlear implant surgery. Her
resting 12 lead ECG showed prominent prolongation
in QTc distance of 530 ms (Fig. 2b). Propranolol was
commenced at a dose of 0.004 g/kg four times in a
day. The ECG of both parents displayed normal resting
ECG readings.

Her follow-up visits for 3.5 years did not show any
visible signs of syncope or adverse event.

The mutation analysis was conducted using the Sanger
sequencing method of the coding exons and exon intron
junctions of KCNQI1 (NM_000218.2, NP_000209.2) and
KCNE1 (NM_000219.5, NP_000210.2) genes.

The molecular genetic analysis of the patient disclosed
compound heterozygosity for splice site (c.477 + 1G > A)
and missense (c.520C > T, p.Argl74Cys) mutations in
the KCNQI gene (Fig. 2a). Heterozygous c477 + 1G > A
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Fig. 2 The molecular and clinical findings for family Il and family Il and KCNQ1 mutations illustrated on KCNQ1 protein (a) Pedigree of the family
IIl; Case 2 (lll-5) who is carrying compound heterozygous mutations of c477 + 1G > A and ¢.520C > T (p.Arg174Cys) in KCNQT gene and the carrier
status of the other family members were shown above, (N = Normal, +: Mutant allele, —: Normal allele), DNA sequencing images of the mutations in
the proband were presented below (b) The ECG of the proband (llI-5) in family Il showing the prolongation of QTc (530 ms) interval (c) Pedigree of
the family IlI; Case 3 (IV-5) who is carrying the c.1097G > A (p.R366Q) mutation in KCNQT gene and the carrier status of the other family members were
presented (N = Normal, SUD = Sudden unidentified death, NT = Not tested, +:Mutant allele, —Normal allele) (d) The ECG of the proband (IV-5) in
family Ill showing the prolongation of QTc (520 ms) (e) The illustration showing all of the KCNQT mutations seen in our three cases (S1, S2, S3, S5,56:
Helical, transmembranic domains; S4:Helical, Voltage-sensor, transmembranic domain; H5: Pore-forming, intramembranic domain)

mutation was identified in the maternal allele, and
heterozygous ¢.520C > T (p.Argl74Cys) mutation was
identified in the paternal allele.The elder brother (III:4)
was also heterozygous for the c.520C > T (p.Argl74Cys)
mutation and had a normal QT interval.

Case 3 (family IlI)
A 5 year old male child (Fig. 2¢; IV-5) was examined due to
pre-diagnosis of long QT syndrome. He was a second child

of a first-degree consanguineous marriage. He displayed
symptoms of tachypnea and postnatal bradycardia and was
transferred to another hospital on the second day of
his birth.

In the physical examination, bilateral hearing loss was de-
termined. His resting 12 lead ECG exhibited a prolongation
in QTc distance of 520 ms (Fig. 2d). The ECG of both par-
ents demonstrated normal ECG readings at rest. No syn-
cope was detected on his follow-up period. Propranolol
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was commenced at a dose of 0.0015 g/kg four times in a
day.

The mutation analysis of proposita was carried out by
Sanger sequencing of the coding exons and exon intron
connections of KCNQI (NM_000218.2, NP_000209.2)
and KCNE1 (NM_000219.5, NP_000210.2) genes. The
molecular genetic analysis disclosed homozygosity for
c.1097G > A (p.Arg366Gln) mutation in the KCNQI
gene (Fig. 2c). The parents were identified to have this
mutation in heterozygous state.

His elder sister (Fig. 2c, IV:4) was evaluated for physical
examination. She was not reported to have any previous
syncope attacks and her hearing was normal. Her resting
12 lead ECG showed prolongation in QTc distance of
482 ms. Atenolol was commenced at a dose of 0.0006 g/kg
two times in a day. She was carrying the ¢.1097G > A
(p.Arg366GIn) mutation in homozygous form. Proposita’s
3 month old brother (Fig. 2¢c, IV:7), was also invited for
clinical observation. His resting 12 lead ECG showed pro-
longation in QTc interval of 475 ms and bilateral deafness
was also detected in his physical examination. Propranolol
was administered at a dose of 0.0005 g/kg four times in a
day. Clinical investigation commenced upon the identifica-
tion of the same KCNQI genotype as proposita.

His cousin (Fig. 1c, IV:6), a 3 year-old male was also
hospitalized because of a convulsive attack. He was the
first son of a first-degree consanguineous marriage by
normal delivery. His first electroencephalogram was dys-
rhythmic which later on was normal. Bilateral deafness
was determined through a physical examination. His
resting 12 lead ECG exhibited prolongation in QTc dis-
tance of 520 ms. The ECG of his mother (IIL:25) and
father (II1:26) showed normal ECG. Atenolol was acom-
menced at a dose of 0.0006 g/kg two times in a day. He
was also diagnosed with refractory epilepsy and treated
with anti-epileptic drugs in his previous hospitalizations.
Molecular genetic analysis revealed the same mutation in
homozygous form as proposita and parental investigation
revealed the heterozygous status.

Discussion & conclusion

Long QT syndrome may often be a fatal disease, and
symptomatic cases who do not receive treatment have a
elevated mortality ratio, 21% within a year from the ini-
tial attack [13]. JLNS is featured by congenital bilateral
sensorineural deafness and long QTc distance that is
generally higher than 500 ms [14].

KCNQI and KCNEI gene mutations have been demon-
strated to be associated with JLNS [15]. KCNQI encodes a
subunit of voltage-gated K" channel protein which have
ainteraction with the  subunit encoded by the KCNEI
gene to generate a cardiac K" channel. The molecular gen-
etic analysis JLNS families demonstrated that the
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homozygous/compound heterozygous mutations in the
KCNQI gene are the main cause of the syndrome.

The ¢.728G > A (p. Arg243His) mutation of case 1
(II-1 of family I)-was reported previously in two non-
consanguineous French families in a compound hetero-
zygous manner who displayed a typical JLNS and in
two consanguineous Turkish JLNS families [12, 15-17].
This missense mutation caused the change of the 243th
basic charged polar arginine to histidine that has similar
physicochemical properties. It is positioned in S4 domain
of the protein (Fig. 2e). Mutations striking to S4/S5 do-
mains are predicted to disrupt the gating function of the
ion channels and alter KCNQ1 interactions with the minK
sub-units [18]. Chouabe et al. demonstrated that this
mutation is related to a considerably shorter prolongation
of the QTc distance, though it may cause sudden deaths
due to full loss of function [17]. It seems clearly that the
cardiac functions is affected by the KCNQI mutations,
based on either the voltage shift and loss of function in
the ion channel. The voltage alteration mutations may also
end up with inconstant phenotypes. The homozygous car-
riers of p.Arg243His mutation have the the maximum
shift of the voltage current in the cardiac cells, however
the heterozygous carriers are asymptomatic with no major
longer OTc interval. The cardiac symptoms of case 1
(II-1 of family I) became progressively severe in an age
dependent fashion and ICD implantation and cervical
sympathectomy was performed due to recurrent ventricular
tachycardia attacks. Due to the progressive and malignant
disease course, further targeted next generation sequencing
of cardiac panel containing 68 functional genes were exam-
ined and the patient had additional heterozygous alterations
in the RYR2 and NKX2-5 genes. The RYR2 gene had been
previously described to be involved in catecholaminergic
polymorphic ventricular tachycardia type 1 (CPVT1) and
arrhythmogenic right ventricular dysplasia type 2 (ARVD2)
(OMIM#600996 and 604772) but the patient phenotype
was consistent with neither CPVT1 nor ARVD2. Although
these two genes were not associated with LQTS or JLNS
alone, they could aggravate the clinical phenotype of the
patient additive to the homozygous KCNQI mutation.

The ¢.477 + 1G > A splice site and the ¢.520C > T (p.
Argl74Cys) missense mutations detected in family II
were both described previously in North America and
Europe, [19, 20]. As far as we know, this is the first
report of compound heterozygote Turkish family of
JLNS carrying these mutations. The splice site mutation
detected in case2 (III-5 of family II) is located in intron
2. Recently, Zehelein J. and his colleagues reported that
this mutation alters the evolutionally conserved splice
donor site resulting to splice error. Predicted exon skip-
ping introduces a premature translational termination
resulting in truncated KCNQ1 potassium channel sub-
units [21].
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In a functional study examining a p. Argl74Cys muta-
tion demonstrated that PKA, protein kinase C (PKC) and
Phosphatidylinositol-4, 5-bisphosphate (PIP2) regulation
decreased [22]. This study also revealed that a decline in
the activation of either PKA or PKC may promote to the
disease phenotype by reducing the activation of normal
ion channel via receptor stimulus.

The c.1097G > A (p. Arg366Gln) mutation detected in
family III was first reported in RWS and recently in one
Turkish JLNS family [23-25]. The mutation was found
at the C-terminal of KCNQI. It was reported that the
mutant p. Arg366Gln channel presents a weaker inter-
ference with PIP2 in contrast with the wild type channel.
An increasement in the channel activation was observed
for the two C-terminal KCNQI mutants of p. Arg366GIn
and p. Arg555Cys. These C terminal mutants might be
protective and reduce the severity of the mutation [23].
Cases with pathogenic variants at the C terminal part of
the KCNQ! subunit was found to be less prone to cardio-
logical events than cases with pathogenic variants in the
transmembrane parts [26]. In family III, all affected subjects
had a milder QTc prolongation and milder cardiac pheno-
type. Interestingly one of the subjects (IV: 4 of family III)
had no hearing loss, although she had the same homozy-
gous mutation as the index case (IV-5 of family III) and the
other affected cousin (IV-6 of family III). It remains largely
elusive that what determines this great variability in the
severity of disorder, where even a relative carrying the same
pathogenic variant demonstrate significant differences in
phenotypic/clinical manifestations. Giudicessi JR et al.
suggested that a great majority of unrelated KCNQ1
homozygotes and compound heterozygotes with a pos-
sible autosomal recessive model of inheritance (64%, 7
out of 11) show no sensorineural deafness. Their study
showed that the full breakdown of KvLQT1 mediated K
" secretion in the cochlea linked to the biallelic inherit-
ance of 2 truncating/haploid insufficient pathogenic
variants (complete loss-of-function) is the major mech-
anism that affects the homeostasis of inner ear fluid,
causing the downfall of endolymph in the inner ear and
sensorineural hearing loss in JLNS cases and murine
models of JLNS [9]. Missense variations with dominant-
negative effects on the tetrameric KCNQI channel results
in an altered molecular function but not complete loss of
function. Recent electrophysiological studies showed that
homozygous and compound heterozygous pathogenic var-
iants in either KCNQI or KCNEI gene involved in JNLS
resulted in a broad range of spectrum of effects from loss
of function to dominant negative behavior [27]. Recently
Bhuiyan ZA et al., reported a homozygous novel splice site
¢.387-5 T > A mutation in the first intron of the KCNQI
gene, in the two Saudi Arabian families. RNA analysis
demonsrated that ¢.387-5 T > A mutation leads incom-
plete transcriptional error of the KCNQI gene, leaving
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10% of the normal transcript intact, which restores the
auditory function. An other intronic pathogenic variant
leading to incomplete exon 2 skipping in KCNQI saves
hearing function in JLNS [28]. Apparently, as in our family
I, the homozygous ¢.1097G > A (p. Arg366Gln) muta-
tion does not cause a complete loss of KvLQT1 function
in endolymph of the inner ear in all of the homozygous
carriers. The amount of residual KvLQT1 function neces-
sary for auditory preservation in JLNS is not known. The
other mechanism proposed to explain the development of
intact hearing in this case could be the mosaicism. It can
be speculated that JLNS mutation mosaicism results in
functional channels in the marginal cells of the inner ear
with ordinary membrane transmission, so the phenotypic
outcomes are not monitored in the inner ear. Although
the possibility seemed unlikely in familial cases, it still can-
not be ruled out. Another speculation is that there may be
other potential genetic factors in normal functioning of
cochlear hair cells leading to intact hearing.

Therefore, whole genome exome sequencing may
assist with the investigation of the underlying genetic
causes of normal hearing. Furthermore, to explain this
variability in the clinical phenotype; expression studies
of wild-type and mutant type KCNQI using cardiac
muscle cells [29] and cochlear hair cells obtained
from patient specific induced pluripotent stem cells
need to be performed.

Children with JLNS are frequently misdiagnosed with
epilepsy at the beginning of therapy, causing both delayed
care for JLNS and improper anti-epileptic medication [10].
In our families; Case 1 (II-1 of family I) and the cousin of
case 3 (IV-6 of family III) were also diagnosed as refractory
epilepsy and treated with anti-epileptic drugs in their previ-
ous hospitalizations. In the current study the two cases
underlined the importance of careful examination of the
patient having seizures and primarily to exclude the cardiac
cause for the differential diagnosis. This would not only
save the lives of the patients but will also assist with proper
treatments and specific genetic counseling sessions for
other high-risk individuals in their families.

However, a group of these cases are presumably to
have a neurocardiac syndrome through ion channels, as
recent evidence demonstrated that epileptiform activity de-
termined with electroencephalography (EEG) in 15% of
LQTS cases who showed seizures or seizure like crisis [30].
Therefore, because of this possible coexistence of both
conditions we routinely began to do detailed cardiologic
and neurologic screening of patients at the University of
Uludag.

Management of JLNS consists of B-blockers, ICD
and/or left cardiac sympathetic denervation (LCSD) for
those with B-blocker resistive symptoms for the cardio-
logical events, and cochlear implants for the recovery
of hearing loss [4]. Beta-blocker therapy is the



Uysal et al. BMC Medical Genetics (2017) 18:114

fundamental medication for JLNS; potential ICD and/
or LCSD for those with B-blocker resistive symptoms,
insufficiency to take B-blockers, and/or cardiac arrest
history [31]. Beta-blockers significantly decrease the
sudden death risk.

Beta blocker theraphy is clinically indicated in all
symptom-free cases meeting diagnostic criteria, consist-
ing of those who possess a mutation on genetic screening
and a normal QTc interval [4]. Usually, implantation of
ICD is not indicated for asymptomatic cases of JLNS.
Prophylactic ICD treatment might be conceived for cases
with JLNS who show no symptoms but suspected to be at
very high-risk (e.g., those with at least 2 pathogenic muta-
tions on genetic testing and/or family history of young
sudden unexplained death) [32].

Therefore, we advise that all carriers of an identified
pathogenic variant in either the KCNQI or the KCNEI
gene be thoroughly examined at a minimum by favour
of ECG and clinical family history, before initiating
prophylactic therapy like beta-blockers in these cases.
Cardiac screening is recommended in more complex
cases. Because the mutation carriers of JLNS might have
a slight deafness sign, a hearing test should also be con-
sidered. Medications and conditions that stimulate the
prolongation on the QT interval such as dynamic sport
activities, horror films, loud environments are to be
avoided. Training and educating of all family members
for cardiac arrest resuscitation might be life saving.

After all, here we present three families of JLNS who
display long QT and deafness.

This genotype-phenotype study suggests that the patients
with trans-membrane versus C-terminus mutations and
these with mutations having dominant negative versus
haploinsufficiency demonstrate the variable degree of
the failure of ion channels as well as the clinical course
of the disorder.

It is well known that protein function is affected by
the C terminal mutations in KCNQI gene far less degree.
Also, it is precise that there is no absolute lack of K*
inflow into the endolymph of the inner ear in our JLNS
patient IV: 4 of family III with intact hearing who is
carrying a homozygous C-terminal ¢.1097G > A (p.
Arg366GIn) missense mutation. Our study suggests a
milder effect of the mutation on the clinical pheno-
type for family III as well as hearing preservation of
the IV: 4 patient of family III. The degree of the
remaining Kv7.1 function necessary for auditory pres-
ervation in KCNQ1 homozygosity and/or compound
heterozygosity is not known.

It was also emphasized that broad targeted cardiac
panels or whole exome analysis may be useful to predict
the outcome especially in patients with unexplained
phenotype-genotype correlation according to the muta-
tion detected and the progressive and malignant course.
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Our research group screened approximately 200 cases
with our custom made 68 gene cardiac panel diagnosed
as hereditary arrhythmias like recessive JLNS and/or
LQT syndromes, we have seen that this disease group is
highly heterogeneous in terms of genetics and caused by
mutations of more than one variant and/or multiple vari-
ants [33]. Due to the genetic complexity of hereditary ar-
rhythmias like LQTS, JLNS, it currently makes it
necessary to screen the other cardiac genes in addition to
the most common genes related to the complex pheno-
types before the molecular-genetic workup is completed.
Families, clinicians and researchers together will have a es-
sential role in the advancement of biomedicine towards
personalized treatments.

Abbreviations

ARVD2: Arrhythmogenic right ventricular dysplasia type 2; BERA: Brainstem
evoked response audiometry; C-loops: Cytoplasmic loops; CPVT1: Catecholaminergic
polymorphic ventricular tachycardia type 1; ECG: Electrocardiogram;

EEG: Electroencephalography; ICD: Implantable cardioverter-defibrillator;
JLNS: Jervell and Lange-Nielsen syndrome; Kv7.1 (KvLQT1): Voltage-Gated
Potassium Channel Subunit; LCSD: left cardiac sympathetic denervation;
LQTS: Long QT syndrome; MAF: Minor allele frequency; Ms.: milliseconds;
OMIM: Online Mendelian Inheritance in Man; PIP2: Phosphatidylinositol-4,
5-bisphosphate; PKA: Protein kinase A; PKC: Protein kinase C; RWS: Romano-
Ward syndrome

Acknowledgements

The authors thank to the all patient's family for their kind availability for this
study. Inherited cardiac panel was supported by a grant from the Ministry of
Science, Industry and Technology (SANTEZ:0253.5TZ.2013-2).

Funding

This case reports did not obtain any grant from the public, commercial or not
for profit organization. Just in the first family additional mutation tests were
done by Inherited cardiac panel. This panel was supported by a grant fromthe
Ministry of Science, Industry and Technology (SANTEZ:0253.5TZ.2013-2).

Availability of data and materials

All data created or analyzed throughout the current work are involved in these
published case reports. The datasets generated and/or analyzed throughout
the study are existing free of charge from the publisher's web-site.

Author’s contribution

Design; FU, SGT, OMB, BT. Supervision; SGT, EC, HK, CY, OU. Materials; FU,
OMB. Data collection and/or processing; SGT, GT, BT, HK, EE, OU,EU, CY.
Literature review; FU, EE, SGT, BT, EU. Writer; SGT, FU, OU, BT, CY. All authors
read and approved the final manuscript.

Ethics approval and consent to participate

Ethics approval was taken from University of Uludag, School of Medicine
ethics committee. It is not a participation based research. These mutation
analyses was performed to diagnose and to choose the appropriate
medication for the patients not for the research.

Consent for publication

Informed consents from all families were obtained for studying biological
samples, for acquiring the results of the molecular genetic tests and for the
publication of the submitted article, after a complete statement of the purposes
and whole steps used in the study. Written informed consent was acquired
from all subjects and/or their legal keepers for the use of pheripheral blood
samples, tissues and DNA for medical research, for the publication of the
current report and any accompanying images.



Uysal et al. BMC Medical Genetics (2017) 18:114

Competing interest

The authors state that the research has been performed in an environment
where there is no commercial or financial relationships that could be
interpreted as a possible conflict of interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Pediatric Cardiology, University of Uludag, School of
Medicine, Bursa, Turkey. ?Acibadem Genetic Diagnostic Center, Istanbul,
Turkey. *Department of Medical Genetics, Istanbul University, Faculty of
Medicine, Istanbul, Turkey. 4Department of Pediatric, Cardiology, Uludag
University, Faculty of Medicine, Bursa, Turkey. *Bursa Genetic Diagnostic
Center, Bursa, Turkey. 6Department of Molecular Biology and Genetic,
Acibadem University, Faculty of Science, Istanbul, Turkey. ‘Department of
Medical Genetics, Koc University, Faculty of Medicine, Istanbul, Turkey.
8Department of Histology& Embryology, Near East University, Faculty of
Medicine, Nicosia North Cyprus. “Department of Medical Genetics, Uludag
University, Faculty of Medicine, Bursa, Turkey. '°Department of Histology &
Embryology, Uludag University, Faculty of Medicine, Bursa, Turkey. ''Gorukle
campuss, Uludag University, School of Medicine, 16059, Nilufer, Bursa, Turkey.

Received: 14 July 2016 Accepted: 1 October 2017
Published online: 16 October 2017

References

1. Jongbloed RJE, Wilde AAM, Geelen JLMC, Doevendans P, Schaap C, Van
Langen |, van Tintelen JP, Cobben JM. Beaufort-KrolGCM, Geraedts JPM,
Smeets HIM. Novel KCNQT and HERG missense mutations in Dutch long-QT
families. Hum Mutat. 1999;13:301-10.

2. Ward OC. A new familial cardiac syndrome in children. J Ir Med Assoc. 1964;

Apr;54:103-6.

Romano C. Congenital cardiacarrythmia. Lancet. 1965;1:658-9.

4. Schwartz PJ, Spazzolini C, Crotti L, Bathen J, Amlie JP, Timothy K, et al. The
Jervell and Lange-Nielsen syndrome: natural history, molecular basis, and
clinical outcome. Circulation. 2006;113:783-90.

5. Neyroud N, Tesson F, Denjoy |, Leibovici M, Donger C, Barhanin J, et al. A
novel mutation in the potassium channel gene KVLQT1 causes the Jervell
and Lange-Nielsen cardioauditory syndrome. Nat Genet. 1997;15:186-9.

6.  Schulze-Bahr E, Wang Q, Wedekind H, Haverkamp W, Chen Q, Sun Y, et al.
KCNET mutations cause Jervell and Lange-Nielsen syndrome. Nat Genet.
1997;17:267-8.

7. Bendahhou S, Marionneau C, Haurogne K, Larroque MM, Derand R, Szuts V,
Escande D, Demolombe S, Barhanin J. In vitro molecular interactions and
distribution of KCNE family with KCNQ1 in the human heart. Cardiovasc Res.
2005;67(3):529-38.

8. Barsheshet A, Goldenberg I, O-Uchi J, Moss AJ, Jons C, Shimizu W, et al.
Mutations in cytoplasmic loops of the KCNQT channel and the risk of life-
threatening events: implications for mutation-specific response to b-blocker
therapy in type 1 long-QT syndrome. Circulation. 2012;125:1988-96.

9. Giudicessi JR, Ackerman MJ. Prevalence and Potential Genetic Determinants
of Sensorineural Deafness in KCNQ1 Homozygosity and Compound
Heterozygosity. Circ Cardiovasc Genet. 2013 Apr,6(2):193-200.

10.  Goyal JP, Sethi A, Shah VB. Jervell and Lange-Nielsen syndrome masquerading
as intractable epilepsy. Ann Indian Acad Neurol. 2012;15:145-7.

11. MacCormick JM, McAlister H, Crawford J, French JK, Crozier |, Shelling AN, et
al. Misdiagnosis of long QT syndrome as epilepsy at first presentation. Ann
Emerg Med. 2009,54:26-32.

12. Bostan O, Temel $G, Cangul H, Archer CN, Cil E. Jervell and Lange-Nielsen
syndrome: homozygous missense mutation of KCNQT1 in a Turkish family.
Pediatr Cardiol. 2013;34:2063-7.

13. Schwartz PJ. Idiopathic long QT syndrome: progress and questions. Am
Heart J. 1985;109:399-411.

14.  Jervell A. Lange-Nielsen F. Congenital deaf-mutism, functional heart disease
with prolongation of Q-T interval and sudden death. Am Heart J. 1957;54:59-68.

15. Mohammad-Panah R, Demolombe S, Neyroud N, Guicheney P, Kyndt F, van
den Hoff M, et al. Mutations in dominant-negative isoform correlate with
phenotype in inherited cardiac arrhythmias. Am J Hum Genet. 1999;64:
1015-23.

w

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Page 8 of 8

Kilig E, Ertugrul I, Ozer S, Alikasifoglu M, Aktag D, Boduroglu K, et al. Jervell-
Lange-Nielsen syndrome with homozygous missense mutation of KCNQ1
gene. Turk J Pediatr. 2014;Sep-Oct;56(5):542-5.

Chouabe C, Neyroud N, Richard P, Denjoy I, Hainque B, Romey G, et al.
Novel mutations in KvLQT1 that affect IKs activation through interactions
with Isk. Cardiovasc Res. 2000;45:971-80.

Franqueza L, Lin M, Splawski I, Keating MT, Sanguinetti MC. Long QT
syndrome-associated mutations in the S4-S5 linker of KvLQT1 potassium
channels modify gating and interaction with minK subunits. J BiolChem.
1999;274:21063-70.

Donger C, Denjoy |, Berthet M, Neyroud N, Cruaud C, Bennaceur M,
Chivoret G, Schwartz K, Coumel P, Guicheney P. KVLQT1 C-terminal
missense mutation causes a formefruste long-QT syndrome. Circulation.
1997,96:2778-81.

Kapplinger JD, Tester DJ, Salisbury BA, Carr JL, Harris-Kerr C, Pollevick GD, et
al. Spectrum and prevalence of mutations from the first 2,500 consecutive
unrelated patients referred for the FAMILION long QT syndrome genetic
test. Heart Rhythm. 2009:1297-303.

Giudicessi JR, Ackerman MJ. Prevalence and potential genetic determinants
of sensorineural deafness in KCNQ1 homozygosity and compound
heterozygosity. Circ Cardiovasc Genet. 2013 Apr,6(2):193-200.

Zehelein J, Kathoefer S, Khalil M, Alter M, Thomas D, Brockmeier K, et al.
Skipping of Exon 1 in the KCNQ1 gene causes Jervell and Lange-Nielsen
syndrome. J Biol Chem. 2006;281:35397-403.

Matavel A, Medei E, Lopes CMPKA. PKC partially rescue long QT type 1
phenotype by restoring channel-PIP2 interactions. Channels (Austin). 2010:4:3-11.
Splawski |, Shen J, Timothy KW, Lehmann MH, Priori S, Robinson JL, Moss AJ,
Schwartz PJ, Toebin JA, Vincent MG, Keating MT. Spectrum of mutations in
long-QT syndrome genes KVLQT1, HERG, SCN5A, KCNE, and KCNE2.
Circulation. 2000;102:1178-85.

Tekin D, Tutar E, Ozturkmen AH, Blanton S, Foster J 2nd, Tekin M.
Comprehensive genetic testing can save lives in hereditary hearing loss.
Clin Genet. 2015,87:190-1.

Shimizu W, Horie M, Ohno S, Takenaka K, Yamaguchi M, Shimizu M, et al.
Mutation site-specific differences in arrhythmic risk and sensitivity to
sympathetic stimulation in the LQT1 form of congenital long QT syndrome:
multicenter study in Japan. J Am Coll Cardiol. 2004 Jul7;44(1):117-125.
Genetic hearing loss edited by Willems PJ, Gendia, Antwerp, Belgium.
Subject: Syndromic Hearing Loss, Chapter: 7 Jervell and Lange-Nielsen
Syndrome, Section: X. Clinical implications of KCNQ1 and KCNET mutations.
Copyright © 2004 by Marcel Dekker, Inc. New York, Basel. Page:107
(ISBN: 0-8247-4309-1).

Bhuiyan ZA, Momenah TS, Amin AS, Al-Khadra AS, Alders M, Wilde AA, et al.
An intronic mutation leading to incomplete skipping of exon-2 in KCNQ1
rescues hearing in Jervell and Lange-Nielsen syndrome. ProgBiophysMol.
Biol. 2008,98:319.

Moretti A, Bellin M, Welling A, Jung CB, Lam JT, Bott-Fligel L, Dorn T,
Goedel A, Hohnke C, Hofmann F, Seyfarth M, Sinnecker D, Schémig A,
Laugwitz KL. 2013Apr. N Engl J Med. 2010 Oct 7;363(15):1397-409.
Anderson JH, Bos JM, Cascino GD, Ackerman MJ. Prevalence and spectrum
of electroencephalogram-identified epileptiform activity among patients
with long QT syndrome. Heart Rhythm. 2014;11:53-7.

Goel AK, Berger S, Pelech A, Dhala A. Implantable cardioverter defibrillator
therapy in children with long QT syndrome. Pediatr Cardiol. 2004;25:370-8.
Alders M, Christiaans I. Long QT Syndrome. 2003 Feb 20 [Updated 2015 Jun
18]. In: Pagon RA, Adam MP, Ardinger HH, et al, editors. GeneReviews®
[Internet]. Seattle (WA): University of Washington, Seattle; 1993-2017. Available
from: https.//www.ncbi.nlm.nih.gov/books/NBK1129/?report=classic.
Turkgeng B. Uzun QT Sendromu’nun (UQTS) Molekiler Mekanizmalari
(Molecular Mechanisms of Long QT Syndrome). Philosophy of Doctorate
Thesis, University of Marmara, Health Sciences Institute, Department of
Medical Biology and Genetics, Istanbul, Turkey, 2016. YOK Thesis No:440260
(https//tezyokgov.tr/UlusalTezMerkezi/tezSorguSonucYeni,jsp).


https://www.ncbi.nlm.nih.gov/books/NBK1129/?report=classic
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp

	Abstract
	Background
	Case presentations
	Conclusions

	Background
	Case presentations
	Case 1 (family-I)
	Case 2 (family II)
	Case 3 (family III)

	Discussion & conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Author’s contribution
	Ethics approval and consent to participate
	Consent for publication
	Competing interest
	Publisher’s Note
	Author details
	References

