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Abstract

Background: Approximately 75% of clinically definite long QT syn-
drome (LQTS) cases are caused by mutations in the KCNQI, KCNH?2
and SCN54 genes. Of these mutations, a small proportion (3.2-9.2%)
are predicted to affect splicing. These mutations present a particular
challenge in ascribing pathogenicity.

Methods: Here we report an analysis of the transcriptional con-
sequences of two mutations, one in the KCNQI gene (c.781 782
delinsTC) and one in the SCN54 gene (c.2437-5C>A), which are
predicted to affect splicing. We isolated RNA from lymphocytes and
used a directed PCR amplification strategy of cDNA to show mis-
spliced transcripts in mutation-positive patients.

Results: The loss of an exon in each mis-spliced transcript had no
deduced effect on the translational reading frame. The clinical pheno-
type corresponded closely with genotypic status in family members
carrying the KCNQI splice variant, but not in family members with
the SCN54 splice variant. These results are put in the context of a
literature review, where only 20% of all splice variants reported in the
KCNQI, KCNH2 and SCN5A gene entries in the HGMDPro 2015.4
database have been evaluated using transcriptional assays.

Conclusions: Prediction programmes play a strong role in most di-
agnostic laboratories in classifying variants located at splice sites;
however, transcriptional analysis should be considered critical to
confirm mis-splicing. Critically, this study shows that genuine mis-
splicing may not always imply clinical significance, and genotype/
phenotype cosegregation remains important even when mis-splicing
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Introduction

Long QT syndrome (LQTS) is a group of disorders charac-
terized by a prolonged QT-interval, episodes of syncope and
sudden death. The estimated number of affected people is 1
in 2,000 [1], with the peak ages of clinical presentation occur-
ring in childhood in males, and young adult life in females, but
presentation can occur at all ages, including the fetus. There
are 15 genes currently associated with the disease and they
mainly prolong the action potential of the cardiomyocytes by
either decreasing the potassium current, through loss-of-func-
tion mutations, or increasing the sodium or calcium current
through gain-of-function mutations.

LQTS subtypes 1-3 (LQTS 1-3) are the most prevalent
forms of the disease and they are associated with mutations
in the KCNQ1 [2], KCNH?2 [3] and SCN5A [4] genes, respec-
tively. The KCNQI and KCNH?2 genes encode for potassium
channel proteins, in which mutations account for 30-35% and
25-40% of all clinically definite LQTS cases, respectively [5].
The SCN5A gene encodes for the sodium channel Nav1.5 and
mutations in this gene account for 5-10% of all LQTS cases
[5]. Loss of function mutations in this gene is also associated
with Brugada syndrome [6].

Approximately 75% of clinically definite LQTS cases are
caused by mutations in the KCNQ1, KCNH2 and SCN5A genes
[7, 8]. Splice site mutations in these genes make up no more
than 10% of all reported mutations reported in the HGMD Pro
2015.4 database [9]. Table 1 summarizes the number and spec-
trum of mutations in the KCNQI, KCNH?2 and SCN54 genes.
Most pathogenic mutations that affect (canonical) splicing are
located at the invariant bases at 1 - 2 bp (base pairs) upstream
(acceptor splice site) and downstream (donor splice site) of
exon/intron boundaries; however, mutations affecting splicing
have also been found to lie outside of the + 1 - 2 bp regions
[10] (Fig. 1).

In a diagnostic environment, methods to confirm splice-
site mutations are time-consuming and presumptive splice-site
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Table 1. Breakdown of Mutation Types Reported in the KCNQ1, KCNH2 and SCN5A Genes

Small deletions Small insertion/duplications
Disorder Gene Missense Non-sense Splicing
Frameshift In-frame Frameshift In-frame
LQT KCNQI 324 26 39 18 21 6 44
KCNH?2 471 55 112 11 58 8 24
SCN5A 205 5 1 8 1 2 7
SD KCNQI 12
KCNH?2 13 1
SCN5A4 36 1 1
BrS KCNQI NA NA NA NA NA NA NA
KCNH?2 3
SCN5A4 265 35 44 6 15 4 20

LQT: long QT syndrome; SD: sudden death; BrS: Brugada syndrome.

mutations are normally analyzed using in silico prediction
programmes. These programmes predict whether a splice-site
variant is potentially pathogenic, but their efficacy varies [12].
The ideal test of whether a variant affects splicing is transcript
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analysis using RNA isolated from the affected tissue as cis-
acting splicing mutations can have cell-specific effects [10].
In the case of cardiac genes, however, most transcript analysis
involves isolating RNA from lymphocytes. Transcript analysis
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Figure 1. Summary of splice variants reported in HGMD-Pro for the KCNQ1, KCNH2 and SCN5A genes. Blue boxes represent
splice variants that have been characterized by in silico prediction studies and transcript studies; green boxes represent splice
variants that have been characterized by transcript studies; orange boxes represent variants that have been predicted to have
an effect on splicing using in silico prediction programmes (most using one programme described by Xiong et al [11]); red boxes
represent splice variants that have not been characterized at all by transcript studies or in silico prediction programmes. Dashed
purple boxes represent the last exonic nucleotide.
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Table 2. Breakdown of All the Splicing Mutations Reported in the KCNQ7, KCNH2 and SCN5A Genes

# splicing # variants with # variants with

# variants with

Transcript studies results

R variants  segregation studies prediction results transcript studies Exon skipping Cryptic splice site triggered
Frameshift In-frame Frameshift In-frame

KCNQI 44 19 26 13 4 8+ 3t

KCNH2 24 6 6 2 3

SCN54 27 6 17 2 1T 4%

1. One or more variants in the category cause multiple exon-skipping/cryptic splice site activation events.

is not commonly performed in diagnostic laboratories so many
presumptive splice-site mutations that are reported are largely
not confirmed at all or are assessed only by in silico prediction
programmes (Table 2).

Here we report an analysis of the transcriptional conse-
quences of novel genetic variants in the KCNQI (c.781 782
delinsTC) and SCN54 (c.2437-5C>A) genes that are predict-
ed to affect splicing in two unrelated LQTS kindreds. In both
cases, transcript analysis confirmed exon skipping and a de-
duced translational in-frame fusion of the flanking exons. In
the KCNQ| family, the mutation co-segregates with a positive
phenotype, but this is not true of the SCN54 mutation.

Materials and Methods

Genomic DNA (gDNA) analysis

gDNA was extracted from peripheral blood EDTA samples us-
ing the Gentra Puregene DNA Extraction kit (Qiagen), accord-
ing to the manufacturer’s instructions. This study proceeded
according to informed consent and Health and Disability Eth-
ics Committee approval (reference AKX 02/00/107).

DNA samples of the proband from families 1 and 2
were submitted to the Molecular Genetics Laboratory of The
Churchill Hospital (Oxford, UK), and the Department for
Medical Genetics, Oslo University Hospital (Norway), respec-
tively, for Sanger-based sequencing analysis of the KCNQI,
KCNH?2, SCN5A, KCNE1, KCNE2 and KCNJ2 genes. Subse-
quent cascade Sanger-based analysis of the remaining family
members was performed at Auckland City Hospital. Polymer-
ase chain reaction (PCR) amplification of targeted exons was
performed using 1x FastStart PCR buffer, 2 mM magnesium
chloride, 1x GC-rich solution, 0.8 uM each of the forward and
reverse primer, 0.4 mM dNTP, 0.04 U FastStart Taqg DNA Pol-
ymerase (Roche), and 50 ng of genomic DNA. The following
cycling conditions were used: 95 °C for 4 min, 35 cycles of 94
°C for 45 s, 60 °C for 30 s, 72 °C for 2 min 45 s, and a final
extension at 72 °C for 10 min.

PCR products were treated with ExoSAP-IT (Affymetrix)
prior to bi-directional DNA sequencing using BigDye Termi-
nator v3.1 (Applied Biosystems Ltd). The sequenced products
were purified using the BigDye XTerminator Purification Kit
(Applied Biosystems Ltd), and then were subjected to capil-
lary electrophoresis using the Applied Biosystems model
3130xI Genetic Analyzer. The analysis of sequence traces was

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

performed using Variant Reporter Software 2.0 (Applied Bio-
systems Ltd).

Bioinformatic analysis

Berkeley Drosophila Genome Project (BDGP) Splice Site pre-
dictor [13], Alternative Splice Site Predictor (ASSP) [14], Hu-
man Splicing Finder (HSF) [15], and MaxEntScan::score5ss
[16] were used to predict splicing effects. Default settings were
used for all programmes.

Transcript analysis

RNA was extracted from peripheral blood EDTA samples us-
ing TRIzol reagent (Life Technologies). One microgram of to-
tal RNA was reverse transcribed to cDNA using Superscript 111
reverse transcriptase (Life Technologies) primed with random
hexamers according to manufacturer’s instructions. cDNA
quality was assessed by PCR amplification of the ABL gene
transcript.

PCR amplification of defined regions of the KCNQI gene
transcript used 1x FastStart PCR buffer, 2 mM magnesium
chloride, 1% GC-rich solution, 0.8 uM each of the forward and
reverse primer (Table 3), 0.4 mM dNTP, 0.04 U FastStart Taq
DNA Polymerase (Roche), and 2 pL. cDNA. The following cy-
cling conditions were used: 95 °C for 4 min, 35 cycles of 94
°C for 45 s, 60 °C for 30 s, 72 °C for 2 min 45 s, and a final
extension at 72 °C for 10 min.

In the case of the SCN54 gene transcript, a nested PCR ap-
proach was used. The initial PCR comprised 1x FastStart PCR
buffer, 2 mM magnesium chloride, 1x GC-rich solution, 0.8
UM each of the forward and reverse outer primer (Table 3), 0.4
mM dNTP, 0.04 U FastStart Taq DNA Polymerase (Roche),
and 2 pL cDNA. The following cycling conditions were used:
95 °C for 4 min, 30 cycles of 94 °C for 45 s, 60 °C for 30 s, 72
°C for 2 min 45 s, and a final extension at 72 °C for 10 min.
The secondary (nested) PCR mixture comprised 1 pL of the
first PCR product, together with 1x FastStart PCR buffer, 2
mM magnesium chloride, 1% GC-rich solution, 0.8 pM each of
the forward and reverse inner primer (Table 3), 0.4 mM dNTP,
and 0.04 U FastStart Taq DNA Polymerase (Roche). The fol-
lowing cycling conditions were used: 95 °C for 4 min, 30 cy-
cles 0f 94 °C for 45 s, 60 °C for 30 s, 72 °C for 2 min 45 s, and
a final extension at 72 °C for 10 min.

All PCR amplicons were visualized by electrophoresis
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Table 3. Sequences of Primers for the Analysis of Gene Transcripts in Families 1 and 2

Forward primer

Reverse primer

Family 1 GCCCATTTCCATCATCGACC CAAACCCCGAGCCAAGAATC
Family 2 Outer primer GGAAACCTGGTCTTCACAGG GGAGACCACAGCAGAAATCC
Inner primer CTGGAACATCTTCGACAGCA TGTCTGCACTGAAGGAGCTG

If amplicons needed to be sequenced, then forward and reverse primers for relevant amplicons were 5'- tailed with the M13 sequences
5-TGTAAAACGACGGCCAGT-3" and 5-CAGGAAACAGCTATGACC-3', respectively. Primers corresponding to the M13 tails were used

for the sequencing reactions.

in 2% EX Agarose Gels (Life Technologies) and amplicons
were extracted from gels using the QIAquick Gel Extrac-
tion Kit (Qiagen) according to the manufacturer’s instruc-
tions. Bi-directional DNA sequencing was performed using
BigDye Terminator v3.1 (Applied Biosystems Ltd). The
sequenced products were purified using the BigDye XTer-
minator Purification Kit (Applied Biosystems Ltd), and then
were subjected to capillary electrophoresis using an Applied
Biosystems model 3130xl Genetic Analyzer. The analysis of
sequence traces was performed using Geneious v7.1.7 soft-
ware (Biomatters) [17].

Results

Clinical history

Family 1 (Fig. 2a): the proband (II-1) was a 15-year-old girl
with no prior medical history who presented with syncope af-
ter running up a flight of stairs. She was referred to the national
Cardiac Inherited Disease Group (CIDG) for further cardiac/
genetic investigation. The proband’s maternal grandfather suf-
fered sudden death at 39 years of age, and two of the grand-
father’s three siblings also died suddenly at a young age (10
years, during a running race, and 21 years, post routine sur-
gery). The proband’s cardiovascular examination was normal.
A 12-lead ECG of the proband showed a QTc of 530 ms, with
broad-based, late-onset T-waves (Fig. 3). She was clinically
diagnosed with LQTS, commenced on nadolol and had a left
cardiac sympathetic denervation (LCSD).

The proband’s mother’s (I-1) ECG showed a QTc of 475
ms and the T-wave morphology was suggestive of LQTS 1
(Fig. 3). The proband’s father (I-2) had a normal ECG (QTc
of 424 ms; Fig. 3). The proband’s two younger asymptomatic
sisters (I1I-2, aged 11 years; II-3, aged 7 years) had QTcs of
588 and 521 ms, respectively, and both had late onset T-waves
(Fig. 3). They were commenced on medical therapy, and II-2
also proceeded to LCSD. All family members have thus far
remained asymptomatic.

Family 2 (Fig. 2b): the proband (II-4) was a 25-year-old
woman who died in her sleep 4 months post-partum, after a
6-day illness (including seizures) thought to be due to food
poisoning. Thorough autopsy investigation, including detailed
cardiac investigation, revealed no cause for death. Her family
was referred to the CIDG for further cardiac/genetic investiga-
tion according to local protocols [18]. No significant family
history was apparent and no ECG of the proband existed. Her
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parents had normal echocardiography and cardiac MR scans
and her father exhibited mild left ventricular hypertrophy. In-
vestigation by ECG and/or Holter monitoring revealed normal
QTc intervals for I-2 and II-6, both with normal nocturnal QT
behavior, but II-2 had a borderline QTc of 465ms and a history
of a single startle related syncope, and I1-3 had a distinctly pro-
longed QTcs of 490 ms, both with borderline QTc prolongation
at night (nocturnal QTc prolongation being a feature of LQT3,
which is linked to SCN5A).

Molecular genetic analysis

Family 1

Sanger-based sequence analysis of the proband (II-1) identified
two apparently single heterozygous mutations in the KCNQ!
gene: ¢.781G>T and ¢.782A>C (Fig. 2a). The proband’s sis-
ters and her mother also carried the mutations, suggesting
that the mutations are in cis and so should be reported as
c.781 782delinsTC. The predicted effect of this mutation at
the amino acid level suggested an amino acid change of glu-
tamic acid to serine at residue 261. Alternatively, at the tran-
script level, in silico splice site analysis programmes predicted
that the mutation, located at the proximal (5") end of exon 6,
would abolish the splice acceptor site of exon 6 and hence lead
to exon skipping.

Transcript analysis was performed on the proband’s
mother (I-1) to resolve the above predictions. Primers were
designed to amplify regions of the KCNQ! gene transcript en-
compassing exon 6 (Fig. 4a). Sanger-based sequencing of the
about 470 bp and about 330 bp products revealed that the lat-
ter corresponded to the predicted mis-spliced (loss of exon 6)
product while the former corresponded to canonical splicing
with no loss of exon 6 (Fig. 4b).

Family 2

Sanger-based sequence analysis of the deceased proband (II-
4), as well as the proband’s mother (I-2), two sisters (II-2 and
I1-3) and brother (II-6) indicated that they carried a heterozy-
gous mutation in the SCN5A4 gene: ¢.2437-5C>A (Fig. 2b).
This mutation lies upstream of the splice acceptor site of exon
16. In silico splice site analysis predicted that the mutation
would abolish the function of the splice acceptor site leading
to the loss of exon 16, and a subsequent in-frame fusion of
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Figure 2. Pedigrees of the LQTS families and sequence electropherograms. (a) Family 1 segregates the ¢.781_782delinsTC
mutation in the KCNQ7 gene. The proband (lI-1) is indicated by the black arrow. (b) Family 2 segregates the ¢.2437-5C>A
mutation in the SCN5A gene. The proband (II-4) is indicated by the black arrow. The location of the mutation in the sequence

electropherograms is indicated by a red box.

exons 15 and 17 (Fig. 5a).

Nested PCR amplification was performed using lympho-
cyte RNA isolated from the proband’s mother (I-2) and two
sisters (II-2 and II-3). Sanger-based sequencing of the smaller
amplicon confirmed the predicted mis-splicing and loss of
exon 16 (Fig. 5b).

Given the recognized cross over phenotype seen with
SCN5A gene mutations, all three gene-positive siblings of the
deceased proband underwent sodium channel blockade with
Ajmaline and none revealed a Brugada ECG signature.

Discussion

The ¢.781_782delinsTC mutation in the KCNQ! gene has not
been reported previously in any databases. Interestingly, sin-

gle mutations have been reported at each of the 781 and 782
nucleotide positions. A ¢.781G>T mutation has been reported
by Kapplinger et al [7] where it was found in one of 2,500 un-
related patients with a subsequent prediction that it would have
a splicing effect [8]. A ¢.781G>C mutation (p.Glu261Gln;
rs199472722) has been found in 2,500 unrelated patients
and is predicted to cause a missense amino acid change as
well as affect splicing [7]. Finally, c.781G>A (p.Glu261Lys;
rs199472722) has been investigated by three groups [19, 20],
and appears to cause a loss-of-function of the mutant protein
[20, 21].

A ¢.782A>C mutation (p.Glu261Val) has not been previ-
ously reported in any databases; however, a nucleotide change
of A>T has been reported at this site and the same patient also
has the ¢.781G>T mutation [22]. No further details were given
for this patient so it is not clear whether the two mutations are
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Figure 3. ECG profiles of members of Family 1.

in cis or in trans, and no transcript analysis was performed.

The ¢.781 782delinsTC mutation is predicted to affect the
correct splicing of the KCNQ! gene transcript, which has been
confirmed here. The KCNQI protein is composed of six trans-
membrane domains (S1-S6) with the pore region between the
S5 and S6 domains (Fig. 6a). Exon 6 of the KCNQ1 gene tran-
script encodes S5 and part of the pore domain of the KCNQI1
protein [23], and 58 missense, small deletions and splice
mutations associated with LQTS 1 are located in this region
[9]. Many of the missense mutations have been functionally
characterized and have been shown to affect KCNQI protein
function, therefore the splicing out of exon 6 of the KCNQI
gene transcript is expected to be deleterious. The proband’s
mother and two sisters carry the same mutation and exhibit
signs of a prolonged QT-interval and late onset T-wave. Taken
together, our data support the ¢.781 782delinsTC mutation in
the KCNQI gene to be disease-causing.

The ¢.2437-5C>A mutation (rs72549411) in the SCN5A4
gene has been reported as benign in the ClinVar database
[24]; however, there are no publications regarding this muta-
tion. There are also no known mutations in this region that
affect splicing. Splice prediction programmes suggest that
this mutation would cause mis-splicing of the SCN54 gene
transcript, which has been confirmed here. The SCN5A pro-
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tein is composed of four repetitive transmembrane domains
(DI-DIV) with six transmembrane segments (S1-S6) for each
section (Fig. 6b). The S1-S4 domains form the sodium chan-
nel’s voltage-sensing domain, in which the positively charged
S4 domain is vital for its function [25]. The S5-S6 domains
and the intervening loop region form the central pore region
and selectivity filter [26]. Exon 16 of SCN5A4 gene encodes for
transmembrane domains 4-6 and the loop region of DII (Fig.
6b). There are 39 missense and small deletion mutations asso-
ciated with LQTS 3 located in this region [9], and some of the
missense mutations have been found to be deleterious through
functional studies. Aside from the deceased proband one gene-
positive sibling showed an equivocal long QTc interval and a
possible arrhythmic syncope but two mutation-positive family
members were asymptomatic with normal QTc intervals and
ajmaline challenges. Overall, this variant should be classified
as of unknown clinical significance despite the detectable ex-
on-skipping. Functional studies of the mutant SCN5A protein
may resolve this classification.

The variable efficacy of splice site prediction programmes
underscores the need for transcript studies to provide biologi-
cal reality to in silico conjecture. In both cases reported here,
the predictions were verified, but protein domain and segrega-
tion analysis coupled with ECG data were required to resolve
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Figure 4. Predicted outcomes for carriers of the ¢.781_782delinsTC mutation in the KCNQ17 gene, together with transcript analy-
sis. (a) The wild-type (WT) KCNQT gene transcript would be unaffected and produce normal KCNQ1, but the mutation could
cause an amino acid change at residue 261 of glutamic acid to alanine (p.E261A) or cause exon 6 to be spliced out. Primers for
the amplification of cDNA are shown as blue arrows with the lengths of anticipated amplicons shown above the relevant primer
pairs. The diagram only shows a partial representation of the KCNQ7 mRNA sequence instead of all 16 exons. The thick red line
shows the location of the ¢.781_782delinsTC mutation in relation to the rest of the exons. (b) The 2% agarose gel showing the
results of the PCR amplification of cDNA from the proband’s mother (I-1) and an unrelated control. The highest molecular weight
product is a heteroduplex of the two smaller amplicons (representing non-excised and excised exon 6 transcripts). The sequence
electropherogram of the about 470 bp amplicon (green box) shows the sequence of the junction between exons 5 and 6 (gray
dashed line) and heterozygosity for the ¢.781_782delinsTC mutation (red box). The approximate 330 bp amplicon (blue box)
shows the in-frame fusion of exon 5 and exon 7 (gray dashed line).

the classification of variants as clinically actionable, or not.
Of the 95 splice variants in the KCNQI, KCNH2 and
SCN5A genes reported in the HGMDPro 2015.4 database,
approximately 20% have been verified by transcript analysis
as leading to mis-splicing, with the majority (70%) reported
in the KCNQ1 gene (Tables 1 and 2). Interestingly, in silico
programmes were used to predict pathogenicity for twice as
many splice variants as those that were biologically verified
by transcript studies. Of the 18 transcript-verified variants,
approximately half are located at the invariant bases of the
acceptor and donor splice sites (+ 1 - 2 bp from exon/intron
boundaries) while the remainder are either located within an
exon or lie further away from the invariant bases. These data
suggest that transcript analysis is not a common tool to aid in
the classification of apparent splice variants, and that there is
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a strong preference to use prediction programmes that are less
reliable in classifying variants that lie outside the invariant
bases [10].

There are only two other reported transcript studies sup-
porting pathogenicity for apparent splice site variants in the
SCN5A gene, and our single case reported here is the third, and
only one lying outside the invariant bases. The lack of geno-
typic correlation with phenotype in our SCN5A kindred may
signal a need for extreme caution in interpreting such variants
in a gene that is linked to different cardiac phenotypes.

Conclusions

We report two unrelated cases of mutations in the KCNQ! and
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sulting in an in-frame fusion of the flanking exons. Despite this
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Figure 5. Predicted outcomes for carriers of the ¢.2437-5C>A mutation in the SCN5A gene, together with transcript analysis. (a)
Diagrammatic representation of the genomic location of the ¢.2437-5C>A mutation in the SCN5A gene in relation to the other
exons (indicated by the red arrow; top), and the amplicon sizes of the expected PCR products for an unaffected individual (bottom
left), and the shortened amplicon sizes for the carriers of the mutation if exon 16 were spliced out (bottom right). The diagram
only shows a partial representation of the SCN5A genomic/mRNA sequence instead of all 16 exons. (b) The 2% agarose gel
showing the results of PCR amplification of cDNA from the proband’s sister (II-3) and an unrelated control. The sequence elec-
tropherogram of the higher molecular weight amplicon (green box) shows the junction between exons 15 and 16 (gray dashed
line). The sequence electropherogram of the lower molecular weight amplicon (blue box) shows the in-frame fusion of exons 15
and 17 (gray dashed line).

finding, further work may be required at the protein level to
determine the role that in-frame fusions have on protein func-
tion. Generally, however, our results highlight the importance
of undertaking two inter-related analyses for splice-site vari-
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Figure 6. Diagrammatic representation of the KCNQ1 and SCN5A proteins. (a) The KCNQ1 protein is composed of six trans-
membrane domains (S1-S6) with a pore region between S5 and S6 (shown in orange). The section encompassed by the two
red scissors and colored in light blue is encoded by exon 6 of the KCNQ7 gene. (b) The SCN5A protein is composed of four
homologous transmembrane domains (DI-DIV) with six transmembrane segments (S1-S6) in each section. The four sections’
S1-S4 domains form the channel’s voltage-sensing region, and the four S5-S6 domains with the intervening loop region form the
central pore region and selective filter. The section encompassed by the two red scissors and colored in light green is encoded

by exon 16 of the SCN5A gene.

ants. The first, transcript analysis, should be used to provide
biological evidence of mis-splicing. The second, segregation
analysis, should allow genotype: phenotype correlations to be
made.
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