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Abstract
Mutations in the human ether-a-go-go-related gene (hERG) cause type 2 long QT syndrome. In this
study, we investigated the mechanism of the hERG splice site mutation 2398+1G>C and the
genotype-phenotype relationship of mutation carriers in three unrelated kindreds with long QT
syndrome. The effect of 2398+1G>C on mRNA splicing was studied by analysis of RNA isolated
from lymphocytes of index patients and using minigenes expressed in HEK293 cells and neonatal
rat ventricular myocytes. RT-PCR analysis revealed that the 2398+1G>C mutation disrupted the
normal splicing and activated a cryptic splice donor site in intron 9, leading to the inclusion of 54 nt
of the intron 9 sequence in hERG mRNA. The cryptic splicing resulted in an in-frame insertion of
18 amino acids in the middle of the cyclic nucleotide binding domain. In patch clamp experiments
the splice mutant did not generate hERG current. Western blot and immunostaining studies showed
that the mutant expressed an immature form of hERG protein that failed to reach the plasma
membrane. Coexpression of the mutant and wild-type channels led to a dominant negative
suppression of wild-type channel function by intracellular retention of heteromeric channels. Our
results demonstrate that 2398+1G>C activates a cryptic site and generates a full-length hERG protein
with an insertion of 18 amino acids, which leads to a trafficking defect of the mutant channel.
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1. Introduction
Long QT syndrome type 2 (LQT2) is caused by mutations in the human ether-a-go-gorelated
gene (hERG) [1]. hERG encodes the pore-forming subunit of the rapidly activating delayed
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rectifier K+ channel (IKr), which is one of the major ion channel currents contributing to the
repolarization of the cardiac action potential [2–4]. A wide spectrum of hERG mutations has
been identified including missense, nonsense, in frame insertion or deletion, frameshift and
splice site mutations [5–9]. The effects of missense, nonsense, and frameshift mutations on
hERG channel function have been studied experimentally [10–14]. However, less is known
about the pathogenic mechanisms of splice site mutations in LQT2. To date, more than 10
splice site mutations have been identified in hERG from LQT2 patients [5–9]. For most splice
site mutations in hERG, the alterations in the mRNA transcripts were not reported. Although
splice site mutations are expected to cause abnormal splicing, it is not possible to predict with
certainty how the splice site mutations affect pre-mRNA splicing by genomic sequence analysis
alone. Studies of splicing defects in a variety of diseases have shown that splice site mutations
can result in different abnormal splicing patterns including exon skipping, use of nearby cryptic
splice sites, and whole intron retention [15,16]. Cryptic splice sites are silent splice sites that
are activated when the authentic splice site is destroyed by mutations. In order to understand
the causative role of splice site mutations in LQT2, it is crucial to perform functional analysis
of these mutations at the mRNA level. To date, only the 1945+6T>C splice site mutation in
hERG has been experimentally characterized at the mRNA level [8]. This splice site mutation
has been shown to cause intron 7 retention and exon 7 skipping. Intron 7 retention resulted in
the truncation of the hERG channel protein and nonfunctional channels [8].

In this study we investigated the pathogenic mechanism of the hERG splice site mutation 2398
+1G>C and genotype-phenotype relationship of the mutation carriers. The 2398+1G>C
mutation has been identified in three unrelated LQT2 kindreds [1,5,7]. This mutation affects
the consensus sequence of the donor splice site of intron 9. The donor splice site is defined by
a consensus sequence of 9 bp at the exon-intron boundary. The 2398+1G>C mutation involves
the G at +1 position, which is 100 % conserved. Although this mutation is predicted to disrupt
normal splicing of intron 9 [1], how it alters splicing is unknown. Our results demonstrate that
the 2398+1G>C mutation disrupts the normal splicing and leads to the activation of a
downstream cryptic splice site. The cryptic splicing results in a full-length hERG protein with
an insertion of 18 amino acids, leading to a trafficking defect of the mutant channel.

2. Materials and Methods
2.1. Subjects

The study was approved by the institutional review board and carried out on receipt of informed
consent from all study participants. The participants were from three kindreds previously
identified as having the 2398+1G>C mutation. Phenotyping was performed based on the
history of LQTS-related cardiac events, clinical assessment according to the enhanced ECG
criteria in regard to QT intervals and T-wave morphology, and pedigree analysis [8]. Normal
unrelated individuals served as controls.

2.2. hERG minigenes and cDNA constructs
Human genomic DNA was used as a template for PCR amplification of a fragment spanning
from hERG exons 8 to 11. The PCR products were cloned into pCRII vector using TA cloning
kit (Invitrogen, Carlsbad, CA), and verified by DNA sequencing. The minigene was then
subcloned into a mammalian expression vector pcDNA5/FRT (Invitrogen), containing a
cytomegalovirus (CMV) promoter. The N-terminus of the minigene was tagged by the Myc
epitope preceded by a Kozak sequence with a translation start codon, which is in-frame with
the hERG translation sequence. The 2398+1G>C mutation in the minigene was generated using
pAlter in vitro site-directed mutagenesis system (Promega, Madison, WI). hERG cDNA with
the in-frame insertion of 18 amino acids was made by subcloning the RT-PCR fragment
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containing the 54 bp insertion into the hERG cDNA backbone by SphI and StuI sites. The Flag-
and Myc-tagged hERG cDNA constructs were previously described [12,17].

2.3. Transfection of HEK293 cells
The minigene constructs in pcDNA5/FRT vector were stably transfected into HEK293-Flp-In
cells as previously described [18]. The hERG cDNA constructs in pcDNA3 vector were stably
or transiently transfected into HEK293 cells as previously described [4,11].

2.4. Construction and use of recombinant adenovirus
The AdEasy vector kit was used to generate WT and 2398+1G>C minigene recombinant
adenoviruses (Stratagene, La Jolla, CA). First, the WT and 2398+1G>C minigenes were
subcloned into pShuttle-CMV vector and recombined with the pAdEasy plasmid in
Escherichia coli strain BJ5183. The pAdEasy/minigene plasmids were transfected into
HEK293 cells. After 2 days, the transfected cells were cultured in growth medium containing
1.25% Seaplaque-agarose to promote the formation of recombinant viral plaques.
Approximately two to three weeks later, individual plaques were picked, amplified in HEK293
cells, and purified over a discontinuous CsCl gradient.

2.5. Primary culture of neonatal rat ventricular myocytes
Neonatal rat ventricular myocytes were prepared as described [18]. Briefly, hearts were
removed from 1 to 3-day-old Sprague-Dawley rat pups. The ventricles were trimmed free of
atria, fat and connective tissues. Myocytes were dissociated by several 20-minute cycles of
collagenase/pancreatin treatment. Myocytes were cultured in DMEM with 17% Media 199,
1% penicillin/streptomycin, 10% horse serum and 5% fetal bovine serum. After one day in
culture, myocytes were infected with the recombinant adenoviruses.

2.6. RT-PCR analysis of RNA splicing
For endogenous hERG RNA splicing assays, total RNA was isolated from lymphocytes of
normal subjects and patients carrying the 2398+1G>C mutation using the RiboPure Blood kit
(Ambion, Austin, TX). Contaminating genomic DNA was removed by DNase I treatment
according to the protocol provided by the supplier. For minigene splicing assays, cytoplasmic
RNA was isolated from transfected HEK293 cells or neonatal rat ventricular myocytes using
the Qiagen RNeasy kit. After reverse transcription (RT) using the SuperScript III First-Strand
DNA Synthesis kit (Invitrogen), PCR was performed with primers in exon 8 (forward 5'-
CTCGAGGA GTACTTCCAGCACG-3') and exon 10 (reverse 5'-
TTGCCAGGCCTTGCATACAG-3') for RNA isolated from lymphocytes and HEK293 cells.
For RT-PCR analysis of RNA isolated from neonatal rat ventricular myocytes, a reverse primer
complementary to the sequence in the recombinant adenovirus (reverse 5'-
GATCCGGTGGATCGGATATCT-3') was used to distinguish between the mRNA transcripts
of the infected minigene and endogenous rat ERG. The PCR products were analyzed by
electrophoresis on agarose gels, and cloned into pCRII vector for sequence analysis.

2.7. Patch clamp recordings
Membrane currents were recorded in whole cell configuration using suction pipettes as
previously described [4,11]. All patch clamp experiments were performed at 22–23°C. The
patch clamp data are presented as mean±SEM and analyzed by Student’s t-test. P<0.05 is
considered statistically significant.
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2.8. Western blot and immunoprecipitation
Western blot and immunoprecipitation were performed as previously described [12,17]. The
cell lysates were immunoprecipitated with anti-Myc antibody followed by Western blot with
anti-Flag antibody. The membranes were also probed with anti-Myc antibody after stripping
out the anti-Flag antibody.

2.9. Immunofluorescence microscopy
The immunofluorescence microscopy was performed as previously described [17]. Cells were
fixed with 4% paraformaldehyde and incubated with anti-hERG antibody (1:3000) at 4°C
overnight followed by Alexa 488 conjugated goat anti-rabbit IgG secondary antibody
(Molecular Probes, Eugene, OR). Immunofluorescence staining was viewed with a Nikon
fluorescence microscope.

3. Results
3.1. Phenotyping

Phenotyping was characterized in 7 patients carrying the 2398+1G>C mutation from three
kindreds based on medical history, ECG assessment, and pedigree analysis. The genotyping
of these families has been reported previously [1,5,7]. QTc of initial ECG was 477±34 ms
(n=7, one patient from family 1, five patients from family 2, and one patient from family 3).
Four patients had syncope episodes and one of them developed cardiac arrest due to tosade de
points with subsequent ventricular fibrillation. Five patients were on beta-blockers, and two
of them also had ICD therapy.

3.2. Analysis of RNA splicing in lymphocytes of patients carrying the 2398+1G>C mutation
When the 2398+1G>C mutation was first identified in 1995, it was predicted to disrupt normal
splicing of intron 9 [1]. However, it is not possible to predict how this splice site mutation
affects pre-mRNA splicing by genomic sequence analysis alone. It is important to analyze the
2398+1G>C mutation at the mRNA level. Because the affected heart tissue from the mutation
carriers was not available for this study, we analyzed hERG mRNA transcripts isolated from
lymphocytes of the patients carrying the 2398+1G>C mutation. Expression of hERG
transcripts in lymphocytes has been reported previously [18,19]. Figure 1A shows the RT-PCR
analysis using the primers in exon 8 and exon 10 as described in methods. RT-PCR analysis
of RNA isolated from lymphocytes of a normal subject yielded a single PCR product of 362
bp, corresponding to the normal splicing. In contrast, RT-PCR analysis of RNA isolated from
lymphocytes of the proband of family 2 showed two bands at 362 bp and 416 bp. To better
define the identity and the origin of the spliced transcripts, we sequenced the PCR products
from the lymphocytes. Sequence analysis of the 362 bp PCR products confirmed that the
normal 5' donor splice site of intron 9 was used in the both normal subject and the proband.
Sequence analysis of the 416 bp PCR product from the proband revealed that a cryptic 5' donor
site located 54 nt downstream of the normal site was used (Fig. 1B). The same result was
observed in another mutation carrier of this family. These findings strongly suggest that the
2398+1G>C mutation activates a cryptic site in intron 9. The cryptic splicing results in the
inclusion of 54 nt of the intron 9 sequence in hERG mRNA (Fig. 1C) and leads to an in-frame
insertion of 18 amino acids (AMGWGAGTGLEMPS AASR) in the middle of the cyclic
nucleotide binding domain (between residue 799 and 800). Thus, the 2398+1G>C mutation
produces a full-length hERG channel with a large in-frame insertion.

3.3. Minigene splicing in HEK293 cells and rat neonatal ventricular myocytes
The analysis of RNA from patients indicates that the 2398+1G>C mutation leads to the
activation of a cryptic site. However, it is unclear from these experiments whether the 2398
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+1G>C mutation completely disrupts the normal splicing, because the normally spliced band
(362 bp) in the lymphocytes of mutation carriers could come from either the normal or mutant
allele. To further characterize the 2398+1G>C mutation, we performed minigene splicing
assays in HEK293 cells and neonatal rat ventricular myocytes. The minigene contains the
hERG genomic sequence spanning from exon 8 to exon 11 (Fig. 2A). HEK293 cells were
transfected with wild-type (WT) and 2398+1G>C mutant minigenes, and the expressed RNA
was analyzed by RT-PCR with the same primers as used in Fig 1. RT-PCR analysis of RNA
isolated from cells transfected with the WT minigene yielded a PCR product of 362 bp, while
in the 2398+1G>C mutant minigene a 416 bp fragment was observed (Fig. 2B). Sequence
analysis of the PCR products revealed that the same cryptic 5' donor site as that observed in
patient's lymphocyte RNA was used. These results indicate that the 2398+1G>C mutation
completely disrupts normal splicing and leads to cryptic splicing.

In order to determine whether the cryptic splicing observed in the lymphocytes and HEK293
cells is also present in the heart, we expressed the WT and 2398+1G>C minigenes in neonatal
rat ventricular myocytes using adenovirus constructs. RT-PCR analysis using primers in exon
8 and adenovirus described in methods showed that the WT minigene produced a 641 bp
fragment and the mutant minigene yielded a 695 bp fragment (Fig. 2C). Sequence analysis
confirmed that the same cryptic 5' donor site as that observed in lymphocytes and HEK293
cells was used by neonatal rat ventricular myocytes. Thus, our results suggest that the cryptic
splicing is likely to occur in the heart.

3.4. Functional analysis of the splice mutant
The above experiments at the mRNA level indicate that the cryptic splicing caused by the 2398
+1G>C mutation leads to a full-length hERG protein with a large in-frame insertion of 18
amino acids. To study functional consequences of the insertion, we introduced these 18 amino
acid residues into hERG cDNA and expressed the splice mutant channel in HEK293 cells.
Patch clamp experiments showed that the mutant channel did not produce hERG current (Fig.
3A). Panel B shows the I–V plot of hERG current amplitude present at the end of the
depolarizing steps. The maximal outward current in WT hERG was observed at voltage step
to 0 mV, and at more positive voltages there was a steep negative slope conductance. The peak
current density of WT hERG was 36.7±6.8 pA/pF (n=8). For the 2398+1G>C mutation, the I–
V plot of the current present at the end of the depolarizing steps showed a linear relation
consistent with a small amplitude leak current as previously reported in untransfected HEK293
cells [4].

3.5. Defective trafficking of the splice mutant
To determine the underlying mechanism responsible for the lack of hERG current in the splice
mutant, we performed Western blot analysis of hERG channel proteins (Fig. 4). WT hERG
expressed two protein bands at 135 kDa and 155 kDa. The 135 kDa band represents the core-
glycosylated immature form of the channel protein located in the ER and the 155 kDa band
represents the complex-glycosylated mature form of the channel protein located in the plasma
membrane [4,11,20]. The splice mutant expressed a single band at about 135 kDa. To study
the cell surface expression of hERG channel proteins, the intact cells transfected with WT
hERG or the splice mutant were treated with proteinase K. The 155 kDa band of WT hERG
was sensitive to proteinase K treatment with the appearance of digested lower molecular weight
bands at 60–75 kDa as described previously [11]. For the splice mutant, the single band was
resistant to the proteinase K treatment, suggesting that the mutant channel is not expressed on
the cell surface. To confirm the biochemical results, we performed immunofluoresence staining
of WT and mutant channels. The cells expressing WT hERG showed a diffused staining pattern
throughout the cells including the plasma membrane (Fig. 5 A and B). In the cells expressing
the splice mutant the staining pattern was more restricted to a perinuclear region (Fig. 5 C and
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D). The immunostaining findings are consistent with the Western blot results and suggest that
the insertion of 18 amino acids leads to defective trafficking of the mutant channel. Our
previous studies have shown that many trafficking defective LQT2 mutations can be rescued
by low temperature or hERG channel blocking agent E-4031 [21,22]. However, low
temperature and E-4031 had no effect on the trafficking of the splice mutant (data not shown).

3.6. Dominant negative effect
Because all mutation carriers are heterozygous for the 2398+ 1G >C mutation, both normal
and mutant alleles are present in these patients. We next tested whether the mutant channel
protein caused by 2398+1G>C exerts a dominant negative effect on WT hERG channel
function. We coexpressed the mutant and WT hERG by transiently transfecting the splicing
mutant or control plasmid (pcDNA3 vector) into a WT hERG stable cell line [4,12]. When the
splice mutant was coexpressed with WT hERG, it caused a significant decrease in hERG
current amplitudes (Fig. 6). Panel B shows the I–V plot of peak tail current densities measured
at −50 mV against preceding test voltages for WT + vector (n=12) and WT + the splice mutant
(n=8, p<0.05 at all voltages more positive than −30 mV). To study the voltage dependence of
hERG channel activation, we fit the normalized tail currents with a Boltzmann function. The
half-maximal activation voltages (V1/2) and k values for WT + vector (n=12) and WT + the
splice mutant (n=8) were not significantly different (−14.4±1.8 mVand −12.6±2.3 mV for
V1/2, respectively, p>0.05, and 7.7±0.3 and 8.6±0.7 for k value, respectively, p>0.05).

3.7. Coassembly of the splice mutant with WT hERG
The presence of a dominant negative effect for the splice mutant suggests that it can coassemble
with WT hERG to form heteromeric channels. To directly demonstrate the coassembly of the
splice mutant with WT hERG, we performed coimmunoprecipitation analysis using
differentially tagged WT hERG and the splice mutant. We cotransfected Myc-tagged WT
hERG (WT-Myc) with Flag-tagged WT hERG (WT-Flag) or Flag-tagged splice mutant (Mut-
Flag) in HEK293 cells. Coassembly of Flag-tagged and Myc-tagged hERG channel proteins
was determined by immunoprecipitation with anti-Myc antibody followed by Western blot
analysis with anti-Flag antibody. As shown in Fig. 7, WT-Flag and Mut-Flag were
coimmunoprecipitated with WT-Myc in cotransfected cells. The coimmunoprecipitation was
not observed in cells transfected with WT-Myc, WT-Flag or Mut-Flag alone (lanes 1–3). The
membranes were also reprobed with anti-Myc antibody to show efficient immunoprecipitation
of Myc-tagged hERG proteins. The association of WT-Myc and WT-Flag was observed in
both immature and mature forms of hERG channel protein. In contrast, the association of WT-
Myc and Mut-Flag was observed primarily in the immature form of hERG channel protein,
suggesting that coassembly of the splice mutant and WT hERG occurs prior to the formation
of complex glycosylation in the hERG channel biosynthesis pathway. Western blot analysis
of the cell lysates without immunoprecipitation showed that coexpression of the splice mutant
and WT hERG resulted in a marked decrease in the mature form of Myc-tagged WT hERG.
These results suggest that coexpression of the splice mutant with WT hERG causes defective
trafficking of WT subunits similar to that of mutant subunits.

4. Discussion
Accurate pre-mRNA splicing is essential for the conversion of nascent transcripts to mRNA
templates for protein synthesis. Pre-mRNA splicing depends upon the recognition of the 5' and
3' splice sites as well as the branch point. These sequences appear to be vulnerable to disease-
causing mutations. It has been estimated that up to 15% of all point mutations causing human
genetic diseases result in an mRNA splicing defect [15]. The 2398+1G>C mutation in hERG
has been identified in three unrelated kindreds with long QT syndrome [1,5,7]. This mutation
involves the +1 position of the 5' donor splice site of intron 9. When the 2398+1G>C mutation

Gong et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was first identified, it was predicted to result in protein truncation due to potential abnormal
splicing [1]. However, our present analysis at the mRNA level demonstrates that the 2398
+1G>C mutation leads to the activation of a cryptic site 54 bp downstream from the normal
site of intron 9. Thus, rather than protein truncation this mutation results in the production of
a full-length channel with the insertion of 18 amino acids in the middle of the cyclic nucleotide
binding domain. This is the first report that a splice site mutation in hERG results in the
utilization of a cryptic splice site and leads to a large in-frame insertion in the hERG channel.
Our findings underscore the importance of studying LQT2 splice site mutations at the mRNA
level.

Using RNA isolated from the lymphocytes of the patients carrying the 2398+1G>C mutation,
we were able to show that the endogenous mutant RNA undergoes cryptic splicing. The use
of RNA from lymphocytes for studying splice site mutations has been reported in several
human heart diseases including KCNQ1 in LQT1 and SCN5A in Brugada syndrome [23–27].
One limitation of using lymphocytes is that the aberrant splicing observed in lymphocytes may
not be present in the heart. In the present study we have used a minigene system to demonstrate
that the same cryptic site as that observed in lymphocytes was used in neonatal rat ventricular
myocytes. This result strongly suggests that the cryptic splicing remains in the mammalian
ventricular myocyte and is likely to occur in the human heart of subjects carrying the mutation.
Our present findings also show that lymphocytes may be a convenient source of endogenous
hERG mRNA for studying other LQT2 splice site mutations when the affected heart tissues
are not available.

In general, mutation of a splice site can result in one or a combination of splicing defects. These
defects include the failure to recognize the affected exon resulting in exon skipping, activation
of a cryptic site, and inability to recognize the affected intron resulting in whole intron retention.
For the 2398+1G>C mutation, the activation of a cryptic site in intron 9 might be due to the
intrinsic strength of the cryptic site. The sequence of the cryptic 5' splice site in intron 9 is
GAG/gtgcga. We calculated the consensus value (CV) scores of the normal, mutant and cryptic
splice sites using the method described by Shapiro and Senapathy [28]. The consensus value
reflects the similarity of a splice site to the consensus sequence, and most splice donor sites
have a score of 70 or higher. The CV scores of WT, 2398+1G>C and the cryptic splice site are
76.3, 58.0 and 79.6, respectively. Thus, the cryptic splice site has an intrinsic strength
comparable to that of the normal splice site of intron 9. However, in normal conditions the
cryptic site is completely inactive even though its CV score is slightly higher than that of the
normal site. The cryptic site is activated when the normal site is disrupted by the mutation with
a dramatic decrease in the CV score.

The functional studies indicate that the insertion of 18 amino acids in the cyclic nucleotide
binding domain results in defective trafficking of the mutant hERG channel. Defective
trafficking of mutant hERG channels has been shown to be the most common mechanism in
LQT2 missense mutations [22]. These trafficking deficient hERG mutants are retained in the
endoplasmic reticulum due to prolonged association with chaperone proteins calnexin, Hsp70
or Hsp90, and are rapidly degraded by the ubiquitin proteasome pathway [29–31]. It is noted
that all LQT2 mutations in the cyclic nucleotide binding domain lead to defective trafficking
of mutant channels [22,32]. The large insertion caused by the cryptic splicing involves a highly
ordered structure in β5 region of the cyclic nucleotide binding domain, which has been shown
to play an important role in hERG channel trafficking [32]. The present results also show that
coexpression of mutant and WT channels leads to a dominant negative suppression of WT
channel function by intracellular retention of heteromeric channels. The presence of the
dominant negative effect is consistent with the observed clinical presentation of the patients
carrying the 2398+1G>C mutation. Four of seven mutation carriers had syncope episodes.
Previous phenotype-genotype correlation studies have shown that patients with mutations in
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the pore region of the hERG gene are at markedly increased risk for arrhythmia-related cardiac
events compared with patients with nonpore mutations [33]. One of the families (family 2) in
the present study was also included in that report. Although this family was assigned to the
nonpore mutation group, the mutation carriers from this family appear to have a higher risk
for arrhythmia-related cardiac events than other patients with nonpore mutations. Three of five
mutation carriers in this family had syncope episodes and one of them developed cardiac arrest.
Two patients in this family required ICD therapy. Our present study suggests that the severe
clinical phenotype of this family might be explained by the presence of the dominant negative
effect observed in the 2398+1G>C mutation.

In conclusion, the 2398+1G>C mutation disrupts the normal splicing and leads to the activation
of a downstream cryptic site. The cryptic splicing results in a full-length hERG channel with
an insertion of 18 amino acids, leading to a trafficking defect of the mutant channel. These
findings indicate that functional analyses at both mRNA and protein levels are important for
obtaining a full understanding of putative splice site mutations in hERG. The identification of
the pathogenic mechanisms of hERG mutations will facilitate the studies of genotype-
phenotype relationship in LQT2.
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Figure 1.
RT-PCR analysis of hERG mRNA isolated from lymphocytes. A: mRNA was isolated from
a normal subject (NS) and the proband of family 2. RT- PCR was performed using primers in
exon 8 and exon 10 as indicated by arrows. Control lanes: no reverse transcriptase in RT
reaction. Similar results were obtained from another mutation carrier of this family and two
independent experiments were performed for each patient. B: Sequence analysis of the 362 bp
product from a normal subject (top panel) and the 416 bp product from the proband (bottom
panel). Arrow head indicates the 2398+1G>C mutation. C: Schematic presentation of normal
and cryptic splicing.
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Figure 2.
Analysis of the 2398+1G>C mutation using minigenes expressed in HEK293 cells and neonatal
rat ventricular myocytes. A: Diagram of the hERG minigene used in transfection experiments.
B: The WT and 2398+1G>C minigenes were transfected into HEK293 cells and isolated RNAs
were amplified by RT-PCR with the same primers as used in figure 1. CON: untransfected
HEK293 cells. C: The WT and 2398+1G>C minigenes were infected into neonatal rat
ventricular myocytes using adenovirus constructs. RT-PCR was performed using the same
forward primer as above and a reverse primer complementary to the sequence in the
recombinant adenovirus. CON: uninfected myocytes. Results shown are representative of three
independent experiments.
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Figure 3.
Voltage clamp recordings of WT and the splice mutant expressed in HEK293 cells. A:
Representative currents recorded from cells transfected with WT hERG or the splice mutant.
Cells were held at −80 mV and depolarized to voltages between −70 and 60 mV for 4 seconds.
Cells were then clamped to −50 mV for 6 seconds to record a tail current. For clarity, only
selected current traces (as labeled) are shown. B: I–V plot of hERG current recorded at the end
of depolarizing steps from WT hERG (circles, n=8) and the splice mutant (triangles, n=6).
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Figure 4.
Western blot analysis of WT and splice mutant channels. HEK293 cells were transfected with
WT and the splice mutant. The intact cells were treated with (+) or without (−) proteinase K.
The isolated membrane proteins were subjected to SDS-PAGE and immunoblotted with anti-
hERG antibody. Results shown are representative of three independent experiments.
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Figure 5.
Immunofluorescence staining for localization of WT and splice mutant channels. HEK239
cells were transfected with WT (A and B) and the splice mutant (C and D). For each
transfection, a phase contrast photograph (A and C) and anti-hERG antibody staining (B and
D) are shown. Calibration bar = 20 µm.
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Figure 6.
Dominant negative effect of the splice mutant. Control plasmid (pcDNA3 vector) and the splice
mutant were transiently transfected into a WT hERG stable cell line. The hERG current was
activated with the voltage clamp protocol used in Figure 3. A: Representative currents recorded
from the hERG stable cell line following transfection of pcDNA3 vector (WT + vector) and
the splice mutant (WT + Splice mutant). For clarity, only selected current traces (as labeled)
are shown. B: I–V plot of hERG tail current densities measured at −50 mV following test
voltages from −70 to 60 mV for WT + vector (circles, n=12) and WT + Splice mutant (triangles,
n=8).
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Figure 7.
Coassembly of the splice mutant with WT hERG. Flag-tagged WT hERG was cotransfected
with Myc-tagged WT hERG or splice mutant in HEK293 cells. Cell lysates were subjected to
immunoprecipitation with anti-Myc antibody followed by immunoblotting with anti- Flag or
anti-Myc antibody as indicated. Cell lysates were also immunoblotted with anti-Flag or anti-
Myc antibody as indicated. Results shown are representative of three independent experiments.
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