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Patient with Syncope and LQTS Carrying a Mutation in
the PAS Domain of the hERG1 Channel
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We report the case of a woman with syncope and persistently prolonged QTc interval. Screening of
congenital long QT syndrome (LQTS) genes revealed that she was a heterozygous carrier of a novel
KCNH2 mutation, ¢.G238C. Electrophysiological and biochemical characterizations unveiled the
pathogenicity of this new mutation, displaying a 2-fold reduction in protein expression and current
density due to a maturation/trafficking-deficient mechanism. The patient’s phenotype can be fully
explained by this observation. This study illustrates the importance of performing genetic analyses
and mutation characterization when there is a suspicion of congenital LQTS. Identifying mutations in
the PAS domain or other domains of the hERG1 channel and understanding their effect may provide
more focused and mutation-specific risk assessment in this population.
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INTRODUCTION

Congenital long OT syndrome (LOTS) is a ge-
netic disorder primarily resulting from mutation-
induced loss-of-function of cardiac ion channels
or mutations in channel-associated proteins, and
characterized by the electrocardiographic finding
of QT interval prolongation and T wave abnor-
malities.! This syndrome affects an estimated 1 in
2500 people? and typically presents with syncope,
seizures or sudden death. Congenital LOTS types
are named depending on the gene affected. There
are currently 13 genes reported and among them
6 encode potassium channel subunits.’>”> KCNQ1
and KCNH2 genes encode voltage-gated potassium
channels essential for the repolarizing currents (Igs
and Ig,) of the cardiac action potential and thus

its duration. They are the most common genes
mutated in congenital LOTS, typel (LOT1) and 2
(LQT2), respectively. Nearly 600 LOT2-mutations
have been reported in KCNH2, the gene encod-
ing the hERG1 protein (www.HGMD.cf.ac.uk). Re-
cently, several mutations in the amino-terminus
PAS-domain were reported, all showing defective
maturation and/or trafficking of hERG1 channels
to the cell membrane as well as reduced channel
currents.®710

In the present study, we report the case of a
young woman with syncope and a persistently pro-

longed QTc interval. Screening of congenital-LOTS
genes revealed that she was a heterozygous car-
rier of a yet-undescribed KCNHZ2 mutation in the
PAS domain. Electrophysiological and biochem-
ical characterizations unveiled the pathogenicity
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of this mutation and highlighted the importance
of trafficking-deficient mechanisms affecting PAS-
domain mutations of hERG1.

CASE PRESENTATION

A 20-year-old female of Caucasian origin was re-
ferred to our hospital after having 2 episodes of syn-
cope. The first syncopal event occurred 10 months
prior with clonical-type movements, but without
tongue bite or urinary loss. No cardiac assess-
ment was performed at that time. The second
episode occurred a few days prior to presentation.
According to the patient’s report a short malaise
preceded a 5-minute long fainting period, but no
one witnessed the event. Both episodes were post-
prandial, while the patient was at rest and without
adrenergic stimulation. Outpatient cardiac evalua-
tion showed a prolonged QT interval, QTc values
of 536 ms to 575 ms, and variations in T wave
morphology. Echocardiography revealed very mild
mitral valve regurgitation with no evidence of
valvular prolapse. Cardiac assessment upon admis-
sion to our hospital confirmed the prolonged QT
interval (Fig. 1, QT = 560 ms) and showed bifid
T waves in precordial leads. During exercise test-
ing no further QT prolongation was measured

12-lead ECG recorded

Figure 1.
PR: 140 ms. QRS: 80 ms, normal axis. Prolongation of QT interval with an obvious
bifid T wave in precordial lead V,-V3, and a subtle bifid T wave in V4-Vg. QTc : 560 ms.

at

(Fig. 2), suggesting a limited risk during exercise
activities in accordance with the clinical history
of the patient. Because patient's ECG recorded at
admission was consistent with congenital LOTS,
and more specifically LOT2 because of the char-
acteristic bifid T wave morphology,!''? the pa-
tient was started on beta-blocker treatment (meto-
prolol, 25 mg daily), with no further episodes
reported since. The clinical diagnosis of congen-
ital LOTS was followed by genetic screening of
the main genes known to be involved in LQOTS,
leading to the identification of a new heterozy-
gous missense mutation in KCNHZ2 (c.G238C,
p-A80P).

The first degree family history revealed that the
patient’s parents and two siblings were in good
health. The enlarged family history showed only
one case (a maternal great-uncle) of a relatively
premature and undetermined death reported to be
due to myocardial infarction. A family letter was
given to the patient to inform her relatives regard-
ing LOTS condition and mode of inheritance. In-
formation was given regarding incomplete pene-
trance, diagnostic and therapeutic options.'® The
proband’s father and sister underwent cardiologic
examination and their ECG showed no abnormali-
ties. Both declined genetic testing. Other relatives

admission.  Sinus rhythm 58 bpm.
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Figure 2. 12-lead ECG recorded before and during exercise test. QTUc mea-
surement in leads Il and Vs: at rest (570 ms), at the end of stress (520 ms),
after 2 min (550 ms) and 10 min of recovery (550 ms).
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did not undertake cardiologic or genetic testing un-
til now.

METHODS

A complete version of the methods is presented
in Supporting Information file 1.

MOLECULAR AND FUNCTIONAL
ANALYSES

Genetic screening of the proband for the three
main LOTS genes revealed the presence of a het-
erozygous point mutation in KCNH2, with no ab-
normal variants in KCNQI1 or SCN5A. The KCNH2
c.G238C mutation translates into the missense
p-A80P mutation at the protein level, which affects
a residue of the amino-terminal PAS domain of the
hERG1 channel.

Generation of the plasmid encoding the hERG1-
A80P mutant allowed for its electrophysiologi-
cal and biochemical characterization. Patch-clamp
technique in whole cell configuration was used
to measure the current density in CHO cells
transiently expressing wild-type (WT) and mutant
hERGT1 channels (Fig. 3A). When compared with
hERG1-WT condition (100% =+ 10% in Fig. 3A),
the heterozygous-mimicking condition (hERG1-
WT/A80P) elicited only half of the tail current at

—20mV (52% =+ 11%), whereas complete hERG1-
AB8OP elicited almost no current (4% + 2%). These
results are consistent with a complete loss of
function of the hERG1-A80P mutant in a hap-
loinsufficient phenotype. Protein expression was
assessed using Western blot analysis (Fig. 3B),
where hERG1-WT protein appears with a lower
band at 135kDa (nonmature form) and a higher
band at 155kDa (fully glycosylated and mature
form). Functional channels at the cell surface are
mainly constituted by fully glycosylated subunits.
There was a clear decrease of the fully glycosy-
lated band in the heterozygous-mimicking condi-
tion (46% =+ 5% of hERG1-WT 155kDa band), and
no signal was observed for the A80P-mutant ho-
mozygous condition (0.6% =+ 2.8% of hERG1-WT
155kDa band). These results are in line with the
functional assay of current measurement. Interest-
ingly, the nonmature band was still present for the
homozygous-mutant condition. The signal intensity
for the 135kDa band of hERG1-A80P was 22% =+
6% of hERG1-WT, and heterozygous condition pre-
sented intermediate intensity values of 66% + 7%
(Fig. 3B).

DISCUSSION

The PAS domain is a highly structured domain
in the amino-terminus of the hERG1 channel. It
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Figure 3. Electrophysiological and biochemical characterization of hERG1-A80P mutant (A) Upper panel: patch-clamp
current recordings of hERG1-WT, heterozygous (hERGT-WT/A80P) and homozygous hERG1-A80P mutant obtained in
whole cell configuration according to the depicted protocol. Lower panel: Quantification of -120-mV peak tail currents of
hERG1-WT, heterozygous (hERG1-WT/A80P) and homozygous hERG1-A80P mutant for n = 12-18 cells per condition
and at least 3 independent experiments. (B) Upper panel: Protein expression of hERG1-WT, heterozygous (hERG1-
WT/A80P) and homozygous hERG1-A80P mutant with Western blot analyses. Lower panel: Fully glycosylated (mature,
155kDa band) and core-glycosylated (nonmature, 135kDa band) protein quantification of hERG1-WT, heterozygous
(hERG1-WT/A80P) and homozygous hERG1-A80P mutant upon 3 independent experiments.

interacts with the core of the channel and influ-
ences the rate of deactivation.?® Due to its impor-
tant packing of B-sheets and «-helices, the amino-
terminus of hERG1 could be crystallized and is
available in the Protein Data Bank (pdb entry:
1byw), which enabled us to precisely locate the
residue affected in the largest «-helix of the PAS do-
main («C). Recently, Shimizu et al.'* investigated
the effect of location, coding type, and topology
of hERG1 mutations on clinical phenotype in a
cohort of 858 LQT2 patients. Patients with mis-
sense mutations in the transmembrane pore re-
gion and amino-terminus had a significantly greater
risk for first cardiac events than the ones with
carboxy-terminal mutations (HR 2.87 and 1.86, re-
spectively).!* With regard to the topology of mu-
tation, the QTc interval was longer and cardiac

events were more frequent among patients with
mutations located in a-helical domains than among
patients with mutations in either 8-sheets or other
uncategorized locations.!* Regarding the missense
mutation in the «C helix of the PAS domain de-
scribed in this study, note that a proline residue
is different from other amino acids because of its
distinctive cyclic structure that locks the dihedral
angle and provides important conformational rigid-
ity. Such a mutation in an «-helix can disrupt the
proper folding of the amino-terminus, and the mis-
folded protein may be recognized and degraded by
the cellular quality-control machinery. Functional
analysis and expression patterns of the hERG1-
AB0P protein allows us to conclude that the mu-
tant channel is biosynthesized and expressed in the
endoplasmic reticulum (ER), although to a lesser
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extent than the wild type, as seen by the weaker
135kDa band. In addition maturation in the Golgi
complex, where the final glycosylation takes place,
is not possible since the protein may be recog-
nized and destroyed by the ER-associated degrada-
tion pathway. Therefore, in the heterozygous state,
the ability of mutant hERG1-A80P proteins to form
heterotetramers with wild-type subunits is lost.
Only the complete WT hERG1 channels are able to
reach the cell membrane and elicit current, lead-
ing to haploinsufficiency. Chen and et al.!® de-
scribed a similar mutation, p.A78P, which showed
accelerated deactivation but no decrease in current.
This PAS mutant, however, was electrophysiologi-
cally characterized in Xenopus oocytes. It has been
shown that mutant proteins can be rescued and
trafficked toward the plasma membrane after in-
cubation at temperatures lower that 37°C, which
is the case when using Xenopus oocytes.'® Thus,
it remains possible the p.A78P mutation exhibits
defective trafficking in mammalian cells as seen
with p.A8OP. Interestingly, Anderson et al.}” re-
ported that missense mutations located in a highly
ordered structure as «-helices or B-sheet corre-
lated with a trafficking-deficient phenotype. Phar-
macological chaperones, usually channel blockers,
also have the ability to rescue some hERG1 mu-
tants. Pharmacological rescue is not only domain-
dependent (e.g. cNBD mutations are not rescued),
but also mutation-dependent. The PAS-domain mu-
tant p.T65P® was rescued with E4031 and cisapride
incubations, but a 7-amino-acid duplication in the
PAS domain!® was not rescued upon astemizole
treatment. Importantly, abnormal protein traffick-
ing appears as the most common mechanism for
decreased ionic current caused by KCNH2 muta-
tions.!” Improved knowledge on chemical chap-
erone binding sites and the rescue mechanisms
of protein trafficking might lead to the develop-
ment of specific pharmacological chaperones for
the treatment of LQT2. Recently, Balijepalli et al.’®
pointed out the importance of assessing in vitro,
and in adequate cellular models, an identified
LOT2 mutation. Indeed, in case of trafficking-
deficient mutants leading to haploinsufficiency,
hERG1 channel activators may have greater ben-
efits than pharmacological chaperones in future
treatments.!8

In conclusion, we identified a 20-year-old
woman with LOTS carrying a previously un-
described hERG1 PAS-domain heterozygous mu-
tation. This mutation proved to be pathogenic,

as coexpression of WT and mutant alleles in
mammalian cells led to a ~50% decrease of the
hERG1 protein at the cell surface as well a de-
crease in its current. The patient's LOTS pheno-
type may be fully explained by these observations.
This additional mutation in the PAS domain, lead-
ing to impaired channel maturation and trafficking,
underlines this structure as a nonpore mutational
"hot spot.”

ABBREVIATIONS

WT: wild-type; LOTS: long QT syndrome; LOT1:
long QT syndrome type 1; LQT2: long QT
syndrome type 2; ECG: electrocardiogram; cNBD:
cyclic nucleotide binding domain
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Written informed consent was obtained from the
patient for publication of this case report and ac-
companying images. The genetic investigation con-
formed to the principles outlined in the Declaration
of Helsinki, and the research protocol was ap-
proved by the ethics committee of the Faculty of Bi-
ology and Medicine of the University of Lausanne.
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