potassium current that stabilizes excitability dur-
ing the terminal phase of repolarization in the
heart and the resting membrane potential in
skeletal muscle."

Approximately 40% patients with Andersen—
Tawil syndrome do not harbor mutations in

[ Figure 1 Pedigree of the family and ECG recordings of the proband }

A

il O

KCNJ2, suggesting the presence of other causa-
tive genes.'” We identified a patient with peri-
odic paralysis and characteristic ECG  features
suggestive of Andersen—~Tawil syndrome but
failed to find mutations in KCNJ2. Exome cap-
ture resequencing analysis revealed a novel muta-
tion in KCNJ5. We investigated the functional
consequences of the mutation using a heterolo-
gous expression system in Xenopus oocytes to
understand its pathomechanism.

METHODS Patient. The proband (IV-1 in figure 1A) was a
35-year-old man who experienced periodic episodes of paralysis
with reduced serum potassium concentrations starting ac the age
of 31 years. The episodes occurred several times in a year and lasted
from [ 1o 10 days. During a severe avtack, the weakness, which
initially manifested in the legs, extended o the upper limbs within
several days and then gradually improved. The proband showed an
abnormal decrement in the amplitude of compound motor action
potentials in the prolonged exercise test at the interictal state. He
showed no dysmorphic features, but had a family history of
arthythmia (figure 1A). The clinical data of other family members
were not available because of lack of consent. His facher (I11-2)
underwene  pacemaker  implantation  because  of - bradycardia/
tachycardia syndrome with atrial fibrillacion. Three uncles, a
grandmother, and a great-grandfather, all on his father’s side, had
arthythmia; however, the details of their conditions were not
available. Within the knowledge of the proband, no other family
members had experience of paralytic attacks.

The proband had no cardiac symproms, but the ECG recorded
during the paralytic attack with a serum potassium concentration of
2.0 mEq/L exhibited prominent U waves and possible sinus arrest
(figure 1B, righr). The U waves were consistently observed at normal
potassium concenteation (figure 1C). His thyroid function was nor-
mal and he did not show hypertension or increased plasma aldoster-

one levels, which ruled out primary hyperaldosteronism.

Standard protocol approvals, registrations, and patient
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(A) Pedigree of the family. Filled symbols represent affected and empty symbols represent
unaffected individuals. Gray symbols represent patients with arrhythmia lacking detailed
information. DNA was available only from the proband. ECG recordings of the proband dur-

ing the attack of hypokalemic

periodic paralysis (B) and at the interictal state (C). In addition

to prominent U waves, atrial standstill was also observed during the paralytic attack (B).

co . We obrained informed consent from the patienc using
protocols approved by the Institutional Ethics Review Board of

Osaka University.

Sanger sequencing. Genomic DNA was extracted from blood leu-
kocytes. The regions encompassing known causative mutations for
periodic paralysis in SCVEA and CACNAIS and the entire coding
region of KCNJ2 and KCNJ18 were amplified using either Platinum
Taq DNA Polymerase High Fidelity (Life Technologies, Carlsbad,
CA) or the Advantage-GC2 PCR kit (Clontech, Mountain View, CA)
(primer sequences are listed in table e-1 on the Newrology® Web site at
Neurology.org)."” The purified fragments were sequenced using an
automated DNA sequencer (Big Dye Terminator version 3.1 and
ABI3100; Life Technologies).

Exome capture resequencing analysis. We enriched exonic
regions of genomic DNA using the SureSelect Human All Exon
v.2 kit (Agilent Technologies, Santa Clara, CA), which covers 44
mega base pairs of the human genome or 98.2% of the CCDS
(Consensus Coding Sequence) database and sequenced 50 base
pairs of each tag in a single direction using the SOLID 4 system
(Life Technologies). We obrained 80.0 X 10° tags of 50-base pair
reads and mapped 57.7 X 10° tags (72.1%) to the hg19/GRCh37
human genome, which yiclded a mean coverage of 53.2 on the
targeted exome regions. Next, we removed multiple-aligned reads,
Net.
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unreliable reads, and PCR duplicates using Avadis NGS 1.3 (Strand,
San Francisco, CA). Single nucleotide variants (SN'Vs) and indels were
called by Avadis NGS wsing default parameters. We restricted our
analysis to 162 genes that encode ion channels and associated proteins
(table ¢-2). We then excluded SNVs and indels that were registered in
the nonclinical subser of dbSNP137, 1000 Genomes database, 6,500
genomes in the NHLBI ESP database (hep://evs.gs.washingron.edu/
EVS/), or our cohort of 38 other diseases and controls. The other
diseases in our cohort included congenital myasthenic syndromes,
osteogenesis imperfecta, mitochondrial myopathies, and Schwartz—
Jampel syndrome.

Immunoblotting. Skeleral muscle and heart tissues were taken at
autopsy from control patients with disease (myotonic dystrophy
type 1 and amyotrophic lateral sclerosis). Tissues were homoge-
nized in a 10X volume of radicimmunoprecipitation assay buffer
(25 mM Tris-HCL; pH 7.5; 150 mM NaCl; 1% NP-40; 1%
sodium deoxycholate; and 0.1% sodium dodecyl sulfate)
containing a protein inhibitor cockeail (Sigma-Aldrich, St. Louis,
MO). The homogenate was centrifuged for 10 minutes at 10,000g
and the supernatant was collecred. Equal amounts of protein (20
g) were separated by sodium dodecyl sulfate~polyacrylamide gel
electrophoresis and transferred onto Immobilon-P - membranes
(Millipore, Bedford, MA), as previously described.'® Blots were
blocked for nonspecific protein binding with 5% (w/v) nonfat
milk overnight and then incubated at room temperature for 1 hour
with a 1:3,000-diluted antibody against Kir3.4 (AVIVA Systems
Biology, Adanta, GA) or GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) (Sigma-Aldrich). After repeated washings, the
membranes were incubated at room temperature for I hour
with peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:30,000 dilution; GE Healthcare Biosciences, Pittsburgh, PA).
‘The membranes were then washed, developed using an enhanced
chemiluminescence kit (GE Healthcare Biosciences), and exposed

to x-ray film.

Electrophysiology. Complementary RNAs (cRNAs) for mouse
IRK1, which differs from human Kir2.1 by only 5 amino acids,
and human Kir3.4 were expressed in Xenopus oocytes. Complemen-
rary DNAs cloned into the pGEMHE vector were kindly provided by
Dr. Diomedes Logothetis (Virginia Commonwealth University). A
site-directed murtagenesis kit (KOD-Plus Mutagenesis Kit; Toyobo,
Osaka, Japan) was used to introduce the G387R mutation into the
human Kir3.4 clone. The cRNAs were synthesized from linearized
plasmid DNA using an mMESSAGE mMACHINE transcription kit
(Life Technologies).

Xenopus oocytes were collected from frogs anesthetized in
water containing 0.2% ethyl 3-aminobenzoare methanesulfonate
salt (Sigma-Aldrich). The oocytes were isolated and defolliculated
by treatment with type I collagenase (1.0 mg/mL; Sigma-Aldrich)
and then injected with cRNAs that were quantified using a spec-
tophotometer (NanoDrop 2000; Thermo Fisher, Wilmington,

DE). Injected oocytes were incubated for 2 to 3 days at 18°C in
NDY6 solution (5 mM HEPES; 96 mM NaCl; 2 mM KCl; 1.8
mM CaCly; and 1T mM MgCly; pH 7.5; supplemented wich
gentamicin and pyruvate).

Macroscopic currents were recorded with a 2-electrode voleage
clamp using a bath-clamp amplifier (OC-725C; Harvard Appara-
tus, Holliston, MA). Simulation. data acquisition, and dara analy-
sis were performed using the Patchmaster software (FEKA
Elektronic, Lambrecht/Pfalz, Germany). Glass microelectrodes
were filled with 3 M KCl, with a final resistance ranging from
0.2 to 1.0 M{). Recordings were performed at room temperature
(22°C~25°C) in a bath solution containing 90 mM KCl, 3 mM
MgCl,, and 5 mM HEPES (pH 7.35-7.4). Step pulses ranging
from — 150 w +50 mV were applied from a holding potential of 0
mV for 200 milliseconds.

RESULTS Genome analyses of the proband. Genome
samples from other members of the family were not
available. Sanger nucleotide sequence analysis of the pa-
dent’s DNA showed no causative mutations in SCN4/
and CACNAIS (which were previously reported as being
responsible for periodic paralysis) or in the entire coding
region of KCNJ2 and KCNJI8. Furthermore, an intra-
genic deletion or duplication in KUNJ2 was excluded by
the multiplex ligation-dependent probe amplification
method (e-Methods and figure e-1).

The exome capture resequencing analysis yielded
44,550 SNVs and 1,852 indels. We restricted our anal-
ysis to 162 genes that encode ion channels and associated
proteins (table e-2) and then excluded SNVs and indels
registered in public single nucleotide polymorphism
(SNP) databases (nonclinical subset of dbSNP137,
1000 Genomes database, and 6,500 genomes in the
NHLBI ESP database) or our cohort of 38 other diseases
and controls, which resulted in the identification of 3 het-
erozygous missense SNV (table 1). Direct sequencing of
the 3 SNVs by the Sanger method revealed that the
SNVs in RABGEFI and KCNT1 were artifacts, whereas
the SNV in KCNJ5, G387R, was truly heterozygous in
the patent. KCNJ/5 encodes a G-protein-—activated
inwardly rectifying potassium channel 4 (Kir3.4). Glycine
at position 387 in the Kir3.4 is located at the C-terminus
and is highly conserved across species, including mam-
mals, chickens, and zebra fish. The G387R muration was
previously reported in a single Chinese family with LQT
syndrome but absent in 528 controls.'

{ Table 1 Heterozygous SNVs called by Avadis NGS in 162 genes encoding ion channels and associated proteins }
Chr. Pos. Gene Ex. SNVs aa. Description Variants/total®
chr7 66,270,306 RABGEF1 8 1,100 A/G N334DP RAB guanine nucleotide exchange factor {GEF) 1 8/54
chrg 138,656,938 KCNTI 12 1,'097 AlG H366R" Potassium channel, subfamily T, member 1 626
chrll 128,786,525 KCNJ5 3 1,159 G/C G387R Potassium inwardly-rectifying channel, subfamily J, member 5 44/50

Abbreviations: a.a. = predicted amino acid substitution; Chr. = chromosome; Ex. = exon number; Pos. = position according to hg19/GRCh37; SNVs =
single nucleotide variants.
2Number of variants and total reads after eliminating multiple-aligned reads, unreliable reads, and PCR duplicates.
bFalse SNV calls that were not detected by Sanger sequencing.
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Exome capture resequencing analysis covered the
entire coding regions of CACNALS 96.8-fold and
SCN4A 54.4-fold on average. Two short segments
of SCN4A were not covered by exome analysis and
were directly sequenced by the Sanger method. These
analyses detected a heterozygous synonymous G>>A
SNP, 15200175006, in SCN4A, which has a minor
allelic frequency of 0.05% in normal population.

Immunoblotting. As mentioned above, the G387R muta-
tion in the KCNJ5 gene was previously identified in a
family with LQT syndrome; however, no skeletal muscle
features were described in that family.” The mutated
Kir3.4 subunit has been reported to exert dominant-
negative cffects on Kir3, 1/Kir3.4 channel complexes.”
In the heart, Kir3.4 agsembled with Kir3.1 forms an
Iacy current, which is predominanty expressed in the
stnoatrial node and atria and conuributes to the regulation
of heart beat by acetylcholine; however, the function of
G-protein-activated  inwardly  rectifying  potassium
channels in skeletal muscles has not been determined.
Therefore, we investigated the existence and role of the
Kir3.4 channel in skeletal muscle.

( Figure 2 Immunoblot of Kir3.4 in cardiac and skeletal muscle 1

A

Kir3.4

GAPDH

@

Kir3.4/Loading control

Sk.muscle

Heart

1.5

1.0

0.5

0.0

Heart Sk.muscle

(A} Immunoblot analyses of the Kir3.4 subunit protein in the human heart and skeletal muscles
are shown with loading control {GAPDH]. (B} The densities of the Kir3.4 band were quantified
and normalized to that of the loading control. GAPDH = glyceraldehyde 3-phosphate dehydro-

genase; Sk. = skeletal.

Because messenger RNA for KCN/S was detected
in skeletal muscle tissue using an expression micro-
array assay, we tested whether the Kir3.4 protein is
expressed in human skeletal muscles with immuno-
blotting, which revealed significant expression of the
Kir3.4 protein in skeletal muscle from patients with
myotonic dystrophy (figure 2) and amyotrophic lac-
eral sclerosis (data not shown).

Electrophysiology. Although we found significant expres-
sion of Kir3.4 protein in human skeletal muscles, a signif-
icant G-protein-activated inwardly rectifying potassium
current has never been physiologically recorded in
mammalian skeletal muscles. Our patient exhibited
clinical features that were indistinguishable from those
of Andersen—"Tawil syndrome, which is caused by loss-of-
function mutations of KCNJ2; therefore, we suspected
that mutated Kir3.4 may assemble heteromerically with
Kir2.1, which is encoded by KCNJ2, thereby inhibiting
inwardly rectifying potassium  currents. Injection of
Kir2.1 cRNA into oocytes induced a robust expression
of strong inwardly rectifying potassium currents with a
fast activation on hyperpolarization. Coinjection of
Kir2.1 and Kir3.4 <RNAs did not change the
properties of inward rectification (figure 3A). The
coexpression of Kir2.1 with mutant Kir3.4 yiclded a
significant  reduction in the inwardly rectifying
potassium current compared with that observed for
the coexpression of Kir2.1 with wild-type Kir3.4
(figure 3A). This reduction was observed at both
conditions where cRNAs of Kir2.1 and Kir3.4 were
injected with equal amounts and the amount of Kir2.1
cRNA was 10-fold greater than that of Kir3.4 (figure
3B). When wild-type or mutant Kir3.4 cRNA was
injected without Kir2.1 ¢RNA, inwardly rectifying
currents were observed; however, the amplitude of
the currents was considerably smaller than that by
Kir2.1 cRNA injection. These results suggest that the
coexpression of murant Kir3.4 subunits  reduces
inwardly rectifying potassium currents in the skeletal
muscle, thus causing periodic paralysis.

KCNJ5 gene analysis in a large cohort. We performcd
Sanger sequencing analysis for mutations in KCNJ5
in 3 Japanese cohorts of possible Andersen—Tawil syn-
drome, in which 46 families harbor KCNJ2 mutations
(see table e-1 for the primer sequences). Within 21
KCNJ2-negative cases, we identified a mutation of
T158A (c.472A>G) in a single case, which originally
showed prolonged QU on an ECG recorded at normal
serum potassium concentration and later developed a
hypokalemic paralytic attack and primary aldosteron-
ism after 2 years.

DISCUSSION Using the exome capture resequenc-
ing analysis, we identified a KCNJ5 mutation (which

- encodes the Kir3.4 subunit) in a patient with episodic
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Figure 3 Electrophysiologic studies of the mutant Kir3.4 channel using
Xenopus cocytes
Kir2.1 Kir2.1 + Kird 4 WT Kir2.1 + Kir3.4 mutant
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(A) Current-voltage relationships measured using step pulses for 200 milliseconds from
~150 to +50 mV are shown. Symbols with error bars indicate the mean = SEM (nh =
20 for Kir2.1; 19 for Kir2.1 + Kir3.4 WT; 12 for Kir2.1 + Kir3.4 mutant). Representative
current traces are shown at the top. The amount of complementary RNA {cRNA) injected into
the oocytes was 3.4 ng per construct. (B) The currents induced by ~150 mV step pulses are
shown as a bar graph. Error bars indicate the mean = SEM {n = 20, 19, 12, 21, and 15). The
amount of cRNA for each construct was 3.4 ng for “x1" and 0.34 ng for “x0.1.” *p < 0.01,
#*p < 0.001 (2-tailed unpaired t test). WT = wild type.
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flaccid weakness and a characteristic TU-wave pattern,
which are both suggestive of Andersen—Tawil syndrome.
His family members presented autosomal-dominantly
inherited arrhythmia, but apparent episodes of paralysis
werte observed only in the proband. The dysmorphic
features did not appear to be present in any of the
family members, including the proband. Although the
syndrome was defined as a triad of potassium-sensitive

Marc
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periodic paralysis, ventricular dysrhythmias, and
dysmorphic features, the paralytic attacks and
dysmorphic features might not always be observed in
Andersen—Tawil syndrome. It has been reported that
the phenotypes are highly variable and the penetrance
is not high in the KCNJ2-related Andersen~Tawil
syndrome.”

It has been shown that Kir3.4 can form heteromeric
channels with Kir2.1 when heterologously expressed in
HEK293 cells or Xenopus oocytes.'® There are no reports
of the hereromerization of Kir3.4 with the Kir2.1 subu-
nit in “native tssues’; however, Kir3.4 may have an
effect on the inwardly rectifying potassium current.
Reduction of the inwardly rectifying potassium current
by the murant Kir3.4 supports the notion that Kir3.4
modulates Kir2.1 and explains the dlinical presentations
in both skeletal and heart muscles in our case.

The G387R mutation of Kir3.4 was previously
identified in a Chinese family presenting with LQT
syndrome. In addition, the functional defect of the
channel was characterized,"” but the mechanism under-
lying the QT prolongation remained obscure. In the
heart, it is known that the Kir3.4 subunit, mostly by
heteromeric assembly with the Kir3.1 subunit, forms
Tacn channels, which are responsible for acetylcholine-
dependent slowing of the heart rate. In fact, Kir3.4
knockout mice have an inability to regulate their hearc
rate in response to parasympathetic stimulation.!”'®
Therefore, it was initially unexpected that the decrease
in fach, which are predominantly expressed in atria,
causes a defect in ventricular conductivity. The Kir2,1
subunit forms an inwardly rectifying potassium channel
that provides repolarization during the most terminal
phase of repolarization in ventricular cells. A suppres-
sion of inwardly rectifying potassium channels by the
mutant Kir3.4 observed in Xenopus oocytes, if ocours
in vivo, will cause a delay in the repolarization of ven-
tricular cells and result in a prolonged QT (U) interval
in ECG. Compared with other classic LQT syndromes,
the prominent U wave is a hallmark of ECG findings in
Andersen-Tawil syndrome caused by mutations of
Kir2.1.%% The similar U waves observed in our case
may also support the alteration of inwardly rectifying
potassium currents.

Despite the small density or absence of facy, cur-
rent in skeletal muscles, we found significant expres-
sion of Kir3.4 protein in skeletal muscles. Because of
the minimal role of fxacy in skeletal muscle, it is
unlikely that reduced Z¢acy, due to Kir3.4 mutation
is responsible for the episodes of flaccid weakness.
Coinjection of mutant Kir3.4 with the Kir2.1 sub-
unit in Xenopus oocytes showed a reduction in the
inwardly rectifying potassium current. The decrease
in the inwardly rectifying potassium current caused
by loss-of-function muration in KCNJ2 is the under-
lying mechanism of the episodic paralysis observed




-
&

in Andersen~Tawil syndrome.'" Although additional
evidence is necessary, the Kir3.4 subunit in skeletal mus-
cle may have a role in regulating the size of inwardly
rectifying potassium currents.

[t should be noted that germline and somatic muta-
tons in KCN/5 have recently been reported to be
responsible for familial hyperaldosteronism and
aldosterone-producing  adenomas,  respectively.”  Of
interest, the other mutation of KCN/S (T'158A), which
we idendified in our cohort of possible Andersen—~Tawil
syndrome has previously been described as a germline
mutation associated with familial hyperaldosteronism."
Although familial hyperaldosteronism is one of the causes
of secondary hypokalemic periodic paralysis, it is unlikely
thac the dinical phenotypes of our cases are merely the
consequences of hyperaldosteronism. Laboratory data in
our case with the G387R mutation did not support the
presence of hyperaldosteronism, and the TU complex in
our case with the T158A mutation persisted at a normal
concentration of serum  potassium.  Although  further
studies are required, some murations of KCN/5 may
show an overlapping phenotype with familial hyperaldo-
steronism and Andersen-"Tawil syndrome.

In this study, we have identified a novel causative
gene for Andersen-Tawil syndrome, KCNJ5, which enc-
odes the Kir3.4 subunit, using an exome capture rese-
quencing analysis. The mutant Kir3.4 subunit exerted
an inhibitory effect on the inwardly rectifying potassium
current, likely via heteromerization with  Kir2.1.
Although the heteromerization of Kir2.1 with the
Kir3.4 subunit in native tissues should be further clari-
fied, our case suggests that this mechanism has a role
under both physiologic and pathologic conditions in
skeletal muscle and the heart.
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Adrenergic-Induced Long QT Syndrome
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This smdy sought to explore molecular mechanisms underlying the adrenergic-induced QT prolongation associated

The most frequent type of congenital long QT syndrome is LQT1, which is caused by mutations in the gene (KCNQ1)
that encodes the alpha subunit of the slow component of delayed rectifier K* current (lys) channel. We identified 11
patients from 4 unrelated families that are heterozygous for KCNQ1-G269S. Most patients remained asymptomatic,
and their resting corrected QT intervals ranged from normal to borderline but were prolonged significantly during

Wild-type (WT) KCNQ1 and/or KCNQ1-G269S (G269S) were expressed in mammalian cells with KCNEL. Ilike
currents were measured in control conditions or after isoproterenol or protein kinase A (PKA) stimulation using the
patch-clamp technique. Additionally, experiments that incorporated the phosphomimetic KCNQ1 substitution, S27D,

Objectives
with KCNQ1 mutations.
Background
exercise,
Methods
in WT or KCNQ1-G269S were also performed.
Results

The coexpression of WT-KCNQ1 with varying amounts of G269S decreased I, shifted the current-voltage -V relation
of Ixs to more positive potentials, and accelerated the Ixs deactivation rates in a concentration-dependent manner.
In addition, the coexpression of G269S and WT blunted the activation of lis in response to isoproterenol or PKA

stimulation. Lastly, a phosphomimetic substitution in G269S did not show an increased Iks.

Conclusions

G269S modestly affected Ik in control conditions, but it almost completely blunted I responsiveness in conditions

that simulate or mimic PKA phosphorylation of KCNQ1. This insensitivity to PKA stimulation may explain why
patients with G269S mutation showed an excessive prolongation of QT intervals on exercise. (J Am Coll Cardiol
2014;63:819-27) © 2014 by the American College of Cardiology Foundation

Congenital long QT syndrome (LQTYS) is characterized by
an abnormal QT interval prolongation on the electrocar-
diogram (ECG), syncope due to a polymorphic ventricular
tachycardia called “torsade de pointes,” and ventricular
fibrillation (1,2). At least 13 genes are responsible for
different subtypes of the syndrome (LQT1 to LQT13), with
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LQT1 being the most common and accounting for
approximately 40% to 50% of genotyped patients (3,4).
LQT1 is caused by mutations in KCNQI, the alpha subunit
of the slow component of delayed rectifier K+ current (Ii),
which is a major repolarizing current during the plateau
phase of cardiac action potentials (5).

See page 828

The impaired expression or dysfunction of Ix channels (6,7)
can lead to a prolongation in the cardiac action potential and
the QT interval on an ECG (7,8). A major role for I, is to
maintain the ventricular action potential duration by offsetting
the increase in L-type Ca?* current (Icar) after adrenergic
stimulation. Adrenergic stimulation activates protein kinase A
(PKA), which directly increases I by phosphorylating the
KCNQ1 alpha subunit at S27 (8). Not surprisingly, most
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¢DNA = complementary
deoxyribonucleic acid

CHO = Chinese hamster
ovary

DNA = deoxyribonucleic acid
ECG = electrocardiogram
FK = forskolin

HEK293 = human embryonic
kidney 293

iBMX = 3-isobutyllmethyl-
xanthine

Iga = Litype Ca®* current

Ixs = the slow component of
delayed rectifier K™ current

LQT1 patients experience trig-
gered cardiac events during ad-
renergic stimulation (i.e., while
exercising) (9,10).

More recently, we identified
a heterozygous missense KCNQ?
mutation, G269S, in 11 patients
from 4 unrelated families. Similar

most of our patients have nor-
mal to borderline corrected QT
(QTc) intervals at rest, but their
QTec¢ intervals are significantly
prolonged after exercise. We
characterize the functional con-
sequences of the Iy, channel
reconstituted with G269S in

1= current-voltage mammalian cells and provide

important insight into molecu-
lar mechanisms underlying the
PBS = phosphate-buffered adrenergic-induced LQTS. Spe-
saline cifically, we found G269S mod-
PKA = protein kinase A estly -affected Iy, but severely
blunted the increase in Ik, with
isoproterenol, pharmacological
activators of PKA, and with the PKA phosphomimetic
mutation KCNQ1-527D. These findings may explain why
patients with G269S mutation showed an excessive
prolongation of QT intervals on exercise and suggest
a potential benefit of beta-blocker therapy.

1.G7S = long QT syndrome
{Tc = corrected QT

WT = wild type

Methods

Clinical investigation and genetic testing. The clinical
diagnosis of LQTS was referred to the criteria of Schwartz
et al. (2). The protocol for genetic analysis was approved by
the institutional ethics committee and performed under its
guidelines. Written informed consent was obtained from
every subject before the analysis. Genomic deoxyribonucleic
acid (DNA) used for genetic evaluation was isolated from
venous blood lymphocytes. In addition to KCNQZ, genetic
screening for mutations in other LQTS-related genes
including SCN54, KCNH2, KCNE1, KCNE2, and KCNJj2
was conducted by denaturing high-performance liquid chro-
matography (WAVE system, Transgenomic Inc., Omaha,
Nebraska). For abnormal screening patterns, sequencing
was performed with an automated sequencer (ABI PRISM
3100x, Applied Biosystems, Foster City, California).

Heterologous expression of cDNA in CHO and HEK293
cells. Full-length complementary deoxyribonucleic acid
(cDNA) encoding human wild-type (WT) KCNQI (Gen-
Bank AF000571, Institut de Pharmacologie Moleculaire et
Cellulaire, CNRS, Valbonne, France) was subcloned into
a pIRES2-EGFP expression vector. KCNQI-G269S,
KCNQ1-527D, and KCNQI-(S27D-G269S) mutants were
constructed using a Quick Change II XL site-directed

JACC Vol. 63, No. 8, 2014
March 4, 2014:819-27

mutagenesis kit (Stratagene, La Jolla, California), and they
were also subcloned into the pIRES2-EGFP expression
vector. Full-length c¢DNA encoding human KCNEZ
(GenBank M26685) subcloned into the pCDNA3.1
expression vector was obtained by polymerase chain reaction
from human heart ¢cDNA library (Clontech, Mountain
View, California). Full-length ¢cDNA encoding human A-
kinase-anchoring protein 9 (Yotiao or AKAP9) was subcl-
oned into pCDNA3.1 expression vector (Department of
Bio-Informational Pharmacology, Tokyo Medical and
Dental University, Japan). KCNQI1-WT and/or its mutants,
KCNE1 and Yotiao cDNA were transiently transfected into
Chinese hamster ovary (CHO) or human embryonic kidney
293 (HEK293) cells using Lipofectamine (Invitrogen Life
Technologies Inc., Carlsbad, California) according to the
manufacturer’s instructions.

Solutions and chemicals. The pipette solution contained (in
mmol/l) 70 potassium aspartate, 40 KCl, 10 KH,PO,, 1
MgSOy, 3 Na, adenosine triphosphate (Sigma, St. Louis,
Missouri), 0.1 Li Guanosine-5"-triphosphate (Roche Diag-
nostics GmbH, Mannheim, Germany), 5 ethylene glycol
tetraacetic acid, and 5 N-2-hydroxyethylpiperazine-IV-2-
ethanesulfonic acid; and the pH was adjusted to 7.2 with
KOH. The extracellular solution contained (in mmol/l) 140
NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,PO,,
5.5 glucose, and 5.0 N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid; the pH was adjusted to 7.4 with NaOH.
Isoproterenol (Sigma) was dissolved in distilled water (con-
taining 1 mmol/l ascorbic acid) to yield 10 mmol/l stock
solution and keptin the dark at 4°C. Forskolin (FK, Sigma) and
3-isobutyl-l-methyl-xanthine (IBMX, Sigma) were respec-
tively dissolved in dimethyl sulfoxide (Sigma) to yield stock
solutions of 5 mmol/l and 15 mmoV/l, respectively.
Electrophysiological recordings and data analysis. Forty-
eight hours after transfection, cells attached to a glass coverslip
were transferred to a 0.5-ml bath chamber perfused with
extracellular solution and maintained at 25°C. Patch-clamp
experiments were conducted on green fluorescent protein-
positive cells. Whole-cell membrane currents were recorded
with an EPC-8 patch-clamp amplifier (HEKA, Lambrecht,
Germany). I, were evoked by depolarizing voltage-clamp
steps given from a holding potential of —80 mV to various
test potentials. Ji, amplitude was determined by measuring
the amplitude of tail current elicited on repolarization to =50
mV following 2-s depolarization to 30 mV every 10 s, and
currents were normalized to the cell membrane capacitance to
obtain current densities (pA/pF). Voltage-dependence of I,
activation was evaluated by fitting the I-¥ relation of the tail
currents to a Boltzmann equation: Iy .y = 1/[14-exp([V}, —
Veul/B)], where I . is the tail current amplitude density, /4, is
the voltage at half-maximal activation, 77, is the test potential,
and % is the slope factor. The deactivation kinetics of I, after
depolarization was determined by a single exponential fit of
tail current trace.

Immunocytochemistry. Forty-eight hours after trans-
fection, CHO cells were fixed with 3.7% formaldehyde in
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(A) Four pedigrees of patients carrying the G269S mutation. Solid symbols indicate mutation carriers, arrows probands, and symptomatic patient (S). Square and circle
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electrocardiograms (left: resting and right: after exercise) in a 7-year-old (y.0.) boy from Family #2 (bold arrow). QTc = corrected QT interval.
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phosphate-buffered saline (PBS) for 10 min at room
temperature, rinsed once in PBS, and permeabilized with
0.2% triton X-100 in PBS. Cells were blocked with 5%
bovine serum albumin in PBS for 30 min and then incubated
overnight at 4°C with anti-Kv7.1 (KCNQ1, Santa Cruz
Biotechnology, Inc., Santa Cruz, California) antibody against
its C-terminus at 1:2,000 dilution. Following incubation,
cells were labeled with AlexaFluor 488-conjugated goat
antirabbit immunoglobulin G (Molecular Probes, Eugene,
Oregon) at 1:500 dilution. Immunofluorescence stained cells
were captured using a confocal laser scanning microscope
(LSM META 510, Carl Zeiss, Berlin, Germany).

All data are expressed as mean & SE (QT'c as mean + SD),
with the number of experiments in parentheses. Statistical
comparisons were analyzed using unpaired Student # test and
1-way or 2-way analysis of variance with Newman-Keuls
post hoc test. A p value of <0.05 was considered statistically
significant.

Results

Case description. Genotype analyses of 551 consecutive
LQTS probands identified 4 unrelated carriers with the
KCNQ1-G269S mutation. Figure 1A shows 4 family

pedigrees for the different probands (arrows). Iigure 1B
shows the location of the mutation (transmembrane domain
S5) in the KCNQ1 alpha subunit, and the lower panel in
Figure 1C shows representative results of a genotype-
positive patient’s sequencing data (805G>A).

Figure 1D depicts 2 sets of 12-lead ECG recorded from
a 7-year-old boy in Family #2 (Fig. 1A, bold arrow). His
resting QTc interval was 437 ms, but it was prolonged to
494 ms after exercise. The boy was asymptomatic, but his
maternal grandfather died suddenly at the age of 28 years
(the detailed clinical information is not available). In
Family #4, the 22-year-old female proband experienced
sudden syncope, which recovered soon and was suspected
to be due to ventricular tachyarrhythmia, while dancing,
but her symptoms have disappeared after receiving beta-
adrenergic blocker metoprolol tartrate for 42 months.

We performed an exercise tolerance test in 8 of the 11
mutation carriers (Fig. 1A). The mean resting QT ¢ intervals
were 441.6 = 44.5 ms but significantly (p < 0.05) prolonged
to 485.5 + 144 ms after exercise. Therefore, KCNQI-
G269S might minimally affect Iy, at rest but impair the up-
regulation of I, by PKA, because the exercise stress (PKA
activation) does not prolong the QTc interval in control
subjects (13).
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Representative current traces recorded from Chinese hamster ovary cells expressing 0.5 ng KCNE1 with 0.5 pg KCNQL-WT (A), 0.5 pg KCNQ1-WT + 0.25 pg KCNQ1-G269S
(B), 0.5 ug KCNQI-WT + 0.5 ug KCNQ1-G269S (C), and 0.5 ug KCNQ1-G269S (D). The slow component of delayed rectifier K* current (Ixs) was activated by depolarizing

voltage-clamp steps (inset in A) given from a holding potential of -80 mV to potentials between -50 and +50 mV in 20-mV increments for 2 s. Dashed line indicates zero current
level. (E) Current-voltage (I-V} relations for tail Iy elicited after the voltage-step to ~50 mV from various test potentials. (F) Bar graphs showing the mean peak tail ks densities

recorded on repolarization to ~-50 mV following 2-s depolarization to 30 mV for the different transfection conditions. **p < 0.01 versus KCNQI-WT. WT = wild type.

KCNQ1-G269S mutation causes a mild loss-of-function
in Ig, in control conditions. Figures 2A to 2D show 4
sets of representative current traces recorded from CHO
cells expressing KCNEI with KCNQI-WT, KCNQI1-
WT + KCNQ1-G269S, and KCNQ1-G269S, respectively.
Cells transfected with varying amounts of G269S cDNA
reduced both the steady state and tail Ix, amplitudes in
a concentration-dependent manner.

Figure 2E shows the current-voltage (I-F) relations for tail
I, elicited after the voltage-step to ~50 mV from various test
potentials, and Figure 2F summarizes tail Ik, densities under
4 different conditions. Compared with WT, G269S alone or
WT + G269S significantly decreased the mean Ix, density
for voltages between ~20 mV and 50 mV and the mutation

displayed a moderate dominant-negative suppression on
WT-KCNQI function.

M.

Figure 3A shows the normalized I-V relations for tail
Iy, in Figure 2E. The individual I-¥ relations were described
by the Boltzmann equation to calculate the voltage for
half-maximal activation (V},) and slope factor (£) values
(Table 1). Coexpressing WT with different amounts of
(G269S increased the 7, and 4 in a concentration-dependent
manner.

Deactivation rates for Ixs were measured by depolarizing
cells to 30 mV for 2 s, followed by a tail-pulse from 60 mV
to =30 mV in 10-mV increments. Figure 3B shows the time
constant for deactivation plotted as a function of tail-pulse
potential. Compared with WT, G269S significantly accel-
erated the deactivation rates between —60 mV and -30 mV.
In addition, coexpressing WT with increasing amounts of
G269S showed a concentration-dependent acceleration of
Iy, deactivation kinetics.
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0.25 pg KCNQ1-G269S (open squares), 0.5 g KCNQL-WT -+ 0.5 pg KCNQ1-G269S (open triangles), and 0.5 pg KCNQ1-G269S (sofid circles). (B) Deactivation time constants
(1) obtained by fitting the tail s decay (inset) to a single exponential function for voltages between ~60 mV and 30 mV. *p < 0.05 and **p < 0.01 versus KCNQ1-WT.
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Effects of G269S mutant subunits on the expression of
KCNQ1 tetramers. Iigure < shows microscopic phase
contrast (I'ig. 4A) and confocal images (Fig. 4B) of 3 CHO
cells expressing KCNET with KCNQI-WT, WT + G269S
mutation, and G269S alone. KCNQI-WT proteins were
amply transported to the cell membrane. In cells expressing
G269S alone, G269S proteins were mostly distributed in
the cytosol. In cells expressing WT + G269S, WT +
G269S proteins were expressed both on the cell membrane
and in the cytosol, suggesting that the cell membrane
expression of channel proteins is increased by the coex-
pression of WT subunits.
Iy, reconstituted with G269S mutant reduces its
responses to PKA stimulation. To explain how G269S
may be causing adrenergic-induced prolongation of QTc
intervals, we tested whether G269S might impair the PKA-
mediated regulation of Iy, in HEK293 cells expressing
KCNQ1-WT and/or G269S with KCNET and Yotiao protein
{8) (we failed to record the response of Iy to beta-adrenergic
agonist isoproterenol or PKA stimulation in CHO cells).

In cells expressing WT, both isoproterenol (100 nmol/l)
(Fig. SA) and a PKA-stimulating cocktail (5 pmol/l FK + 15

KCNQ1-G269S Affects the Activation Gate of
Ixs Channels

n Vi, (mV) k (mV)
0.50 jig WT 15 —24+17 132 + 0.4
0.50 pg WT + 0.25 jig G269S 13 89 + 3.3% 15.2 + 0.4%
0.50 pig WT -+ 0.50 jtg G269S 11 254 + 5.2 17.8 + 0.8+
0.50 ig G269S 13 683 + 8.3* 234 + 1.8%

Values are mean =+ SD. *p < 0.01 versus WT.
Ixs = slow component of delayed rectifier K™ current; WT = wild type.

pmol/LIBMX) (I'ig. 5B) increased tail [ density by ~100%.
In contrast, cells expressing G269S or WT + G269S
dramatically reduced the response of the peak tail I, to
isoproterenol or the PKA stimulation. Figure 5C shows the
bar graphs that summarize the percent increase in tail i
densities. These data suggest that G269S blunted the response
of Ik, to beta-adrenergic agonist or PKA stimulation.
G269S prevents the increase in Iy, caused by the phos-
phomimetic S27D mutation. To elucidate further the
mechanism underlying the attenuation of this PKA-
mediated phosphorylation by G269S mutation, we engi-
neered the phosphomimetic KCNQI1-S27D mutation with
or without G269S mutation (14} and examined Iy, reca-
pitulated by coexpressing KCNEZ and Yotiao (Fig. 6).
Compared with WT, $27D increased I, amplitudes
considerably (Figs. 6A and 6B), which is similar to what was
reported previously (14,15). Figure 6C shows that, consis-
tent with 527D mimicking a PKA phosphorylated Ji
channel, the application of 100 nmol/I of isoproterenol only
slightly affected the peak tail I, (14.1 £ 5.5%, n = 7). In
contrast, compared with G269S, S27D-G269S did not
increase peak tail I, (Figs. 6D and 6E). The data are
summarized in Figure 6F. Therefore, G269S prevents PKA
up-regulation of Iy, even if 527 is phosphorylated.

Discussion

The present study revealed that G269S causes adrenergic-
induced LQT, exerts a moderate dominant-negative
suppression on the Ix, channel, and prevents up-regulation
in response to PKA stimulation. The exercise-dependent
unmasking of QTc prolongation observed in our G269S
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G269S

1 Cellylar Localization of KCNQ1 Proteins in CHO Celis:

WT = wild type.

Microscopic phase contrast images (A) and corresponding confocal images (B) are shown of representative Chinese hamster ovary (CHO) cells coexpressing 0.5 ug KCNE1 and
0.5 pg KCNQI-WT (upper), 0.5 pg KCNQI-WT + 0.5 pg KCNQ1-G269S (middle), or 0.5 pug KCNQ1-G269S (lower). The cells were immunostained with an anti-KCNQ1 antibody.

patients is likely due to an adrenergic up-regulation of Ic, 1.
without concomitant up-regulation of Ik

Approximately 20% to 25% of genotype-confirmed
LQTS patients have a normal range of QTc (16,17)
and the percentage of these silent mutation carriers is
significantly higher in LQT1 (36%) than in the other 2
major types of LQTS (LQT2, 19%, and LQT3, 10%).
Lethal arthythmias can occur in these apparently healthy
silent mutation carriers without any premonitory sign (4,18}
Several cases of physical-exertion—triggered cardiac events
(including death) have been reported in silent G269S
carriers {10-12).

Mutations in KCNQ1 are responsible for defects in Ik,
which is the main outward component in maintaining
cardiac repolarization reserve and highly sensitive to cate-
cholamines {5,19). Functional analysis showed that G269S
mutation reduced Iy, density independent of changes in
gating, shifted the I-V relation to a more depolarizing
direction, and accelerated the deactivation time course.
Taken together, G269S mutation exerted “loss-of-function”
effects on the Ix, channel.

Immunocytochemical studies (Fig. 4) indicated that
(2698 decreased cell surface expression of channel proteins.
However, the trafficking-deficiency was partially rescued by
coexpression of the WT subunits, resulting in the increased
expression of channel proteins on the cell membrane. In
contrast to the trafficking-deficient LQT1 mutations
KCNQ1-45276 and T587M (7,20), G269S appeared to
form heteromultimers with WT and traffic to the cell
membrane. We suspect that the partial correction of the
G269S trafficking-deficient phenotype by coexpression with
WT might partially explain why the clinical phenotype of
KCNQ1-G269S mutation carriers is mild despite the
observation that the channels are functionally defective.

In human ventricular myocytes, the rapid component of
delayed rectifier K* current, I, and Ic, 1, normally play the
dominant role in regulating the ventricular action potential
at rest (21,22). Therefore, KCNQI mutations (e.g., G2698S)
that cause a mild-to-moderate functional defect in I, might
ordinarily have little effect on the ventricular action poten-
tial. In contrast, I, plays a major role in regulating the
ventricular action potential after adrenergic stimulation,
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Superimposition of Ik, traces recorded from human embryonic kidney 293 cells expressing 2 ng Yotiao + 0.5 pg KCNEL with 0.5 pg KCNQI-WT, 0.5 ug KCNQ1-WT + 0.5 pg
KCNQ1-G269S, and 0.5 g KCNQ1-G269S before and after bath application of 1200 nmol/! isoproterenol (A) or 5 pmol/I forskolin (FK) + 15 pmol/t 3-isobutyl--methyl-xanthine
(IBMX) (B). (€) The percentage increase in tail Ik, after bath application of 100 nmol/I isoproterenol (upper) and 5 pmol/| FK + 15 pmol/I IBMX (lower). **p < 0.01 versus

KCNQI-WT. PKA = protein kinase A; other abbreviations as in Figure 2.

which activates i, to prevent excessive ventricular action
potential duration or QT prolongation by Ic, 1, (8,23). The
role that Iy, plays during adrenergic stimulation may explain
why 62% of cardiac events in LQT1 patients occur during
exercise (8,9). The blunted response of G269S channels to
both beta-adrenergic agonist and PKA stimulation (Iig. 5)

may result in excessive ventricular action potential duration
and QT'¢ prolongation specifically during exercise.
Consistent with previous reports (14,15), our experiments
also demonstrated that the S27D mutant mimicked the
PKA-mediated phosphorylation of Ig; channels and
increased Iy, (Iig. 6). In contrast, S27D did not mimic

C

100 nM isoproterenal

s270

G2698

**p < 0.01 versus KCNQ1-WT. Abbreviations as in Figure 2.

§27D-G269S8

2698 Prevents the lacreasé in Iy, Caused by the Phosphomimetic 527D Mutation

Representative current traces recorded from human embryonic kidney 293 cells expressing 2 g Yotiao + 0.5 pug KCNEL with 0.5 pg KCNQ1I-WT (A), 0.5 pg S27D (B) and
exposure to 100 nmol/l isoproterenol (C), 0.5 pg G269S (D), and 0.5 g S27D-G269S (E), respectively. ks was elicited by the same protocol as that in §
graphs show effects of G269S on tail Iks densities recorded on repolarization to ~50 mV following a 2-s depolarization to 30 mV for the different transfection conditions.
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PKA phosphorylation of Igs with G269S mutation.
Therefore, G269S appears to prevent the functional effect
that phosphorylation at S27 has on I,

Several groups have recently reported that different LQT1
mutations reduce the PKA sensitivity of Ix,. Heijman et al.
(15) reported that the A341V, which predisposes patients to
a severe form of LQT'1 (24), is also less sensitive to PKA
stimulation. The decreased sensitivity to PKA is because
A341V blunts phosphorylation at S27. Consistent with this,
compared with cells expressing A341V, cells expressing
S27D-A341V mimicked PKA stimulation and caused an
up-regulation in Ix,. We show a novel mechanism for PKA
insensitivity. Unlike S27D-A341V, S27D-G269S did not
mimic PKA stimulation of Iy, suggesting that G269S
dissociates the link between phosphorylation at S27 and up-
regulation of I,.

Additionally, Barsheshet et al. (25) showed that patients

with LQT1 mutations in the cytoplasmic loops between the
S2 and S3 or S4 and S5 have a high risk for life-threatening
events and derive a benefit from treatment with beta-
adrenergic blockers. These mutations generate Ix,, which is
also resistant to PKA activation. Our findings first demon-
strated that a “latent” LQT1 mutation could also be insen-
sitive to PKA stimulation, which may explain the unmasking
of the latent LQT1 phenotype that occurs during exercise.
Consistent with the previous findings (25), the cardiac events
of our symptomatic G269S patient have disappeared since
beginning beta-blocker therapy for 42 months. This suggests
that beta-adrenergic therapy would also be effective in
patients with latent LQT1 mutations such as G269S. We
speculate that beta-blocker therapy is effective because it
would inhibit adrenergic-induced increases in Ic,y, which
would minimize QT¢ prolongation with exercise.
Study limitations. In the present study, we screened the
mutations that are responsible for LQT1, 2, 3, 5, 6, and 7.
Therefore, the comorbidity of other types of LQT'S was not
completely excluded, although their frequency was quite low.
In addition, only one patient was symptomatic of cardiac
event and received beta-adrenergic blocker. Further studies
are required to confirm that beta-blocker therapy may
protect individuals who carry KCNQ1 mutations insensitive
to PKA regulation.

Conclusions

We found that G269S caused moderate functional
dysfunction in control conditions but almost completely
disrupted PKA mediated up-regulation in Jx,. This is likely
why the G269S patients have borderline resting QTc
intervals but significantly longer QTc while exercising.
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A Mutation Causing Brugada Syndrome Identifies a
- Mechanism for Altered Autonomic and Oxidant Regulation
of Cardiac Sodium Currents

Takeshi Aiba, MD, PhD*; Federica Farinelli, PhD*; Geran Kostecki, BS;
Geoffrey G. Hesketh, PhD; David Edwards, MD, PhD; Subrata Biswas, PhD;
Leslie Tung, PhD; Gordon F. Tomaselli, MD

Background—The mechanisms of the electrocardiographic changes and arrhythmias in Brugada syndrome (BrS) remain
controversial. Mutations in the sodium channel gene, SCN5A, and regulatory proteins that reduce or eliminate sodium
current (/) have been linked to BrS. We studied the properties of a BrS-associated SCN5A mutation in a protein kinase

A (PKA) consensus phosphorylation site, RS26H.

Methods and Results—In vitro PKA phosphorylation was detected in the I-II linker peptide of wild-type (WT) channels
but not RS26H or S528A (phosphorylation site) mutants. Cell surface expression of R526H and S528A channels was
reduced compared with WT. Whole-cell I through all channel variants revealed no significant differences in the steady-
state activation, inactivation, and recovery from inactivation. Peak current densities of the mutants were significantly
reduced compared with WT. Infection of 2D cultures of neonatal rat ventricular myocytes with WT and mutant channels
increased conduction velocity compared with noninfected cells. PKA stimulation significantly increased peak /, and
conduction velocity of WT but not mutant channels. Oxidant stress inhibits cardiac 7 ; WT and mutant 1, decreases with
the intracellular application of reduced nicotinamide adenine dinucleotide (NADH), an effect that is reversed by PKA

stimulation in WT but not in R526H or S528A channels.

Conclusions—We identified a family with BrS and an SCN5A mutation in a PKA consensus phosphorylation site. The BrS
mutation R526H is associated with a reduction in the basal level of I, and a failure of PKA stimulation to augment the
current that may contribute to the predisposition to arrhythmias in patients with BrS, independent of the precipitants. (Circ

Cardiovasc Genet. 2014;7:249-256.)

Key Words: death, sudden, cardiac m ion channel m mutation m reactive oxygen species

Mutations in the cardiac sodium channel gene, SCN5A,
encoding Na 1.5 currents can produce of number of
heritable diseases of cardiac rhythm and contractile function.
Loss-of-function mutations have been associated with sud-
den cardiac death and ST segment abnormalities in the right
precordial leads of the ECG referred to as Brugada syndrome
(BrS)." This may be part of a constellation of functional and
structural abnormalities of the heart associated with perturba-
tions of the ST segment.>*

Clinical Perspective on p 256

BrS is characterized by ECG alterations in the right pre-
cordial leads in the absence of structural cardiac abnormali-
ties, preponderance in men particularly of Asian descent, and
a high rate of sudden cardiac death. The prevalence of type 1

ECG changes is estimated to be =5 of 10,000%¢ and more than
double that in Japan and other parts of Asia.”® The updated
expert consensus statement on heritable arrhythmias recom-
mends that a diagnosis of BrS be made in the presence of a
spontaneous or drug-induced type 1 ECG pattern in 21 right
precordial lead (V, through V3).9

The genetic mechanisms of BrS have provided insights
into the links between metabolism, ion channe! function, and
cardiac arrhythmias. Approximately 20% of BrS is associated
with mutations in SCNSA."!"" In SCN5A-linked BrS, there is
a reduction in Na current (/) density that may result from
mutations in the channel subunits or in modifiers of Na chan-
nel function. Mutations in glycerol phosphate dehydrogenase
1-like (GPDI-L), which is >80% homologous with glycerol
phosphate dehydrogenase 1 (GPDI),” reduce I through
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nicotinamide adenine dinucleotide/reduced nicotinamide
adenine dinucleotide (NADH)-dependent mechanisms'™™ via
activation of protein kinase C (PKC)." There is evidence to
support a direct effect on Na, 1.5 by PKC phosphorylation'
and an NADH/PKC-mediated overproduction of reactive oxy-
gen species (ROS) leading to a reduction in expressed /"
These data suggest that inhibition of 1 by pyridine nucleo-
tides is mediated by mitochondrial-produced ROS and that
protein kinase A (PKA) activation may block ROS-induced
reduction of the current and constitutes a treatment strategy
for patients with BrS.'*1¢

We studied a mutation in a patient with BrS presenting with
a spontaneous type | ECG and history of syncope to elucidate
the mechanism(s) of / reduction and its reversal by adren-
ergic activation. Our data suggest a mechanism for the ECG
changes and arrhythmias in BrS initiated by altered metabo-
lism and an increase in oxidant burden that is not mitigated by
P-adrenergic stimulation.

Materials and Methods

Detailed methods are provided in the Data Supplement. Molecular
biological reagents including lentiviral vectors'™ and ion channel
plasmids were generated as previously described.® All protocols
followed US Department of Agriculture and National Institutes of
Health guidelines and were approved by the Animal Care and Use
Committee of the Johns Hopkins Medical Institutions.

Neonatal rat ventricular myocytes (NRVMs) were enzymatically
isolated?' and transduced as previously described."* Optical map-
ping was performed on plated monolayers of NRVMs, and data were
analyzed using custom-written scripts in MATLAB (Mathworks,
Natick, MA).*?

Whole-cell 7, was measured under voltage clamp at room temper-
ature (22°C) as previously described.” The bath and pipette solutions

A W
VNMV‘”{\/' ©
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V2
ﬁ“ﬁ\d' J\”““" J\NNWP CaMKlIl
V3 } 1 sec l
z IWW Total Protein
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(1577G>A) R526H
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are described in the Data Supplement. Recombinant human Na 1.5
peptides were expressed in Escherichia coli, purified, and incubat-
ed with PKA in the presence of yP*-labeled ATP. HEK 293 cells
were transformed with wild-type (WT) Na, 1.5, R526H, and S528A
Na, 1.5 plasmids. Cell membrane proteins were labeled with bio-
tin and captured on streptavidin beads. Total and membrane-bound
Na, 1.5 expression was determined by Western blotting using an anti-
Na channel antibody (Sigma S8809).

The results are presented as mean+SD or SEM. Statistical com-
parisons were made using a l-way ANOVA followed by Bonferroni/
Dunn tests for multiple comparisons, and serial studies were assessed
by repeated-measures ANOVA. Statistical significance was assumed
at P<0.05.

Results

The patient is a 33-year-old man who presented with 2 syncopal
spells in rapid succession during micturition and without pre-
monitory symptoms. In the field, he had a normal heart rate and
blood pressure. He had experienced palpitations after vigorous
exercise in the past but had never had syncope. There was a
family history of a paternal aunt who died suddenly around age
40 of unknown causes and a maternal uncle with Down Syn-
drome who died suddenly at age 11 in the setting of a febrile
illness. The mutation was transmitted maternally, and the pro-
band’s mother had multiple episodes of syncope and near syn-
cope associated with migraine headaches which were felt to
be vasodepressor. Her baseline ECG exhibited 0.5- to 1-mm
J-point elevation in leads V and V, and a saddleback segment
in V,; after procainamide infusion, both V, and V, ST segments
were changed into a coved type (Figure SI in the Data Supple-
ment). The patient’s younger sister carries the mutation and
has a baseline incomplete right bundle-branch block (RBBB),
which did not change with procainamide infusion.

& &
& & ¢

Figure 1. A, Leads V, through
V, of the patient’s ECG exhibit
typical domed J-point elevation.

B, A schematic of the Na, 1.5
pore-forming a-subunit and the
B1 and B2 subunits. The dis-
ease-causing mutation (R526H)

is in the I-ll interdomain linker
of Na, 1.5 in a canonical protein
kinase A (PKA) phosphorylation

Ponceau

recognition sequence. The resi-
due 2 amino acids C-terminal
to R526, S528 was mutated to
alanine in this study. C, In vitro
phosphorylation of |-l linker
peptides. Purified fragments
were incubated with PKA and
calcium-calmodulin kinase Hl

8 (CaMKIi) in the presence of
vP%-labeled ATP. The labeled
peptides were separated by
polyacrylamide gel electropho-
resis (PAGE). Mutant peptides
R526H and S528A are not
labeled by PKA but are phos-
phorylated as efficiently as
wild type (WT) in the presence
of CaMKIl.
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His 12-lead ECG revealed coved ST segments in leads
V, and V, consistent with a Brugada type 1 ECG pattern
(Figure 1A). A transthoracic echocardiogram was normal. A
single-chamber defibrillator was implanted.

BrS Mutation Disables PKA Phosphorylation

DNA sequencing of SCN5A revealed a nucleotide transi-
tion at position 1577 encoding a missense mutation at codon
526 changing an arginine to histidine (R526H, Figure 1B).
The minor allele frequency from the exome variant server is
0.016%* and is a chemically and structurally conservative

A

R526H

Na Channel Regulation in Brugada Syndrome 251

change.”®” However, the mutation resides in a PKA recogni-
tion sequence in the I-II interdomain linker of the channel,
with serine 528 (S528) as the phosphorylated residue.

The I-II linker of Na, 1.5 contains consensus phosphorylation
sites for several kinases including PKA and calcium calmodulin
kinase II. We created mutant I-II linker peptides with the clini-
cal mutation, R526H, and at the putative phosphorylation site,
S528A. In vitro phosphorylation by PKA revealed complete
elimination of *?P incorporation into the R526H and S528A
peptides. By contrast, calcium calmodulin kinase II phosphory-
lated all channel peptides equally (Figure 1C).

S528A
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Figure 2. Protein kinase A (PKA) regulation of Na current variants. A, Representative families of current through wild-type (WT), R526H,
and S528A channels expressed in HEK 293 cells in the presence and absence of PKA activation. B, I-V relationships in the presence
(filled symbols) and absence (open symbols) of PKA stimulation. There is no increase in the current through the mutant channels.

C, Activation (circles) and steady-state inactivation (triangles) curves in the presence (filled symbols) and absence (open symbols) of
PKA stimulation. The data are fit to a Boltzman function as described in the Materials and Methods section. There are no significant
differences between the WT and mutant channels in the basal voltage dependence and kinetics of gating.
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Altered Channel Regulation in Response to Stress

We speculate that stressors that reduce [ density (oxidants,
fever, and Na channel blocking drugs) may, in part, be offset
by PKA stimulation of the channel. To study the functional
effects of these mutations in response to PKA phosphoryla-
tion, we expressed WT and mutant Na, 1.5 currents in HEK
293 cells. Selected families of currents in standard recording
solutions revealed current densities through the mutant chan-
nels that were only modestly smaller than WT but not different
from each other in the absence of PKA stimulation (Figure 2A
and 2B). The baseline whole-cell properties including the
current-voltage (I-V) relationships, voltage dependence and
kinetics of gating, and kinetics of current decay were not dif-
ferent between WT and the mutants (Figure 2C; Table SI in
the Data Supplement). In the presence of PKA, WT Na, 1.5
currents were significantly upregulated with a hyperpolar-
izing shift in the peak I-V and activation curves (Figure 2)
and hastened recovery from inactivation (Table SI in the Data
Supplement). By contrast, neither the peak current, voltage
dependence of gating, or recovery kinetics (Figure 2; Table

R526H S528A B

Slin the Data Supplement) of RS26H or S528A were signifi-
cantly affected by the addition of PKA.

Oxidative stress and an increase in glycolysis will lead to
increased levels of cytosolic NADH, which rapidly decreases
Ly ‘We recorded currents in a metabolic stabilizing solution (see
Methods in Data Supplement, inhibiting kinases and phospha-
tases) to examine the effect of intracellular NADH on the WT
and mutant currents. The baseline peak density of the WT cur-
rent was significantly larger than either R526H or S528 A mutant
currents (Figure 3A-3C). The addition of 100 pmol/L NADH to
the pipette solution reduced the average I by >50% in all chan-
nel variants (Figure 3A and 3B). The addition of NADH had no
significant effect on the decay kinetics or voltage dependence of
gating of WT Na, 1.5 or the mutant channels (Figure 3E; Table
SII in the Data Supplement). We speculated that the current
density might be restored by PKA in the setting of an increase
in NADH and that this restoration might be compromised in the
mutant channels. To study the effect of activation of PKA sig-
naling on NADH-induced suppression of Na, 1.5 current, cells
were incubated with forskolin and 8-Br cAMP for 20 minutes
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WR526H+NADH+FSK+ 8 Br cAMP (5)
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Figure 3. Regulation of Na channel variants by reduced nicotinamide adenine dinucleotide (NADH) and protein kinase A (PKA). The cur-
rents are recorded with fluoride in the pipette. A, Representative families of current through wild-type (WT), R526H, and S528A channels
expressed in HEK 293 cells (top) in the presence of 100 pmol/L. NADH (middle) and NADH plus PKA activation with forskolin (FSK) and 8-Br-
cAMP (bottom). B, |-V relationships in the absence (open squares) and presence of NADH (gray squares) and NADH+PKA stimulation (filled
squares). NADH reduces the current through all channel variants, whereas PKA activation does not increase the current density through the
mutant channels. C, Bar plots of peak current densities of WT (black), R526H (blue), and S528A (red) under basal conditions. D, Summary
bar plots for WT, R526H, and S528A channel peak current density at baseline (open bars) with NADH (gray bars) and NADH+PKA activation
(black bars). E, Activation and steady-state inactivation curves in the absence (open circles activation, open triangles inactivation) and pres-
ence of NADH (gray circles activation, gray triangles inactivation) and NADH + PKA stimulation {filled circles activation, filled triangles inacti-
vation) for each of the channel variants; there are no significant differences in any of the variants under any of the conditions.
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prior to patch clamp recording. Incubation with forskolin and
8-Br cAMP completely reversed the downregulation of WT
Na, 1.5 current by intracellular NADH (Figure 3A, 3B, and 3D)
and produced a modest but significant hyperpolarizing shift in
the voltage dependence of activation gating (Table SII in the
Data Supplement). The reductions in R526H and S528A cur-
rents by NADH were not affected by the addition of forskolin
and 8-Br cAMP (Figure 3D; Table SII in the Data Supplement).

Trafficking of Mutant Channels
The reduction in basal current density of R526H and S528A
channels without a change in biophysical characteristics com-
pared with WT suggested the possibility of an alteration in traf-
ficking to the surface membrane. Surface membrane expression
of WT and mutant Na, 1.5 channels in HEK 293 was quantified
by labeling intact cells with biotin and purifying the protein
on immobilized streptavadin. Overall expression of the chan-
nel proteins did not differ; however, Figure 4A illustrates that
even with less WT Na, 1.5 protein in the total lysate, a greater
proportion of the WT channel was biotinylated compared with
both the R526H and S528A mutants (Figure 4B).

To study trafficking in a cardiac cell background, NRVMs
were infected with lentiviruses containing the WT or mutant

WT R526H S528A

Ponceau
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channels fused to enhanced green fluorescent protein (eGFP)
at the carboxyl terminus. The channel-infected NRVMs were
cotransfected with an endoplasmic reticulum marker dsRED-
ER. Consistent with the biotinylation experiments, NRVMs
infected with the viruses encoding the R526H and S528A
mutants exhibited more channel protein in subcellular mem-
branes, colocalized with dSRED-ER compared with WT chan-
nels (Figure 4C and 4D).

Effect of Mutants on Conduction Velocity

The functional consequences of the reduced surface expres-
sion and altered regulation of the mutant channels were studied
using optical mapping of 2D cultures of NRVMs. To control for
variability in baseline conduction velocities (CVs), cultures that
were transduced with Na channel variants were compared with
naive nontransfected cultures. The cultures were stimulated

over a range of pacing cycle lengths (175-500 ms) to determine
the CVs; isochronal maps at baseline and in the presence of iso-
proterenol are shown for WT, R526H, and S528A transfected
cultures (Figure 5A). The baseline CVs of NRVM cultures
infected with WT Na, 1.5 and the mutant channels were similar
and =20% to 50% (5-10 cm/s) faster than nontransfected cul-
tures over a range of pacing cycle lengths (Figure 5B).
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Figure 4. Mutations and channel trafficking. A, Surface membrane expression of the channel measured by biotinylation in intact cells.
The top panel shows total lysate, the middle panel the protein captured on streptavadin beads stained with an anti-Na,1.5 antibody, and
the bottom panel is a Ponceau-stained blot demonstrating equivalent loading. B, The percentage of total lysate modified by biotin is sig-
nificantly decreased in R526H (blue bar) and S528A (red bar) mutant channels compared with wild type (WT; black bar). C, Immunocyto-
chemical localization of the channel proteins in transduced neonatal rat ventricular myocytes. The Na,1.5 channel variant is cotransfected
with the endoplasmic reticulum (ER) marker dsRed-ER. There is significantly increased colocalization of both mutant channel proteins
with the ER marker compared with the wild type. D, Bar plots of the percent colocalization of the channel protein and dsRed-ER.
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